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The circadian clock is a cell-autonomous transcription—translation feedback mecha-
nism that anticipates and adapts physiology and behavior to different phases of the
day. A variety of factors including hormones, temperature, food-intake, and exercise
can act on tissue-specific peripheral clocks to alter the expression of genes that influ-
ence metabolism, all in a time-of-day dependent manner. The aim of this study was to
elucidate the effects of exercise timing on adipose tissue metabolism. We performed
RNA sequencing on inguinal adipose tissue of mice immediately following maximal
exercise or sham treatment at the early rest or early active phase. Only during the
early active phase did exercise elicit an immediate increase in serum nonesterified
fatty acids. Furthermore, early active phase exercise increased expression of markers
of thermogenesis and mitochondrial proliferation in inguinal adipose tissue. In vitro,
synchronized 3T3-L1 adipocytes showed a timing-dependent difference in Adrb2
expression, as well as a greater lipolytic activity. Thus, the response of adipose tissue
to exercise is time-of-day sensitive and may be partly driven by the circadian clock.
To determine the influence of feeding state on the time-of-day response to exercise,
we replicated the experiment in 10-h-fasted early rest phase mice to mimic the
early active phase metabolic status. A 10-h fast led to a similar lipolytic response as
observed after active phase exercise but did not replicate the transcriptomic response,
suggesting that the observed changes in gene expression are not driven by feeding
status. In conclusion, acute exercise elicits timing-specific effects on adipose tissue
to maintain metabolic homeostasis.
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Sedentary lifestyle and obesity are prominent risk factors for type 2 diabetes, while exercise
and caloric restriction are effective risk-reducing therapeutics (1). Exercise training
enhances insulin sensitivity and glucose metabolism in skeletal muscle, even in individuals
with obesity or type 2 diabetes (2). The effects of exercise on metabolism are not limited
to skeletal muscle, with widespread alterations in metabolomic profiles of multiple organs
in response to acute exercise at different times of the day (3). Long-term exercise is asso-
ciated with reduced body fat, indicating that repeated elevations in energy expenditure
associated with each bout of training directly influences adipocyte metabolism (4). In
rodents, exercise training remodels subcutaneous fat tissue by reducing cell size and increas-
ing insulin-stimulated glucose uptake and metabolism in isolated adipocytes (5). Exercise
training also increases adipocyte mitochondrial activity and reduces tissue inflammatory
markers that interfere with insulin sensitivity (6-8). Exercise-mediated adaptations in
adipocytes are also tissue-autonomous, as isoproterenol-stimulated lipolysis is greater in
trained versus sedentary mice (9). Thus, habitual exercise not only affects working skeletal
muscle, but also adipose tissue.

The sleep-wake cycle profoundly influences organismal physiology and behavior (10).
This circadian cycle relies on intrinsic molecular timekeepers, and an interaction between
central and peripheral clocks with external Zeitgebers (i.e., timekeepers) such as light and
feeding (11). Within the cell, this machinery operates in a transcription—translation feed-
back loop, consisting of the positive elements CLOCK (clock circadian regulator) and
BMAL (basic helix-loop-helix ARNT like 1), which heterodimerize to initiate transcription
of negative regulators CRY (cryptochrome circadian regulator 1) and PER (period), which
in turn are translated to repress CLOCK-BMAL activity (12). The molecular circadian
clock rhythmicity is influenced by Zeitgebers, which can serve to ensure or disrupt home-
ostasis. For example, shift work in humans or altered light exposure in mouse models
disrupts circadian rhythms and leads to weight gain and impaired glucose tolerance
(13, 14). Conversely, metabolism can be realigned by time-restricted feeding paradigms,
which protect against obesity and metabolic impairments (15-17). Thus, timed exercise
or dietary interventions may fine-tune metabolism to influence energy homeostasis.
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Nearly all cells in the body have
an internal biological circadian
clock that is synchronized by
external cues. This machinery
forms a transcription-translation
feedback loop that anticipates
and adapts organismal
physiology throughout the

24-h day-night cycle. We tested
the hypothesis that timing of
energetic stressors that affect
glucose and energy homeostasis,
namely exercise and feeding
status, can differentially influence
metabolism in adipose tissue. We
found that acute exercise elicits a
timing-specific effect on adipose
tissue, which is independent of
feeding status. Adipose tissue
sensitivity to exercise is
timing-dependent and
modulated in a cell-autonomous
fashion, as evidenced by
enhanced transcription of
metabolic genes in early active
phase. Thus, exercise timing may
fine-tune adipose metabolism to
improve energy homeostasis in
cardiometabolic disease.
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Body weight is affected by circadian misalignment, suggesting
a time-of-day-specific response of energy homeostasis (18). In
human adipocytes, genes implicated in fatty acid metabolism show
transcriptomic rhythmicity, indicating lipid homeostasis is under
circadian control (19). Several lines of evidence suggest that met-
abolic genes are directly under control of the clock machinery
(20). For example, clock mutant mouse models lack diurnal oscil-
lations in lipolytic gene expression and fatty acid metabolism, and
develop obesity, highlighting the importance of circadian control
of adipose function (21, 22). Thus, the response of adipose tissue
to changes in systemic energy demands may be influenced by time
of day. Exercise timing specifies phase differences in inter- and
intratissue metabolism with tissue-specific metabolic responses
(3). Given the importance of adipose tissue in chronic disease and
the circadian dynamics of metabolic stimuli and function, we
hypothesize that time of day influences the metabolic response to
exercise in adipose tissue.

