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Abstract 

A gro wing bod y of data suggests that skeletal muscle contractile function and glucose metabolism vary by time-of-day, with 

chronobiological effects on intrinsic skeletal muscle properties being proposed as the underlying mediator. However, no 

studies have directly investigated intrinsic contractile function or glucose metabolism in skeletal muscle over a 24 h 

cir cadian cycle . To address this, w e assessed intrinsic contr actile function and endur ance , as w ell as contr action-stimulated 

glucose uptake, in isolated extensor digitorum longus and soleus from mice at 4 times-of-day (zeitgeber times 1, 7, 13, 19). 
Significantly, though both muscles demonstrated circadian-related changes in gene expression, there were no differences 
between the 4 time points in intrinsic contractile function, endurance, and contraction-stimulated glucose uptake, 
regardless of sex. Overall, these results suggest that time-of-day variation in exercise performance and the 
gl ycemia-r educing benefits of exercise are not due to chronobiological effects on intrinsic muscle function or 
contraction-stimulated glucose uptake. 
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hrough circadian cycles, or rh ythms, time-of-da y impacts
any aspects of mammalian physiology. 1–3 Recently, the field

f e xercise physiolo gy has been focused on the effect of time-
f-day on exercise capacity and athletic performance. On the
hole, measures of both strength and endurance performance

end to be lower in early morning and higher in the after-
oon/evening. 4–14 While a number of factors have been proposed

o underlie these performance impacting effects of time-of-day,
ncluding body temper ature , 15 , 16 motor unit recruitment, 17–19 

nd meal timing/muscle glycogen status, 20 , 21 an emphasized
oint in the field is that variation in exercise performance is due
o circadian fluctuations in the intrinsic properties of skeletal

uscle . 13 In contr ast to these data, recent work found that the
aximal intrinsic for ce-gener ating capacity of the mouse exten-

or digitorum longus (EDL) is not different between 2 different
imes of the light phase (ie, zeitgeber time [ZT] ZT1 and ZT9) 22 

personal communication with Day anidhi S , Kahn RE, and Lieber
L). While this study is interesting, whether there are intrinsic
hanges in skeletal muscle physiology, such as submaximal con-
ractile function, resistance to fatigue, or the ability to take up
lucose from the blood during contractions, over the course of a
4 h circadian cycle or in other muscles, remains unknown. 

Exercise is a cornerstone therapeutic for pr ev enting or treat-
ng clinical hyperglycemia. 23–28 A fundamental reason for this
eneficial effect of exercise is that muscle contraction potently
timulates glucose disposal from the blood into the exercising
keletal muscle, 29 and does so in an insulin-independent man-
er. 30–32 Inter estingl y, like exer cise performance , a large focus
f the field of exercise physiology, and more broadly, the field
f dia betes car e, has been on the effect of time-of-day on the
lucose-controlling benefits of exer cise . 33 Indeed, in humans,
 o
ndertaking an exercise training intervention in the afternoon
as been found to be superior at improving glycemic control
nd skeletal muscle insulin sensitivity to exer cise tr aining in
he morning. 34–36 Similarly, in mice, a single exercise bout in the
arly part of the active (ie, dark) phase, as compared to the early
est (ie, light) phase, promoted a glycolytic transcriptional sig-
ature in skeletal muscle and reduced blood glucose concen-

r ation. 37 How e ver, whether this time-of-da y effect of exercise
n gl ycemic contr ol is due to chr onobiological v ariation in the

ntrinsic capacity of contraction-stimulated glucose uptake by
keletal muscle has not been investigated. 

To address these major gaps in knowledge, we used an ex vivo
pproach to assess intrinsic contractile function (sub-maximal
nd maximal) and fatigability, and contraction-stimulated glu-
ose uptake at 4 different times of the 24 h cycle, ZT1, ZT7,
T13, and ZT19; “zeitgeber time” is commonly used in circa-
ian biology to describe different times of the light-dark cycle

n an animal vi v arium, with ZT0 r e pr esenting the lights turn-
ng on and ZT12 r e pr esenting the lights turning off for a stan-
ard 12 h/12 h light-dark cycle. Utilizing an ex vivo approach
llowed us to study skeletal muscle in isolation, and thus, inde-
endent of other factors that might influence contractile func-
ion or glucose metabolism, such as m uscle temperatur e, b lood
ow, nerve function, humoral factors (ie, glucocorticoids, cat-
cholamines, androgens). We also studied 2 different muscles,
he EDL and soleus (SOL), which have distinctly different m y osin
eavy chain compositions, 38 and both female and male mice,
hus allowing us to address the potential role of both muscle
ber type and sex. Considering the liter ature , our hypothesis
as that intrinsic skeletal muscle contractile function, fatigabil-

ty, and contraction-stimulated glucose uptake would be higher
n the afternoon or evening, as compared to morning, regardless
f the muscle or sex studied. 
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aterial and Methods 

nimals 

ll studies in female mice were conducted in C57BL/6NJ mice 
The J ackson La borator y, stock #05304) at 13.0 ± 0.1 weeks of 
ge. All studies in male mice were conducted in C57BL/6NJ mice 
The Jackson Laboratory, stock #05304) at 12.0 ± 0.1 weeks of age. 
emale mice arri v ed at the vi v arium at 10 weeks of age and male
ice at 9 weeks of age and were housed in a conventional facil- 

ty with a 12 h light/12 h dark cycle (Light: 0600 h [ZT0]; Dark: 
800 h [ZT12]) for 3.0 ± 0.2 weeks after arri v al. All animal exper- 
ments wer e appr ov ed by and conducted in accordance with 

he Animal Care Program at the University of California, San 

iego. 

