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Brown adipocyte-specific knockout of Bmal1
causes mild but significant thermogenesis
impairment in mice
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ABSTRACT

Objective: Impaired circadian clocks can cause obesity, but their pathophysiological role in brown adipose tissue (BAT), a major tissue regulating
energy metabolism, remains unclear. To address this issue, we investigated the effects of complete disruption of the BAT clock on thermogenesis
and energy expenditure.
Methods: Mice with brown adipocyte-specific knockout of the core clock gene Bmal1 (BA-Bmal1 KO) were generated and analyzed.
Results: The BA-Bmal1 KO mice maintained normal core body temperatures by increasing shivering and locomotor activity despite the elevated
expression of thermogenic uncoupling protein 1 in BAT. BA-Bmal1 KO disrupted 24 h rhythmicity of fatty acid utilization in BAT and mildly reduced
both BAT thermogenesis and whole-body energy expenditure. The impact of BA-Bmal1 KO on the development of obesity became obvious when
the mice were fed a high-fat diet.
Conclusions: These results reveal the importance of the BAT clock for maintaining energy homeostasis and preventing obesity.
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1. INTRODUCTION

Obesity and associated comorbidities, including type 2 diabetes and
cardiovascular diseases, are major worldwide health concerns.
Adaptive thermogenesis, which is defined as the regulated production
of heat in response to environmental changes in temperature and diet,
can be utilized to counteract the hypercaloric state of obesity [1]. There
are two forms of adaptive thermogenesis, shivering and non-shivering
thermogenesis, and brown adipose tissue (BAT) is the major site of
non-shivering thermogenesis. BAT’s activity is associated with obesity
in humans [2]. Moreover, genetic ablation of either BAT or uncoupling
protein 1 (UCP1), the protein responsible for the thermogenic process
in BAT, predisposes mice to obesity [3,4]. At least in mice, induction of
UCP1 by treatment with a b3-adrenaergic agonist increases both BAT
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thermogenesis and whole-body oxygen consumption, preventing the
development of obesity [5].
The molecular circadian clock, which is primarily composed of tran-
scriptional/translational feedback loops involving a set of clock genes,
resides in almost all cell types [6]. In mammals, the central clock
localized in the hypothalamic suprachiasmatic nuclei is regulated by
light stimuli, whereas the peripheral clocks located in other tissues
may be entrained by a combination of various humoral and neural
signals regulated, at least partly, by the central clock [7]. Accumulating
evidence has suggested a link between circadian clocks and obesity-
related diseases. Chronic jet lag under abnormal lighting conditions,
which cause the systemic disruption of circadian clocks, reportedly
causes obesity in both mice [8] and shift workers [9]. The mutation of
Clock, one of the core clock genes, induces obesity and metabolic
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syndrome in mice [10], and this Clock mutant is unable to maintain
their body temperature following 12 h of fasting [11], suggesting
impaired non-shivering thermogenesis. In humans, genetic variants of
CLOCK and another core clock gene BMAL1 are associated with
susceptibility to obesity and type 2 diabetes, respectively [12,13].
Peripheral clocks are also impaired in obese diabetic mice [14,15] and
patients with type 2 diabetes [16].
The pathophysiological roles of circadian clocks in each peripheral
tissue are gradually becoming clear. For example, the clock genes
Bmal1 and Dbp are required for adipose differentiation in pre-
adipocytes and lipogenesis in adipocytes [17,18]. Pancreas-specific
Bmal1 knockout (KO) mice develop diabetes due to impaired insulin
secretion [19] because the circadian clock in pancreatic b cells plays a
role in insulin exocytosis [20]. Dyar et al. [21] demonstrated that the
muscle clock controls glucose uptake and metabolism, and our group
[22] revealed that the hepatic clock regulates the daily rhythms of
gluconeogenesis and fasting glucose levels using muscle- and liver-
specific Bmal1 KO mice, respectively. Regarding BAT, systemic KO
of the clock gene Nr1d1 (also known as Rev-erb a) in mice abolishes
normal daily rhythms of BAT activity and body temperature and in-
creases cold tolerance because NR1D1 is a major negative tran-
scriptional regulator of not only Bmal1 but also Ucp1 [23]. However,
mice harboring a global mutation in the clock gene Per2 are more
sensitive to cold because PER2 may modulate UCP1 expression as a
co-activator of peroxisome proliferator-activated receptor alpha
(PPARa) [24]. Thus, the effect of each clock gene on BAT activity is
diverse, and the pathophysiological role of the whole circadian clock in
BAT remains unclear.
To address this issue, we generated mice with brown adipocyte-
specific KO of the main core clock gene Bmal1 (BA-Bmal1 KO) and
investigated the effects of complete disruption of the BAT clock on
thermogenesis and energy expenditure.

