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Abstract: Exercise training is well known to enhance adipocyte lipolysis in response to hormone
challenge. However, the existence of a relationship between the timing of exercise training and its
effect on adipocyte lipolysis is unknown. To clarify this issue, Wistar rats were run on a treadmill for
9 weeks in either the early part (E-EX) or late part of the active phase (L-EX). L-EX rats exhibited
greater isoproterenol-stimulated lipolysis expressed as fold induction over basal lipolysis, with greater
protein expression levels of hormone-sensitive lipase (HSL) phosphorylated at Ser 660 compared to
E-EX rats. Furthermore, we discovered that Brain and muscle Arnt-like (BMAL)1 protein can associate
directly with several protein kinase A (PKA) regulatory units (RIα, RIβ, and RIIβ) of protein kinase,
its anchoring protein (AKAP)150, and HSL, and that the association of BMAL1 with the regulatory
subunits of PKA, AKAP150, and HSL was greater in L-EX than in E-EX rats. In contrast, comparison
between E-EX and their counterpart sedentary control rats showed a greater co-immunoprecipitation
only between BMAL1 and ATGL. Thus, both E-EX and L-EX showed an enhanced lipolytic response
to isoproterenol, but the mechanisms underlying exercise training-enhanced lipolytic response to
isoproterenol were different in each group.

Keywords: exercise training; timing of exercise; adipocyte; lipolysis; circadian rhythm

1. Introduction

It is widely accepted that daily exercise training prevents central adiposity, obesity, and obesity-
related disorders, and improves their consequences. Exercise training-induced improvements in
adiposity and obesity-related disorder indices have been suggested to involve enhanced adipocyte
lipolysis and amelioration of both adipokine dysregulation and adipose tissue inflammation [1–5].
Among these effects, exercise training-enhanced adipocyte lipolysis in response to hormone
challenge [2,6–14] manifests in the loss of absolute lipid content in white adipocytes through intracellular
lipid hydrolysis. Thus, it is a highly effective tool for positively regulating excessive energy expense.

Hormonal activation of adipocyte lipolysis is mediated by a cyclic adenosine monophosphate
(cAMP)-dependent process comprising orchestrated activation of several lipolytic machineries,
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such as cAMP-dependent protein kinase (PKA), its anchor protein (AKAP) 150 [10], adipose tissue
triacylglycerol lipase (ATGL) [15–17], perilipin [18,19], comparative gene identification-58 (CGI-58) [20],
and hormone-sensitive lipase (HSL) [10,15–21]. Of these, HSL and ATGL expression depends on
a transcriptional auto-regulatory feedback loop consisting of the core clock genes Bmal1 and Per2:
The dimers of CLOCK: BMAL1 directly modulate the expression of Hsl and Atgl mRNA by binding
their E-box sequences, thereby resulting in circadian variation of lipolysis [22–24]. Therefore, it is
hypothesized that exercise training at different times of the day with differing Bmal1/Per2 expression can
induce different lipolytic responses of adipocytes to hormone challenge. Exercise training-enhanced
adipocyte lipolysis is well known to be closely associated with protein expression, localization,
and phosphorylation of HSL and/or ATGL [2,6–8,10,14]. However, no direct evidence for this
relationship has been reported to date.

The present experiment was designed to verify this hypothesis by comparing the effects of two
types of exercise training performed at different times of the day, on adipocyte lipolysis in response
to catecholamine.

2. Results

2.1. Effect of Clock Gene mRNA Expression on Adipocyte Lipolysis

Before exploring the relationship between exercise timing and adipocyte lipolysis in response
to hormone challenge, we first verified the relationship between Bmal1 mRNA expression
and isoproterenol-stimulated adipocyte lipolysis. As shown in Figure 1, following serum
shock, temporal variations in Bmal1 and Per2 mRNA expression were observed in differentiated
3T3-L1 adipocytes (Figure 1A–C). These results are in agreement with previous reports [25–27].
Bmal1 expression showed a clear circadian rhythm until time 60 h (ZT60) with two troughs at
approximately ZT24 and ZT48, and two peaks at approximately ZT36 and ZT60. However, no clear
circadian variation was detected after ZT60. In contrast, Per2 expression troughs were found at ZT12
and ZT36, whereas its peaks were found at ZT24 and ZT48. These oscillations disappeared at 48 h after
serum shock.

Next, we determined the associations between clock gene mRNA expression levels and adipocyte
lipolysis. As shown in Figure 1D, isoproterenol-stimulated glycerol release, but not basal glycerol
release, was significantly greater at ZT36, i.e., the time point of peak Bmal1 expression, than that at
ZT24, which was the trough of Bmal1 mRNA expression. The levels of HSL phosphorylated at Ser563
and at Ser660 were also significantly greater at ZT36 than at ZT24 (Figure 1E–G).
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Figure 1. Effect of clock gene mRNA expression levels on adipocyte lipolysis in differentiated 3T3-L1 
adipocytes. To induce circadian gene expression in differentiated 3T3-L1 adipocytes, cells were 
treated with 50% horse serum. After 2 h, the medium was replaced with serum-free OPTI-MEM 
medium and was harvested every 4 h from the start of the serum shock (Zeitgeber time (ZT) = 0). 
Bmal1 and Per2 mRNA expression levels were measured by quantitative real-time PCR using specific 
primers and were normalized to the level of 18S rRNA (Supplementary Data 1). (A) Changes in Bmal1 
and Per2 mRNA, (B,C) Relative levels of Bmal1 and Per2 mRNA at ZT = 24 and ZT = 36 are illustrated 
with the mean value at ZT = 24 arbitrarily set to 1. (D) Comparison between adipocyte lipolysis at 
ZT24 and that at 36. At 1 h before ZT = 24 and ZT = 36, differentiated 3T3-L1 adipocytes were 
incubated with fresh medium with or without 10 μM isoproterenol. After 2 h, glycerol released into 
the medium was measured. (E) Representative expression levels of HSL phosphorylated at Ser563 
and Ser660 were measured by Western blotting, and (F,G) normalized to total HSL levels (mean basal 
levels at ZT = 24 and ZT = 36 were arbitrarily set to 1). In all experiments, the values represent the 
means ± S.E. of three independent experiments. * p < 0.05, ZT24 vs. ZT36 or basal vs. isoproterenol, 
intergroup differences; † p < 0.05, isoproterenol stimulation at ZT24 vs. that at ZT36, intergroup 
differences. 

2.2. Effect of Bmal1 Knockdown on Adipocyte Lipolysis 

To further obtain evidence for the effect of the circadian clock on adipocyte lipolysis, we knocked 
down BMAL1 in 3T3-L1 adipocytes. At 48 h following small interfering RNA (siRNA) transfection, 
Bmal1 mRNA and protein expression was significantly decreased in siRNA-treated 3T3-L1 
adipocytes compared to that in vehicle siRNA-treated cells (Figure 2A,B). In accordance with the 
changes in Bmal1 levels, the mRNA expression of Hsl and Atgl, and protein expression levels of HSL, 
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Figure 1. Effect of clock gene mRNA expression levels on adipocyte lipolysis in differentiated 3T3-L1
adipocytes. To induce circadian gene expression in differentiated 3T3-L1 adipocytes, cells were treated
with 50% horse serum. After 2 h, the medium was replaced with serum-free OPTI-MEM medium and
was harvested every 4 h from the start of the serum shock (Zeitgeber time (ZT) = 0). Bmal1 and Per2
mRNA expression levels were measured by quantitative real-time PCR using specific primers and
were normalized to the level of 18S rRNA (Supplementary Data 1). (A) Changes in Bmal1 and Per2
mRNA, (B,C) Relative levels of Bmal1 and Per2 mRNA at ZT = 24 and ZT = 36 are illustrated with the
mean value at ZT = 24 arbitrarily set to 1. (D) Comparison between adipocyte lipolysis at ZT24 and
that at 36. At 1 h before ZT = 24 and ZT = 36, differentiated 3T3-L1 adipocytes were incubated with
fresh medium with or without 10 µM isoproterenol. After 2 h, glycerol released into the medium was
measured. (E) Representative expression levels of HSL phosphorylated at Ser563 and Ser660 were
measured by Western blotting, and (F,G) normalized to total HSL levels (mean basal levels at ZT = 24
and ZT = 36 were arbitrarily set to 1). In all experiments, the values represent the means ± S.E. of three
independent experiments. * p < 0.05, ZT24 vs. ZT36 or basal vs. isoproterenol, intergroup differences;
† p < 0.05, isoproterenol stimulation at ZT24 vs. that at ZT36, intergroup differences.