xperimental Groups 

e undertook 3 separate studies. In Study 1, which was in 

emale mice, there were 4 experimental groups: ZT1, ZT7, ZT13, 
nd ZT19; the experimental timing is overviewed in Figure 1 A. 
hese times during the light (ZT1 and ZT7) and dark (ZT13 and 

T19) phases were chosen to r e pr esent “earl y” (ZT1 and ZT13) 
nd “late” (ZT7 and ZT19) timepoints within eac h phase . If the 
xperiment occurred during a dark phase timepoint, all ani- 
al handling before anesthetization was done under dim red 

ight. After anesthetization, muscle dissections and ex vivo test- 
ng occurred under standard ambient light regardless of time 
oint. Because eating patterns differ by time-of-day in mice and 

eal timing and carbohydrate intake impact exercise perfor- 
ance, 21 , 39 , 40 in Study 1, we controlled the last meal before tis- 

ue dissection. 
Thus, all mice w ere or all y gav a ged with 50% dextr ose (2 g/kg)

 h before tissue dissection and were then fasted with ad 
ibitum access to water. Because oral gavage can be a poten- 
iall y confounding v aria b le in animal studies 41 , for example, 
hr ough elev ated glucocorticoids, which are major entrain- 

ent factors for cir cadian cloc ks in peripher al tissues, 42 it 
s possible that stress of the gavage could override, reset, or 
therwise mask any potential 24 h differences in contractile 
arameters. To address this concern, in Study 2, the exper- 

mental design was identical to Study 1, except mice were 
ot gav a ged 3 h prior to tissue dissection; female mice were 
tudied, and food was removed 3 h prior to tissue dissec- 
ion. Mor eov er, onl y 2 times-of-day (ZT7 and ZT19) were stud- 
ed. The experimental design for Study 2 is overviewed in 

upplementar y Figur e S1A . In Study 2, intrinsic contractile prop- 
rties, endurance capacity, and contraction-stimulated glucose 
ptake were studied. In Study 3, male mice were studied at 
T7 and ZT19, with the experimental timing overviewed in 

upplementar y Figur e S2A ; food w as r emov ed 3 h prior to tis-
ue dissection, and there was no oral gavage. In Study 3, only 
ntrinsic contractile properties and endurance capacity were 
tudied. 

issue Dissection 

n overview of tissue dissection for Study 1 is presented 

n Figure 1 B, Study 2 in Supplementary Figure S1B , and 

tudy 3 in Supplementary Figure S2B . Fasted (3 h) mice were 
eighed (nearest 0.01 g), and blood glucose (tail vein; Contour R ©
lood glucose meter) was measured. Mice were then adminis- 
ered an intraperitoneal injection of a pentobarbital/phenytoin- 
ontaining solution (300 mg/kg; EUTHASOL R ©; Virbac, ANADA # 
00-071). For Study 1 and Study 2, paired EDL and SOL were 
apidly dissected and incubated in “recovery” Krebs–Henseleit 
uffer (REC-KHB; 116 m m NaCl, 4.6 m m KCl, 1.2 m m KH 2 PO 4 ,
5 m m NaHCO 3 , 2.5 m m CaCl 2 , 1.2 m m MgSO 4 at room tem-
erature) for subsequent testing of contractile function and 2- 
eoxyglucose (2DOG) uptake (see “ Ex-vivo SOL and EDL incuba- 
ion: Assessment of contractile function and 2DOG uptake ” below). 
or Study 3, immediately after dissection, the SOL and EDL 
 ere tr ansferred to a custom chamber for mechanical test- 

ng only (see “ Contractile function in male mice ”). In Study 1,
 lood w as collected fr om the inferior v ena cav a into ethylene-
iaminetetraacetic acid-containing tubes, centrifuged (14 167 ×
 , 20 min, 4 ◦C), and the plasma was isolated for assessment of
asting insulin concentration. In Studies 1 and 2, tibialis ante- 
ior (TA), gastrocnemius (GA), liver and heart were dissected, 
eighed, and rapidly frozen in liquid nitrogen. For Study 1, 

n a separate cohort of identicall y tr eated mice , w e collected
DL and SOL for gene expr ession anal ysis, with these m uscles
eing rapidly frozen (liquid nitrogen) after dissection. For Study 
, only EDL and SOL were weighed. All samples were stored 

t −80 ◦C. 