2. MATERIALS AND METHODS

2.1. Animals
To generate BA-Bmal1 KO mice, Bmal1-floxed mice [25] were crossed
with mice expressing a Cre transgene driven by the Ucp1 promoter
(stock no. 024670, Jackson Laboratory, Bar Harbor, ME, USA) [26].
The mice were maintained under controlled temperature (w23 �C),
humidity (w55%), and light (12-h/12-h light/dark cycle) conditions
and fed a regular diet (CRF-1, Oriental Yeast, Tokyo, Japan) and water
ad libitum. A subset of mice was fed a high-fat diet (D12492, Research
Diets, New Brunswick, NJ, USA) for 22 weeks. Male mice (8e9 weeks
old [unless specified]) were used for the experiments, and Bmal1-
floxed mice were used as controls. All of the animal procedures were
approved by the Institutional Committee for Ethical Use of Experimental
Animals (approval no. AP-173889) and performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals at Kanazawa
University (Kanazawa, Japan).

2.2. RNA isolation and quantitative PCR
The mice were sacrificed to obtain blood, interscapular BAT, and
epididymal fat samples every 4 h for 24 h. Total RNA was extracted from
frozen tissues by TRIzol using an RNeasy Mini Kit (Qiagen, Valencia, CA,
USA), and cDNA was synthesized using a High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) ac-
cording to the manufacturers’ instructions. Gene expression was
analyzed by quantitative PCR performed using an Applied Biosystems
ViiA 7 Real-Time PCR System. The specific sets of primers and TaqMan
probes (TaqMan gene expression assays) used in this study are listed in
2
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Supplemental Table 1. Data were analyzed using the comparative
threshold cycle method with Rplp0 as the internal control.

2.3. Western blotting analyses
Total protein lysates were prepared from frozen tissues by homoge-
nization in RIPA lysis buffer containing protease inhibitor cocktail
(Nacalai Tesque, Kyoto, Japan), and subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis. The resolved proteins were
transferred to PVDF membranes. The membranes were incubated
overnight at 4 �C with primary antibodies and then incubated with
appropriate secondary antibodies. The antibodies are listed in the
Supplemental Key resources table. Protein bands were imaged using
an ImageQuant LAS 4000 Camera System (GE Healthcare, Chicago, IL,
USA) after visualization with EzWestLumi Plus (ATTO, Tokyo, Japan),
and the pixel density was quantified with Image Studio Lite software
version 5.2 (LI-COR, Lincoln, NE, USA).

2.4. Measurements of glucose and lipid concentrations
Blood glucose levels were determined in tail blood using a Glucocard
Gþ meter (Arkray, Kyoto, Japan). Serum concentrations of total
cholesterol, triglycerides, and non-esterified fatty acids were
measured using commercial kits (LabAssay, Fujifilm Wako Pure
Chemical, Osaka, Japan).

2.5. Core body temperature and locomotor activity
At 7 weeks of age, the mice were implanted intraperitoneally with an
ultra-small temperature logger (DST Nano-T, Star-Oddi, Gardabaer,
Iceland) under anesthesia and housed individually in specialized cages
for an infrared sensor detection system (Supermex, Muromachi Kikai,
Tokyo, Japan). Two weeks later, core body temperature and locomotor
activity were continuously measured for five consecutive days.

2.6. Electroencephalography and electromyography
Implantation of electroencephalography/electromyography (EEG/EMG)
electrodes, EEG/EMG recordings, and data analyses were performed
as previously described [27]. Specifically, all of the mice were provided
at least 14 days to recover from surgery prior to the start of EEG/EMG
recording. Before starting the EEG/EMG recording, the mice were
habituated in the recording chamber for at least 3 days. EEG/EMG
signals were amplified through an amplifier (MEG-6108, Nihon Koh-
den, Tokyo, Japan) and recorded on a computer using recording
software (Vital Recorder, Kissei Comtec, Matsumoto, Japan). The
polysomnographic recordings were scored using sleep analysis soft-
ware (Sleep Sign, Kissei Comtec). Scoring was executed based on
visual inspection of the EEG and EMG waveforms as well as the power
spectra of 4 s epochs. We defined wakefulness by the presence of
desynchronized low-amplitude EEG activity and an increase in EMG
activity. We scored non-rapid eye movement (non-REM) sleep when
EEG showed high-amplitude and low-frequency (0.5e4 Hz) oscilla-
tions along with reduced EMG activity. We defined REM sleep by the
presence of theta rhythms (4e10 Hz) and a very low muscle tone.
For EMG data analyses, we selected the first four time frames per hour
of the non-REM sleep period when the waveform was stable with no
high-amplitude spike for at least for 16 s. Then the raw EMG signal
was rectified using Sleep Sign software (Kissei Comtec) amplified
1,000 times, and the root mean square (RMS) of the EMG signal was
calculated.

