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Muscle Rev-erb controls time-dependent
adaptations to chronic exercise in mice

Jidong Liu 1,2,9, Fang Xiao3,4,9, Abhinav Choubey2,9, Udhaya Kumar S 2,
Yanxiang Wang5, Sungguan Hong2,6, Tingting Yang2, Husniye Gul Otlu 2,7,
Ege Sanem Oturmaz 2, Emanuele Loro8, Yuxiang Sun 1, Pradip Saha2,
Tejvir S. Khurana8, Li Chen1, Xinguo Hou 1 & Zheng Sun 2,4

The best time of the day for chronic exercise training and the mechanism
underlying the timing effects is unclear. Here, we show that low-intensity, low-
volume treadmill training in mice before sleep yields greater benefits than
after waking for muscle contractile performance and systemic glucose toler-
ance. Baselinemuscle performance also exhibits diurnal variations,with higher
strength but lower endurance before sleep than after waking. Muscle-specific
knockout of circadian clock genes Rev-erbα/β (Rev-MKO) in male mice eradi-
cates the diurnal variations in both training and baseline conditions without
affecting muscle mass, mitochondrial content, food intake, or spontaneous
activities. Multi-omics and metabolic measurements reveal that Rev-erb sup-
presses fatty acid oxidation and promotes carbohydrate metabolism
before sleep. Thus, the muscle-autonomous clock, not feeding or locomotor
behaviors, dictates diurnal variations ofmuscle functions and time-dependent
adaptations to training, which has broad implications in metabolic
disorders and sports medicine as Rev-erb agonists are exercise mimetics
or enhancers.

Regular physical exercise is the primary preventive measure and
effective medicine for aging-associated deterioration of muscle func-
tions and metabolic disorders1,2. As exercise’s health benefits gain
recognition, there is a growing need to identify the most effective
training regimen to maximize benefits while minimizing risk or injury.
Numerous studies aim to understand the optimal intensity, volume, or
frequency of exercise. While we debate over high-intensity interval
training (HIIT) versus steady-state cardio3, a less explored but equally
important question is, what is the best time of the day for chronic
exercise training? While some observational human studies suggest a
more favorable outcome in glycemic control or cardiovascular risks

for afternoon exercise compared tomorning exercise4–7, experimental
human studies have not provided a consensus on this question8–11.
Some experimental human studies suggest that afternoon or evening
training is more effective than morning training in lowering blood
glucose or triglycerides levels and increasing muscle power output or
fatigue resistance12,13. However, some studies suggest that morning
training is superior to afternoon training14,15, while others failed to
detect the differences16,17.

The discrepancy in human studies is probably because of the
diverse outcomes, the difficulty in accurately controlling exercise
timing, exercise intensity, volume, and measurement timing across
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separate studies, and individual variations such as chronotype,
baseline physical activity, and exercise capacity across recruited
subjects. Animal studies are helpful and offer valuable insights by
controlling these confounding variables. The immediate tran-
scriptomic and metabolomic responses to an exercise bout at dif-
ferent times have been profiled in mouse muscles18–20, though it is
unclear how genes or pathways identified from these acute exercise
studies would impact the long-term effects of chronic exercise
training. Voluntary wheel-running training in mice for 4weeks at the
late or middle active phase is more effective than at the early active
phase in reducing body weight gain, although the total training
workload and energy expenditure varied among different groups
with such a voluntary training regimen21. Therefore, the time-
dependent effects of chronic exercise training skeletal muscle con-
tractile and metabolic functions and the underlying molecular
mechanisms are unclear9,22–24.

In addition to adaptations to training, there are baseline
diurnal variations in muscle contractile and metabolic functions.
The baseline muscle contractile performance without training
shows a diurnal rhythm, with the peak strength and power
activities in humans occurring in the late afternoon25. In contrast,
the aerobic exercise performance or fatigue resistance is less
clear26,27. Lipids and carbohydrates fuel physical activity. The
flexibility of fuel selection is essential for muscle bioenergetics
and exercise performance, which is delicately regulated in
response to different physiological and nutritional conditions28.
Metabolic inflexibility, or failure to adapt to environmental chal-
lenges, can lead to insulin resistance and metabolic disorders,
such as obesity and type 2 diabetes29. Muscles not only passively
respond to fuel availability but also proactively anticipate it
through their intrinsic circadian clock that is aligned with the
sleep/wake cycle, locomotor activity, and food availability18,30–35.
The circadian clock operates in the central nervous system and
peripheral tissues independently and cooperatively. Skeletal
muscle harbors one of the most robust peripheral circadian
oscillators36. To what degree the baseline diurnal variations
depend on the clock-directed anticipation vs. response to diet or
locomotor activities is unclear.

The molecular machinery of the circadian clock is composed
of transcription factors in intertwined feedback loops37. The
nuclear receptor Rev-erbα/β is a key component of the molecular
circadian clock machinery. Global Rev-erbα knockout mice dis-
play a drastic reduction in voluntary activity, muscle mitochon-
drial content, and muscle mass38,39. It is unknown whether the
muscle phenotype in the global knockout mice is due to loss of
Rev-erb function in muscles or other organs38,40. Rev-erbα/β are
nuclear receptors with ligand-binding domains41, making them
more druggable than common transcription factors42,43. Pharma-
cological activation of Rev-erbα with agonists was shown to
increase energy expenditure, reduce fat mass, improve dyslipi-
demia and hyperglycemia in mice, increase muscle mass, boost
muscle mitochondrial oxidative capacity, and enhance exercise
performance39,44,45. Both Rev-erb agonists and antagonists are
shown to ameliorate muscle atrophy46–49. As they gain popularity
as an exercise mimetic or performance enhancer, Rev-erb ago-
nists are prohibited by the World Anti-Doping Agency45. Since
these small molecules could have non-specific effects50, it is
unclear whether their diverse impacts rely on Rev-erb or off-
target effects. Therefore, the physiological function of muscle
Rev-erb remains unknown.

In this work, we address these unanswered questions using
muscle-specific Rev-erbα/β knockoutmouse lines in combination with
differential exercise timing. We show that skeletal muscle-specific
knockout of circadian clock genes Rev-erbα/β (Rev-MKO) eradicates
the diurnal variations in both training and baseline conditions without

affecting muscle mass, mitochondrial content, food intake, or spon-
taneous activities. Thus, the muscle-autonomous circadian clock, not
feeding or locomotor behaviors, dictates diurnal variations of muscle
functions and time-dependent adaptations to training.

Results
Chronic low-intensity, low-volume treadmill training before
sleep is better than upon waking
To address the timing effects of chronic exercise, we subjected adult
male C57BL/6 mice to treadmill exercise training. We house mice
under the regular 12 h light/12 h dark (LD) condition, with light-on at
7AM (Zeitgeber Time ZT0) and light-off at 7PM (ZT12). The treadmill
exercise training occurred either before sleep at ZT23-1 (EX_AM) or
upon waking at ZT11-13 (EX_PM) at the speed of 10m/min without
inclination for 1 h per day, 3 days per week, over 5–6months starting
at 2.5months old (Fig. 1a). We chose these two time-points because
they minimize disturbance to sleep while maintaining a 12 h interval.
They also resemble human exercise training in the evening and
morning, respectively, two popular workout times in gyms for most
people. We want to define “morning” and “evening” based on light
and the Sun’s position to avoid subjective interpretations, as human
chronotypes can vary. For mice, evening (PM) is the end of the sleep
phase, while morning (AM) is the beginning of the sleep phase. The
intensity and volume of this exercise training are low for mice. All
mice were able to finish training without struggling. We chose the
low-intensity, low-volume training regimen because we want our
findings to be potentially generalizable to all individuals, including
those with limited exercise capacities due to aging or other condi-
tions. Another reason for choosing the low-intensity, low-volume
exercise training regimen is that we want to expose the differences
between AM and PM exercises rather than maximize the effects of
exercise over the ‘rest’ control. We did not use the running wheel
exercise because it is difficult to control exercise intensity, volume,
or timing accurately with voluntary running wheels. Mice were
group-housed with ad libitum access to a chow diet throughout the
experiment.