2.2. Effect of Bmal1 Knockdown on Adipocyte Lipolysis

To further obtain evidence for the effect of the circadian clock on adipocyte lipolysis, we knocked
down BMAL1 in 3T3-L1 adipocytes. At 48 h following small interfering RNA (siRNA) transfection,
Bmal1 mRNA and protein expression was significantly decreased in siRNA-treated 3T3-L1 adipocytes
compared to that in vehicle siRNA-treated cells (Figure 2A,B). In accordance with the changes in
Bmal1 levels, the mRNA expression of Hsl and Atgl, and protein expression levels of HSL, ATGL,



Int. J. Mol. Sci. 2020, 21, 6920 4 of 18

and Perilipin1 were significantly lower in the Bmal1 siRNA group compared with those in the vesicle
siRNA group (Figure 2C,D). In accordance with the reduced levels of Bmal1, the mRNA and protein
expression levels of HSL and ATGL were significantly lower in the Bmal1 siRNA group compared
with those in the control siRNA group (Figure 2C,D). In addition, the expression levels of Perilipin1,
a scaffold protein of HSL on the surface of lipid droplets, was also significantly reduced in the Bmal1
siRNA group (Figure 2D). The expression levels of protein kinase A (PKA)-anchoring protein 150
(AKAP150) protein, which promotes the binding of PKA and its substrate, and the regulatory subunit
RIα of PKA were significantly decreased in the Bmal1 siRNA group compared with those in the
control siRNA group, but there were no changes in the levels of the regulatory subunits RIIα and RIIβ
of PKA proteins (Figure 2E–G). Moreover, isoproterenol-induced but not basal adipocyte lipolysis
was significantly blunted in BMAL1 knockdown 3T3-L1 adipocytes, as the levels of Ser563- and
Ser660-phosphorylated HSL were significantly lower in the Bmal1 siRNA group compared to those in
the vesicle siRNA group (Figure 2H–K). Together, these results clearly indicate that the circadian clock
might play an important role in adipocyte lipolysis in response to isoproterenol, and strongly confirm
the findings of previous reports [22–27].

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 18 

 

ATGL, and Perilipin1 were significantly lower in the Bmal1 siRNA group compared with those in the 
vesicle siRNA group (Figure 2C,D). In accordance with the reduced levels of Bmal1, the mRNA and 
protein expression levels of HSL and ATGL were significantly lower in the Bmal1 siRNA group 
compared with those in the control siRNA group (Figure 2C,D). In addition, the expression levels of 
Perilipin1, a scaffold protein of HSL on the surface of lipid droplets, was also significantly reduced 
in the Bmal1 siRNA group (Figure 2D). The expression levels of protein kinase A (PKA)-anchoring 
protein 150 (AKAP150) protein, which promotes the binding of PKA and its substrate, and the 
regulatory subunit RIα of PKA were significantly decreased in the Bmal1 siRNA group compared 
with those in the control siRNA group, but there were no changes in the levels of the regulatory 
subunits RIIα and RIIβ of PKA proteins (Figure 2E–G). Moreover, isoproterenol-induced but not 
basal adipocyte lipolysis was significantly blunted in BMAL1 knockdown 3T3-L1 adipocytes, as the 
levels of Ser563- and Ser660-phosphorylated HSL were significantly lower in the Bmal1 siRNA group 
compared to those in the vesicle siRNA group (Figure 2H–K). Together, these results clearly indicate 
that the circadian clock might play an important role in adipocyte lipolysis in response to 
isoproterenol, and strongly confirm the findings of previous reports [22–27]. 

 
Figure 2. Effect of Bmal1 expression knockdown on adipocyte lipolysis in differentiated 3T3-L1 
adipocytes. Differentiated 3T3-L1 adipocytes were transfected with control siRNA or specific siRNA 
for Bmal1 using a transfection reagent. After 48 h, basal or isoproterenol-stimulated glycerol release 
was measured, and the cells were harvested for subsequent analysis by quantitative real-time PCR or 
Western blotting. (A) Relative expression levels of Bmal1 mRNA. The mRNA levels were measured 
by quantitative real-time PCR using specific primers and normalized to the amount of 18S rRNA. (B) 
Representative immunoblotting data (upper panel) and relative densities of BMAL1 protein (bottom 

0.0 

0.5 

1.0 

1.5 

HSL ATGL Perilipin 

0 

1 

2 

3 

4 

Vehicle       
siRNA 

BMAL1        
siRNA 

0 

5 

10 

15 

Vehicle       
siRNA 

BMAL1          
siRNA 

0.0 

0.5 

1.0 

1.5 

Hsl Atgl 
0.0 

0.5 

1.0 

1.5 

Vehicle 
siRNA 

BMAL1 
siRNA 

A C D 
Vehicle siRNA
BMAL1 siRNA

* 
* 

* 
* * 

H 

G
ly

ce
ro

l c
on

ce
nt

ra
tio

n 
(µ

g/
m

L)
 * 

† 

* 

basal isoproterenol

I J 

 R
el

at
iv

e 
p-

H
SL

 S
er

56
3/

H
SL

 

R
el

at
iv

e 
B

m
al

1 
m

R
N

A 

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 

basal isoproterenol

* 
† 

* 

0 

1 

2 

3 

4 

Vehicle      
siRNA 

BMAL1       
siRNA 

 R
el

at
iv

e 
p-

H
SL

 S
er

66
0/

H
SL

 

basal isoproterenolK 

* 
† 

* 

0.0 

0.5 

1.0 

1.5 

Vehicle 
siRNA 

BMAL1 
siRNA 

B 

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 

* 

HSL

β-actin

ATGL
β-actin

BMAL1

Vehicle 
siRNA

BMAL1 
siRNAVehicle 

siRNA
BMAL1 
siRNA

Vehicle siRNA
BMAL1 siRNA

0.0 

0.5 

1.0 

1.5 

Vehicle 
siRNA 

BMAL1 
siRNA 

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 

E F G 

β-actin

AKAP 
150

Vehicle 
siRNA

BMAL1 
siRNA

β-actin

PKARIIβ

Vehicle 
siRNA

BMAL1 
siRNA

PKARIIα

PKARIα

* 

0.0 

0.5 

1.0 

1.5 

PKARIα PKARIIα PKARIIβ 

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 

Vehicle siRNA
BMAL1 siRNA

* 

β-actin

HSL

p-HSL 
Ser563 

BMAL1 siRNA

isoproterenol
+ +

++
– –
– –

p-HSL 
Ser660 

* 

Perilipin1

Figure 2. Effect of Bmal1 expression knockdown on adipocyte lipolysis in differentiated 3T3-L1
adipocytes. Differentiated 3T3-L1 adipocytes were transfected with control siRNA or specific siRNA
for Bmal1 using a transfection reagent. After 48 h, basal or isoproterenol-stimulated glycerol release
was measured, and the cells were harvested for subsequent analysis by quantitative real-time PCR or
Western blotting. (A) Relative expression levels of Bmal1 mRNA. The mRNA levels were measured by
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quantitative real-time PCR using specific primers and normalized to the amount of 18S rRNA.
(B) Representative immunoblotting data (upper panel) and relative densities of BMAL1 protein (bottom
panel) measured by Western blotting, normalized to β-actin. (C) Expression levels of Hsl and ATGL
mRNA were measured by quantitative real-time PCR using specific primers and normalized to the
amount of 18S rRNA. (D) Representative immunoblotting data (upper panel) and relative densities of
the HSL, ATGL, and Perilipin1 proteins (lower panel) measured by Western blotting and normalized
to β-actin. (E) Representative immunoblotting data (upper panel) and relative densities of AKAP150
protein (bottom panel) measured by Western blotting, and normalized to β-actin. (F) Representative
immunoblotting data of PKA-RIα, -RIIα, -RIIβ, and β-actin proteins. (G) Relative densities of the PKA-
RIα, -RIIα, and -RIIβ proteins measured by Western blotting, and normalized to β-actin. The values in
the bar graphs in panels A, B, C, D, E, and G are shown relative to the mean levels detected after treatment
with control siRNA, which was arbitrarily set to 1. (H) Reduced response of lipolysis to isoproterenol
in Bmal1-siRNA adipocytes. (I) Representative immunoblotting data of HSL phosphorylated at Ser563
and Ser660. (J,K) Relative expression levels of HSL phosphorylated at Ser563 and Ser660 as measured
by Western blotting and normalized to total HSL levels. The values in the bar graphs in panels H,
J, and K are shown relative to the mean level detected in basal conditions, which was arbitrarily
set to 1. In all experiments, values represent the means ± S.E. of three independent experiments.
* p < 0.05, control-siRNA vs. Bmal1-siRNA or basal vs. isoproterenol; intergroup differences; † p < 0.05,
isoproterenol stimulation of control siRNA vs. that of Bmal1 siRNA.