Results

Exercise Elicits Time-Dependent Effects on Lipid Metabolism
without Disturbing the Adipose Molecular Clock. To assess the
effect of acute exercise at the onset of the rest and active phases, mice
were subjected to an acute exercise bout with adipose tissue collected
every 4 h over 20-h period [Fig. 14; (23)]. First, we determined the
effects of time and exercise on adipose tissue peripheral clocks by
measuring the expression of core clock genes Arnzl and antiphase
counterpart Nrldl in inguinal (iWAT) and epidydimal (eWAT)
white adipose tissues, as well as in interscapular brown adipose tissue
(BAT). Clock gene transcripts in inguinal and epididymal white
adipose tissue displayed rhythmic expression in all adipose tissue
depots from 0 to 20 h postexercise, with amplitudes and periods
remaining unperturbed by exercise at either phase [Fig. 1 Band G
RAIN, P<0.05]. Rhythmicity of Arntland NrldI was not significant
in BAT of either sedentary or exercised mice (Fig. 1D). However, in
the BAT, expression of NrId1 was increased 16 h postexercise in early
rest phase mice (2= 0.0008; Fig. 1D). This indicates a BAT-specific
effect of exercise in rest phase mice only, which may alter the clock-
metabolic axis in the subsequent behavioral phase. Thus, molecular
clock rhythmicity was not disrupted by exercise.

We measured serum nonesterified fatty acids (NEFA) as a read-
out of lipolysis (24) at all postexercise time points. Serum NEFA
displayed rhythmic variation from 0 to 20 h postintervention, peak-
ing at the onset of the rest phase and declining at the beginning of
the active phase (Fig. 1E). Serum NEFA levels were increased imme-
diately after exercise during the early active phase (Fig. 1£; P < 0.05),
a time at which serum NEFA was at a nadir in sedentary mice, and
again 12 h later; this effect of exercise was absent in the early rest
phase mice. The expression level of lipolytic enzymes such as ATGL
(adipocyte triglyceride lipase) and HSL (hormone sensitive lipase)
was not altered by exercise (S Appendix, Fig. S1 A and B). Serum
triglycerides (TG) showed an opposite oscillation pattern to NEFA
by peaking at the early active phase and declining at the early rest
phase (Fig. 1F). Serum levels of TG were altered at 4- and 12 h post
exercise at the early active phase (Fig. 1F), suggesting delayed com-
pensatory feeding in response to early active phase exercise, an effect
not observed following early rest phase exercise.

To assess the influence of circulating hormones on adipose tissue
lipolytic activity, levels of corticosterone, adrenaline, and noradren-
aline were measured immediately postexercise. Corticosterone was
elevated in exercised mice, with similar responses at the early rest
and early active phases (Fig. 1G). Neither adrenaline nor noradren-
aline were influenced by exercise or time-of-day (Fig. 1 A and 1).

https://doi.org/10.1073/pnas.2218510120

Collectively, these data indicate that early active phase exercise
acutely increased NEFA release without an increase in canonical
lipolytic factors.

Adipose Tissue Transcriptomic Profile Is Altered by Active Phase
Exercise. The effect of exercise timing on iWAT gene expression
was assessed by performing RNA sequencing. The transcriptomic
profile showed timing-divergent expression of transcripts in the
sedentary (192) and postexercise (744) state, while 121 transcripts
were altered with early active phase exercise and 0 with early rest phase
exercise (Fig. 24 and SI Appendix, Fig. S1C; False Discovery Rate
(FDR) < 0.05). We identified 113 genes that showed a time-of-day
effect, regardless of exercise status (visualized by blue dots, Fig. 2B).
Conversely, 75 genes were altered by the time of day in sedentary
mice specifically (visualized by green dots, Fig. 2B), while 592 genes
were specifically altered within the exercise condition between early
active and early rest phases (visualized by red dots, Fig. 2B). A total of
479 genes showed a time-of-day effect in exercised, but not sedentary,
mice while the time-of-day effect in sedentary mice was modest (75
genes), suggesting that there is cumulative time-specific and exercise
effect. In response to early active phase exercise, 121 transcripts were
altered compared with sedentary mice, most of which were up-
regulated (visualized by pink dots, Fig. 2C); conversely, no transcripts
were recognized as differentially expressed between exercised and
sedentary mice at the early rest phase, suggesting a timing-sensitive
transcriptomic effect of exercise in the iWAT (Fig. 2 A-C).

Gene ontology analysis of altered transcripts from early active
phase exercise showed an enrichment of pathways involved in DNA-
binding transcription activator activity, fibronectin binding, steroid
hormone receptor activity, nuclear receptor activity, ligand-activated
transcription factor activity, and glucocorticoid receptor binding
(Fig. 2D). Due to the association of transcripts from early active
phase exercise with hormone signaling-associated processes, a target
gene enrichment analysis was performed using publicly available
data sets of 3T3-L1 mouse adipocytes exposed to f-adrenergic (iso-
proterenol) or glucocorticoid-receptor (dexamethasone) agonists,
as well as white adipose tissue from mice exposed to exogenous
B3-adrenergic stimuli (CL316,243). The postexercise iWAT tran-
scriptome of early active phase mice showed a similar transcriptional
response to dexamethasone- and isoproterenol-treated 3T3-L1 cells,
whereas this effect was not observed with early rest phase exercise
(Fig. 2E). To further characterize the early active phase exercise
response, the regulation of genes showing previous connections to
stress- and adrenergic-responsive processes was investigated.
Accordingly, genes responsive to stress or glucocorticoid stimuli
(such as Nrdal, Nr4a3, Vegfa, and Adrb2) (25-27), as well as genes
associated with adipose tissue browning and thermogenesis (such
as Cpeb2, Cyp2b10, Pdk4, Sle25a25, Cpeb2, Vegfar, Pecla, Ucpl,
Dio2, Gadd45g, Irf4, Zfp516, and Crem) (28-37), were uniquely
up-regulated by exercise at the early active phase (Fig. 2F). Thus,
there is a unique, timing-specific transcriptomic response to exercise
in iWAT, with early active phase exercise conferring a greater stim-
ulative potential on metabolically relevant genes.