2.7. Thermographic imaging
The dorsal side of the mice was shaved 48 h before taking images, and
thereafter the mice were kept individually. Thermal images (at least 3
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images/mouse) were taken from non-anesthetized mice at ZT 8 using
a FLIR C2 thermal camera (FLIR Systems, Wilsonville, OR, USA) with an
emissivity of 0.97 and a 0.25 m distance. Images were analyzed using
FLIR Tools software. The highest temperature values of the selected
regions (interscapular and dorsal region) were retrieved and subjected
to analyses of the ratio of BAT to the dorsal region.

2.8. Measurement of urinary catecholamines
The mice were placed individually in metabolic cages with free access
to food and water. After 4 days of acclimation, 24 h urine samples
were collected in glass vials containing 60 mL of 6 M hydrochloric acid
[28] for four consecutive days. The concentrations of epinephrine,
norepinephrine, and dopamine were measured using the established
method of high-performance liquid chromatography with post-column
fluorescence derivatization [29].

2.9. Histological examination
BAT was fixed in 4% paraformaldehyde phosphate-buffered solution
(Nacalai Tesque), embedded in paraffin, and stained with hematoxylin
and eosin. Analyses of the fat area were conducted using QuPath
software [30] in a blinded fashion.

2.10. Indirect calorimetry measurements
The mice were individually housed in chambers of an Oxymax system
(Columbus Instruments, Columbus, OH, USA). After a 2-day acclima-
tion period, their oxygen consumption and carbon dioxide production
were measured for six consecutive days. The respiratory exchange
ratio (RER) and energy expenditure (heat) were computed using
standard equations.

2.11. Metabolome analysis
Approximately 40 mg of frozen tissue was homogenized in 50% (v/v)
acetonitrile/water containing internal standards (H3304-1002, Human
Metabolome Technologies [HMT], Tsuruoka, Yamagata, Japan). The
homogenate was then centrifuged, and the upper aqueous layer was
centrifugally filtered through a 5-kDa cutoff filter (Ultrafree MC-PLHCC,
HMT) at 9,100�g and 4 �C for 120 min to remove macromolecules.
The filtrate was evaporated to dryness under a vacuum and recon-
stituted in Milli-Q water for metabolome analysis at HMT.
Metabolome analysis was conducted via the HMT C-SCOPE package
using capillary electrophoresis time-of-flight mass spectrometry (CE-
TOFMS) for cation analysis and CE-tandem mass spectrometry (CE-
MS/MS) for anion analysis based on previously described methods
[31,32]. Briefly, CE-TOFMS and CE-MS/MS analysis were carried out
using an Agilent CE capillary electrophoresis system (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with an Agilent 6210 time-
of-flight mass spectrometer and Agilent 6460 Triple Quadrupole LC/
MS, respectively. The systems were controlled by Agilent G2201AA
ChemStation software version B.03.01 for CE and connected by a
fused silica capillary (50 mm i.d. � 80 cm total length) with com-
mercial electrophoresis buffer (H3301-1001 and I3302-1023 for
cation and anion analyses, respectively, HMT) as the electrolyte. The
time-of-flight mass spectrometer was scanned from m/z 50 to 1,000
and the triple quadrupole mass spectrometer was used to detect
compounds in the dynamic MRM mode. Peaks were extracted using
MasterHands automatic integration software (Keio University, Tsur-
uoka, Yamagata, Japan) [33] and MassHunter Quantitative Analysis
B.04.00 (Agilent Technologies) to obtain peak information including the
m/z, peak area, and migration time (MT). Signal peaks were annotated
according to the HMT metabolite database based on their m/z values
with the MTs. The peak area of each metabolite was normalized with
MOLECULAR METABOLISM 49 (2021) 101202 � 2021 The Author(s). Published by Elsevier GmbH. This is
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respect to the internal standard area, and the metabolite concentration
was evaluated by standard curves with three-point calibrations using
each standard compound. Hierarchical cluster analysis and principal
component analysis [34] were performed by HMT’s proprietary MAT-
LAB and R programs, respectively. Detected metabolites were plotted
on metabolic pathway maps using VANTED software [35].