tudy 1 and Study 2: Ex vivo EDL and SOL Incubation 

nd Assessment of Contractile Function and 2DOG 

ptake in Female Mice 

he experimental design for muscle testing was identical for 
tudy 1 and Study 2 and is overviewed in Figure 1 C. Imme-
iately after dissection, each EDL and SOL r ecov er ed in r oom
emperature (21.2 ± 0.2 ◦C) REC-KHB, with each muscle incu- 
ated in a separ ate , oxygenated (95% O 2 , 5% CO 2 ) flask. After
0 min, the SOL and EDL for contraction (ie, CXN group) were 
ransferred to a custom chamber for mechanical testing and 

ssessment of glucose uptake. Thus, the muscle origin was 
ied with 4-0 silk suture to a rigid post, and the insertion was
ecured to the arm of a dual-mode ergometer. Then, muscles 
er e electricall y stim ulated (model S88; Astr o-Med, W est W ar-
ick, RI, USA) via parallel platinum electrodes (35 V, 0.3 ms 
ulse duration) with single twitches (1 Hz) to set optimal muscle 

ength. After, 30 min in REC-KHB, the CXN group EDL and SOL 
nderwent a 2-step contraction protocol; the first step tested 

he str ess–fr equency r elationship, and the second ste p tested 

atiga bility. The str ess–fr equency testing w as as follows: m us-
les wer e stim ulated (EDL: 300 ms train, 0.3 ms pulse; SOL:
00 ms train, 0.3 ms pulse) at different frequencies (1, 10, 20, 
0, 60, 80, 100, and 120 Hz), with 60 s between each contrac-
ion. After assessing str ess–fr equency, the m uscles r ested for 10

in, with the total time to complete the str ess–fr equency test- 
ng and rest being 17 min. Then, the REC-KHB was replaced with 

 oom temperatur e “incubation” KHB (INC-KHB: 116 m m NaCl, 
.6 m m KCl, 1.2 m m KH 2 PO 4 , 25 m m NaHCO 3 , 2.5 m m CaCl 2 ,
.2 m m MgSO 4 , 2 m m Na-pyruvate, 8 m m mannitol, 1 m m 2DOG,
.1 mCi/mL [ 14 C]-mannitol [American Radiolabeled Chemicals, 
nc.], and 1 mCi/mL [ 3 H]-2-deoxyglucose [2DOG] [American Radi- 
labeled Chemicals, Inc.]) for the assessment of 2DOG uptake 
uring contraction. Thus, immediately after switching to INC- 
HB, each muscle underwent a fatiguing contraction protocol 

or 15 min (EDL: 1000 ms train, 0.3 ms pulse, 100 Hz ev er y 15 s;
OL: 400 ms train, 0.3 ms pulse, 40 Hz ev er y 2 s). The contralateral

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae035#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae035#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae035#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae035#supplementary-data
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OL and EDL were in the “rest” group (Rest). After a comparable
7 min of incubation in REC-KHB, the “rest” EDL and SOL were
ransferred to flasks containing room temperature INC-KHB for
he assessment of basal 2DOG uptake. After 15 min in INC-KHB,
ll CXN and rest muscles were rapidly blotted dry, trimmed,
eighed, frozen in liquid nitrogen, and stored ( −80 ◦C). Muscle

tr esses wer e calculated by normalizing force in Newtons to the
hysiologic cr oss-sectional ar ea (PCSA) of each m uscle (Str ess

kPa] = F [Newtons]/PCSA [mm 

2 ]). Cum ulati v e fatigue w as mea-
ured by assessing area under the curve (units = kPa min). 

tudy 3: Assessment of Contractile Function in Male 
ice 

he experimental design for Study 3 is outlined in
upplementar y Figur e S2C . After dissection, paired EDL
nd SOL m uscles wer e rapidl y dissected and then transferr ed
o a custom chamber containing oxygenated Ringer’s solution
137 m m NaCl, 5 m m KCl, 2 m m CaCl 2 , 24 m m NaHCO 3 , 1 m m
aH 2 PO 4 , 11 m m glucose, 1 m m MgSO 4 , and 0.01% tubocurarine

hloride [pH 7.5]) for mechanical testing. The muscle origin
as tied with 4-0 silk suture to a rigid post, and the insertion
 as secur ed to the arm of a dual-mode ergometer. Then,
 uscles wer e electricall y stim ulated (model S88; Astr o-Med,
 est W arwic k, RI, USA) via par allel platin um electr odes (35 V,

.3 ms pulse duration, EDL and SOL 400 ms train), with single
witches (1 Hz) to set optimal muscle length. After finding
ptimal muscle length, the muscles rested for 5 min and the
orce–fr equency w as assessed (1, 10, 20, 40, 60, 80, 100, and
20 Hz ev er y 60 s), followed by a 10 min rest period. After the
est period, a fatiguing contraction protocol was conducted
EDL: 300 ms train, 0.3 ms pulse, 40 Hz ev er y 4 s, for 10 min;
OL: 500 ms train, 0.3 ms pulse, 40 Hz ev er y 4 s, for 20 min).
uscle str esses wer e calculated by normalizing forces to PCSA,

s described a bov e. 