Compared to the EX_PM group, the EX_AM group has a slower
rate of body weight gain and body fat gain without affecting lean
mass or average daily food intake (Fig. 1b–d). The lack of significant
changes between the EX_PM group and the rest control is not sur-
prising, considering the low intensity and low volume of the training
regimen. We performed a series of exercise performance tests at
least 24 h after the last training session to avoid the acute effects of
training. We tested at both ZT23-1 and ZT11-13 to address the
adaptive alignment of peak exercise performance with training
time15,51,52. For muscle strength, we performed the grip strength test
with the Biosebmeter following the manufacturer’s instructions. We
made great efforts to manage measurement variations by averaging
only the highest readings from multiple measurements, allowing
mice to rest for at least 5min between measurement sessions, and
using a large sample size. The EX_AM group showed higher strength
than EX_PM and rest control at both ZT23-1 and ZT11-13 (Fig. 1e). We
also performed the wire hang test as described53. EX_AM showed a
more prominent improvement over the Rest control than EX_PM
(Fig. 1f). For the graded exercise test, mice were motivated by
electric shocks to run a treadmill at a low-speed profile (Fig. 1g).
Shocks received for each mouse were recorded automatically, and
50 cumulative shocks defined exhaustion as described previously54.
EX_AM showed a more pronounced improvement than EX_PM in
endurance (Fig. 1h) without pronounced changes in the weight of
extensor digitorum longus (EDL), tibialis anterior (TA), and soleus
muscles. Marker genes of myofiber types did not show significant
changes between EX_AM and EX_PM either (Supplementary Fig. S1).
We also performed glucose tolerance tests (GTT) at different ZTs
and found that EX_AM significantly improved glucose tolerance over
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the rest control regardless of what time we tested, while EX_PM did
not show significant improvement, probably due to the low volume
of exercise (Fig. 1i–k). The improvement in the EX_AM group are
impressive for healthy wild-type mice fed on a normal chow diet
without baseline metabolic disruptions. The improvement is more
obvious when tested before sleep than after waking, probably
because the non-exercise baseline has better glucose tolerance after
waking compared to before sleep. Considering that mice are noc-
turnal while humans are diurnal, these data are consistent with

human studies that show a better glucose-lowering effect of exer-
cise in the evening compared to exercise in the morning12,13. We also
observed better performance when the testing time was aligned
with the training time, compared to misaligned testing/training
pairs, in line with previous human studies15,51,52. However, the dif-
ference in testing time does not obliterate the time-dependent
effects of training. In summary, training before sleep has more
benefits overall than after waking in terms of improving muscle
contractile functions and systemic glucose metabolism.

Fig. 1 | Low-intensity exercise before sleep is better than after waking for
weight control, contractile performance, and glucose tolerance. a Treadmill
training scheme. b Body weight (n = 10 mice/group), *p =0.0067, 0.0161, 0.0191,
and 0.0147 for EX_AM vs. EX_PM; #p =0.0316, 0.0363, 0.0358, and 0.0360 for
EX_AM vs. Rest, with 2-way repeated-measure ANOVA and Tukey test. c Magnetic
resonance imaging (MRI) analysis of body composition at 6months of age (n = 6
mice for Rest, n = 7 mice for EX_AM or EX_PM). *p =0.0013 (Rest vs. EX_AM) and
0.0316 (EX_AM vs. EX_PM) by 2-way ANOVA and Holm-Sidak test. d Average daily
food intake at 6months old (n = 10mice). e Forelimb grip strength at 7months old
(n = 10). *p = 0.0095 (EX-AM vs. Rest at ZT23-1), 0.0392 (EX-AM vs. EX-PM at ZT23-
1), 0.0003 (EX-AM vs. Rest at ZT11-13), and 0.036 (EX-AM vs. EX-PM at ZT11-13) by
2-way ANOVA and Holm-Sidak test. fWire hang tests at 7months old (n = 10 mice).
*p =0.0001 (EX-AM vs. Rest at ZT23-1), 0.0001 (EX-AM vs. EX-PM at ZT23-1), and

0.046 (EX-AMvs. Rest at ZT11-13) by 2-wayANOVAandHolm-Sidak test.gTreadmill
speed profile. h Distance traveled before receiving 50 shocks at 7months old
(n = 10mice). *p =0.0001 (EX-AMvs. Rest at ZT23-1), 0.002 (EX-PMvs. Rest at ZT23-
1), 0.0007 (EX-AM vs. EX-PM at ZT23-1), 0.0085 (EX-AM vs. Rest at ZT11-13), and
0.0165 (EX-PM vs. Rest at ZT11-13) by 2-way ANOVA and Holm-Sidak test. i, j GTT at
8months old (n = 10 mice). Data are mean± SD. *p =0.0035, 0.013, 0.0325, and
0.0068 for EX_AMvs. EX_PM; #p =0.0004, 0.0074, 0.0495, and0.0068 at ZT23-1 or
0.0256 at ZT11-13 for EX_AM vs. Rest with 2-way repeated-measure ANOVA and
Holm-Sidak test. k Area under the curve (AUC) for the GTT tests. *p =0.0001 (EX-
AM vs. Rest at ZT23-1), 0.0004 (EX-AM vs. EX-PM at ZT23-1), and 0.0184 (EX-AM vs.
Rest at ZT11-13) by 2-way ANOVA and Tukey test. Data are mean ± SEM unless
otherwise specified.

Article https://doi.org/10.1038/s41467-025-60520-y

Nature Communications |         (2025) 16:5708 3

www.nature.com/naturecommunications


Muscle Rev-erb does not affect baseline mitochondrial content,
muscle mass, fiber type composition, locomotor activities, or
energy expenditure
To address the role of muscle circadian clock in time-dependent
training effects, we generated skeletal muscle-specific Rev-erbα/β
double knockout (Rev-MKO or simply KO) by crossbreeding mice
bearing Rev-erbαloxP (MGI ID 5426700) and Rev-erbβloxP (MGI ID
5426699) alleles55 with the MLC-Cre line (MGI ID 1931135)56. The Rev-

erbαloxP allele gives rise to a truncated Rev-erbα protein without the
DNA-binding domain (DBD) after Cre recombination. Littermate mice
bearing Rev-erbαloxP/Rev-erbβloxP alleles without Cre or the Cre allele
without Rev-erbα/βloxP were used as the wild-type (WT) control. KO
mice were born at the Mendelian ratio and showed normal body size
and activity. We first performed a series of phenotype characteriza-
tions at the baseline without training. The Rev-MKOmice show normal
body weight and food intake (Fig. 2a, b) and efficient deletion of Rev-
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erbα/β in limb muscles examined at ZT6, including tibialis anterior
(TA), extensor digitorum longus (EDL), and soleus (Sol) muscles
(Fig. 2c). Rev-erb-depleted muscles have the normal mitochondrial
DNA copy number (Fig. 2d), oxidative phosphorylation (OXPHOS)
protein content (Fig. 2e), muscle mass (Fig. 2f), muscle fiber type
composition and fiber numbers (Fig. 2g–i). Rev-MKO mice also have
normal rhythmicity of oxygen consumption (Fig. 2j), respiratory
exchange ratio (RER) (Fig. 2k), voluntary wheel-running activity
(Fig. 2l), and spontanfeous beam-breaking locomotor activity (Fig. 2m)
under regular LD conditions. Thus, muscle-specific deletion of Rev-erb
does not cause a fundamental disruption ofmuscle function or energy
homeostasis at the baseline without exercise training.

The time-dependent training effects require muscular Rev-erb
To address the role of muscle Rev-erb in chronic exercise training-
induced adaptations, we subjected WT and Rev-MKO mice to chronic
training at either AM or PM as described starting from 2.5months old
(Fig. 1a). Consistent with the previous mouse cohort, the WT EX_AM
and WT EX_PM groups showed significant differences in body weight
(Fig. 3a), grip strength (Fig. 3b), wire hang performance (Fig. 3c),
treadmill exercise test at a low speed profile (Fig. 3d), and glucose
tolerance (Fig. 3e, f). Remarkably, all these EX_AM vs. EX_PM differ-
ences were abolished in Rev-MKO mice (Fig. 3a–f). The results were
reproduced in another mouse cohort with non-training baseline con-
trols (Supplementary Fig. S2a–g). We then used the non-invasive
protocol57–59 to measure hindlimb isometric torque in vivo for Plantor
flexor contraction at tetanic (100Hz stimulation) and sub-tetanic
(40Hz stimulation) for fatigue resistance profiling. EX_AM showed a
more pronounced benefit than EX-PM in WT groups, a difference
abolished in Rev-MKO groups (Supplementary Fig. S2h–j). We also
measured the dorsiflexion contractions at different times of the day.
The WT EX_AM group showed consistently greater improvement than
theWT EX_PM group in tetanic force generation at 100Hz stimulation
(Fig. 3g, h) and sub-tetanic fatigue resistance at 40Hz stimulation
(Fig. 3i–l), regardless of the test time. Again, the differences between
EX_AM and EX_PM were completely abolished in the Rev-MKO mice
(Fig. 3g–l). Subtracting the non-exercise baseline from the trained
groups of the same genotype also reached the same conclusion
(Supplementary Fig. S3). In summary, these results demonstrate that
muscularRev-erb is required for the time-dependent effects of chronic
training.

Muscle Rev-erb regulates time-dependent metabolic adapta-
tions to chronic training
Since muscle Rev-erb does not affect baseline energy homeostasis,
how does it mediate the AM vs. PM differences in training-induced fat
mass loss? We investigated how training at AM vs. PM affects energy
balance differently in the WT and KO lines. To avoid confounding
effects of bodyweight, we performed indirect calorimetry analysis and
body temperature measurements after exercise training for only
2months before body weight differences became significant
(Fig. 4a–n). All groups have similar total food intake and body weight

(Fig. 4a, b). Compared to WT EX_PM, WT EX_AM showed a moderately
but significantly higher daily O2 consumption (Fig. 4c, e). The differ-
ences are most pronounced during the wake cycle immediately after
the training day (Fig. 4e). In line with the oxygen consumption, theWT
EX_AM group showed higher voluntary wheel-running (Fig. 4g) and
beam-breaking activities than EX_PM (Fig. 4i, k). Beam activity in the
dark cycle following the exercise day is quantified in Fig. 4k. Consistent
with the higher energy expenditure and spontaneous activity, the WT
EX_AM group showed higher body temperature in the wake cycle than
the WT EX_PM group (Fig. 4l, m). These data suggest that PM training
suppressed spontaneous locomotor activities more than AM training
in WT mice, which might contribute to the overall higher energy
expenditure, leading to lower body fat in theWT EX_AM group than in
the WT EX_PM group (Fig. 1). Interestingly, the time-dependent train-
ing effects on energy expenditure, spontaneous locomotor activities,
and body temperature were completely abolished in Rev-MKO mice
after the same exercise training sessions as inWTmice (Fig. 4d, f, h, j, k,
l, n). Plotting the results with the non-training baseline values or sub-
tracting the baseline from the training groups reached the same con-
clusion (Supplementary Fig. S4). In summary, these results suggest
that muscle Rev-erb is required for training-dependent suppression of
spontaneous locomotor activity. Therefore, we speculate that muscle
Rev-erb could regulate muscle fatigue at the baseline without training.