2.3. Circadian Oscillations in Bmal1 and Per2 Expression Patterns in Epididymal Adipose Tissue, and Physical
Characteristics of the Rats

Based on the above findings, we verified the circadian clockwork oscillation in epididymal adipose
tissue, and determined the exercise timing for chronic exercise training. As shown in Figure 3A,
Bmal1 and Per2 mRNA levels exhibited clearly opposite circadian oscillations in rat epididymal adipose
tissue. Bmal1 mRNA gradually rose during the dark period and reached a peak at Zeitgeber time (ZT)
= 0; thereafter, it decreased rapidly. In contrast, Per2 mRNA expression exhibited the opposite pattern.
These results indicate that the circadian clockwork can oscillate accurately in adipose tissue similar
to that described in previous studies [22–27]. Consequently, because Bmal1 mRNA expression in
epididymal adipose tissue peaked at ZT0 (08:00) and reached a trough at ZT12 (20:00), we established
training groups for which the exercise timing coincided with these separate points: The rats that
performed exercise training in the late part of the active phase (L-EX) ran on a treadmill at ZT = 22
(06:00), corresponding to the time point of the late part of the active phase with higher Bmal1 expression;
the rats that performed exercise training in the early part of the active phase (E-EX) ran at ZT = 12
(20:00), corresponding to the time point of the early part of the active phase with lower Bmal1 expression
(Figure 1). Corresponding sedentary control groups were designated as L-SED and E-SED, respectively.
Thus, we selected two time points to explore whether the potency of exercise training-enhanced
adipocyte lipolysis might be altered depending on the time of day of the exercise session.

Body weight gain in E-EX and L-EX rats was significantly blunted from the 6-week time point
of exercise training onward, compared with that in E-SED and L-SED rats, respectively (Figure 3B).
The final body weight was markedly lower in L-EX rats than in E-EX rats at the 9-week time point of
exercise training (Table C in Figure 3). To verify the effect of exercise training at different times of the
day on adipose tissue growth, the masses of several adipose depots were measured. The masses of
epididymal, mesenteric, and inguinal adipose tissues were also significantly lower in L-EX than in
E-EX rats; however, retroperitoneal adipose tissue weight did not differ significantly between these
groups (Table C in Figure 3). L-EX rats also showed less food intake than the other groups. Overall,
these results suggested that the time of day of the exercise significantly affected adipose tissue growth.
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every 3 h over a 24-h period (eight time points, n = 3 in each time point). Total RNA was extracted 
from the collected epididymal adipose tissue and the expression levels of Bmal1 and Per2 mRNA were 
measured by quantitative real-time PCR and normalized to 18S rRNA levels. The values are shown 
as the means ± S.E. (B,C) Effect of exercise training timing on several physical parameters and food 
intake. The panel B shows changes in body weight during the study period, and table C shows the 
body weight and the weight of several fat pads at the end of the study, and the mean food intake 
during the study period. Body weights were measured every week in the morning. Exercise training-
induced slowing of body weight gain was observed after six weeks of training time in both training 
groups compared to that in the control groups (n = 6 per group): E-EX, exercise in the early part of the 
active phase; L-EX, exercise performed in the late part of the active phase; E-SED, sedentary control 
for E-EX; L-SED, sedentary control for L-EX. The values are shown as the means ± S.E. * p < 0.05, SED 
vs. EX; † p < 0.05, E-EX vs. L-EX; ‡ p < 0.05, vs. L-EX. 
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Figure 3. (A) Circadian oscillations in Bmal1 and Per2 expression patterns in epididymal adipose tissue
and the sampling time. Epididymal adipose tissue was harvested from 5-week-old Wistar rats every
3 h over a 24-h period (eight time points, n = 3 in each time point). Total RNA was extracted from the
collected epididymal adipose tissue and the expression levels of Bmal1 and Per2 mRNA were measured
by quantitative real-time PCR and normalized to 18S rRNA levels. The values are shown as the means
± S.E. (B,C) Effect of exercise training timing on several physical parameters and food intake. The panel
B shows changes in body weight during the study period, and table C shows the body weight and the
weight of several fat pads at the end of the study, and the mean food intake during the study period.
Body weights were measured every week in the morning. Exercise training-induced slowing of body
weight gain was observed after six weeks of training time in both training groups compared to that in
the control groups (n = 6 per group): E-EX, exercise in the early part of the active phase; L-EX, exercise
performed in the late part of the active phase; E-SED, sedentary control for E-EX; L-SED, sedentary
control for L-EX. The values are shown as the means ± S.E. * p < 0.05, SED vs. EX; † p < 0.05, E-EX vs.
L-EX; ‡ p < 0.05, vs. L-EX.

2.4. Adipocyte Lipolysis

As it is well known that exercise training enhances adipocyte lipolysis in epididymal adipose
tissue [6–14], we also focused on the effect of exercise training on adipocyte lipolysis in this fat depot.
In accordance with previous studies, isoproterenol-stimulated adipocyte lipolysis was significantly
greater in exercised groups than in each respective control group (Figure 4A). In sedentary control rats,
neither basal nor isoproterenol-stimulated adipocyte lipolysis differed significantly between L-SED
and E-SED groups. Isoproterenol-stimulated adipocyte lipolysis expressed as glycerol release per mg
of adipocytes tended to be greater in L-EX than in E-EX rats, although this did not reach statistical
significance (Figure 4A). On the contrary, isoproterenol-stimulated lipolysis expressed as fold induction
over basal lipolysis was significantly greater in the L-EX group than that in E-EX animals (Figure 4B).
Under these conditions, the levels of both Ser563- and Ser660-phosphorylated HSL were significantly
higher in isoproterenol-stimulated adipocytes than in adipocytes under basal status in all groups
(Figure 4D,F), and those expressed as fold change over each respective basal level were significantly
greater in the L-SED/EX groups than those in the E-SED/EX groups (Figure 4D,F). Compared with E-EX
rats, L-EX rats showed greater isoproterenol-stimulated Ser660-phosphorylation of HSL expressed as
fold change over the basal level (Figure 4G).
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Figure 4. Effect of exercise training timing on lipolysis in basal conditions and after stimulation by
isoproterenol in primary adipocytes isolated from epididymal adipose tissues. (A) Levels of basal and
isoproterenol-induced glycerol release, as an index of lipolysis, from adipocytes isolated from the four
groups: E-SED, L-SED, E-EX, and L-EX rats (n = 6 per group). (B) Isoproterenol-stimulated lipolysis
expressed as fold induction over basal lipolysis in the groups (levels in respective sedentary controls
were set to 1). (C) Representative expression of HSL phosphorylated at Ser563 and Ser660 as measured
by Western blotting. (D) Relative expression levels of HSL phosphorylated at Ser563 to the total HSL
level, and (E) its expression over respective basal conditions. (F) Relative expression levels of HSL
phosphorylated at Ser660 to total HSL level, and (G) its expression over respective basal conditions.
The values of the bar graphs in panels B, E, and G are shown relative to the mean level detected in
basal conditions, which was arbitrarily set to 1. In all experiments, values represent the means ± S.E.
from 6 rats in each group. * p < 0.05, or less. † p < 0.05 or less, E-SED vs. E-EX or L-SED vs. L-EX.
The abbreviations for the groups of rats are shown in Figures 2 and 3.

2.5. Changes in Lipolytic Machineries

We next examined the protein expressions of other lipolytic machineries. Hormone-stimulated
adipocyte lipolysis is controlled by a lipolytic cascade consisting of several components, with HSL–
perilipin1 and ATGL–CGI-58 complexes known to play pivotal roles in the process [15–21].
The expression levels of total ATGL, perilipin1, and CGI-58 proteins did not differ between
the two sedentary control groups (Figure 5A,C–E), whereas the expression level of peroxisome
proliferator-activated receptor (PPAR)γ2 tended to be lower (p = 0.06), and that of HSL was significantly
lower, respectively, in L-SED rats compared to that in E-SED rats (Figure 5B,F). In the exercising groups,
E-EX rats exhibited greater expression of ATGL protein but not of other proteins compared to E-SED rats,
whereas L-EX rats showed greater expression levels of HSL, ATGL, perilipin1, and PPARγ2 compared
to L-SED rats (Figure 5B–F). Consequently, L-EX rats showed greater increases in HSL, ATGL, perilipin1,
and PPARγ2 protein levels as fold change over L-SED rats, whereas E-EX rats exhibited greater increases
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in only the ATGL protein level as fold change over E-SED rats (Figure 5G). Furthermore, we examined
the level of AKAP150 and the regulatory subunits (RIα, RIIα, and RIIβ) of PKA. In the exercising
groups, E-EX rats did not showed changed expression levels of all proteins (AKAP150, PKA–RIα,
–RIIα, and –RIIβ), whereas L-EX rats exhibited greater expression levels of AKAP150, PKA–RIα, –RIIα,
and –RIIβ proteins compared to L-SED rats (Figure 5H–L). Figure 5M shows the expression level of
Bmal1 mRNA in the samples used in the in vitro experiments. The expression level of Bmal1 mRNA
was considerably higher in L-SED and L-EX than that in E-SED and E-EX. However, its levels were
comparable in E-EX and E-SED, and in L-EX and L-SED. These results suggest that exercise training
performed in the late part of the active phase could enhance the expression of lipolytic machineries.
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Figure 5. Effect of exercise training timing on the levels of lipolysis-associated proteins in primary
adipocytes isolated from epididymal adipose tissues. (A) Representative immunoblotting data and the
relative amounts of (B) HSL, (C) ATGL, (D) perilipin1, (E) CGI-58, and (F) PPARγ2 protein, in primary
isolated adipocytes from rats, measured by Western blotting and normalized to the amount of β-actin.
(G) Relative protein expression levels of each band in the E-EX and L-EX groups (levels in respective
sedentary controls were set to 1). (H) Representative immunoblotting data and the relative levels of
(I) AKAP150, (J) PKA-RIα, (K) PKA-RIIα, and (L) PKA-RIIβ protein measured by Western blotting
and normalized to the level of β-actin. (M) Bmal1 mRNA expression level measured by quantitative
real-time PCR and normalized to the level of 18S rRNA. In all experiments, data are presented as the
means ± S.E. (n = 6). * p < 0.05, SED group vs. EX group. † p < 0.05, E-EX vs. L-EX. The abbreviations
for the groups of rats are shown in Figures 2 and 3.
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2.6. Association of BMAL1 Protein with Lipolytic Machineries