Gene Expression and Lipolytic Response to Isoproterenol Are
Clock Associated in 3T3-L1 Adipocytes. To address the influence
of cell-autonomous circadian clock oscillation on adipocyte
metabolism and function, 3T3-L1 adipocytes were synchronized
and the metabolic profile was studied at 12 h, 24 h, 36 h, and
48 h (Fig. 3 A and B). Expression of core clock genes Arntl, Per2,
Clock, and Nrid1 displayed rhythmic oscillation, with Per2 and
NrldI peaking at 24 h, while Arntland Clock showed an opposing
pattern (RAIN analysis, P < 0.05, Fig. 3B).
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Fig. 1. Response to exercise or sham intervention in mice at the early rest or early active phase. (A) Experimental schematic. Mice were exposed to sham- or
maximal-exercise intervention for 60 min at ZT3 (Orange, early rest) or ZT15 (Blue, early active), and samples were collected every 4 h up to 20 h postintervention
(n =6 per group). (B-D) Expression of core clock genes Arntl and Nr1d1 following exercise intervention at early active or early rest phase in iWAT (B), eWAT (C), BAT
(D). Serum NEFA (E) and TG (F) following exercise at ZT3 or ZT15. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G-/) Serum corticosterone (G), adrenaline (H),
and noradrenaline (/) from immediate postexercise or sham intervention at the early rest (Orange) and early active phase (Blue). *Exercise effect P <0.05. #Time
effect P <0.05. ¥Interaction effect P < 0.05.

To replicate the clock state observed in vivo, we selected two ~ (corresponding to early rest phase) and nadir in Arn#/ expression

time points separated by 12 h, coinciding with time differences  (corresponding to early active phase). Expression of the adrenergic
between phases in mice that displayed a peak in Arnt/ expression  receptor subunits p1, p2, and 3 may affect the response to
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Fig. 2. RNA sequencing results from iWAT collected immediately postexercise or sham intervention during the early rest or early active phase. (4) Upset plot
of altered transcripts at 0 h post exercise at the early rest and early active phases. (B) Differential expression of logFC between early active and early rest phase
sedentary (y; green dots) and exercised (x; red dots) groups. Common transcripts between groups are shown as blue dots. (C) Differential expression of logFC
between early rest and early active (x; pink dots) phase exercise effects. (D) Gene ontology of transcripts differentially altered within the early active exercise
group (versus Sed). (E) Target gene enrichment analysis comparing early rest phase exercise, early active phase exercise, time of day effect exercise, and time of
day effect sedentary with public RNAseq data sets from dexamethasone or iso-stimulated 3T3 mouse adipocytes and (CL316) adrenergic-agonist-treated mice.
(F) Heatmap of stress-responsive and thermogenesis-associated transcripts from iWAT (FDR < 0.05).

adrenergic stimulus in vitro. Expression of Adrb2 was increased
at the Low-Arnt/ state, as well as in response to isoproterenol
treatment (Fig. 3C; Two-way ANOVA, P < 0.05). Expression of
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Adrb1 and Adrb3 were unaffected by Arntl status; however, Adrb3
expression was decreased in response to isoproterenol treatment

(Fig. 3C; Treatment effect, P < 0.05). The level of FK506-binding
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Fig.3. Metabolicresponse in synchronized 3T3-L1 mouse adipocytes in response to time-point-specific exposure to 1 uM isoproterenol (n = 3). (A) Experimental
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protein 5 (Fkbp5) mRNA expression, a marker of dexamethasone ~ dexamethasone exposure (Fig. 3C). Expression of genes displaying
exposure (38), was unaffected by time point, indicating that a timing-selective exercise response (Fig. 2F), including Pgcla,
observed effects relate to clock function rather than proximity to Sle25a25, Ucpl, Nrdal, Nrda3, and Vegfar, were up-regulated in
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response to isoproterenol, yet no interaction effect with Arn#/ sta-
tus was observed (Fig. 3D).

To assess whether adrenergic-mediated lipolytic activity is asso-
ciated with clock function, basal and stimulated lipolysis were
measured between high and low Arntl states. Basal glycerol release
was greater in the Low-Arnzl state (Two-way ANOVA, P = 0.034;
Fig. 3E). Isoproterenol treatment increased glycerol release (P
< 0.0001) and showed an interaction effect between clock state
and treatment (P = 0.045), suggesting that the stimulative poten-
tial of lipolysis depends on clock status (Fig. 3E). Gene expression
and glycerol release were assessed for rhythmicity over all four time
points using R package RAIN (87 Appendix, Fig. S2 A-F); rhyth-
micity was identified in the expression of several genes including
Adrb2 (untreated and treated), Vegfr (untreated), Nrda3
(untreated), and glycerol release (untreated) (RAIN: P < 0.05;
SI Appendix, Fig. S2 A-C). Because untreated cells showed
clock-associated differences in lipolysis, potential signaling mech-
anisms were evaluated. Relative abundance of pCREBSer13 (phos-
pho-cAMP response element-binding protein) signaling showed a
trending increase (Unpaired # test; P = 0.096) at the low-Arnz/ state
(Fig. 3F), suggestin%a clock-controlled intracellular energy state.
Levels of pAMPK™"7? and pACC*” were not significantly
affected by Arntl status (S Appendix, Fig. S2 E and F). Thus, differ-
entiated 3T3-L1 adipocytes show timing-associated differences in
adrenergic receptor expression and lipolytic function, which may
be influenced by clock control of the intracellular energy state.