Muscular Rev-erb regulates muscle fatigue resistance and
strength
We characterized the baseline muscle performance in WT and Rev-
MKO mice. WT mice showed higher strength before sleep (ZT23-1)
than upon waking (ZT11-13) (Fig. 5a, b), which is in line with human
studies that show peak strength in late afternoon25. Of note, these are
the baseline variations without exercise training. The data reflects the
natural variation across these time points, not the effects of training.
Such baseline diurnal variations were abolished in the KO mice with
constantly low strength (Fig. 5a, b). In contrast to the strength, the
treadmill exercise test with a low-speed profile showed higher endur-
ance before sleep than uponwaking inWTmice (Fig. 5c). Interestingly,
KO mice showed higher endurance than WT before sleep (Fig. 5c),
which abolished the diurnal variation in endurance. Similar results
were observed in female mice (Fig. 5d, e). The in vivo muscle phy-
siology analysis confirmed reduced muscle strength (Fig. 5f) but
increased muscle fatigue resistance in KO than WT mice (Fig. 5g, h),
especially before sleep. This in vivo result was further confirmed with
an ex vivo muscle physiology analysis showing reduced strength
(Fig. 5i–k) but enhanced fatigue resistance (Fig. 5l) and force recovery
after exhaustion (Fig. 5m) in isolated EDL muscles from KO than WT
mice in a procedure as previously described54,60. The specific force
showed a less significant difference (p = 0.09) between KO and WT
(Fig. 5k) because the KO mice had a slightly insignificant lower cross-
section area (CSA). We speculate that baseline diurnal variations in
endurance and fatigue resistance contribute to time-dependent,
training-induced suppression of locomotor activities in WT mice
(Fig. 4k). Of note, the higher exercise endurance in KO mice was only

Fig. 2 | Rev-MKOmice show normal baseline mitochondrial content, muscle
mass, fiber type, locomotor activities, and energy expenditure. a Body weight.
n = 8mice forWT (4 Rev-erbfloxed and 4MLC-Cre), n = 7mice for KO.b Average food
intake at 6months of age (n = 5 mice per group). For WT, 3 Rev-erbfloxed and 2 MLC-
Cre. Analyzed by 2-sided student t-test. c RT-qPCR analysis of the tibialis anterior
(TA), extensor digitorum longus (EDL), and soleus (Sol) muscle from 8month-old
male mice harvested at ZT6 using primer pairs that span the floxed exons in Rev-
erbα (n = 4 mice per group). For WT, 2 Rev-erbfloxed and 2 MLC-Cre. *p <0.0001 for
WT vs. KO by 2-sided unpaired student t-test. d Relative mitochondrial copy
number by qPCR analysis in EDLmuscles at 6months of age (n = 6mice per group).
ForWT, 3 Rev-erbfloxed and 3MLC-Cre. Analyzed by 2-sided student t-test. eWestern
blot analysis of mitochondrial OXPHOS protein complexes in quadricepsmuscle at

6months of age (n = 4mice per group, repeated 2 times). ForWT, 2 Rev-erbfloxed and
2MLC-Cre. fMuscleweight at 6months of age (n = 8mice forWT and n = 7mice for
KO). For WT, 4 Rev-erbfloxed and 4 MLC-Cre. Analyzed by 2-sided student t-test. (g)
Representative immunofluorescence staining (from 3 replicates) of cross-sections
of tibialis anterior (TA) muscles at 6months of age. Scale bar = 200μm.
h, i Quantification of the muscle fiber composition and total fiber number at
6months of age (n = 4 mice per group). For WT, 2 Rev-erbfloxed and 2 MLC-Cre.
Analyzed by 2-sided student t-test. j–m Oxygen consumption rate (VO2), respira-
tory exchange ratio (RER), voluntary wheel-running counts, and beam breaks as
measured by the Oxymax/CLAMS-HC system at 6months of age (n = 5 mice per
group). For WT, 3 Rev-erbfloxed and 2 MLC-Cre. ns, not significant. Data are
mean ± SEM.
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observed with the low-speed profile (Fig. 5n–p) but not with a high-
intensity speed profile (Fig. 5q–s), suggesting that it is attributable
to bioenergetics adaptations rather than muscular structural
alterations.

Multi-omics characterization of muscle Rev-erb functions
Todissect themolecularmechanismunderlyinghowRev-erb regulates
muscle contraction and fatigue resistance, we performed RNA-seq in
the TA muscles of WT and KO mice at ZT10 and ZT22 because these
timepoints correspond to the peak and troughRev-erbαprotein levels
inmuscles54 and immediately precede the exercise training and testing
timepoints in our prior tests (ZT11-13 and ZT23-1, respectively). More
differentially expressed genes (DEGs) between KO andWTwere found
in ZT22 compared to ZT10 (Fig. 6a), in keeping with the more drastic
phenotypic differences at ZT23-1 in KO vs. WT mice (Fig. 5). KEGG
pathway analysis revealed that genes involved in amino acid catabo-
lism and lipid oxidation are upregulated in KO vs. WT muscles, while
glycolytic genes are downregulated (Fig. 6b–d). The apparent upre-
gulation of Rev-erbα itself in KO vs. WT is due to abolishment of the
self-negative feedback as Rev-erbα represses its own transcription.
Genes involved in contraction, ion transport, adhesion, sarcomere,

and insulin signaling were also downregulated in KO vs. WT muscles,
especially at ZT22 (Fig. 6e).

We compared the Rev-erb-dependent transcriptomic changes to
those regulatedbyBmal161, a core clock gene anddirect transcriptional
activator of Rev-erb. Out of 190 Bmal1-dependent DEGs (muscle-spe-
cific knockout of Bmal1 or Bmal1-MKOvs.WTat ZT20), 116were shared
with Rev-erb (Rev-MKO vs WT at ZT22) (Supplementary Fig. S5a). For
ZT8-10, out of 116 Bmal1-dependent DEGs at ZT8, 65 were shared with
Rev-erb at ZT10 (Fig. S5b). The overlapping DEGs (pooled from both
time points) were enriched in circadian rhythm, ion transport, and
organic acid transport (Fig. S5c). While Rev-erb-unique DEGs were
enriched in lipid metabolism and cell adhesion (Fig. S5d), Bmal1-
unique DEGs were enriched in carbohydrate transport, muscle devel-
opment, and muscle differentiation (Fig. S5e). Although there are
inherent limitations in suchcomparisons, asRNA-seq generally detects
more DEGs than microarray and the ZTs for sample collection are not
perfectly aligned between studies, the comparison suggests that while
Bmal1 and Rev-erb share overlapping functions in muscles, they also
maintain distinct roles unique to each.

Chromatin immunoprecipitation of Rev-erbα (ChIP-seq) in mus-
cles revealed that genome-wide binding of Rev-erbα at ZT10 were

Fig. 3 | Muscle Rev-erb is required for the timing effects of exercise training on
weight control, contractile performance, and glucose tolerance. a Body weight
(n = 9mice for KO EX_AM, n = 10mice for the other groups). *p =0.0473 and 0.042
for WT EX_AM vs. WT EX_PM with 2-way repeated-measure ANOVA and Tukey test.
WT, Rev-erbfloxed mice. b, c Forelimb grip strength test and wire hang test at
6months old (n = 9 mice for KO EX_AM, n = 10 mice for the other groups).
*p =0.0318 (ZT23-1) and 0.0332 (ZT11-13) for grip strength, 0.0409 (ZT23-1) and
0.0346 (ZT11-13) for wire hang, by 2-way ANOVA and Tukey test. d Treadmill dis-
tance at 7months old (n = 9 mice for KO EX_AM, n = 10 mice for the other groups).
*p =0.0001 (EX-AM vs. EX-PM at ZT23-1) and 0.0297 (ZT23-1 vs. ZT11-13 for WT
EX_AM) by 2-way ANOVA and Tukey test. e GTT at ZT 23-1 at 8months old (n = 9

mice for KO EX_AM, n = 10 mice for the other groups). Data are mean ± SD.
*p =0.0414, 0.0486 and 0.0236 forWT_EX_AM vs. WT_EX_PM with 2-way repeated-
measure ANOVA and Holm-Sidak test. f Area under the curve (AUC) in GTT.
*p =0.0149 with 1-way ANOVA and Tukey test. g, h Dorsi flexor tetanic torque at
9months old (n = 9 mice for KO EX_AM, n = 10 mice for the other groups).
*p =0.0255 (ZT23-1) and 0.0193 (ZT11-13) by 1-way ANOVA and Tukey test.
i–l Fatigue analysis at 9months old at ZT23-1 (n = 8mice forWT, n = 6mice for KO)
or ZT11-13 (n = 8mice for WT EX_AM, n = 7mice for WT EX_PM, n = 5 for KO EX_AM,
n = 6 mice or KO EX_PM). *p =0.0053 (ZT23-1) and 0.0202 (ZT11-13) by 1-way
ANOVA and Tukey test. Data are mean± SEM unless otherwise specified. ns, not
significant.
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enriched in the promoter regions (Fig. 6f). Themotif sharedbyRev-erb
and RAR-related orphan receptor (ROR)62–64, known as ROR response
elements (RORE), is among the top motifs enriched in Rev-erbα ZT10
peaks (Fig. 6g). Rev-erbαhas farmore binding sites (Fig. 6h) andhigher
binding strength (Fig. 6i) at ZT10 than at ZT22. These results suggest a

time delay between the peak Rev-erb expression and the maximum
downstream transcriptomic effect, which is in line with the notion that
Rev-erb anticipates the dark cycle. Indeed, strong Rev-ebα peaks were
found at ZT10 but not at ZT22 in the near DEGs involved in amino acid
and lipid metabolism (Fig. 6j, k). By comparison, Rev-erbα peaks were