Finally, we verified the possible association of BMAL1 protein with HSL and ATGL, and, if
any, the effects of exercise regimens at different time points on its associations were also determined.
Furthermore, possible associations of BMAL1 with AKAP150 and the regulatory subunits of PKA
were determined, because exercise training enhances the expression of AKAP150 and the regulatory
subunits of PKA [10], which are compartmentalized within adipocytes and stimulate the translocation
and activation of HSL. As shown in Figure 6, immunoprecipitates of HSL, Perilpin1, AKAP150,
and several regulatory subunits (RIα, RIIα, and RIIβ) of PKA with antibodies to BMAL1 revealed
evidence of BMAL1 association with each protein. Furthermore, the immunoprecipitates of HSL,
Perilipin1, AKAP150, and RIIβ of PKA were significantly greater in the L-EX rats than those in both
E-EX and L-SED rats (Figure 6B,D,E,H). However, in E-EX rats, the immunoprecipitation of ATGL was
significantly greater in E-EX rats than in E-SED rats (Figure 6C), whereas that of HSL (p = 0.08) and
RIIβ of PKA (p = 0.07) tended to be lower in E-EX rats than in E-SED rats (Figure 6B,H).
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Figure 6. Association of BMAL1 with several lipolytic machineries in primary adipocytes isolated
from epididymal adipose tissues. (A) Direct interaction between BMAL1 and BMAL1 revealed
by the co-immunoprecipitation assay. Both lysates and immunoprecipitates (IP) were subjected
to immunoblotting with (B) anti-HSL, (C) anti-ATGL, (D) anti-Perilipin1, (E) anti-AKAP150,
(F) anti-PKA-RIα, (G) anti-PKA-RIIα, and (H) anti-PKA-RIIβ antibodies. Relative protein expression
levels of each band in E-EX and L-EX groups (levels in respective sedentary controls are set to 1). In all
experiments, data are presented as the means ± S.E. (n = 6). * p < 0.05. The abbreviations for the groups
of rats are shown in Figures 2 and 3.

3. Discussion

In the current study, we demonstrated that isoproterenol-stimulated lipolysis was greater in L-EX
than that in E-EX, with greater expression of phosphorylated HSL at both Ser563 and Ser660. Moreover,
L-EX rats showed a greater increase in the expression of HSL, Perilipin1, proliferator-activated
receptor-γ (PPAR-γ)2, AKAP150, and the regulatory subunits of PKA proteins compared with E-EX
rats. Under these conditions, we discovered that interaction of BMAL1 protein with HSL, Perilipin1,
AKAP150, and the regulatory subunits of PKA was significantly greater in the L-EX group than that in
E-EX group, indicating that exercise training performed in the late part of the active phase has a useful
role in the adaptive change of lipolysis in adipocytes, which is upregulated by exercise training. To the
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best of our knowledge, the observed relationship between exercise timing and adipocyte lipolysis in
response to hormone challenge is reported for the first time in this study.

Many physiological processes and behaviors exhibit prominent circadian variations over the
course of the day. The circadian rhythms are generated by a transcriptional auto-regulatory feedback
loop that involves the core clock genes Bmal1 and Per2 in most tissues, including various adipose
depots in mammals [22–24]. We also found clear circadian oscillations in the Bmal1 and Per2 mRNA
expression levels in the epididymal adipose tissues; oscillatory expression of circadian clock genes
was also observed in differentiated 3T3-L1 adipocytes following serum shock. Importantly, BMAL1
knockdown in 3T3-L1 adipocytes decreased the expression of several lipolytic machineries and
blunted isoproterenol-induced adipocyte lipolysis. These observations suggest that the lipolytic
machineries and adipocyte lipolysis in response to isoproterenol are strongly associated with Bmal1
and/or Per2 expression.

However, even though Bmal1 mRNA expression when the parameters were tested was significantly
greater in the L-SED than in the E-SED rat, the expression level of total HSL protein was significantly
lower in L-SED than in E-SED rats. This seems inconsistent with our findings and the previous
understanding representing that the circadian variation of Hsl and Atgl mRNA expression is regulated
by CLOCK/BMAL1 [22,23]. The observed phenomenon might be explained by a series of reactions
induced by E-box stimulation of CLOCK/BMAL1 as described below. The expression rhythms of the two
lipolytic genes, Hsl and Atgl, have been described to be in phase coherence with E-box-regulated genes,
such as Per2 [23]; in turn, PER2 can modulate the PPARγ axis in a posttranslational manner [24,28].
PPARγ2 subsequently upregulates the transcription of both HSL [29] and ATGL [6]. In the present
study, the Per2 mRNA level was lower in the time during ZT24 to ZT2, corresponding to the time of
sample collection and parameters’ measurements in L-SED rats, than in the time during ZT14 to ZT16,
corresponding to those in E-SED rats. Indeed, in synchronization with each phase of Per2 mRNA,
PPARγ2 protein expression tended to be lower in L-SED rats than in E-SED rats. This result is in good
agreement with the previous finding that PPARγ2 exhibits a remarkable dual circadian expression
pattern [26,30] showing a low expression level in the late part of the active phase but a high expression
level during at least 8 h after the onset of the active period [26]. It is thus rational to consider that a
lower tendency of PPARγ2 expression in L-SED rats compared with that in E-SED rats resulted in
a lower expression of total HSL protein. Nevertheless, isoproterenol-stimulated lipolysis was not
different between E-SED and L-SED rats. This result might be due to the greater fold-change of HSL
phosphorylated at Ser563 and Ser660 over the basal condition in L-SED rats even if the expression
level of total HSL was lower in L-SED rats than in E-SED rats.

According to the scenario described above, the PPARγ2 protein level in L-EX rats had to be lower
than that of E-EX rats, but there was no significant difference in total HSL between E-EX and L-EX
rats. This is considered to result from the lack of difference in the expression level of PPARγ2 levels
between both groups, possibly because L-EX salvaged the time-of-day-dependent decline in PPARγ2
levels in the late part of the active phase. Thereby, the same levels of total HSL and ATGL were found
in E-EX rats and L-EX rats. Indeed, exercise training has been described to robustly enhance the
level [6] and transcriptional activation [31] of PPARγ2 in rodent white adipose tissue, though these
studies do not provide information on the timing of the performed exercise training and the timing
of collected parameters. Further, the effects of E-EX on PPARγ2 expression may have been masked
by high levels of PPARγ2 lasting at least 8 h after the onset of the active period [28]. Under these
conditions, L-EX rats compared with E-EX rats exhibited greater expression of lipolytic machineries
expressed as fold change over the respective SED rats, resulting in an enhanced potency of their
adipocytes for isoproterenol-induced lipolysis.

Our co-immunoprecipitation assays add a new notion to the underlying mechanism above:
BMAL1 protein was associated with several lipolytic machineries tested, including HSL, ATGL,
Perilipin1, the regulatory subunits (RIα, RIβ, and RIIβ) of PKA, and AKP150. Of these lipolytic
machineries, AKAPs, the scaffolding proteins, mediate the association between β-adrenergic receptor
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and PKA in adipocytes [32,33] through their association with either the RIIα or RIIβ subunit of
PKA [10,34,35]. The interaction of AKAP with PKA has been described to play an essential role as
one of the elements involved in controlling HSL activity, and exercise training increased the protein
expression of AKAP150 with enhanced activity and expression of several PKA subunits (catalytic,
RIIα, and RIIβ) [10]. In particular, the RIIβ isoform is the most expressed in white adipose tissue
in mice [36,37]. RIIβ knockout mice (RIIβ−/−) remain remarkably lean even when challenged with
a high-fat diet [37], resulting in the loss of responsiveness to β-agonists [38]. Thus, RIIβ has been
demonstrated as the key PKA regulatory subunit [36–39]. Moreover, previous studies have reported
that perilipin1, the predominant perilipin isoform in adipocytes, is a key regulator of both basal and
PKA-stimulated lipolysis [40], and that AKAPs are capable of forming a complex with perilipin1 and
PKA on the surfaces of lipid droplets in adipocytes [41]. In the present study, L-EX rats exhibited
greater protein expression only for AKAP150 and the regulatory subunits of PKA-RIIα compared to the
E-EX rats, whereas greater associations of BMAL1 were found with all the lipolytic machineries tested
except for ATGL. In addition, compared to all the other groups, L-EX rats exhibited greater associations
of BMAL1 with HSL, Perilipin1, AKP150, and the RIIβ subunit of PKA. Accordingly, a mechanism
underlying a greater lipolytic potency of adipocytes to isoproterenol in L-EX rats compared to E-EX rats
would involve their high interaction of BMAL1 with AKAP-PKA-HSL-Perilipin1, the locus for essential
events in the sequential activation of triacylglycerol hydrolysis. By contrast, in a comparison between
E-EX and E-SED rats, a greater co-immunoprecipitation was found only between BMAL1 and ATGL.
This result may imply that a higher isoproterenol-stimulated lipolysis in E-EX rats compared with
E-SED rats might depend largely on the enhanced expression of ATGL and its greater interaction with
BMAL1. Thus, the coupling efficiency between BMAL1 and lipolytic machineries was also different
between E-EX rats and L-EX rats, and this difference may contribute to the difference in lipolytic
potency to isoproterenol between both rats. However, this is only speculation at this point as the
BMAL1-binding domain on the lipolytic machineries tested has not so far been defined to date, and our
data did not prove a functional association of BMAL1 with the lipolytic machineries in controlling the
acute lipolytic response to hormone challenge.