Adipose Tissue Response to Exercise Is Partially Independent
of Nutritional Status. Food intake, liver glycogen, and serum
lipids regulate exercise metabolism and display circadian
regulation with differences between activity phases (3, 23).
Because serum NEFA was increased only following exercise at
the early active phase (Fig. 1E), we speculated that substrate
utilization and/or feeding state may account for the distinct
postexercise transcriptome in the iWAT of early active phase
mice. To decipher the influence of substrate availability on the
time-of-day response to exercise, the substrate availability profile
of early active phase mice was replicated during the early rest
phase by removing food 10 h prior to the exercise bout (fasted
carly rest) (Fig. 44).

Liver glycogen is expected to be low at the onset of the active
phase (23). After a 10-h fast, body weight and glycemia, as well as
hepatic and muscular glycogen content was lower, with further
reductions in glycemia, hepatic, and muscular glycogen after exer-
cise (Fig. 4 B-E). Furthermore, serum NEFA was increased by
exercise in the fasted early rest phase, suggesting exercise-induced
lipolysis is selective to the fasted state (Fig. 4F) and replicating the
metabolic state observed following early active phase exercise
(Fig. 1E). Serum TG and insulin were unaffected by fasting or
exercise (ST Appendix, Fig. S1 D and E). Levels of corticosterone
and adrenaline were increased due to exercise, but not fasting
(Fig. 4 G and H).

The expression of core clock genes, as well as exercise-responsive
genes identified in the previous RNA sequencing analysis (Fig. 2F),
was assessed in iWAT of fed and fasted mice during the early rest
phase. Core clock genes Arntl and Nridl were not altered by
feeding status or exercise in the fed or fasted state during the early
rest phase (Fig. 4/), consistent with the earlier experiment (Fig. 1
B-D). The fold change expression of Cpeb2, Vegfar, Pdk4, Sle25425,
Pgcla, Ucpl, Dio2, Nampt, Nrda3, Adrb2, and Gadd45¢ in
response to exercise was not different between fed or fasted mice
during the early rest phase (Fig. 41), suggesting that the upregu-
lation of these genes following early active phase exercise occurs
independently of feeding state. Conversely, the fold change of

https://doi.org/10.1073/pnas.2218510120

Cyp2b10, a brown adipose-associated mitochondrial gene (39),
was lower in fasted early rest phase versus fed early rest phase mice
(Fig. 41). These data suggest that the differential time-of-day tran-
scriptomic response to exercise in iWAT is not governed by feeding
status.

Because exercise during the active phase or the fasted rest phase
elicits a lipolytic response, we next characterized the canonical sig-
naling events involved in the regulation of adipose tissue lipolysis.
Phosphorylation of HSL*"**°, a central lipolytic enzyme (40), was
affected by both feeding status and time of day (Fig. 4/). Total
HSL protein was diminished in fasted mice during the early rest
phase (versus fed mice studied at the early rest phase) but not in
mice studied in the early active versus early rest phase (Fig. 4K).
These results highlight that adipose tissue enzymatic status at the
early active phase is distinct from the fasted state. Nonspecific
downstream PKA (protein kinase A) signaling showed no influ-
ence of time of day, feeding, or exercise (SI Appendix, Fig. S1F);
however, phosphorylation of CREB*"'*, which is induced by the
adrenergic-PKA signaling axis, showed a trend for increased phos-
phorylation (2= 0.054) in the early active phase (versus early rest),
which was absent in fasted early rest phase mice (Fig. 4L). These
results suggest a distinct metabolic state of the iWAT between
early active and early rest phase that is partially independent of
feeding state.

Discussion

The molecular clock operates via a transcription—translation feedback
loop that responds to external Zeitgebers including exercise and diet
to fine-tune metabolism throughout the day. Thus, timing of these
energetic stressors over the day with the molecular circadian clock
may maximize the health promoting benefits to improve metabolism.
Recently, active phase food consumption has been shown to increase
energy expenditure via clock-controlled energy dissipation in adipose
tissue (17). In this context, further evaluation of the phase-specific
effects of energetic stressors, on adipose tissue metabolism is war-
ranted. Here, we found that the oscillation of adipose clock gene
expression was unaffected by exercise, consistent with previous reports
in skeletal muscle (23). Conversely, exercise timing differentially reg-
ulated the transcriptomic and metabolic response in adipose tissue.
Early active phase exercise increased serum NEFA, which did not
occur in response to early rest phase exercise. The elevated serum
NEFA level indicates an increase in subcutaneous adipose tissue lipol-
ysis (41, 42), suggesting that the metabolic response to exercise is
time-of-day dependent, and that during the early rest phase, mice
may lack metabolic flexibility in exercise-responsiveness. Of note, an
effect of intervention was observed in early active phase mice, wherein
the sedentary group (but not the exercised group) show diminished
variance in light-dark oscillations of NEFA and TG levels (Fig. 1 £
and 7). These data suggest a timing-specific sensitivity to behavioral
disruption (sham intervention) during the early active phase, which
may elicit metabolic effects over time; however, the metabolic stress
of exercise appears to supersede the acute stress of handling,