Fig. 4 | Muscle Rev-erb is required for the time-dependent effects of chronic
exercise on energy balance and locomotor activity. a Average daily food intake
(n = 9 mice/group). WT are Rev-erbfloxed mice. *p =0.0452, 0.0208, and 0.0183 by
1-way ANOVA and Holm-Sidak test. b Body weight at 4.5months old (n = 8 mice for
WT EX_AM, n = 9 mice for WT EX_PM, n = 9 mice for KO EX_AM, n = 7 mice for KO
EX_PM). c, d Linear regression analysis (2-sided) of average daily oxygen con-
sumption vs. body weight at 4.5months old (n = 8 mice for WT EX_AM, n = 9 mice
for WT EX_PM, n = 9 mice for KO EX_AM, n = 7 mice for KO EX_PM). e–j Oxygen
consumption, voluntary wheel-running activity, and spontaneous beam-breaking
activity as measured by the Oxymax/CLAMS-HC system at 4.5months old (n = 8

mice for WT EX_AM, n = 9mice for WT EX_PM, n = 9 mice for KO EX_AM, n = 7 mice
for KO EX_PM). Arrows indicate a temporary disruption when mice were taken out
for treadmill exercise sessions. k Average daily beambreak counts at 4.5months of
age (n = 8 mice for WT EX_AM, n = 9 mice for WT EX_PM, n = 9 mice for KO EX_AM,
n = 7 mice for KO EX_PM). *p =0.0431 by 1-way ANOVA and Sidak test. l–n Rectal
temperature across different days or average temperature from multiple days at
4.5months old (n = 11mice forWTEX_AM,n = 10mice for theother groups).Arrows
indicate treadmill sessions. *p =0.0034 and 0.0301 (WT_EX_AM vs. WT_EX_PM for
panel l) and 0.0034 (WT_EX_AM vs. WT_EX_PM for panel m) by 2-way ANOVA and
Tukey test. All data are mean ± SEM. ns, not significant.
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not found in DEGs involved in glycolysis, ion transport, or adhesion,
suggesting that Rev-erb could regulate these genes indirectly through
other transcription factors. Consistentwith the transcriptomeanalysis,
metabolomics profiling of muscles revealed robust changes in amino
acids, glycolytic intermediates, and carnitines between KO and WT
muscles, particularly at ZT22 (Fig. 6l). These results demonstrate that
muscle Rev-erb regulates time-dependent metabolic and bioener-
getics processes.

Muscle Rev-erb regulates muscle fuel metabolism and
bioenergetics
The integrated multi-omics analysis suggests increased fatty acid oxi-
dation and BCAA catabolism but reduced glycolysis in KO muscles
compared to WT (Fig. 7a). This could contribute to fatigue resistance
and low strength in KO muscles since fatty acids are a more efficient
fuel for low-intensity exercise, while glucose is preferred for high-
intensity exercise. To assess metabolic kinetics, we used primary
myocytes as the in vitro model for isotope tracer studies as previously

described65. Myocytes fromRev-MKOmice show lower glucose uptake
(Fig. 7b) and higher fatty acid oxidation (FAO) (Fig. 7c), supporting the
muscle-autonomous fuel preference for lipids over glucose. Using
3H-palmitate as an in vivo tracer during treadmill running as
described65, we found that KO mice display an increased fatty acid
oxidation rate during exercise, particularly before sleep (Fig. 7d).
Consistent with kinetic analyses, KO mice show reduced muscle tri-
glycerides (TG) content (Fig. 7e), higher muscle and liver glycogen
content (Fig. 7f, g), lower blood lactate (Fig. 7h), impaired glucose
tolerance (Fig. 7i, j), and increased insulin resistance (IR) as assessed by
homeostaticmodel assessment index for insulin resistance (HOMA-IR)
(Fig. 7k) compared to WT mice immediately after treadmill exercise,
with all the differences more pronounced at ZT23-1 than at ZT11-13.
RER from indirect calorimetry can assess fuel preference during
exercise at a higher temporal resolution. KO mice showed a reduced
rate of intensity-dependent increase in RER thanWT at ZT0 but not at
ZT12 (Fig. 7l, m). These results demonstrate that the diurnal variation
in exercise-induced fuel preference adaptation is controlled by the

Fig. 5 | Muscle Rev-erb regulates the baseline diurnal rhythm of muscle
strengthandendurance. aWire hang inmales at 3monthsold. *p =0.0085 (WTvs.
KO at ZT23-1) and 0.0255 (ZT23-1 vs. ZT11-13 for WT). b Forelimb grip strength in
males at 3months old. *p =0.001 (WTvs. KOatZT23-1) and0.0001 (ZT23-1 vs. ZT11-
13 for WT). Data are mean ± SD. c Treadmill test with the low-speed profile in males
at 4months old. *p =0.0047 (WT vs. KO at ZT23-1) and 0.0424 (ZT23-1 vs. ZT11-13
for WT). (a-c) n = 14 mice/group. WT are 9 Rev-erbfloxed and 5 MLC-Cre. d Forelimb
grip strength in females at 4months old (n = 10 mice/group). WT are Rev-erbfloxed

mice. Data aremean ± SD. *p =0.0001 (WT vs. KO at ZT23-1) and 0.0001 (ZT23-1 vs.
ZT11-13 for WT). e Treadmill test in females with the low-speed profile at 3months
old (n = 19 WT, 11 KO). WT are Rev-erbfloxed mice. *p =0.0005 (WT vs. KO at ZT23-1)

and0.0034 (ZT23-1 vs. ZT11-13 forWT). fDorsi flexor tetanic torque in vivo inmales
at 9months old (n = 9). WT are Rev-erbfloxed mice. *p =0.0323 (WT vs. KO at ZT23-1)
and 0.0492 (ZT23-1 vs. ZT11-13 for WT). a–fwere determined by 2-way ANOVA and
Holm-Sidak test. g, hDorsi flexor fatigue resistance in vivo inmales at 9months old
at ZT23-1 (n = 8 WT, 10 KO) or ZT11-13 (n = 5 WT, 6 KO). i–m Ex vivo muscle phy-
siology of EDL muscles at 6months old (n = 4 mice/group). WT are 2 Rev-erbfloxed

mice and 2 MLC-Cre mice. *p =0.0458 by t-test (j), 0.0021 (l) and 0.0264 (m) by
2-way repeated-measure ANOVA. n–s Treadmill test at 5months old at the low-
speed profile ((n–p) n = 15 WT, 9 KO) or the high-speed profile ((r, s) n = 9 mice/
group). WT are Rev-erbfloxed mice. *p =0.0206 (p) and 0.0434 (s) by t-test. Data are
mean ± SEM unless otherwise specified. ns, not significant.
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Fig. 6 | Multi-omics characterization of muscle Rev-erb functions. a Venn dia-
gram showing the ZT22 and ZT10 overlap of differentially expressed genes (DEGs)
in KO vs. WT as identified by RNA-seq at 6months of age (q <0.05, fold change >
1.5). WT are Rev-erbfloxed mice. b, c Top enriched KEGG pathways in DEGs at ZT22
and ZT10. d, e Heat map of DEGs showing the relative abundance (in Z-score)
involved in glycolysis, TCA cycle, fatty acid metabolism, BCAA metabolism, circa-
dian clock, muscle contraction, adhesion, sarcomere, and insulin signaling. f Pie
chart representing the genomic distribution of Rev-erbα ChIP-seq peaks. g Top

enriched motif of Rev-erbα peaks at ZT10. h Venn diagram showing the overlap of
Rev-erbα binding peaks at ZT10 and ZT22. iHeatmap of Rev-erbα ChIP-seq signals
at ZT10 and ZT22. j, k Browser tracks of Rev-erbα peaks at genes involved in
metabolism. lMetabolomics heatmap showing the relative abundance (in Z-score)
of metabolites at the indicated ZT in quadriceps muscle at 10months of age (n = 3
mice per group). WT are Rev-erbfloxed mice. Statistical differences were determined
using 2-way ANOVA followedby the Tukey test andwere indicated on the right side
by colors as illustrated in the color key.
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muscular clock rather than passive responses to food. Thus, the drop
of Rev-erb before sleep anticipates the metabolic needs of sleep by
promoting muscular fatty acid oxidation while sparing glucose, which
contributes to the enhanced fatigue resistance upon waking (Fig. 7n).
Conversely, the low fatigue resistance before sleep could lead tomore
profound hormetic compensatory adaptations to exercise66,67, con-
tributing to bettermuscle functions in chronic exercise training before
sleep than upon waking. Thus, Rev-erb-dependent metabolic remo-
deling underlies both the baseline diurnal variations and time-
dependent effects of chronic training in muscle contractile functions.