2.12. Statistical analysis
Data are presented as the mean and standard deviation (SD). Differ-
ences between the genotypes were analyzed using Student’s t test or
the ManneWhitney U test. Regression analyses were conducted to
assess the relationship between locomotor activity and core body
temperature. The calculations were performed using IBM SPSS Sta-
tistics (version 24.0). P< 0.05 was considered statistically significant.

3. RESULTS

3.1. BA-Bmal1 KO increased UCP1 expression in BAT
The BA-Bmal1 KO mice were generated by crossing Bmal1-floxed
mice [22,25] with Ucp1-Cre mice [26]. As expected, the daily rhythmic
mRNA expression levels of Bmal1 were extensively dampened in the
BAT but not in the white adipose tissue of the BA-Bmal1 KO mice
(Figure 1A). Consistent with this, the rhythmic mRNA expression of
other clock genes (Per1, Cry1, and Nr1d1) was also markedly altered in
the BAT. Probably because NR1D1 acts as a repressor of Cry1 [36], the
mRNA levels of Cry1 were significantly elevated.
The thermogenic activity of BAT is mediated by the sympathetic ner-
vous system (SNS) through the action of the b3-adrenergic receptor
(encoded by Adrb3), which ultimately activates the transcription of
Ucp1 partly due to the increase in PPARg coactivator-1a (encoded by
Ppargc1a) [37]. In the BAT of the controls (Bmal1-floxed mice), the
mRNA expression of Adrb3 exhibited an obvious 24 h rhythm with a
peak at the beginning of the light phase (zeitgeber time [ZT] 0; ZT was
used to describe the experimental time with ZT 0 defined as lights on
and ZT 12 as lights off) (Figure 1B). This rhythm was dampened in the
BA-Bmal1 KO mice. Although the mRNA levels of Ppargc1a did not
differ between genotypes, both mRNA and protein levels of UCP1 were
significantly elevated for 24 h in the BA-Bmal1 KO mice as reported in
systemic Nr1d1 KO mice [23] (Figure 1B,C). However, this increase in
UCP1 did not affect the body weight, food intake, body composition,
and circulating glucose and lipid concentrations under a normal chow
diet (Figure 1D and Table 1).

3.2. BA-Bmal1 KO increased locomotor activity without affecting
core body temperature
The themogenic activity of the BAT, which greatly depends on the
UCP1 expression, plays an important role in maintaining body tem-
perature [1]. Therefore, we investigated the effects of BA-Bmal1 KO on
the core body temperature. The BA-Bmal1 KO mice housed at 23 �C, a
mild cold temperature for rodents, showed a similar 24 h core body
temperature rhythm compared to the control mice (Figure 2A). The
body temperature tended to be lower during the early rest phase (ZT
0e4) in the BA-Bmal1 KO mice than in the controls. Moreover, the
locomotor activity significantly increased, particularly in the active
phase (Figure 2B). Consistently, the duration of non-rapid eye move-
ment sleep was shorter in the middle of the active phase (ZT 16e20) in
the BA-Bmal1 KO mice (Figure 2C). Interestingly, the 24 h area under
the core body temperature time curve was positively correlated with
the 24 h cumulative sum of locomotor activity in the control mice, but
the correlation was completely inverted in the BA-Bma11 KO mice
(Figure 2D). Namely, the lower the body temperature, the higher the
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Figure 1: BA-Bmal1 KO increased UCP1 expression in BAT. (AeC) Daily expression profiles of the clock genes and thermogenesis-related genes. The mice housed at 23 �C
were sacrificed to obtain brown (AeC) and white adipose tissue samples (A) at the following ZTs: 0, 4, 8, 12, 16, and 20, in which ZT 0 was defined as lights on and ZT 12 as lights
off. The mRNA expression of the clock genes (A) and thermogenesis-related genes (B) and protein expression of UCP1 (C) were quantified using quantitative PCR and Western
blotting analyses, respectively. Data are presented as the mean and SD of 3e4 mice per time point per group. *p < 0.05 and **p < 0.01 at each time point. (D) Body weight and
food intake during normal chow feeding. The mice were housed three animals per cage. Data are presented as the mean and SD of six mice or means of two cages.
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Table 1 e Body weight, circulating glucose and lipid concentrations, and body composition of normal chow (NC) and high-fat diet (HFD)-fed mice.