The molecular clock modulates the expression of lipolytic
enzymes (such as Hs/and Atgl) and diurnal rhythms in serum fatty
acids (21). Phosphorylation of hormone-sensitive lipase was
greater in iWAT of sedentary mice during the early active phase,
further indicating that regulation of adipose tissue lipolysis is tim-
ing-sensitive. Further, the increase in NEFA observed 12 h fol-
lowing exercise only at the early active phase indicates a sustained
effect of acute exercise on adipose tissue lipolysis that is tim-
ing-specific. Thus, timing influences adipose tissue metabolism,
with heightened and sustained effects observed when exercise is
performed during the early active phase.
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Fig. 4. Response to exercise or sham intervention in mice ad libitum-fed or 10-h fasted prior to the early rest phase. (A) Experimental schematic. Mice were
exposed to sham- or maximal-exercise intervention for 60 min at ZT3 in the ad libitum-fed and 10-h-fasted state. Samples were collected immediately following
the exercise bout (n = 28). (B-H) Body weight (B), glycemia (C), liver glycogen (D), gastrocnemius glycogen (E), NEFA (F), corticosterone (G), and adrenaline (H)
measurements in ad libitum-fed (orange dots) and 10-h fasted (purple dots) early rest phase mice. Main effect: #Feeding effect P < 0.05; *Exercise effect
P <0.05; ¥Interaction effect P < 0.05. Individual comparisons: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (/) mRNA fold change in expression (relative to
sedentary) of clock and previously selected genes identified via transcriptomics in iWAT. Fold change was calculated as relative expression to sedentary state
within feeding state. Differential fold change was represented as the interaction between fasting and exercise main effects in a two-way ANOVA of relative mRNA
within each gene. *P < 0.05. Comparison in pHSL*¢"®%%()), HSL®"' (K), pCREB**"'*3(L) between early rest and early active phase-exercised mice, as well as between
fed and fasted early rest phase mice. #Feeding effect P < 0.05; $Time effect P < 0.05; *Exercise effect P < 0.05; tInteraction effect P < 0.05.

exercise, with a distinct early active phase transcriptomic response
characterized by activation of pathways such as DNA-binding
transcription activator activity, fibronectin binding, steroid

Subcutaneous adipose tissue is the primary source of circulating
NEFAs (41, 42), thus we prioritized this tissue for further tran-
scriptomic analysis. We determined a time-specific response to
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hormone receptor activity, and glucocorticoid receptor binding.
Specifically, the steroid hormone receptor and glucocorticoid
receptor binding annotations were driven by the upregulation of
nuclear receptor subfamily A transcripts, which have been empir-
ically characterized as exercise-responsive in skeletal muscle (43).
The Nr4a subfamily conducts signaling from fat-soluble hor-
mones, which include exercise-responsive steroids such as corti-
costerone (44). In contrast to previous reports (45), the Nrda
subfamily was not rhythmic, however an exercise-mediated
increase in Nr4al and Nr4a3 was noted only after early active
phase exercise. To assess whether the timing-specific exercise effects
can be attributed to systemic factors, we measured serum gluco-
corticoids and catecholamines. Additionally, our comparative
transcriptomic analysis with publicly available data sets from dex-
amethasone- or isoproterenol-stimulated 3T3-L1 adipocytes, as
well as from mice treated with a 3-adrenergic agonist revealed
that early active phase exercise induced a similar signature to dex-
amethasone- or isoproterenol-treated adipocytes. Corticosterone,
the primary glucocorticoid in rodents (46), was increased in serum
by exercise, irrespective of time, consistent with our previous
report of iWAT corticosterone levels (3). The persistence of a tim-
ing-specific transcriptomic response, despite similar levels of circu-
lating factors including corticosterone and catecholamines, suggests
that intrinsic tissue-specific factors may regulate gene expression.
Of note, we cannot exclude that local modulation of sympathetic
activation could contribute to the time-of-day-specific adipose tissue
response to exercise (47). Additionally, as adipose tissue is a highly
heterogenous organ (48), cell-specific-selectivity for transcriptomic
analyses may be relevant to consider. For instance, macrophages
show circadian rhythmicity in cytokine expression (49); thus, par-
acrine effects of cell populations within heterogenous tissues such
as adipose may become relevant when considering time-of-day
effects. Nevertheless, the fold-induction of transcripts related to
steroid and glucocorticoid receptor activity due to exercise at the
early active phase suggests a heightened sensitivity to these stimuli,
which is perhaps driven by rhythmic factors such as the Nr4a sub-
family. Conversely, no genes were significantly altered by exercise
at the early rest phase, concomitant with a blunted NEFA release
following exercise at this time point. Thus, the early rest phase is
characterized by a lack of transcriptomic and lipolytic plasticity in
response to exercise, whereas the early active phase shows a height-
ened exercise responsiveness in each of these domains.