In the present study, total energy intake was less in L-EX rats than in E-EX rats, and the differences
in total expenditure including spontaneous locomotor activity other than treadmill running were
not controlled. In particular, the latter data could be required to determine any effects of exercise
training per se on adipocyte functions. In fact, a difference in the energy balance could be associated
with differences in body weight and adipose tissue weight between groups. However, regarding
the differences in the potency of isoproterenol-stimulated adipocyte lipolysis between both groups,
based on evidence from animal studies, it should be noted that exercise training-enhanced adipocyte
lipolysis is a true metabolic adaptation and not secondary to reduced adipocyte size [11–14], which is
associated with reduced weight of the adipose tissue. Therefore, we believe that even if a difference
in energy expenditure other than treadmill running had been reflected in the difference in adipose
tissue weight, it may not have a big impact on the difference in lipolytic response between the groups.
Further, the possible effects of diurnal variations, including glucose and lipid metabolism [42], and of
hormones, such as cortisol and insulin, that affect the lipolytic response [43–46] should be considered
more importantly. Finally, other factors that impact local protein expression/activation in adipocytes
and that determine blood glycerol concentration, such as insulin levels, adipogenic versus lipolytic
mechanisms, vascular tone, adrenergic activity, and substrate availability, should also be considered
more systematically.

In summary, both E-EX and L-EX enhanced the lipolytic response to isoproterenol. However,
mechanisms underlying the EX-enhanced lipolytic response to isoproterenol were different in each
group, and L-EX resulted in stronger lipolytic potency, compared to E-EX. Notably, this difference may
include disparities in the association levels of BMAL1 with several lipolytic machineries. Thus, exercise
training performed in the late part of the active phase may be more effective for a relatively stronger
potency of the adipocyte lipolytic response to catecholamine, at least in part resulting in a lesser gain
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of adipose tissue and body weight during growth. Our present results might also be associated with
the recent finding that exercise in the late dark phase can ameliorate diet-induced obesity by affecting
energy homeostasis rather than glucose homeostasis [46,47] and through enhanced metabolic activity
in the skeletal muscles [48,49]. The energy metabolism of skeletal muscles during acute exercise has
also been shown to differ greatly depending on the time of the day for a single bout of exercise [48,49].
In further studies, to establish the roles of exercise training in ameliorating obesity, data derived from
fat depots other than epididymal adipose tissue should be acquired using a similar strategy to that
in the current study in obesity animals, along with establishing how exercise training modulates the
interaction of BMAL1 with the tested lipolytic machineries.

4. Materials and Methods

4.1. Bmal1 and Per2 mRNA Circadian Rhythm in Rat Epididymal Adipose Tissue

Four-week-old male Wistar rats (n = 24, SLC, Shizuoka, Japan) were housed in a temperature-
controlled room at 23 ◦C with a 12:12 h light-dark cycle. Food and water were available ad libitum.
All rats were allowed seven days to acclimatize to their new environment prior to establishing a normal
light/dark cycle: ZT0 (08:00) indicates lights on, and ZT12 (20:00) indicates lights off. To confirm
circadian clock gene rhythmicity in adipose tissue, Bmal1 and Per2 expression levels were measured
every 3 h over a 24-h period (eight time points) in epididymal adipose tissue collected from 5-week-old
rats. The animals were anaesthetized with an intraperitoneal injection of pentobarbital sodium
(5 mg/100 g body weight; Kyoritsu Seiyaku, Tokyo, Japan) and killed by exsanguination through the
abdominal aorta at ZT0, 3, 6, 9, 12, 15, 18, and 21 (n = 3 each). Epididymal adipose tissue was rapidly
removed, immediately frozen in liquid nitrogen, and stored at−80 ◦C until RNA preparation. All animal
protocols were approved by the Animal Care Committee of Doshisha University (A15010, A19005).

4.2. Exercise Training Program and Sample Collection Times

Four-week-old male Wistar rats (n = 24, SLC, Shizuoka, Japan) were acclimatized, and then
randomly divided into two exercise training and their respective control groups (n = 6 each).
Because Bmal1 mRNA expression epididymal adipose tissue peaked at ZT0 (08:00) and reached
a trough at ZT12 (20:00), we established training groups in which the exercise timing coincided with
these separate points: The rats of L-EX ran on a treadmill at ZT = 22 (06:00), corresponding to the
time point of the late part of the active phase with higher Bmal1 expression; the E-EX group ran at
ZT = 12 (20:00), corresponding to the time point of the early part of the active phase with lower Bmal1
expression (Figure 1). The corresponding sedentary control groups were designated as L-SED and
E-SED, respectively.

Exercise comprised running on a treadmill set at a 5◦ incline, 5 days per week for 9 weeks,
as described previously [6,7,9,10]. Briefly, the initial training intensity was 15 m/min for 30 min;
thereafter, the running speed and duration were progressively increased until after 6 weeks, when the
rats ran continuously at 30 m/min for 90 min. Both groups started with a warm-up at 10 m/min,
and thereafter the pace and the time of continuous running were increased gradually from 15 to
30 m/min and 30 min to 90 min over 9 weeks, respectively (detailed in Supplementary Material,
Table S1). The intensity of this training protocol was estimated to be 60–70% VO2 max based on
the literature [50–52], and our previous study confirmed that the same protocol of exercise training
enhanced citrate-synthase activity [53] and adipocyte lipolysis in response to isoproterenol [6,7,9,10].
The sedentary control rats were not subjected to treadmill running. Rat body weights and food intake
were monitored daily until the end of the study.

At the end of the study, to avoid any influence of a last bout of exercise, the exercised rats were
euthanized under anesthesia at 48 h after the end of the last 90-min exercise session (at ZT24 and ZT14
in the L-EX and E-EX groups, respectively). Subsequently, epididymal adipose tissue was rapidly
removed and enzymatically dispersed to obtain the primary adipocytes from all groups.
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4.3. Preparation of Primary Adipocytes

Adipocytes were isolated as described previously [6,7,9,10]. Briefly, fat pads were minced with
scissors and placed in plastic vials in buffer A (Krebs-Ringer bicarbonate solution buffered with 10 mM
HEPES, pH 7.4 containing 5.5 mM glucose and 2% (w/v) fatty acid-free bovine serum albumin) with
200 nM adenosine and 1 mg/mL collagenase type 1 (Worthington Biochemical, Lakewood, NJ, USA).
Collagenase digestion was performed at 37 ◦C in a water-bath shaker. After 45 min, the vial contents
were immediately filtered through a mesh and centrifuged at 100× g for 10 min. The layer of floating
cells was then washed thrice with buffer A. A portion of fresh adipocytes was used immediately
for examining the lipolytic response to isoproterenol; the remaining adipocytes were used for either
immunoblotting or quantitative real-time polymerase chain reaction (PCR). The above sampling
adjustments for E-EX/SED and L-EX/SED were completed at ZT2 and ZT16, respectively.

4.4. Lipolysis Assay

Freshly isolated adipocytes were incubated in plastic vials in a total volume of 300 µL of
buffer A containing 0.05 mg/mL adenosine deaminase (Sigma, St. Louis, MO, USA). After 2 min
of pre-incubation, adipocytes were incubated for 30 min with or without 50 µM isoproterenol to
investigate their lipolytic responses. Then, the cell-free incubation medium was removed and assayed
for glycerol release as an index of lipolysis. Glycerol release was determined using an Adipolysis
Assay Kit (Cayman, Ann Arbor, MI, USA) according to the manufacturer’s instruction. Lipolysis was
expressed as nmol of glycerol/mg of total protein/hour, because we previously confirmed that the same
protocol of exercise training as that used in this study did not affect the protein contents per unit of cells
(g/105 cells) [10]. The protein in adipocytes was extracted as follows: Adipocytes were washed twice
with phosphate-buffered saline and homogenized in 20 mM HEPES pH 7.5, 1% NP-40, 0.1% sodium
dodecyl sulphate (SDS), 0.5% deoxycholic acid, and 150 mM sodium chloride, supplemented with
protease and phosphatase inhibitors (ATTO, Tokyo, Japan). Protein was measured using a commercially
available kit (BCA protein assay kit, Funakoshi, Tokyo, Japan).