uscle Homogenization for 2DOG Uptake Assessment 
nd Immunoblotting 

uscles w ere tr ansferred to 1.5 mL tubes on ice containing
 1/8 inch stainless steel bead and 500 μL of homogeniza-
ion buffer (50 m m Tris [pH 7.5], 250 m m sucrose, 1 m m EDTA,
 m m EGTA, 1% Triton X-100, 50 m m NaF, 1 m m Na 2 (PO 4 ) 2 , and
.1% DTT) containing 1 m nicotinamide (MilliporeSigma #N0636),
 m m Pefa b loc SC PLUS (Millipor eSigma #11873601001), 1 m m tri-
hostatin A (Cell Signaling #9950S), Complete (MilliporeSigma
11836170001), phosphatase inhibitor cocktail (PIC) 2 (Millipore-
igma #P5726), and PIC3 (MilliporeSigma #P0044). The muscles
ere then homogenized (Bullet Blender, Next Advance #BT24M)

nd subsequently rotated for 2 h at 4 ◦C. The homogenate was
hen centrifuged (14 489 × g ) for 20 min at 4 ◦C. The super-
atant was collected and stored at −80 ◦C for subsequent scin-
illation counting and determination of 2DOG uptake as previ-
usly described. 43 Immunoblotting was conducted using the Jess
utomated Western Blot System (Protein Simple #004-650). Anti-
odies used were phospho-AMPK α (Thr172; pAMPK [T172]) Anti-
ody (Cell Signaling #2531) and eEF2 (Cell Signaling #2332). 

N A Extr action, Re verse Tr anscription, and Real-Time 
CR 

N A was extr acted fr om tissues with TRIzol Rea gent
Invitrogen 

TM #15596026). RN A concentr ation and quality of RNA
er e measur ed (NanoDr op 

TM 2000 spectr ophotometer; Thermo
cientific TM #ND-2000), and 500 ng of RNA was used for cDNA
ynthesis (Applied Biosystems #4368814). Semi - quantitati v e
 eal-time PCR anal ysis w as conducted using PowerUp 

TM SYBR 

TM 

reen Master Mix (Thermo Scientific TM #A25741). Relative
xpr ession lev els for each gene of inter est wer e calculated with
he �� Ct method, using Rn18s as the normalization control.
rimers used were Bmal1 (5 ′ -C ACTGTCCC AGGC ATTCC A-
 

′ FWD, 5 ′ -TTCCTCCGCGA TCA TTCG-3 ′ REV),
bp (5 ′ -CCTGA GGAA CA GAA GGATGA-3 ′ FWD,
 

′ -ATCTGGTTCTCCTTGAGTCTT-3 ′ REV), Nr1d1 
5 ′ -TGGCCTC AGGCTTCC ACT A TG-3 ′ FWD, 5 ′ -
CGTTGCTTCTCTCTCTTGGG-3 ′ REV), and Rn18s 

5 ′ -GCTT AA TTTGA CTCAA CA CGGGA-3 ′ FWD, 5 ′ -
GCT A TCAA TCTGTCAA TCCTGTC-3 ′ REV). 

lasma Insulin 

lasma insulin was analyzed using an ELISA kit, per
he man ufactur er’s instructions (80-INSMS-E-01; ALPCO
iagnostics). 

tatistics 

tatistical analyses were performed using Prism v10.0.2 (Graph-
ad Softw ar e Inc., La J olla, CA, USA). For Figur es 1 and 2 , data
er e anal yzed by either a 1- or 2-w ay anal ysis of v ariance or
ixed-effects model; details regarding specific statistical tests

or each figure are detailed in corresponding figure legends.
or Figure 3 , statistical significance of circadian rhythmicity was
etermined by a zero-amplitude test on the Cosinor.Online web
pplication. 44 All data are expressed as mean ± SD. Significant
ifferences ( P < .05) are marked with “#” in figures. Sample
izes to detect a 20% difference with an a of 0.05 and a β of
0% were estimated using G ∗Power v3.1.9.6 and were based on
eans and standard deviations from the literature for maximal

etanic tension, 45 fatigability, 46 and contraction-stimulated glu-
ose uptake. 47 

esults and Discussion 

ntrinsic Skeletal Muscle Contractile Function Does Not 
ary Over a 24 h Circadian Cycle 

tudies suggest that circadian variation in skeletal muscle con-
ractile function, such as anaerobic power output, concentric
orce production, and maximal torque production, is due to diur-
al variation in the intrinsic contractile properties of the skele-

al muscle. 11 , 13 , 17 , 48 , 49 Others suggest that dail y v ariance in
xercise capacity in mice may be due to distinct diurnal tran-
criptomic and metabolic signatures (e g, N AD 

+ , ZMP) in skele-
al muscle. 50–52 Certainly, the time-of-day that exercise is under-
aken has differential effects on the gene expression response
o exer cise . 51 , 53–55 How e ver, a ke y gap in the field is that, to
ur knowledge, no studies have investigated skeletal muscle
ontractile function at multiple points throughout both the
ight and dark phases of the circadian cycle (ie, over a 24 h
eriod). 