Adrenergic signaling, as well as glucocorticoid signaling, regu-
late the expression of genes associated with browning and thermo-
genic activity in adipose tissue (50, 51). Accordingly,
beiging-associated markers (39, 52) were prominent among the
121 genes up-regulated following early active phase exercise. The
phenotypic shift of white adipose toward a brown-adipose-like
phenotype (beiging) is associated with increased energy expendi-
ture and metabolic flexibility of adipose tissue (53). Each exercise
bout induces a series of transcriptional events that ultimately mod-
ulate the abundance of proteins that enhance metabolism and
beiging of white adipose (54—56). The time-of-day-specific effect
of exercise is consistent with evidence linking beiging-associated
gene expression to the adipose tissue clock (57). BAT mass and
thermoregulatory capacity are increased in whole-body Arntl
knockout mice due to an interference with TGF-p and BMP sig-
naling (57). Moreover, thermogenic genes such as Ucp!, Cidea,
and Dio2 are up-regulated in Per2-null mice (52). Alternatively,
metabolites of lipolysis (metabokines) increase expression of beig-
ing markers such as Ucp 1, Pgcla, and Cidea (58). As serum NEFA
was increased only with early active phase exercise, phase-specific
lipolysis may play a role in the beiging-associated transcriptional
response during the early active phase. Indeed, we have reported
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the global metabolomic profile of iWAT from these early active
phase mice (3), and found a phase-specific increase of beiging-as-
sociated metabokines such as 3-hydroxybutyrate (BHBA) (59)
and 13-hydroxyoctadecadienoic acid (13-HODE) and 9-HODE
(60). Thus, our data suggest that the molecular clock interacts
with exercise cues to amplify the degree of adipose tissue beiging
in a time-of-day-specific manner and may play a role in long-term
adipose tissue adaptation to exercise.

We further probed the interaction between catecholamines,
clock gene expression levels and metabolism in a cell-autonomous
manner using synchronized 3T3-L1 adipocytes. Adrenergic recep-
tors B-1 and P-2 (Adrbl and Adrb2) regulate catecholamine
responsiveness in adipose tissue (61). Phase-specific variation in
expression of these genes may reveal a link between the circadian
clock and adrenergic sensitivity. Indeed, expression of Adrb2 is
clock associated in vitro (Fig. 3C). Likewise, glycerol release was
higher in the low-Arnz state, with an interaction between Arntl
expression and isoproterenol—suggesting a link between clock
status and lipolytic sensitivity. Stable time effects have been
observed in human adipose tissue, where explant adipocytes retain
clock-oriented lipolytic function (62). Similarly, explant adipo-
cytes from rats exhibited diurnal sensitivity to adrenergic stimuli
(63). Thus, our data provide evidence to suggest that adrener-
gic-mediated lipolysis is rthythmic in synchronized mouse adipo-
cytes, which may result from an interaction between the
intracellular clock and lipolytic signaling. While we do not repli-
cate the time-of-day change in gene regulation in vitro, the rhyth-
mic expression of adrenergic receptors may provide a molecular
explanation for timing-sensitive exercise response in mouse adi-
pose tissue.

Clock proteins shape exercise capacity in a daytime-dependent
manner through changes in liver glycogen levels and feeding
behavior (64). A synergistic effect exists between nutritional state
and the adaptive response to exercise, which may be sensitive to
time of day. Feeding behavior of mice during the rest phase is
reduced, resulting in a greater depletion of hepatic glycogen con-
tent to maintain glucose homeostasis (23). Hepatic glycogen is a
primary reservoir for glycemic regulation, and its level can alter
the metabolic response to exercise in mice and humans (65-67).
Skeletal muscle metabolism during exercise is dependent on time
of day, with a higher reliance on lipids in the active phase (23),
consistent with an activation of lipolysis in adipose tissue. This
switch in substrate utilization during exercise may be driven by
feeding status, as exercise in a fasted state leads to higher expression
of glucose and fatty acid metabolic genes in adipose tissue (68).
We found that fasting and early active phase exercise elicit a similar
induction of NEFA, suggesting that the increased lipolysis is
related to the feeding status. However, fasting did not recapitulate
the transcriptomic response to early active phase exercise. The lack
of exercise-mediated transcriptional similarity between fasted early
rest and the early active phase exercise signifies that feeding status
is secondary to time of day as a regulator of exercise-responsive
transcriptional activity in adipose tissue.

While the molecular mechanisms involved remain to be deci-
phered, we identified that CREB phosphorylation, a regulator of
thermogenesis-associated genes (69), trended to be higher in the
active phase only. CREB is phosphorylated at Ser'” in response
to an increase in intracellular AAMP (cyclic adenosine monophos-
phate) levels, which have shown to be rhythmic and regulated by
the molecular clock (70, 71). Interestingly, pCREB in adipose
tissue was unaltered by exercise in this study; nonetheless, a
phase-specific difference in pCREB suggests a differential energetic
state between the phases. In concordance with greater pCREB,
active phase exercise increased expression of cAMP response
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element modulator (Crem), which is a member of the CREB tran-
scription factor family (72). This timing-specific difference was
also observed in vitro, with low-Arn#/3T3-L1 adipocytes showing
increased pCREB levels, coinciding with increased lipolytic func-
tion. Therefore, a diurnal contrast in cAMP-responsive element
activations may play a role in the transcriptomic response to exer-
cise, independent of feeding status.