Discussion
What is the best time of the day for exercise? Since evening (PM) is the
endof the sleepphase formice,whilemorning (AM) is thebeginningof
the sleep phase, our mouse studies suggest that engaging in low-

intensity exercise before sleep yields greater efficacy than exercising
after waking in reducing body weight, enhancing muscle strength and
endurance, and improving glucose tolerance. These results are con-
sistent with recent studies suggesting that exercise training during the
early sleep or late wake phases superior endurance adaptations or
weight loss compared to training during the late sleep or early wake
phases in mice68,69.

What molecular mechanisms drive the timing effects of exercise
training?Weight loss results froman imbalance between energy intake
and expenditure.We foundnodifferences in total food intakebetween
exercise before and after sleep. Instead, we found that exercising after
waking reduced spontaneous locomotor activity and energy expen-
diture during the subsequent wake cycle compared to exercising
before sleep. At first glance, it seemed these effects depended solely
on sleep timing. For exercise before sleep, since the post-training rest

Fig. 7 | Muscle Rev-erb regulates the diurnal rhythm of bioenergetics and time-
dependent metabolic adaptations to acute exercise. a Integrated tran-
scriptomics and metabolomics analysis. b, c Glucose uptake and fatty acid oxida-
tion (FAO) rates in primary myotubes isolated frommice at 3months old, followed
by electric pulse stimulation (EPS) during isotope tracing with 3H-deoxyglucose
(DOG) or 3H-palmitate (n = 4 wells of cells from 3 mice/group). WT are Rev-erbfloxed

mice. *p =0.0098 (b) and *p =0.0027 (c) with student t-test. d FAO rate measured
by blood 3H-H2O at 20min after intraperitoneal injection of 3H-palmitate. Mice at
6months old were running treadmill at 10m/min during tracing (n = 10 mice/
group).WT are 7 Rev-erbfloxed and 3MLC-Cremice. *p =0.0001 by 2-wayANOVAand
Holm-Sidak test. e−g Muscle triglycerides (TG), muscle glycogen, and liver glyco-
gen at 5months old (n = 6 mice/group). WT are 3 Rev-erbfloxed and 3 MLC-Cre mice.
*p =0.0002 (e), 0.0002 (WT vs. KO at ZT23-1) and 0.0276 (ZT23-1 vs. ZT11-13 for

WT) for (f), and 0.0001 (g) by 2-way ANOVA and Holm-Sidak test. h Blood lactate
after a bout of treadmill exercise at 4months old (n = 11mice/group).WT are 9 Rev-
erbfloxed and 2 MLC-Cremice. *p =0.0081 (WT vs. KO at ZT23-1) and 0.0027 (ZT23-1
vs. ZT11-13 forWT)by 2-way repeated-measure ANOVAandHolm-Sidak test. i, jGTT
at 10months old after running at 12m/min speed for 25min (n = 10 WT, 11 KO).
*p =0.0101 for genotype effects with 2-way repeated-measure ANOVA. WT are 8
Rev-erbfloxed and 2 MLC-Cre mice. k HOMA-IR at 10months old (n = 10). WT are 8
Rev-erbfloxed and2MLC-Cremice. *p =0.0004by2-wayANOVAandHolm-Sidak test.
l,m Speedprofile andRERduring a bout of treadmill exercise at 9months old (n = 8
mice/group). WT are 6 Rev-erbfloxed and 2 MLC-Cre mice. *p =0.0013 (WT_ZT0 vs.
KO_ZT0) for genotype effects by 2-way repeated-measure ANOVA. n A working
model of muscle fuel metabolic rhythmicity. Data are mean± SEM. ns, not
significant.
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temporarily aligns with the normal sleep cycle, it would not alter the
spontaneous locomotor activity the next day. Conversely, for exercise
training after waking, its post-training rest interferes with the other-
wise active locomotor activity, partially offsetting the exercise effects
on total energy expenditure. However, this interpretation is refuted by
the fact that Rev-MKO mice, despite normal sleep/wake cycles and
rhythmic energy expenditure at the baseline, did not show timing-
dependent effects of exercise on suppressing spontaneous locomotor
activities or energy expenditure. What muscle-intrinsic factor down-
stream of Rev-erb accounts for training time-dependent activity-sup-
pressive effects? Muscle fatigue resistance appears to be the answer
because baseline muscle exercise capacity before sleep is lower than
after waking, a pattern abolished in the absence of muscular Rev-erb.

Howdoes Rev-erb regulate endurance or fatigue resistance? Aside
from weight loss, what causes timing-specific effects of training on
muscle strength and systemic glucose tolerance? Unbiased multi-
omics analyses suggest that the muscular bioenergetics process likely
plays a significant role. Muscles burn more glucose while awake and
more lipids during sleep. Such diurnal flexibility is locked by Rev-erb
deletion into a state that constantly favors lipids over glucose. Since
Rev-erb levels rise in the late sleep phase, anticipating the upcoming
wake phase, Rev-erb depletion produces the maximum effects of
promoting lipid oxidation and sparing glucose before sleep. The
heightened preference and efficiency for lipid oxidation in Rev-MKO
mice are supported by metabolic tracing analyses and could explain
the enhanced exercise endurance, as lipids constitute a larger energy
reservoir than carbohydrates and are preferred for low-intensity
exercise. The impaired glucose uptake in the absence of Rev-erb,
validated by tracing analyses and metabolic measurements, likely
contributes to the reduced muscle strength and impaired glucose
tolerance in Rev-MKO mice compared to WT mice. Importantly,
muscle-specific disruption of Rev-erb blunts baseline diurnal varia-
tions in muscle strength, endurance capacity, and systemic glucose
tolerance, which is associated with enhanced endurance but impaired
glucose tolerance at the late wake phase. Thus, the time-dependent
regulation of fuel metabolism bymuscle Rev-erb plays a crucial role in
both the baseline metabolic rhythm and diurnal variations of adapta-
tions to exercise training.

Why do some phenotypes in KO mice match the WT_AM while
others match WT_PM? Since Rev-erb suppresses FAO and promotes
carbohydrate utilization. The rise of Rev-erb in the late sleep phase
likely anticipates and facilitates the transition from sleep to wakeful-
ness, favoring carbohydrate use. In the KO mice, the loss of Rev-erb
locks the muscle into a “sleep-like PM state” that prioritizes fatty acid
oxidation over carbohydrate metabolism. Since FAO-powered con-
traction is more fatigue-resistant while glycolysis supports peak con-
tractile force, thismetabolic shift could explainwhy KOmice resemble
WT_PM (ZT11-13) rather than WT_AM (ZT23-1) in grip strength, wire
hang, torque, fatigue, muscle triglycerides, plasma lactate, post-
exercise glucose tolerance, and baseline exercise-induced RER. Simi-
larly, after chronic training, KOmice remainmore similar toWT_EX_PM
thanWT_EX_AM in grip strength, wire hang, glucose tolerance, torque,
and fatigue. The preference of KO muscle for fatty acids likely sup-
presses training-induced upregulation of carbohydrate metabolism
and the subsequent anabolic remodeling of muscle contractile
machinery. This may explain why KO and WT_EX_PM, compared to
WT_EX_AM, show greater resistance to training-induced improve-
ments in muscle contractile performance and glucose tolerance.
Intriguingly, KO mice align more closely with WT_EX_AM than
WT_EX_PM inbodyweight. Thehigher baseline fatigue resistance inKO
mice might mitigate the PM training-induced suppression of sponta-
neous locomotor activity during wakefulness. Unlike PM training, AM
training is followed by sleep and does not reduce total spontaneous
activity and energy expenditure in either genotype. As a result, KO
mice resemble WT_EX_AM in maintaining higher total energy

expenditure during chronic training, potentially accounting for their
lower body weight. KO mice also align more closely with WT_EX_AM
than WT_EX_PM in the graded treadmill exercise test. Multiple factors
could contribute to this outcome, including the lower body weight of
KO mice and differences in treadmill speed influencing the KO vs. WT
comparisons. Beyond fuel metabolism and bioenergetics, other bio-
logical processes, such as amino acid metabolism, ion channel func-
tion, extracellular matrix composition, and sarcomere dynamics, may
playa role. Finally, chronic training at afixed timeof day could alter the
oscillatory pattern of muscle clock gene expression, another layer of
complexity that warrants future investigation.