4.5. Gene Expression Analysis by Quantitative Real-Time PCR

Total RNA was extracted using ISOGEN II (Nippon gene, Tokyo, Japan). First-strand cDNA was
synthesized using the PrimeScriptTM II first standard cDNA Synthesis Kit (Takara, Shiga, Japan),
following the manufacturer’s protocol. For real-time PCR, RNA was reverse transcribed using KAPA
SYBR® FAST ABI Prism® qPCR Master Mix (KAPA BIO, Wilmington, MA, USA), then amplified using
the Applied Biosystems StepOne ® Real-Time PCR System (Applied Biosystems, Waltham, MA, USA).
The amplification protocol included initial denaturation for 10 min at 95 ◦C followed by 40 cycles of
15 s denaturation at 95 ◦C, 1 min annealing at 60 ◦C, and 1 min extension at 72 ◦C. Relative expression
was normalized to that of 18S ribosomal RNA using the 2−∆∆Ct method. Amplification of specific
transcripts was confirmed via melting curves between 68 and 95 ◦C following PCR. Primers sequences
are listed in Table S2.

4.6. Immunoblotting Analysis and Immunoprecipitation

Fresh adipocytes were washed twice with phosphate-buffered saline and homogenized in EzRIPA
lysis buffer (ATTO) or T-PER@ Tissue Protein Extraction Reagent (Invitrogen, Waltham, MA, USA) with
protease and phosphatase inhibitors. The homogenate was incubated on ice for 15 min and centrifuged
for 20 min at 14,000× g (4 ◦C). The supernatant was recovered and further cleared by centrifugation.
Samples were frozen at −80 ◦C until analyzed. Samples did not contain significantly different amounts
of total protein (data not shown). Therefore, identical volumes of each sample were mixed with Laemmli
sample buffer and heated for 2 min at 95 ◦C. After separation by 6–12.5% SDS-polyacrylamide gel
electrophoresis, proteins were transferred to polyvinylidene fluoride membranes (ATTO), blocked for
60 min with Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) and 5% skim milk, or with
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Block Ace ® Powder (DSP, Osaka, Japan) dissolved in purified water, and were then probed at 4 ◦C
overnight in Can Get Signal@ Immunoreaction Enhancer Solution 1 (TOYOBO, Osaka, Japan) against
total HSL (Abcam, Cambridge, UK), HSL phosphorylated at Ser-563 (Cell Signaling Technology [CST],
Danvers, MA, USA), HSL phosphorylated at Ser-660 (CST), ATGL (CST), total perilipin 1 (Abcam),
CGI-58 (Santa Cruz Biotechnology, Dallas, TX, USA), PPARγ2 (ThermoFisher Scientific, Waltham,
MA, USA), BMAL1 (Abcam), AKAP150 (Alomone Labs, Jerusalem, Israel), PKARIα (BD biosciences,
Franklin Lakes, NJ, USA), PKARIIα (Abcam), PKARIIβ (Abcam), and β-actin (Abcam). The membranes
were then labelled for 60 min with anti-rabbit or anti-mouse immunoglobulin G (1:2500; GE Healthcare,
Chalfont, UK). Bands were visualized using an ECL Prime system (GE Healthcare) and quantified on a
ChemiDocTM MP system (Bio-Rad, Hercules, CA, USA). Protein abundance was normalized to that
of β-actin.

Immunoprecipitation of the regulatory subunits of PKA (RIα, RIIα, RIIβ), AKAP150, HSL,
and ATGL was also performed. The cell lysate containing 1 mg/mL protein was used for
immunoprecipitation. The samples prepared as above were incubated with antibodies against BMAL1,
and the immunocomplexes were recovered by adsorption to Dynabeads™ Protein G (ThermoFisher
Scientific). The immunocomplexes then were subjected to SDS-PAGE. The resolved proteins were
transferred to PVDF membranes (ATTO), and the resultant blots were stained with antibodies against
each protein mentioned above. Thereafter, the bands were visualized as described above.

4.7. Cell Culture of 3T3-L1 Mouse Embryo Fibroblasts

The cell culture procedures were identical to those described in our previous report [54]. Briefly,
3T3-L1 preadipocytes were seeded at 7500 cells/cm2, grown until confluence in low glucose Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), and maintained in the
same medium for 2 days post-confluence at 37 ◦C in 95% air and 5% CO2. Differentiation was induced
by treatment with 1 µM dexamethasone, 0.5 mM isobutylmethylxanthine, 1 µg/mL insulin, and 10%
FBS for 48 h. Cells were cultured for six additional days in DMEM containing 1 µg/mL insulin and
10% FBS. The medium was refreshed every 2 days. With this regime, fully differentiated adipocytes
were obtained by day 8. To synchronize the molecular circadian clock in differentiated adipocytes,
cells were treated with 50% horse serum as described previously [25]. Briefly, after obtaining fully
differentiated adipocytes, the medium was exchanged for serum-rich medium (DMEM supplemented
with 50% horse serum). After 2 h, this medium was replaced with serum-free OPTI-MEM (Invitrogen)
at time 0. Every 4 h from the initiation of serum shock (time 0 h), a portion of the cells was harvested
for quantitative real-time PCR or immunoblotting. In the remaining cells, the lipolytic response to
isoproterenol was measured at 24 and 36 h, during the period of lower or higher Bmal1 expression,
respectively. The cells were treated with maximally stimulating concentrations of isoproterenol (10 µM),
as described previously [55,56].

4.8. Transfection of 3T3-L1 Cells with Small Interfering RNA (siRNA)

To gain insight into the mechanism by which BMAL1 regulates the lipolytic cascade in adipocytes,
30 nM of predesigned siRNA targeting Bmal1 (MISSION siRNA, Sigma-Aldrich, St. Louis, MO, USA)
was transfected into differentiated 3T3-L1 adipocytes using Deliver-X siRNA Transfection Reagent
(Affymetrix, Santa Clara, CA, USA) according to the manufacturer’s instruction. MISSION siRNA
Universal Negative Control (Sigma) was used for the control experiments. After 48 h, the lipolytic
response was analyzed and the cells were harvested for quantitative real-time PCR or immunoblotting.

4.9. Statistical Analysis

All data represent the means ± standard error of the mean. The results of animal experiments
were analyzed using the Student’s t-test, one-way analysis of variance (ANOVA), or two-way ANOVA,
with the exercise training state and exercise training timing as fixed factors where appropriate. Where the
main effects were considered significant, the Bonferroni post hoc test for multiple comparisons was
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conducted. Furthermore, the Student’s t-test was used to calculate the significance of inter-group
differences in experiments in vitro. All analyses were performed using Microsoft Excel (Redmond,
WA, USA). All statistical analyses were conducted with a significance level of α = 0.05 (p < 0.05).

5. Conclusions

Our data presents evidence that exercise training performed in the late part of the active phase was
associated with a stronger lipolytic potency of adipocytes in response to isoproterenol, compared with
that after training in the early part of the active phase. This stronger potency may be due to the greater
expression of lipolytic machineries expressed as fold change over the respective sedentary rats compared
to their counterparts, and was accompanied by high association of BMAL1 protein with several lipolytic
machineries, such as AKAP150, the regulatory subunits of PKA, HSL, and Perilipin1 proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/18/6920/s1,
Table S1: Exercise training program, Table S2. Primers sequences for quantitative real-time PCR.
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Abbreviations

AKAP protein kinase-anchoring protein
AMPK AMP kinase
ATGL adipose triacylglycerol lipase
CGI-58 comparative gene identification-58
DMEM Dulbecco’s modified Eagle’s medium
E-EX exercise trained at the time point of early part of active phase
E-SED sedentary control for Early-EX
HSL hormone-sensitive lipase
L-EX exercise trained at the time point of late part of active phase
L-SED sedentary control for Late-EX
PCR quantitative real-time polymerase chain reaction
PKA protein kinase
SDS sodium dodecyl sulphate
PPARγ peroxisome proliferator-activated receptor-γ
siRNA small interfering RNA

References

1. Bouassida, A.; Chamari, K.; Zaouali, M.; Feki, Y.; Zbidi, A.; Tabka, Z. Review on leptin and adiponectin
responses and adaptations to acute and chronic exercise. Br. J. Sports Med. 2010, 44, 620–630. [CrossRef]

2. Ogasawara, J.; Izawa, T.; Sakurai, T.; Sakurai, T.; Shirato, K.; Ishibashi, Y.; Ishida, H.; Ohno, H.; Kizaki, T.
The molecular mechanism underlying continuous exercise training-induced adaptive changes of lipolysis in
white adipose cells. J. Obes. 2015, 2015, 473430. [CrossRef] [PubMed]