In Study 1, body mass, muscle mass (TA, SOL, and EDL), liver
nd heart mass, and fasting glucose and insulin concertations
er e not differ ent acr oss the 4 time points ( Ta b le 1 ). For both EDL

nd SOL, while there was the expected effect of stimulation fre-
uency on muscle stress production, contrary to our hypothe-
is and current thinking in the field, the str ess–fr equency r ela-
ionship at low, moder ate , or maximal stimulation frequency
 as not differ ent acr oss a 24 h circadian cycle, in either mus-

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqae035#supplementary-data
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Figure 1. Intrinsic contractile function in 2 different skeletal muscles does not v ar y ov er a 24 h circadian cycle (Study 1) . (A) Overview of the experimental timing for 
the 4 experimental groups for Study 1. Mice w ere or all y gav a ged with a standardized meal of 50% dextrose (2 g/kg) and then fasted for 3 h before tissue dissection, 
which occurred at zeitgeber time (ZT) 1, ZT7, ZT13, and ZT19. Vi v arium lights were on at ZT0 (0600 h) and were off at ZT12 (1800 h). Thus, ZT1 and ZT7 were during 
the light/rest phase (yellow), while ZT13 and ZT19 were during the dark/active phase (blue). (B) Overview of the tissue dissection and collection procedure. TA, tibialis 

anterior; SOL, soleus; EDL, extensor digitorum longus; GA, gastrocnemius. (C) Overview of the ex vivo testing of intrinsic contractile function and endurance, and 
basal and contraction-stimulated [ 3 H]-2-deoxyglucose (2DOG) uptake in paired (R., Right; L., Left) SOL and EDL. KHB, Krebs–Henseleit buffer; REC-KHB , reco very KHB; 
INC-KHB, incubation KHB. (D) Str ess–fr equency r elationship in the EDL (1-120 Hz, 300 ms tr ain, 0.3 ms pulse , 35 V; n = 6/8/6/6 for ZT1/7/13/19, r especti v el y). (E) Maximal 

tetanic stress in the EDL, extracted from the stress–frequency test ( n = 6/8/6/6 for ZT1/7/13/19, r especti v el y). (F) Str ess–fr equency r elationship in the EDL, normalized 
to maximum tetanic stress ( n = 6/8/6/6 for ZT1/7/13/19, respectively). (G) Stress–frequency relationship in the SOL (1-120 Hz, 400 ms train, 0.3 ms pulse, 35 V, n = 7/9/6/6 
for ZT1/7/13/19, r especti v el y). (H) Maximal tetanic stress for the SOL, extracted from the stress–frequency testing ( n = 7/9/6/6 for ZT1/7/13/19, respectively). (I) Stress– 
fr equency r elationship in the SOL, normalized to maxim um tetanic str ess ( n = 7/9/6/6 for ZT1/7/13/19, r especti v el y). Data wer e r e ported as mean ± SD . Statistics: (D , E, 

G, and H) Repeated measures 2-way (ToD, time of day; F, stimulation frequency) ANOVA with Geisser–Greenhouse correction. (F and I) Ordinary 1-way ANOVA. Figures 
A, B, and C were created with BioRender.com ( www.biorender.com ), and confirmation of publication and licensing rights was obtained. 
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le (EDL: Figure 1 D and E, Supplementary Figure S3A-D [stress 
racings], Ta b le 1 [twitch parameters]; SOL: Figure 1 G and H, 
upplementar y Figur e S3E -H [str ess tracings], Ta b le 1 [twitch 

arameters]). Nota b l y, while Kahn et al. 56 did not study contrac- 
ile function across a range of stimulation frequencies, our find- 
ngs of no difference in maximal tetanic stress in the EDL dur- 
ng the light phase are in line with their maximal tetanic stress 
ata (personal communication with Dayanidhi S, Kahn RE, and 

ieber RL). Ther e w as also no time-of-day effect in the EDL or
OL when expressing the stress frequency curve relative to max- 

m um str ess ( Figur e 1 F and I, r especti v el y). Additionall y, contrac-
ile parameters, including peak twitch tension and time-to-peak 
ension, are indistinguishable between wild-type (WT) controls 
nd mice with double knockout of core clock proteins, Cry1 and 
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Figure 2. Muscle endurance and contraction-stimulated glucose uptake do not v ar y ov er a 24 h circadian cycle (Study 1). All measurements for all panels were con- 
ducted at zeitgeber time (ZT) 1, ZT7, ZT13, and ZT19, per the experimental design for Study 1. (A) Muscle stresses measured during the fatigue test for extensor 
digitorum longus (EDL) ( n = 5/6/6/6 for ZT1/7/13/19, r especti v el y). (B) Cum ulati v e fatigue during the endurance test, measured b y A UC (kPa Min) for EDL ( n = 5/6/6/6 

for ZT1/7/13/19, r especti v el y). (C) Muscle stresses measured during the fatigue test for soleus (SOL) ( n = 6/7/6/5 for ZT1/7/13/19, respectively). (D) Cumulative fatigue 
during the endurance test, measured by AUC (kPa Min), for SOL ( n = 6/7/6/5 for ZT1/7/13/19, r especti v el y). (E) 2-deoxyglucose (2DOG) uptake in rested (R) and contracted 
(C) EDL ( n = 5/6/6/6 for ZT1/7/13/19, r especti v el y). (F) Contraction-stim ulated glucose uptake (Contraction 2DOG uptake—Rested 2DOG uptake) in EDL ( n = 5/6/6/6 for 
ZT1/7/13/19, r especti v el y). (G) 2DOG uptake in r ested (R) and contracted (C) SOL ( n = 6/7/6/5 for ZT1/7/13/19, r especti v el y). (H) Contraction-stim ulated glucose uptake 