One surprising finding from our study is regarding the role of
feeding in muscle metabolic adaptations to exercise training. Feeding
is known to promote lipid synthesis, enhance carbohydrate utilization,
and suppress systemic fatty acid oxidation, characterized by a higher
respiratory ratio in feeding than in fasting in normal physiology70.
Since food intake is well known to have a diurnal rhythm, a diurnal
variation in exercise-induced substrate utilization or fuel preference is
widely believed to be driven by feeding conditions. Our results chal-
lenge this prevailing view because the timing effects of chronic exer-
cise in body weight, muscle contractile performance, and glucose
tolerance are all abolished in Rev-MKO mice undergoing the same
exercise training regimen even though they have normal feeding pat-
terns. Therefore, the Rev-erb-mediated muscle-specific anticipatory
mechanism, but not the diet-induced responsive mechanism, is
essential for diurnal variations of systemic metabolic adaptations to
exercise.

The metabolic profile observed in Rev-MKO mice aligns with
findings from several other genetic mouse models of the circadian
clock. Rev-MKO mice show some similarities to mice with skeletal
muscle-specific knockout of Bmal1 (Bmal1-MKO)61,71. (1) Both mouse
lines show the normal daily distribution of feeding time and total
food intake, suggesting the muscle clock does not affect feeding
rhythm. (2) Both mouse lines increased fatty acid oxidation. Bmal1-
MKO mice show upregulated genes in oxidative metabolism71,72,
increased oxidative capacity, and improved endurance73. (3) Both
mouse lines show reduced glucose uptake and downregulated gly-
colysis gene expression61,74. In vitro studies with Bmal1 null myotubes
also demonstrated impaired glycolysis34. (4) Both mouse lines show
reduced muscle TG, elevated muscle BCAA content, and reduced
muscle force compared to their WT control. There are also differ-
ences: (1) Bmal1-MKO mice display no difference in endurance
compared to WT controls, while Rev-MKO mice exhibit enhanced
endurance under low-speed exercise conditions. (2) Bmal1-MKO
mice exhibit increased energy expenditure compared to WT, while
Rev-MKOmice show no significant changes in energy homeostasis at
the baseline. (3) Bmal1-MKO mice show normal glucose tolerance,
while Rev-MKO mice experience impaired glucose tolerance after
treadmill exercise. (4) Bmal1-MKO mice have a higher percentage of
lean mass and lower fat mass, while body composition in Rev-MKO
mice remained unchanged at the baseline. Therefore, Bmal1 and Rev-
erb are both essential formuscles to anticipate the energy supply and
demand oscillations but may regulate partially different metabolic
pathways.

Rev-erb recruits nuclear receptor co-repressor (NCOR) and his-
tone deacetylase 3 (HDAC3) for transcription repression75. The Rev-
MKO phenotype is also in keeping with the boosted oxidative meta-
bolism and enhanced exercise endurance in the NCOR1 muscle-
specific knockout mouse model76, as well as the shift from glucose
utilization to lipid oxidation observed in the HDAC3 muscle-specific
knockout mouse model, as we previously reported54. Depletion of
muscle HDAC3 or abolishing its enzyme activity compromisedmuscle
strength but enhanced fatigue resistance54,65. Given that Bmal1 reg-
ulates the transcription of other core clock genes besides Rev-erb, and
NCOR/HDAC3modulate numerous nuclear receptors beyond Rev-erb,
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manipulating Bmal1 or NCOR/HDAC3 may have broader implications
thanRev-erbdepletion alone anddoes notpredict the role ofmuscular
Rev-erb. The current study fills this knowledge gap. The consistent
effects between muscle-specific knockout of Rev-erb and those of
Bmal1 and NCOR/HDAC3 suggest that Rev-erb plays a significant role
in mediating the metabolic functions of Bmal1 and NCOR/HDAC3 in
skeletal muscles.

Prior studies19,77 with global knockout of Per1/2 or Bmal1 demon-
strated baseline diurnal variation in exercise capacity, defined by the
rate of blood glucose decline or liver glycogen depletion during an
acute treadmill exercise bolus. However, it remains unknown whether
chronic exercise training at different times of the day has distinct
effects on muscle contractile performance or glucose tolerance. Since
the circadian clock operates in nearly all tissues, global knockout
models do not identify which tissues are responsible for the baseline
diurnal variation or the timing-dependent effects of chronic exercise
training. Specifically, as the global knockout of Per1/2 or Bmal1 abol-
ishes the feeding diurnal rhythm, whether feeding rhythms drive the
baseline rhythmic response to a bolus exercise is unclear. Our current
study addressed these questions and demonstrated that the muscle
clock, rather than the central clock or the feeding rhythm, governs the
variation in baseline responses to acute exercise and adaptations to
chronic exercise training.

The Rev-MKO mice exhibit normal muscle mitochondrial con-
tent, locomotor activity, and food intake, which contrasts with
whole-body Rev-erbα or Rev-erbβ null mice displaying reduced
muscle mitochondrial content or locomotor activity38, or altered
food intake40. This disparity may stem from non-muscular systemic
effects in global null mice, potentially contributing to mitochondrial
content abnormalities andmuscle atrophy38,39. For instance, over 85%
reduction in spontaneous activity in Rev-erbα null mice could inde-
pendently induce muscle atrophy38,39. Similarly, increased food con-
sumption during the light cycle in Rev-erbβ null mice might
indirectly influence muscle glucose metabolism40. Another explana-
tion could be that the truncated Rev-erbα protein retains some
functionality. However, knockdown of Rev-erbβ in cultured myo-
tubes has been shown to increase the expression of fatty acid oxi-
dation genes40, consistent with our findings. Intriguingly, loss-of-
function of muscle-specific Rev-erb increases endurance during low-
intensity exercise and enhances fatty acid oxidation without altering
mitochondrial content, while Rev-erb gain-of-function with agonists
also boosts muscle mitochondrial oxidative capacity and enhances
exercise performance39,44,45. Contrary to the assumption that loss and
gain of function have opposite effects, Rev-erb gain-of-function and
loss-of-function do not necessarily exhibit opposing effects in cul-
tured myotubes40,78. Moreover, it is plausible that systemic factors,
rather than solely muscle-autonomous effects, contribute to the
beneficial effects of Rev-erb-targeting small molecules. Nonetheless,
the characterization of Rev-MKO mice suggests that muscle Rev-erb
can modulate contractile functions and bioenergetics without
affecting muscle mitochondrial content.

While the current study focuses on metabolism and bioener-
getics, non-metabolic processes can also contribute to the timing
effects of chronic exercise training79. Genes associated with contrac-
tion, ion transport, adhesion, sarcomere organization, and insulin
signaling are also significantly regulated bymuscle Rev-erb anddisplay
a robust diurnal rhythm in muscles under normal conditions. Identi-
fying the muscle clock gene Rev-erb as essential for controlling these
timing effects opens avenues for further dissecting the underlying
mechanisms, which will shed light on the optimal exercise training
regimen.

The current study has several limitations. (1) Our study found that
long-term treadmill exercise before sleep improvedmuscle contractile
functions and systemic glucose metabolism more effectively than
exercise immediately after awakening. However, since we focused on

prolonged, low-intensity running, these results may not apply to those
performing high-intensity workouts for weight loss or to elite athletes
whose training differs in intensity and goals. Further research is nee-
ded to determine if the time-of-day impact observed here extends to
higher-intensity or performance-focused exercise routines. (2) Since
circadian clock genes are intricately interlocked in negative feedback
loops, the depletion or overexpression of one clock gene inevitably
affects the expression of others. As a result, current technology does
not allow us to distinguish between direct and indirect effects clearly.
Therefore, we interpret the results at face value— if knocking out Rev-
erb induces changes, we attribute those changes to Rev-erb without
claiming they are direct effects. (3) Since clock genes could have clock-
independent functions, it is unknown whether the observed function
of muscular Rev-erb is dependent on the clock function. However, the
following evidence supports a clock-dependent role of Rev-erb for
outcomes observed in our study. (a) Rev-MKO mice show no devel-
opmental defect, with normal body weight, body size, muscle fiber
number, fiber diameter, fiber composition, andmitochondrial content
with both mitochondrial DNA copy number and OXPHOS protein
levels. (b) The baseline phenotypic differences between Rev-MKO and
WT mice, including exercise endurance and strength, are dependent
on themeasurement time (morning vs. evening). (c) The post-exercise
differences between Rev-MKO and WT mice, including muscle glyco-
gen, fatty acid oxidation, muscle TG, blood lactate, and glucose tol-
erance, are also dependent on themeasurement time concordant with
the time point with a maximum transcriptomic difference. These data
suggest that the observed phenotypic changes between KO and WT
are likely due to the clock-related function of Rev-erb. Future studies
with phase-specific re-expression rescue experiments are needed to
clarify this point.