3. Sakurai, T.; Ogasawara, J.; Kizaki, T.; Sato, S.; Ishibashi, Y.; Takahashi, M.; Kobayashi, O.; Oh-ishi, S.;
Nagasawa, J.; Takahashi, K.; et al. The effects of exercise training on obesity-induced dysregulated expression
of adipokines in white adipose tissue. Int. J. Endocrinol. 2013, 2013, 801743. [CrossRef] [PubMed]

4. Thompson, D.; Karpe, F.; Lafontan, M.; Frayn, K. Physical activity and exercise in the regulation of human
adipose tissue physiology. Physiol. Rev. 2012, 92, 157–191. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/18/6920/s1
http://dx.doi.org/10.1136/bjsm.2008.046151
http://dx.doi.org/10.1155/2015/473430
http://www.ncbi.nlm.nih.gov/pubmed/26075089
http://dx.doi.org/10.1155/2013/801743
http://www.ncbi.nlm.nih.gov/pubmed/24369466
http://dx.doi.org/10.1152/physrev.00012.2011
http://www.ncbi.nlm.nih.gov/pubmed/22298655


Int. J. Mol. Sci. 2020, 21, 6920 16 of 18

5. You, T.; Nicklas, B.J. Effects of exercise on adipokines and the metabolic syndrome. Curr. Diab. Rep. 2008, 8,
7–11. [CrossRef] [PubMed]

6. Ogasawara, J.; Sakurai, T.; Kizaki, T.; Ishibashi, Y.; Izawa, T.; Sumitani, Y.; Ishida, H.; Radak, Z.; Haga, S.;
Ohno, H. Higher levels of ATGL are associated with exercise-induced enhancement of lipolysis in rat
epididymal adipocytes. PLoS ONE 2012, 7, e40876. [CrossRef]

7. Ogasawara, J.; Izawa, T.; Sakurai, T.; Shirato, K.; Ishibashi, Y.; Ohira, Y.; Ishida, H.; Ohno, H.; Kizaki, T.
Habitual exercise training acts as a physiological stimulator for constant activation of lipolytic enzymes in
rat primary white adipocytes. Biochem. Biophys. Res. Commun. 2015, 464, 348–353. [CrossRef]

8. Hashimoto, T.; Sato, K.; Iemitsu, M. Exercise-inducible factors to activate lipolysis in adipocytes.
J. Appl. Physiol. 2013, 115, 260–267. [CrossRef]

9. Izawa, T.; Komabayashi, T. Ca2+ and lipolysis in adipocytes from exercise-trained rats. J. Appl. Physiol. 1994,
77, 2618–2624. [CrossRef]

10. Nomura, S.; Kawanami, H.; Ueda, H.; Kizaki, T.; Ohno, H.; Izawa, T. Possible mechanisms by which adipocyte
lipolysis is enhanced in exercise-trained rats. Biochem. Biophys. Res. Commun 2002, 295, 236–242. [CrossRef]

11. Askew, E.W.; Hecker, A.L. Adipose tissue cell size and lipolysis in the rat: Response to exercise intensity and
food restriction. J. Nutr. 1976, 106, 1351–1360. [CrossRef] [PubMed]

12. Askew, E.W.; Huston, R.L.; Plopper, C.G.; Hecker, A.L. Adipose tissue cellularity and lipolysis. Response to
exercise and cortisol treatment. J. Clin. Investig. 1975, 56, 521–529. [CrossRef] [PubMed]

13. Owens, J.L.; Fuller, E.O.; Nutter, D.O.; DiGirolamo, M. Influence of moderate exercise on adipocyte
metabolism and hormonal responsiveness. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1977, 43, 425–430.
[CrossRef]

14. Bukowiecki, L.; Lupien, J.; Follea, N.; Paradis, A.; Richard, D.; LeBlanc, J. Mechanism of enhanced lipolysis
in adipose tissue of exercise-trained rats. Am. J. Physiol. 1980, 239, E422–E429. [CrossRef] [PubMed]

15. Haemmerle, G.; Lass, A.; Zimmermann, R.; Gorkiewicz, G.; Meyer, C.; Rozman, J.; Heldmaier, G.; Maier, R.;
Theussl, C.; Eder, S.; et al. Defective lipolysis and altered energy metabolism in mice lacking adipose
triglyceride lipase. Science 2006, 312, 734–737. [CrossRef] [PubMed]

16. Smirnova, E.; Goldberg, E.B.; Makarova, K.S.; Lin, L.; Brown, W.J.; Jackson, C.L. ATGL has a key role in lipid
droplet/adiposome degradation in mammalian cells. EMBO Rep. 2006, 7, 106–113. [CrossRef] [PubMed]

17. Miyoshi, H.; Perfield, J.W., 2nd; Obin, M.S.; Greenberg, A.S. Adipose triglyceride lipase regulates basal
lipolysis and lipid droplet size in adipocytes. J. Cell Biochem. 2008, 105, 1430–1436. [CrossRef] [PubMed]

18. Tansey, J.T.; Sztalryd, C.; Gruia-Gray, J.; Roush, D.L.; Zee, J.V.; Gavrilova, O.; Reitman, M.L.; Deng, C.-X.;
Li, C.; Kimmel, A.R.; et al. Perilipin ablation results in a lean mouse with aberrant adipocyte lipolysis,
enhanced leptin production, and resistance to diet-induced obesity. Proc. Natl. Acad. Sci. USA 2001, 98,
6494–6499. [CrossRef]

19. Zhai, W.; Xu, C.; Ling, Y.; Liu, S.; Deng, J.; Qi, Y.; Londos, C.; Xu, G. Increased lipolysis in adipose
tissues is associated with elevation of systemic free fatty acids and insulin resistance in perilipin null mice.
Horm. Metab. Res. 2010, 42, 247–253. [CrossRef]

20. Hashimoto, T.; Segawa, H.; Okuno, M.; Kano, H.; Hamaguchi, H.; Haraguchi, T.; Hiraoka, Y.; Hasui, S.;
Yamaguchi, T.; Hirose, F.; et al. Active involvement of micro-lipid droplets and lipid-droplet-associated
proteins in hormone-stimulated lipolysis in adipocytes. J. Cell Sci. 2012, 125, 6127–6136. [CrossRef]

21. Haemmerle, G.; Zimmermann, R.; Hayn, M.; Theussl, C.; Waeg, G.; Wagner, E.; Sattler, W.; Magin, T.M.;
Wagner, E.F.; Zechner, R. Hormone-sensitive lipase deficiency in mice causes diglyceride accumulation in
adipose tissue, muscle, and testis. J. Biol. Chem. 2002, 277, 4806–4815. [CrossRef]

22. Yoshino, J.; Klein, S. A novel link between circadian clocks and adipose tissue energy metabolism. Diabetes
2013, 62, 2175–2177. [CrossRef] [PubMed]

23. Shostak, A.; Meyer-Kovac, J.; Oster, H. Circadian regulation of lipid mobilization in white adipose tissues.
Diabetes 2013, 62, 2195–2203. [CrossRef] [PubMed]

24. Shostak, A.; Husse, j.; Oster, H. Circadian regulation of adipose function. Adipocyte 2013, 2, 201–206.
[CrossRef] [PubMed]

25. Balsalobre, A.; Damiola, F.; Schibler, U. A serum shock induces circadian gene expression in mammalian
tissue culture cells. Cell 1998, 93, 929–937. [CrossRef]

26. Aoyagi, T.; Shimba, S.; Tezuka, M. Characteristics of circadian gene expressions in mice white adipose tissue
and 3T3-L1 adipocytes. J. Health Sci. 2005, 51, 21–32. [CrossRef]

http://dx.doi.org/10.1007/s11892-008-0003-4
http://www.ncbi.nlm.nih.gov/pubmed/18366992
http://dx.doi.org/10.1371/journal.pone.0040876
http://dx.doi.org/10.1016/j.bbrc.2015.06.157
http://dx.doi.org/10.1152/japplphysiol.00427.2013
http://dx.doi.org/10.1152/jappl.1994.77.6.2618
http://dx.doi.org/10.1016/S0006-291X(02)00664-2
http://dx.doi.org/10.1093/jn/106.9.1351
http://www.ncbi.nlm.nih.gov/pubmed/956916
http://dx.doi.org/10.1172/JCI108120
http://www.ncbi.nlm.nih.gov/pubmed/1159071
http://dx.doi.org/10.1152/jappl.1977.43.3.425
http://dx.doi.org/10.1152/ajpendo.1980.239.6.E422
http://www.ncbi.nlm.nih.gov/pubmed/6255803
http://dx.doi.org/10.1126/science.1123965
http://www.ncbi.nlm.nih.gov/pubmed/16675698
http://dx.doi.org/10.1038/sj.embor.7400559
http://www.ncbi.nlm.nih.gov/pubmed/16239926
http://dx.doi.org/10.1002/jcb.21964
http://www.ncbi.nlm.nih.gov/pubmed/18980248
http://dx.doi.org/10.1073/pnas.101042998
http://dx.doi.org/10.1055/s-0029-1243599
http://dx.doi.org/10.1242/jcs.113084
http://dx.doi.org/10.1074/jbc.M110355200
http://dx.doi.org/10.2337/db13-0457
http://www.ncbi.nlm.nih.gov/pubmed/23801717
http://dx.doi.org/10.2337/db12-1449
http://www.ncbi.nlm.nih.gov/pubmed/23434933
http://dx.doi.org/10.4161/adip.26007
http://www.ncbi.nlm.nih.gov/pubmed/24052895
http://dx.doi.org/10.1016/S0092-8674(00)81199-X
http://dx.doi.org/10.1248/jhs.51.21