in SOL ( n = 6/7/6/5 for ZT1/7/13/19, r especti v el y). (I) Re pr esentati v e imm unob lot for eEF2 and pAMPK T172 in r ested (R) and contracted (C) EDL, and, (J) quantification of 
pAMPK T172 in rested (R) vs. contracted (C) EDL, normalized to eEF2 ( n = 3/3/3/3 for ZT1/7/13/19, r especti v el y). Data wer e r e ported as mean ± SD. Statistics: (A and C) 
Re peated measur es 2-w ay ANOVA with Geisser–Gr eenhouse corr ection, Tukey’s m ultiple comparisons test. (B , D, F, and H ) Or dinar y 1-w a y ANOVA with Tuke y’s multiple 
comparison’s test. (E, G, and J) Repeated measures 2-way ANOVA with ̌S ı́d ́ak’s multiple comparison’s test. #, P < .05 for R vs. C within each zeitgeber timepoint. 
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studied. 
r y2 (Cr y1 – / – ; Cr y2 – / – DKO) , further supporting a lac k of c hrono-
iological/intrinsic muscle clock effect on skeletal muscle force-
enerating capacity. 57 

In Study 1, to control for potential effects of food intake
n contractile function, all mice were orally gavaged with glu-
ose 3 h before tissue dissection. However, oral gavage can
e a str essful interv ention in mice, and as such, it is pos-
ible that the stress of the oral gavage procedure overrides,
esets, or otherwise masks any potential 24-h differences in
ontr actile par ameters. Addr essing this possibility, Study 2 w as
dentical to Study 1, except mice were not orally gavaged.
ody and tissue masses and fasting glucose were not differ-
nt between mice at the 2 timepoints studied, that is, ZT7
nd ZT19 ( Supplementary Table S1 ). Significantly, in line with
ur findings in Study 1, in both EDL and SOL we found no
ifference in the absolute or relative stress–frequency curves

EDL: Supplementar y Figur es S1C and S3I - J , and S1D , respec-
i v el y; SOL: Supplementar y Figur e S1F and S3M - N , and S1G ,
 especti v el y), twitc h c har acteristics ( Supplementar y Ta b le S1 ),
r maximal tetanic stress (EDL: Supplementary Figure S1E ; SOL:
upplementar y Figur e S1H ]) between ZT7 and ZT19. 

Furthermore, to address potential sex differences, in Study
, we studied the EDL and SOL of male mice (which were
ot orall y gav a ged); body and m uscle masses and fast-

ng glucose were not different between mice at ZT7 ver-
us ZT19 ( Supplementar y Ta b le S2 ). Similar to our findings
n female mice, the absolute and relative stress–frequency
elationship (EDL: Supplementary Figure S2D and E , respec-
i v el y; SOL: Supplementar y Figur e S2G and H , r especti v el y),
witc h c har acteristics ( Supplementar y Ta b le S2 ), str ess tracings
EDL, Supplementary Figure S3K and S3L ; SOL, Supplementary
igure S3O and S3P ), and maximal tetanic stress ( Supplementary
igure S2F [EDL] and S2I [SOL]) were not different between ZT7
nd ZT19 in either muscle. Taken together, these 3 indepen-
ent studies demonstrate that the intrinsic contractile proper-
ies of skeletal muscle do not vary over the course of a 24 h cir-
adian cycle in female or male mice , re gardless of muscle type
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Figure 3. Normal circadian rhythmicity in the expression of core clock genes in skeletal muscle and liver. All measurements for all panels were conducted in extensor 
digitorum longus (EDL), soleus (SOL), gastrocnemius (GA), or liver that were collected at zeitgeber time (ZT) 1, ZT7, ZT13, and ZT19, per the experimental design for 
Study 1; n = 3 for all time points and tissues. mRNA expression of Bmal1 (A-D), Dbp (E-H), and Nr1d1 (I-L) normalized to Rn18s expression in EDL (A, E, and I), SOL (B, 

F, and J), GA (C, G, and K), and li v er (D, H, and L). Data were reported as mean ± SD. Statistics: Zero amplitude test for circadian rhythmicity was reported for each 
gene-tissue combination a bov e each panel; # indicates P < .05. 
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uscle Endurance Does Not Vary Over a 24 h Circadian 

ycle 

imilar to the effects of time-of-day on muscle for ce-gener ating 
apacity, there is a documented effect of time-of-day on 

ndur ance exer cise performance across species, including in 

umans 48 , 58–60 and rodents. 51 , 54 , 61 , 62 A potential role of the cir- 
adian clock in endurance performance is further substanti- 
ted by the fact that mouse models with disruption of the cir- 
adian cloc k (e g, P er2 −/ − and Bmal1 −/- mice) do not demon- 
trate v aria bility in exercise performance within and/or between 

he light and dark phases of the circadian cycle. 51 , 62–64 Never- 
heless, while some studies demonstrate that treadmill run- 
ing performance in mice differs between the light and dark 
a  
hases in wild-type mice, 51 , 65 importantly, this is not a uni- 
ersal finding. 53 While variability in these results could be 
ue to many factors, including the treadmill testing approach 

sed (eg, electrical shock or not), as well as other common 

actors impacted by time-of-day, such as body temperature, 
oti v ation to exer cise , food intake , m uscle gl ycogen content,

entral nervous system arousal, and pain toler ance , intrin- 
ic muscle properties have been emphasized as an underly- 
ng mediator, 13 although this concept has not been empirically 
ested. 