Methods
Animals
The animal care and use procedures followed the Institutional Ani-
mal Care and Use Committee guidelines at Baylor College of Medi-
cine. The experiments conducted in the present study were reviewed
and approved by the Institutional Animal Care and Use Committee
(IACUC) of Baylor College ofMedicine. Animals weremonitored daily
for signs of distress, including weight loss, lethargy, abnormal pos-
ture, or reduced mobility. Humane endpoints were predefined, and
animals exhibiting severe or unrelieved distress were euthanized
using CO2 inhalation followed by cervical dislocation following the
American Veterinary Medical Association (AVMA) guidelines to
ensure a humane death. The muscle-specific Rev-erb knockout mice
(Rev-MKO) were generated by crossbreeding mice bearing Rev-
erbαloxP (Nr1d1tm1.2Rev, MGI ID 5426700) and Rev-erbβloxP (Nr1d2tm1.1Rev,
MGI ID 5426699) alleles55,80 with the MLC-Cre line (MGI ID 1931135)56.
The resultant Rev-MKO mouse line has been backcrossed to the
C57BL/6 J background for over five generations. Littermate mice
bearing Rev-erbαloxP/Rev-erbβloxP alleles (referred to as Rev-erbfloxed)
without Cre or the Cre allele without Rev-erbα/βloxP (referred to as
MLC-Cre) were used as the wild-type (WT) control and indicated in
the figure legends. Male mice at the age of 2months to 10months
were used. The ages of each experiment were indicated in figure
legends. All animals were housed under a 12-h day/night cycle at
22 ± 2 °C, with humidity of 60% ± 5%. Zeitgeber time 0 (ZT0) indicates
light-on (7:00 AM), and ZT12 indicates light-off (7:00 PM) under the
normal light-dark (LD) cycle. We abide by the ARRIVE guidelines for
reporting of animal experiments.

Grip strength and wire hang tests
A Bioseb meter was used to measure forelimb grip strength as
described previously53,81. Briefly, mice were pulled by the base of the
tail parallel to thebar.After holding thebar, theywerepulledbackward
horizontally and gently at a constant speed until the grip was released.
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Five trials were taken continuously for a session, and at least five ses-
sions were performed with at least a 5min rest interval between each
session. The top three highest readings from any of these trials were
averaged for the mouse. For the baseline study, the tests were con-
ducted at ZT23-1 and ZT11-13, respectively. For the timing effects of
chronic exercise, we conducted experiments at least 12 h after a rou-
tine training session to avoid the impact of acute exercise onmuscular
fatigue. For the wire hang test, mice were horizontally suspended and
upside down on a metal wire mesh (2mm in diameter and 1m in
length) 50 cm above a landing surface filled with soft bedding53. The
time when the animal fell was recorded, and the results were repre-
sented as body weight as hanging time (s) × body weight (g). Three
trials were conducted per animal on average, with a 5min rest period
between each trial. For the baseline study, the tests were conducted at
ZT23-1 and ZT11-13, respectively. For the timing effects of chronic
exercise, we conducted experiments at least 12 h after a routine
training session to avoid the impact of acute exercise on muscular
fatigue.

Treadmill exercise test and training
Graded exercise test was performed using an Exer 3/6 Treadmill with
an electrical stimulus system and the automatic stimulus detection
unit (Columbus Instruments) as previously described with some
modifications54. Mice were motivated to run by electric shocks at 1 Hz
with a stimulation intensity of 3, without inclination. The shocks at
such intensity and frequency were well-tolerated by mice. No mice
showed injury after testing or training. Two different speed profiles
were used for endurance tests. For the low-speed profile, after mice
were placed on the stationary treadmill for 5min, the treadmill started
at 6m/min, the speed was increased by 2m/min every 10min, then
30min for 18m/min, 15min for 20, 22, 24, with no further increase in
speed beyond 26m/min. The high-intensity profile required mice to
run on the treadmill at 10 cm/s for 4min followed by an incrementing
speed of 2 cm/s every 2min. Exhaustion was defined as the time when
the mouse reached 50 cumulative shocks for the entire test. Each
mouse was allowed a maximum of 50 shocks. Once the cumulative
shocks for a specific lane reached 50, the shocking unit for that lane
automatically turned off. At this point, the mouse in that lane could
rest on the shocking grid while the treadmill continued running. Mice
were then removed from the treadmill after all lanes had finished. For
long-term exercise training, mice were subjected to treadmill running
for 1 h at 10m/min, without inclination, every other day, either in the
morning at ZT23-1 (EX_AM) or in the evening at ZT11-13 (EX_PM). The
sedentary control group was placed on a stationary treadmill for the
same duration at any time.

In vivo muscle physiology
Muscle physiological analysiswasperformedon thedorsiflexor tibialis
anterior (TA) muscles using an Aurora Mouse 1300A 3-in-1 Whole
Animal System equipped with Dynamic Muscle Control
v.5.501 software as previously described57–59. Briefly, the hind limb hair
was shaved and cleaned, and the anesthetized mouse was positioned
in a supinepositionwith theheadsecuredon aheatedplatformwith an
oxygen flow rate of 1 L/min supplemented with 2.5% isoflurane. The
electrode was placed subcutaneously 2–4mm beneath the skin
directly over the TA muscle and recorded the lowest current at which
the highest twitch torque was achieved. This determined the optimal
current to be used for the torque-frequency experiment. Maximal
isometric twitch and tetanic contractions were obtained using a sti-
mulation frequencyof 100Hz for 500msec. Fiveminuteswere allowed
between two tetanic contractions to ensure muscle recovery. For
induction of fatigue, muscles were stimulated every five seconds for
90 contractions using 40Hz pulses lasting 300ms. The tetanic
strength and fatigue resistance are expressed as torque mN•m (milli-
newton meters).

Ex vivo muscle physiology
Ex vivo assessment was performed by the Muscle Physiology Assess-
ment Core of the University of Pennsylvania, as we previously
described54,65.Musclephysiological analysiswasperformedon isolated
EDL muscles using an Aurora Mouse 1200A System equipped with
Dynamic Muscle Control v.5.415 software. EDL muscles were main-
tained in continuously oxygenated Ringer’s solution (100mM NaCl,
4.7mM KCl, 3.4mM CaCl2, 1.2mM KH2PO4, 1.2mM MgSO4, 25mM
HEPES and 5.5mMd-glucose) at 24 °C. The twitch stimulationprotocol
applied was a single stimulus with a duration of 0.2ms. For measuring
tetanic maximal force generation, the stimulus was repeated at a fre-
quency of 120Hz for 500ms. Five min were allowed between two
tetanic contractions to ensure muscle recovery. For induction of fati-
gue, 5min after the last maximal tetanic contraction, muscles were
stimulated every second for 8min using 40Hz pulses lasting 330ms.
The fatigue index was expressed as the percentage difference in force
between the first contraction and every subsequent contraction for
EDL or as the percentage of force left after the preceding contraction.
Following the fatigue protocol, a burst of 50 maximal tetanic con-
tractions (120Hz for 500ms) was applied to ensure complete fatigue
across all samples. The recovery protocol started 1 s after the last burst
contraction. A maximal tetanic stimulation (120Hz for 500ms) was
given every 5min for 30min, and the force recoverywas expressed as a
percentage of the maximal isometric tetanic force.

Indirect calorimetry
Indirect calorimetry was performed using the most recent Compre-
hensive Lab Animal Monitoring System (Oxymax/CLAMS-HC, Colum-
bia instruments). Briefly, the individual animal was acclimated to a
metabolic chamber equipped with a running wheel on the system for
at least 1.5 days prior to analysis. During themonitoring period, O2 and
CO2 levels were collected every 20min over several days. For the
timing effects of chronic exercise, mice were taken out twice for
treadmill training according to their established exercise schedule
during over 5 days ofmonitoring, and themissing data due to the brief
disruption was not included in the final statistics. Data on locomotor
activity and food intake were measured in real time. Data was not
normalized to body weights unless otherwise stated.

Immunofluorescence and Western blot
Fresh tibialis anterior (TA) muscles were isolated, embedded in OCT
compound, and frozen in the dry ice-chilled isopentane. Cross-
sections at 10μm thickness were obtained using a Leica CM1850
cryostat. Tissue sections were incubated with mixed primary anti-
bodies: laminin (Sigma), MHC-IIa (2F7; Developmental Studies Hybri-
doma Bank), and MHC-IIb (BF-F3; Deutsche Sammlung von
Mikroorganismen und Zellkulturen) in blocking buffer, followed by
incubation with secondary antibodies: Alexa-647-goat anti-rabbit,
Alexa-594-goat anti-mouse IgG, and Alexa-488-goat anti-mouse IgM
(A32733, A21121, A21426; Invitrogen, dilution: 1:1000 in PBS).
Unstained fibers were counted as MHC-IIX, based on the fact that
mouse TAmuscles contain few type I fibers82. Fluorescent images were
captured with a Zeiss Axiophot epifluorescence microscope and
Axiovision software. For western blot, tissues were lysed in RIPA buf-
fer,whichcontainedPMSF andproteinase inhibitor. The concentration
of total protein was quantified using Bradford protein assay. Lysates
were resolved on SDS-PAGE gel electrophoresis and then transferred
to PVDF membranes. The membranes were further treated with
skimmed milk and blotted with antibodies of Hsp90 (CST 4874) and
OXPHOS proteins (MitoSciences MS604).