In conclusion, exercise elicits a time-of-day-specific transcrip-
tomic and metabolic response in mouse adipose tissue, which is
most pronounced during the early active phase. This time-of-day-
specific effect is partly independent of feeding status and circulat-
ing levels of glucocorticoids and catecholamines. Adipose tissue
timing-dependent sensitivity to exercise may be modulated in a
cell-autonomous fashion, as evidenced by enhanced transcrip-
tomic induction of metabolic genes in early active phase.
Additionally, adipocytes show clock-associated adrenergic receptor
expression and lipolysis in a cell-autonomous fashion. Collectively,
our results provide evidence that time-of-day drives specific adap-
tations to acute exercise in the adipose tissue of healthy mice.
Whether timing of exercise can fine-tune adipose metabolism to
improve energy homeostasis in obesity or type 2 diabetes warrants
further investigation.

Materials and Methods

Animal Experiments. Male C57BL6/JBomTac mice (n = 96) were purchased
from Taconic Biosciences and housed in the University of Copenhagen animal
facility in Denmark. Animal experiments complied with the European directive
2010/63/EU of the European Parliament and were approved by the Danish Animal
Experiments Inspectorate (2012-15-2934-26 and 2015-15-0201-796). Housing
conditions for mice included 12-h/light/dark cycles with ad libitum access to
standard rodent chow (#1310, Altromin, Germany). For the exercise interven-
tion, 10- to 11-wk-old mice were separated into sham- or exercise- treatment
at the early rest (ZT3) or early active (Z115) phase (Fig. 14). Exercised mice were
exposed to a 1-h exercise bout (ZT3 with lights on; ZT15 in the dark with the use
of a red-light lamp) while sham-exercise counterparts were placed on an artificial
treadmill for 1 h. Following the exercise bout, mice were sacrificed under isoflu-
rane anesthesia and samples of inguinal white adipose tissue, epididymal white
adipose tissue, intrascapular BAT, and serum were collected at0 h, 4 h,8 h, 12 h,
16 h,and 20 h (n = 6 per group) (23). Prior to the exercise bout, all mice were
acclimated to the rodent treadmill using a previously established 4-d acclimation
protocol (23). Exercise began at a speed of 6 m min~" and increased by 2 m
min~" every 2 min until a speed of 16 m min™" was reached. This experimental
protocol was repeated in a subset of mice (n = 24), with samples collected only
at 0 h postintervention to obtain additional samples.

To evaluate the influence of fasting on the diumal exercise transcriptome,
we subjected mice (n = 28; C57BL/6NTac; Taconic, Ejby, DK) to 10 h of fasting
(fasted early rest) or ad libitum feeding (fed early rest) prior to an exercise bout
at ZT3. Fasting was achieved by removing food from the cage 10 h prior to exer-
cise. Following the exercise bout, samples were collected from each mouse as
mentioned previously.

Cell Culture. 3T3-L1 fibroblasts were maintained in growth medium (Dulbecco's
Modified Eagle Medium (DMEM) 4.5 g/L glucose + 10% Calf Serum). At full
confluence, cells were then switched to differentiation media supplemented
with insulin (1 mM), Rosiglitazone (1 uM), 3-isobutyl-1-methylxanthine (IBMX;
500 pM), Dexamethasone (500 nM), and T, (50 nM) for 2 d. On day 2, cells were
switched to differentiation media with insulin (1 mM), Rosiglitazone (1 puM),
3-isobutyl-1-methylxanthine (IBMX; 500 uM), and T, (50 nM) for 2 d. On day 4,
cells were switched to differentiation media only. At day 8, cells were synchronized
with 200 nM of Dexamethasone for 30 min, washed once with differentiation
media, and then maintained in differentiation media (73, 74). The end of the
30-min dexamethasone treatment was considered at Cell-Time (CT) 0. For samples
collected at 36- and 48 h postsynchronization, the medium was changed at CT24.
Cells were incubated with 1 uM of isoproterenol in differentiation medium for 2 h
at 12-,24-,36-,and 48 h postsynchronization. Samples of RNA and protein were
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collected for gPCR and western blot analysis. Additionally, cells were treated with
1uMisoproterenolin low-glucose DMEM (1 g/L) with 2% bovine serum albumin
(BSA) for 1 h for lipolysis measurement. Following treatment, the medium was
collected from the wells and assessed for glycerol content using a Free Glycerol
Kit (Sigma Aldrich).

Gene Expression Analysis. RNAwas isolated using a trizol-chloroform extraction
procedure (Fisher Scientific) (75). Synthesis of cDNA was performed using a High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher). qPCR was performed
using a ViiA 7 Real-Time PCR System (Applied Biosciences) using both SYBR Green
Master Mix (Bio-Rad) and TagMan Fast Universal PCR Master Mix (ThermoFisher).
Quantitative PCR was performed for 40 cycles at 95 °C for 1 s followed by 60 °C
for 20 s. Quantstudio Real-time PCR software (ThermoFisher; version 1.3) set
to AACt was used to evaluate Cycle Threshold. All results were normalized to
expression of TATA box binding protein (Thp).

Biochemistry Analysis. Blood was collected via tail vein immediately following
the exercise bout. Blood glucose concentration was measured via a hand-held
glucometer (Contour XT, Bayer). Serum non-esterified fatty acids (NEFA) were
assessed using the NEFA-HR Assay (FujiFilm). Serum Catecholamines (Adrenaline
and Noradrenaline) were assessed using a 2-CAT Research ELISA (LDN). Serum
Corticosterone was assessed using a Corticosterone ELISA kit (ab108821) (Abcam).
Serum triglycerides were determined using a Serum Triglyceride Determination
Kit (Sigma Aldrich). Serum insulin was determined using an Ultra-Sensitive
Mouse Insulin ELISA Kit (Crystal Chem). Liver and gastrocnemius glycogen con-
tent were assessed using a Glycogen Assay Kit Il (Abcam).