Thus, to specifically study intrinsic skeletal muscle 
ndurance over a 24 h circadian cycle, in Studies 1, 2, and 

, we conducted a fatiguing contraction protocol in the EDL 
nd SOL. To confirm that the m uscles wer e not fatigued before
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Table 1. Study #1 (Females, Gav a ged). Body and Tissue Masses, Fasting Glucose and Insulin, and Twitch Characteristics at Different Times-of-Day 

ZT1 ZT7 ZT13 ZT19 P -value n (ZT1/7/13/19) 

Body and tissue mass 
Body mass (g) 26.7 ± 1.7 25.8 ± 2.8 25.6 ± 1.2 25.6 ± 1.5 .9587 7/9/8/6 
EDL mass (mg) 11.5 ± 1.5 11.0 ± 2.1 12.2 ± 0.9 12.0 ± 1.2 .3432 7/9/6/6 
SOL mass (mg) 11.3 ± 1.4 11.2 ± 0.6 11.8 ± 1.3 11.5 ± 0.7 .6616 7/9/6/6 
TA mass (mg) 51.6 ± 3.0 50.3 ± 5.2 51.4 ± 4.4 49.6 ± 3.4 .7709 7/9/8/6 
Heart mass (mg) 121.1 ± 8.5 124.0 ± 18.1 128.3 ± 11.5 113.7 ± 12.2 .1995 7/9/8/6 
Li v er mass (g) 1.321 ± 0.148 1.198 ± 0.122 1.184 ± 0.174 1.167 ± 0.152 .9268 7/9/8/6 
Fasting glucose and insulin 

Fasting glucose (mg/dL) 131 ± 14 119 ± 16 109 ± 14 112 ± 21 .4027 7/9/8/6 
Fasting insulin (ng/mL) 0.85 ± 0.09 0.88 ± 0.12 0.82 ± 0.11 0.83 ± 0.07 .7686 4/4/4/4 
Contractile function: twitch characteristics 
EDL Peak twitch tension (kPa) 92.0 ± 13.3 98.7 ± 20.4 83.0 ± 21.1 98.7 ± 36.9 .6229 6/8/6/6 

Time-to-peak tension (ms) 25.3 ± 1.4 24.4 ± 2.2 25.3 ± 2.2 23.7 ± 2.1 .9691 6/8/6/6 
SOL Peak twitch tension (kPa) 29.6 ± 10.2 30.5 ± 14.4 30.5 ± 7.3 26.0 ± 5.4 .8507 7/9/6/6 

Time-to-peak tension (ms) 60.0 ± 4.5 55.8 ± 5.4 62.8 ± 7.1 64.3 ± 16.0 .2905 7/9/6/6 

Abbreviations: EDL, extensor digitorum longus; SOL, soleus; TA, tibialis anterior; ZT, zeitgeber time. 

Statistics : Within each row, data were analyzed by 1-way ANOVA with Tukey’s multiple comparison’s test. Data are mean + SD. 
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tarting the fatiguing protocol, we compared the stresses
or the first contraction of the fatigue protocol to the corre-
ponding stim ulation fr equency fr om the str ess–fr equency
urv e. Importantl y, ther e w as no significant differ ence in
he stresses between these time points in the EDL or SOL
Study 1: Supplementary Figure S4A and S4B , respectively;
tudy 2: Supplementary Figure S4C and S4D , r especti v el y;
upplementar y Figur e S4E and S4F , r especti v el y). During the
ndurance protocol in Study 1 (in which mice were orally
av a ged), m uscle str esses r obustl y decr eased in r esponse to
 e peated contractions in the EDL ( Figure 2 A and B) and SOL
 Figure 2 C and D). Significantly, however, the rate of fatigability
id not differ within the light or dark phases, or between the

ight and dark phases, in either muscle. Similarly, in Study 2
female, no gav a ge) and Study 3 (male, no gav a ge), ther e w as no
ifference in the rate of fatigability of the EDL or SOL when com-
aring ZT7 and ZT19 (EDL—Study 2: Supplementary Figure S5A
nd S5B , Study 3: Supplementary Figure S6A and S6B ;
OL—Study 2: Supplementary Figure S5C and S5D , Study
: Supplementary Figure S6C and S6D ). Interestingly, these
ndings, which suggest no time-of-day effect on fatigability, are
upported by the fact that intrinsic endurance of the SOL and
DL is not different between Cry1 – / – ; Cry2 – / – DKO mice and WT
ontrols. 57 

As expected, pAMPK (T172) was significantly increased by
he fatiguing protocol, but there was no time-of-day variability
ithin the resting or contracting groups ( Figure 2 I and J). This

ack of an effect of time-of-day on basal or exercise-mediated
cti v ation of pAMPK (T172) in skeletal muscle is in line with
ork by others, 51 but differs from findings in murine hypotha-

am us and embr yonic fibr ob lasts, whic h demonstr ate cir cadian
scillations in pAMPK (T172). 66 In summary, contrary to our
ypothesis and current thinking in the field, intrinsic skele-
al muscle endurance does not vary over the course of a 24-
 circadian cycle in female or male mice, regardless of muscle

ype. 