Glucose tolerance and metabolite measurement
Glucose tolerance tests (GTT) were performed at ZT23-1 and ZT11-13
after fasting for 8 h. D-(+)-glucose was intraperitoneally injected at
1.5 g/kg or 2 g/kg. Blood samples were obtained from the tail vein and
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measured repeatedly by glucometer (OneTouch) at 0, 15, 30, 60, 90,
and 120min after glucose injection. Formeasuring hepatic andmuscle
glycogen, frozen mouse liver ( ~ 50mg) and quadriceps muscle
( ~ 500mg) samples were digested in 30% KOH at 60 °C for 20min.
Ethanol and 6% Na2SO4 were then added to samples to precipitate
glycogen overnight at −20 °C, followed by centrifugation at 3000 rpm
for 10min at 4 °C. Glycogen was resuspended in 150 µL of acetate
buffer (0.2MpH 4.8). Glycogen was precipitated by ethanol and
digested with 0.25mg/ml amyloglycosidase (Sigma-Aldrich), followed
by glucose assay using HK kit (Sigma-Aldrich). All samples were mea-
sured in triplicates along with glucose standards. Formeasuring blood
lactate, plasma samples were collected from the tail at ZT0 and ZT12
after subjecting mice to an acute single bout of treadmill running at
18m/min for 20min. L-lactate levels were measured calorimetrically
using a colorimetric kit (Sigma Scientific, St. Louis, Missouri). For
measuring muscle triglycerides, mice were sacrificed by cervical dis-
location either after a 10 h fasting periodor after refeeding (6 h fasting,
4 h refeeding). Quadriceps were homogenized in the tissue lysis buffer
(140mM NaCl, 50mM Tris, and 0.1% Triton-X). Muscular triglyceride
levels were measured using the Stanbio LiquiColor® Triglycerides kit
(Stanbio, Boerne, Texas). All assays were performed in triplicate with
external standards included in each run.

qPCR and RNA-Seq
For mitochondrial DNA copy number, total genomic DNA extracted
from the muscles were analyzed by qPCR with primers specific to a
mitochondrial gene (mtND1) and normalized to LPL (a gene coded on
nuclear genome). For RT-qPCR or RNA-seq, total RNA was extracted
using TRIzol (Invitrogen) and a High Pure RNA tissue kit (Roche). RT-
qPCR was performed with High Capacity RT kit, SYBR Green PCR
Master Mix, and the Quant Studio 6 instrument (Life Science) using an
absolute quantification method with standard curves. 18S RNA was
used as the housekeeping control. For the sequence primers, see
Supplementary Information. RNA-seq was performed using total RNA
extracted from Tibialis anterior in mice at 6months of age (n = 3 at
each condition, total of 12 samples). RNA-seq analysis was performed
as described previously83 RNA was isolated using Trizol reagent
(Sigma) followed by RNeasy Mini Kit (Qiagen). The KO vs. WT samples
were sequenced on the BGI MGISEQ-2000 platform with PE100 and
6Gb total clean reads per sample. Raw reads were subjected to
SOAPnuke (v1.5.2) processing to remove sequencing adapters and low-
quality reads. The clean reads were mapped to the mouse genome
(GRCm38.p6) via HISTA2 (V2.0.4). The gene expression level was cal-
culated using Bowtie2 (V2.2.5) and RSEM (V1.2.12). Differential
expression analyses were conducted via DESeq2 package (V1.4.5). The
KEGG and GO enrichment analysis was performed by clusterProfiler.

Metabolomics
Quadriceps were harvested frommale mice at 10months of age (n = 3
at each condition) and snap-frozen in liquidnitrogen.Metaboliteswere
extracted as previously described methods83. Data were acquired in
multiple reaction monitoring (MRM) using Agilent QQQ LC-MS sys-
tems. Separation of TCA and glycolysis metabolites were performed
using 5mMammonium acetate inwater as buffer pH 9.9 (A), and 100%
acetonitrile as buffer (B) using Luna 3μM NH2 column (Phenomenex,
Torrance, CA) and measured 6495 Triple Quadrupole mass spectro-
meter via ESI negative mode (Agilent Technologies, Santa Clara, CA).
The Gradient used is as follows: 0–20min-80% B (Flow rate 0.2ml/
min); 20-20.10min- 80% to 2% B; 20.10-25min-2% B (Flow rate 0.3ml/
min); 25–30min 80%B (Flow rate 0.35ml/min); 30–35min-80%B (Flow
rate 0.4ml/min); 35-37.80min 80% B (Flow rate 0.4ml/min); followed
by re-equilibration at the end of the gradient to the initial starting
condition 80% B at Flow rate of 0.2ml/min. Separation and measure-
ment of amino acids and carnitines were performed using Zorbax
Eclipse XDB C18, 1.8 micron, 4.6 × 100mm column on 6495 triple

quadrupole mass spectrometer via ESI Positive mode (Agilent Tech-
nologies, Santa Clara, CA). Mobile phases A and B were 0.1% formic
acid in water and acetonitrile, respectively. The gradient used is as
follows: 0–6min—2% of B, 6–6.50 min-30 % B, 6.50–7min—90% of B,
7–12min 95% of B,13min 30% of B followed by re-equilibration at the
endof the gradient 20min to the initial starting condition 2%of B. Flow
rate: 0.2ml/min. ThedatawereanalyzedusingMetaboAnalyst 6.0,first
normalized by internal standards, log transformation, and auto-scaling
methods. Statistical differences were determined using 2-way ANOVA
followed by Tukey test for multiple comparison corrections. Differ-
ential metabolites were identified by p-value < 0.05.

ChIP-Seq
Mouse skeletal muscles were harvested at ZT10 and ZT22 (3 male WT
mice at 6months old at each time point). Briefly, tissues were ground
in liquidN2 and cross-linked in 1% formaldehyde for 20min.Whole-cell
extracts were sonicated and immunoprecipitated with antibodies to
Rev-erbα (Cell signaling, cat # 13418). The precipitated DNA was then
pooled and amplified according to the guideline of Illumina, followed
by sequencing on illumina nextseq 500 (need to confirm). Sequenced
reads were aligned to the mm10 genome using Bowtie 2 (version
2.3.4.2). Non-redundant and uniquely mapped reads were used for
downstream analysis. Read coverage for every 50bp bins was calcu-
lated using the bamCoverage function of deepTools (version 3.5.4)
function, avoiding blacklist regions of the mouse genome (ENCODE
project). Genome browser tracks were visualized in Integrative Gen-
ome Browser (IGV version 2.16.1). Peak calling was performed on
unique reads with MACS2 using input as control (with parameters –q
0.05 -nomodel --shift -100 --extsize 200). ChIP heatmap plots were
generated using computeMatrix (with reference-point mode) and
plotHeatmap functions with default settings (deepTools, version
3.5.4). Motif mining was performed using Homer in 200 bp regions
surrounding peak centers.

Primary myoblasts and isotope tracing in vitro
Isolation and culturing of primary myoblasts were adapted from the
previous report65. Briefly, primary myoblasts were extracted from
skeletal muscles by mincing and digesting them in a mixture of type I
collagenase and Dispase B (Roche Applied Science). Cells were filtered
from debris, centrifuged, and cultured in a growth medium (F-10
Ham’s medium supplemented with 20% FBS, 5 ng/ml basic fibroblast
growth factor, and 1% penicillin-streptomycin) on collagen-coated cell
cultureplates at 37 °C, 5%CO2.Multiple pre-platingwasused to remove
fibroblasts. For differentiation into myotubes, when primary myo-
blasts were around 95% confluency, differentiation media (DMEM
supplemented with 2% fetal horse serum and 1% penicillin-strepto-
mycin) was treated for 5 days. Differentiated myotubes and myogenic
cells were harvested for further investigations in 7 days, and fresh
differentiation medium was added every 2 days. In order to detect the
fatty acids oxidation, differentiated myotubes were incubated in PBS
and supplemented with [9,103H(N)]-palmitate, conjugated on BSA and
carnitine for 120min at 37° in the incubator. EPS using the IonOptix
C-pace system with 15 volts at 1 Hz was applied 30min before adding
the [9,10-3H(N)]-palmitate. The resultant 3H-H2O in the incubation
solution was separated from precursors using ion-exchange columns
(DOWEX 1 × 4–400) as described previously54. For cellular glucose
uptake, 2-[3H(N)]deoxy-d-glucose was supplemented to cells for
10min before 6 h serum starvation. Subsequently, the cells were
washed three times with cold PBS and lysed in RIPA buffer containing
1% SDS. Radioactivity was measured using a scintillation counter and
normalized with the protein concentration of cell lysates.

Statistics
GraphPad Prism 10 software and R software environment were used
for statistical analysis. RNA-seq, ChIP-seq, Metabolomics, body
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composition, fiber quantification, indirect calorimetry, glucose toler-
ance test, muscle strength, and muscle fatigue were performed by
investigators who were blinded to the mouse genotype. The sample
size for each group was indicated in the figures, figure legends, or the
methods section above. No statistical methods were used to pre-
determine sample sizes. Instead, sample sizes were determined based
on previous publications. Data were analyzed using ANOVA or
unpaired Student’s t-test as specified indetails in the figure legends. All
statistical analyses and SEMcalculationswerebasedon individualmice
unless otherwise indicated in the figure legends. All attempts at
replication were successful. Normality was tested by the Shapiro-Wilk
test. All tests were two-sided.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
RNA-sequencing data (GSE249730) and chromatin immunoprecipita-
tion sequencing data (GSE263635) are available in Gene Expression
Omnibus (GEO). Metabolomics data are available on the National
Metabolomics Data Repository (NMDR) website, Study ID: ST003258,
Project https://doi.org/10.21228/M87V6Z. Source data are provided as
a Source Data file. All data generated for this study will be made
available from the corresponding author upon request for reproduci-
bility purposes. Source data are provided with this paper.
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