Int. J. Mol. Sci. 2020, 21, 6920 17 of 18

27. Otway, D.T.; Frost, G.; Johnston, J.D. Circadian rhythmicity in murine pre-adipocyte and adipocyte cells.
Chronobiol. Int. 2009, 26, 1340–1354. [CrossRef]

28. Grimaldi, B.; Bellet, M.M.; Katada, S.; Astarita, G.; Hirayama, J.; Amin, R.H.; Granneman, J.G.; Piomelli, D.;
Leff, T.; Sassone-Corsi, P. PER2 controls lipid metabolism by direct regulation of PPARγ. Cell Metab. 2010, 12,
509–520. [CrossRef]

29. Deng, T.; Shan, S.; Li, P.-P.; Shen, Z.-F.; Lu, X.-P.; Cheng, J.; Ning, Z.-Q. Peroxisome proliferator-activated
receptor-gamma transcriptionally up-regulates hormone-sensitive lipase via the involvement of specificity
protein-1. Endocrinology 2006, 147, 875–884. [CrossRef]

30. Yang, X.; Downes, M.; Yu, R.T.; Bookout, A.L.; He, W.; Straume, M.; Mangelsdorf, D.J.; Evans, R. Nuclear
receptor expression links the circadian clock to metabolism. Cell 2006, 126, 801–810. [CrossRef]

31. Petridou, A.; Tsalouhidou, S.; Tsalis, G.; Schulz, T.; Michna, H.; Mougios, V. Long-term exercise increases the
DNA binding activity of peroxisome proliferator-activated receptor gamma in rat adipose tissue. Metabolism
2007, 56, 1029–1036. [CrossRef] [PubMed]

32. Fraser, I.D.; Cong, M.; Kim, J.; Rollins, E.N.; Daaka, Y.; Lefkowitz, R.J.; Scott, J.D. Assembly of an A kinase-
anchoring protein-beta(2)-adrenergic receptor complex facilitates receptor phosphorylation and signaling.
Curr. Biol. 2000, 10, 409–412. [CrossRef]

33. Tao, J.; Wang, H.Y.; Malbon, C.C. Protein kinase A regulates AKAP250 (gravin) scaffold binding to the
beta2-adrenergic receptor. EMBO J. 2003, 22, 6129–6419. [CrossRef] [PubMed]

34. Coghlan, V.; Perrino, B.; Howard, M.; Langeberg, L.; Hicks, J.B.; Gallatin, W.M.; Scott, J.D. Association of
protein kinase A and protein phosphatase 2B with a common anchoring protein. Science 1995, 267, 108–111.
[CrossRef]

35. Rubin, C.S. A kinase anchor proteins and the intracellular targeting of signals carried by cyclic AMP.
Biochim. Biophys. Acta 1994, 1224, 467–479.

36. McKnight, G.S.; Cummings, D.E.; Amieux, P.S.; Sikorski, M.A.; Brandon, E.P.; Planas, J.V.; Motamed, K.;
Idzerda, R.L. Cyclic AMP, PKA, and the physiological regulation of adiposity. Recent Prog. Horm. Res. 1998,
53, 139–161.

37. Schreyer, S.A.; Cummings, D.E.; McKnight, G.S.; LeBoeuf, R.C. Mutation of the RIIbeta subunit of protein
kinase A prevents diet-induced insulin resistance and dyslipidemia in mice. Diatbetes 2001, 50, 2555–2562.
[CrossRef]

38. Planas, J.V.; Cummings, D.E.; Idzerda, R.L.; McKnight, G.S. Mutation of the RIIβ subunit of protein kinase
A differentially affects lipolysis but not gene induction in white adipose tissue. J. Biol. Chem. 1999, 274,
36281–36287. [CrossRef]

39. Mantovani, G.; Bondioni, S.; Alberti, L.; Gilardini, L.; Invitti, C.; Corbetta, S.; Zappa, M.A.; Ferrero, S.;
Lania, A.G.; Bosari, S.; et al. Protein Kinase A Regulatory Subunits in Human Adipose Tissue: Decreased
R2B Expression and Activity in Adipocytes From Obese Subjects. Diabetes 2009, 58, 620–626. [CrossRef]

40. Miyoshi, H.; Souza, S.C.; Zhang, H.H.; Strissel, K.J.; Christoffolete, M.A.; Kovsan, J.; Rudich, A.; Kraemer, F.B.;
Bianco, A.C.; Obin, M.S.; et al. Perilipin promotes hormone-sensitive lipase-mediated adipocyte lipolysis via
phosphorylation-dependent and -independent mechanisms. J. Biol. Chem. 2006, 281, 15837–15844. [CrossRef]

41. Pidoux, G.; Witczak, O.; Jarnaess, E.; Myrvold, L.; Urlaub, H.; Stokka, A.J.; Kuntziger, T.; Tasken, K. Optic
atrophy 1 is an A-kinase anchoring protein on lipid droplets that mediates adrenergic control of lipolysis.
EMBO J. 2011, 30, 4371–4386. [CrossRef] [PubMed]

42. Jha, P.K.; Challet, E.; Kalsbeek, A. Circadian rhythms in glucose and lipid metabolism in nocturnal and
diurnal mammals. Mol. Cell Endocrinol. 2015, 418, 74–88.

43. Peckett, A.J.; Wright, D.C.; Riddell, M.C. The effects of glucocorticoids on adipose tissue lipid metabolism.
Metabolism 2011, 60, 1500–1510. [CrossRef] [PubMed]

44. Carrasco-Benso, M.P.; Rivero-Gutierrez, B.; Lopez-Minguez, J.; Anzola, A.; Diez-Noguera, A.; Madrid, J.A.;
Madrid, J.A.; Lujan, J.A.; Martínez-Augustin, O.; Scheer, F.A.J.L.; et al. Human adipose tissue expresses
intrinsic circadian rhythm in insulin sensitivity. FASEB J. 2016, 30, 3117–3123. [CrossRef] [PubMed]

45. Froy, O.; Garaulet, M. The circadian clock in white and brown adipose tissue: Mechanistic, endocrine,
and clinical aspects. Endocr. Rev. 2018, 39, 261–273. [CrossRef] [PubMed]

46. Dollet, L.; Zierath, J.R. Interplay between diet, exercise and the molecular circadian clock in orchestrating
metabolic adaptations of adipose tissue. J. Physiol. 2019, 597, 1439–1450. [CrossRef]

http://dx.doi.org/10.3109/07420520903412368
http://dx.doi.org/10.1016/j.cmet.2010.10.005
http://dx.doi.org/10.1210/en.2005-0623
http://dx.doi.org/10.1016/j.cell.2006.06.050
http://dx.doi.org/10.1016/j.metabol.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17618946
http://dx.doi.org/10.1016/S0960-9822(00)00419-X
http://dx.doi.org/10.1093/emboj/cdg628
http://www.ncbi.nlm.nih.gov/pubmed/14657015
http://dx.doi.org/10.1126/science.7528941
http://dx.doi.org/10.2337/diabetes.50.11.2555
http://dx.doi.org/10.1074/jbc.274.51.36281
http://dx.doi.org/10.2337/db08-0585
http://dx.doi.org/10.1074/jbc.M601097200
http://dx.doi.org/10.1038/emboj.2011.365
http://www.ncbi.nlm.nih.gov/pubmed/21983901
http://dx.doi.org/10.1016/j.metabol.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21864867
http://dx.doi.org/10.1096/fj.201600269RR
http://www.ncbi.nlm.nih.gov/pubmed/27256623
http://dx.doi.org/10.1210/er.2017-00193
http://www.ncbi.nlm.nih.gov/pubmed/29490014
http://dx.doi.org/10.1113/JP276488


Int. J. Mol. Sci. 2020, 21, 6920 18 of 18

47. Dalbram, E.; Basse, A.L.; Zierath, J.R.; Treebak, J.T. Voluntary wheel running in the late dark phase ameliorates
diet-induced obesity in mice without altering insulin action. J. Appl. Physiol. 2019, 126, 993–1005. [CrossRef]

48. Sato, S.; Basse, A.L.; Schönke, M.; Chen, S.; Samad, M.; Altıntaş, A.; Laker, R.C.; Dalbram, E.; Barrès, R.;
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