ontr action-Stimula ted Glucose Uptake by Skeletal 
uscle Does Not Vary By Time-of-Day 

o meet the energetic demands of contraction, skeletal mus-
le glucose uptake incr eases ov er time and/or with increasing
ntensity of contraction. 67–70 In addition to meeting the energetic
emands of exer cise , contr action-stimulated glucose uptake is

mportant to glycemic control, with exercise being a corner-
tone intervention for treating or preventing clinical hyper-
l ycemia. 23 Nev ertheless, while studies 34–36 demonstrate time-
f-day effects of exer cise tr aining on glycemic control, we stud-

ed whether this might be due to intrinsic changes contraction-
timulated glucose uptake by muscle. As expected, in Study
, there was a robust effect of contraction to increase muscle
lucose uptake as compared to the contr alater al rested mus-
le in the EDL ( ∼85% higher in CXN vs. Rest; Figure 2 E) and
OL ( ∼59% higher in CXN vs. Rest; Figure 2 G). Howev er, ther e
as no time-of-day difference in 2DOG uptake when comparing
ithin the rested or contracted muscles. As a result, contraction-

timulated 2DOG uptake (calculated as: CXN 2DOG uptake—Rest
DOG uptake) was not different across the 24 h circadian cycle
n the EDL or SOL ( Figure 2 F and H, r especti v el y). Nota b l y, this
ack of difference in contraction-stimulated glucose uptake over
he 24 h period was not due to the gav a ge pr otocol in Study 1,
s contraction-stimulated glucose uptake in Study 2 (ie, no oral
av a ge) w as compara b le when comparing ZT7 and ZT19 (EDL:
upplementar y Figur e S5E and S5F ; SOL: Supplementar y Figur e
5G and S5H ). Thus, contrary to current thinking in the field,
ontraction-stimulated glucose uptake does not v ar y ov er the
ourse of a 24 h circadian cycle in mice, regardless of muscle
ype. 

keletal Muscle and Liver Exhibit Circadian 

hythmicity in Gene Expression 

ood intake and carbohydrate content of meals are important
ontributors to exercise performance 21 , 39 , 71–73 and a powerful
eitgeber for the circadian cycle. 40 , 74 Mor eov er, systemic glucose
r insulin (through carbohydrate intake) av aila bility can pr o-
oundl y impact m uscle gene expr ession. 75 To date, to our knowl-
dge, all studies that have focused on the role of time-of-day on
xercise performance have not controlled for the potential effect
f food/carboh ydrate a v aila bility, which may underlie some of
he v aria bility in findings in the field. Addr essing this, in our
tudy, all mice r ecei v ed a standardized glucose meal 3 h before
issue dissection. Accordingly, we wanted to validate that there
as circadian rhythmicity in skeletal muscle and the li v er (as an
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xample of another important metabolic tissue). Thus, we mea- 
ur ed mRNA expr ession lev els of the cor e clock r egulator Bmal1,
nd the clock output genes Dbp and Nr1d1 in EDL ( Figure 3 A, 
, and I, r especti v el y), SOL ( Figur e 3 B, F, and J, r especti v el y), GA
 Figure 3 C, G, and K, respectively), and liver ( Figure 3 D, H, and L,
 especti v el y). In these 3 muscles and the liver, there was signifi-
ant circadian rhythmicity of the 3 genes (as measured by zero- 
mplitude testing), with circadian changes in these genes being 
onsistent with previous studies in skeletal muscle 50 and li v er. 76 

hese data demonstrate that circadian rhythmicity, regardless 
f prior food intake, is str ongl y entrained in skeletal muscle and 

i v er; this finding is in line with a recent study showing that cir-
adian rhythmicity in the core clock genes even when subjects 
ere fed hourly isocaloric meals. 77 It also demonstrates that the 

ack of effect of time-of-day on skeletal muscle contractile func- 
ion, fatigability, or contraction-stimulated glucose uptake is not 
ue to a lack of circadian rhythmicity in skeletal muscle or li v er 
ene expression. 

ummary 

ontrary to our hypothesis and current thinking in the field, 
e found that the intrinsic contractile functionality and capac- 

ty for contraction simulated glucose uptake of 2 skeletal mus- 
les with r obustl y differ ent m y osin heavy c hain compositions 
oes not differ over a 24 h circadian cycle in mice. Thus, cir- 
adian variation in exercise performance and the glycemia- 
educing benefits of exercise do not appear to be due to chrono- 
iological variation in intrinsic muscle function or contraction- 
timulated glucose uptake, respectively . Notably , while ex vivo 
ontractions are a useful approach to assess intrinsic skeletal 
uscle mechanical properties, these contractions are inherently 

iffer ent fr om those that occur in vi v o during exer cise . By exten-
ion, future studies may use a more ph ysiologically rele vant 
xperimental set-up (eg, in situ contractions) to study time-of- 
ffects on contractile function and contraction-stimulated glu- 
ose uptake. Finally, it will be interesting in future work to fur- 
her define the underlying factor(s) (eg, body or muscle temper- 
ture, meal timing, muscle glycogen, motor unit recruitment, 
umoral factors, etc.) that mediate chronobiological variation 

n exercise performance or how exercise modulates systemic 
lycemia. 
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