Library Preparation and RNA Sequencing Library. RNA concentration and
purity were assessed by absorbance at 260 and 280 nm using NanoDrop One
(Thermo Fisher Scientific). RNA was checked for quality using the Agilent RNA
600 nano kit and Bioanalyzer instrument (Agilent Technologies). Aliquots of RNA
(1,000 ng) were analyzed using the lllumina TruSeq Stranded Total RNA with
Ribo-Zero Gold protocol (Illumina) as described (76). Samples were cleaned and
validated for DNA concentration using the Qubit dsDNA HS assay kit (Invitrogen)
and for base pair size and purity using the Agilent High Sensitivity DNA chip
and Bioanalyzer instrument. The libraries were subjected to 38-bp paired-end
sequencing on a NextSeq500 (lllumina).

Bioinformatic Analysis. Reads were mapped to Ensembl mm10 release
92 using STAR (2.5.3a), and transcripts counted with FeatureCounts (1.6.0).
Sequencing depth ranged from 54.2 to 78.6 million with a mean of 66.3 million
reads. Transcriptomic data are deposited under accession number GSE199429.
Reads were filtered using filterbyExpression, with a minimum count of 10 and
design matrix modeling group. Differential gene expression analysis was per-
formed using edgeR, quasi-likelihood negative binomial generalized log-linear
model, and the design ~0 + group. Gene ontology (GO) enrichment analysis
was performed utilizing clusterProfiler and molecular function GO terms, with
all detected genes serving as background. Enrichment signatures of genes
affected by isoprenaline (GSE43658)(77), dexamethasone (only 24-h treatments;
GSE62635) (78), and CL316243 beta adrenergic stimulation (GSE55934) (79)
was performed using fry. Al P-values were adjusted using false discovery rate
correction, and alpha was set to 0.05. Rhythmic oscillations in gene expression
and glycerol release were analyzed with R package RAIN (Rhythmicity Analysis
Incorporating Non-parametric Methods, release 3.15) (80), with period set to 24
h, method independent, and period delta set to 12 h. Outcomes with a P < 0.05
were considered as rhythmic.

Protein Isolation and Western Blot Analysis. Inguinal adipose tissue samples
were mechanically homogenized on dryice using a mortarand pestle. Crushed tissue
or 3T3-L1 adipocytes were homogenised in ice-cold homogenization buffer[20 mM
Tris, pH 7.8, 137 mM NaCl, 2.7 mM KCl, T mM MgCl,, 0.5 mM Na,VQ,, 1% Triton
X-100, 10% glycerol, 10 mM NaF, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM
ethylenediaminetetraacetic acid (EDTA), 5 mM Na,P,0,, and 1% (vol/vol) Protease
Inhibitor Cocktail (Calbiochem)]. Protein content was quantified using a bicinchoninic
acid protein assay kit (Pierce). Protein lysates were diluted into Laemmli buffer, then
heated at 56 °C for 20 min. Proteins were resolved with SDS-PAGE (4 to 12% poly-
acrylamide gels) and transferred to the PVDF (polyvinylidene fluoride) membrane
via wet electrotransfer. Following this, membranes were stained with Ponceau S
[0.1% (w/v) in 5% (v/v) acetic acid] to evaluate standardization of sample loading
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and transfer. Membranes were then blocked with 7.5% (w/v) dry milk in Tris-buffered
saline with Tween 20 [TBST: 20 mM Tris, 150 mM NaCl, 0.02% (v/v) Tween 20, pH
7.5]for 1 h at room temperature. After blocking, membranes were incubated with
a primary antibody in the primary antibody buffer [20 mM Tris, 150 mM NaCl, pH
7.5,0.1% (w/v) BSAand 0.1% (w/v) sodium azide] overnight at 4 °C and then with
the secondary antibody-horseradish peroxidase conjugate in TBST with 5% (w/v)
dry milk for 1 h at room temperature. Finally, membranes were incubated with ECL
reagent and then immunolabeled proteins were visualized on the X-ray films. Films
were scanned with GS-800 Densitometer (Bio-Rad) and analyzed with Quantity One
1-D Analysis Software (Bio-Rad). Intensities of individual bands were expressed in
arbitrary units relative to the total intensity of all the bands. The primary antibodies
used were anti-pHSL*"" (cat. no. 4126; Cell S|%nal|ng Technology), anti-HSL (cat.
no.4107; Cell S|gnal|ngTechn0Iogy ), anti-CREB > (cat. no. 9198; Cell Signaling
Technology), anti-pAMPKo™ "2 (cat. no. 2535; CeIISlgnallngTechnology)and anti-

pAcetyl-CoA Carboxylase®*”” (cat. no. 3661; Cell Signaling Technology). Quantified
values are normalized to ponceau staining, then normalized to the average of sed-
entary ZT3 animals.

Statistical Analysis. Data are presented as Mean = SEM. All analyses were
performed using a two-way ANOVA in GraphPad Prism version 8.0.0 (GraphPad
Software). All data for two-way ANOVAs were tested for normality using the
Shapiro-Wilk test and tested for equal variance using Levene's test. If data
failed these tests, it was log-transformed prior to the performance of the two-
way ANOVA.

Ethical Review. Specific Pathogen Free male C57BL6/JBomTacand C57BL/6NTac
mice were purchased from Taconic Biosciences and maintained at the animal facil-
ities of the University of Copenhagen, Denmark. Animal experiments complied
with the European directive 2010/63/EU of the European Parliament and were
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