NC (8 weeks of age) HFD (30 weeks of age)

Control BA-Bmal1 KO Control BA-Bmal1 KO

n 4 5 3 9
Body weight (g) 24.2 � 1.1 22.6 � 2.5 46.7 � 8.6 58.7 � 3.5**
Blood glucose (mg/dl) 152 � 10 152 � 12 188 � 27 184 � 21
Serum lipid concentration TC (mg/dl) 149 � 24 132 � 16 426 � 103 440 � 67

TG (mg/dl) 136 � 23 114 � 27 89 � 10 82 � 15
NEFA (mEq/l) 1.10 � 0.26 0.96 � 0.17 1.01 � 0.21 0.89 � 0.25

Tissue weight (g) iBAT 0.06 � 0.01 0.06 � 0.01 0.36 � 0.24 0.70 � 0.22*
ingWAT 0.22 � 0.01 0.19 � 0.03 2.54 � 0.67 3.26 � 0.34*
eWAT 0.36 � 0.06 0.30 � 0.07 1.53 � 0.69 1.17 � 0.26
asWAT 0.30 � 0.03 0.25 � 0.06 1.57 � 0.38 3.68 � 0.55**
prWAT 0.06 � 0.01 0.04 � 0.01 0.92 � 0.16 1.62 � 0.18**
Liver 1.15 � 0.08 1.02 � 0.11 2.97 � 1.37 3.70 � 0.57

Values are presented as the mean � SD. *p < 0.05 and **p < 0.01 vs control. TC, total cholesterol; TG, triglycerides; NEFA, non-esterified fatty acid; iBAT, interscapular brown
adipose tissue; ingWAT, inguinal white adipose tissue; eWAT, epididymal white adipose tissue; asWAT, anterior subcutaneous white adipose tissue; prWAT, perirenal white adipose
tissue.
activity in the BA-Bmal1 KO strain. Because increased locomotor ac-
tivity is one behavioral strategy for maintaining body temperature [38],
these results suggest that BA-Bmal1 KO increases behavioral ther-
mogenesis and raise the possibility that BA-Bmal1 KO does not
enhance but rather reduces thermogenesis despite the increased
expression of UCP1 in the BAT.

3.3. BA-Bmal1 KO mildly reduced thermogenesis in BAT
To determine if the BA-Bmal1 KO mice had reduced thermogenesis in
the BAT, we compared the surface temperature of the interscapular
BAT region between the BA-Bmal1 KO and their littermate control
mice. Although the BAT surface temperature itself did not differ be-
tween genotypes (37.4 � 0.7 �C in the control mice vs 38.0 � 0.4 �C
in the BA-Bmal1 KO mice; p ¼ 0.16), we found that the temperature
ratio of the BAT region to dorsal region, which was measured at ZT 8,
was significantly lower in the BA-Bmal1 KO mice than in the control
mice (Figure 3A). Consistent with this, the shivering intensity increased
at least during the late rest phase (ZT 8e12) (Figure 3B). Taken
together, these findings indicate that both shivering and behavioral
thermogenesis, which are not mediated by the SNS [39], adequately
compensated the impaired non-shivering thermogenesis in the BAT to
maintain the core body temperature. Possibly as a result, the SNS
activity assessed by daily urinary excretion of catecholamines
decreased in the BA-Bmal1 KO mice (Figure 3C). It is noteworthy,
however, that most of the observed effects of BA-Bmal1 KO were
temporal and relatively mild. In fact, the tolerance to cold exposure
(4 �C) of the BA-Bmal1 KO mice was comparable to that of the control
mice (Supplemental Fig. 1). Thus, the impairment in BAT function in
the BA-Bmal1 KO mice seemed to be very mild.

3.4. BA-Bmal1 KO mildly impaired lipid utilization in BAT
Both whole-body oxygen consumption and energy expenditure were
mostly comparable between genotypes but were significantly lower in
the BA-Bmal1 KO mice during the early active phase (Figure 4A and
Supplemental Fig. 2). Indirect calorimetry also revealed that the res-
piratory exchange ratio in the late active phase (ZT 20e24) was higher
in the BA-Bmal1 KO mice, indicating a shift in energy source from fatty
acids to glucose. Therefore, we then focused on the fatty acid utili-
zation. As shown in Figure 4B, the concentrations of free fatty acids in
serum, the major substrates for BAT thermogenesis [40], did not differ
for 24 h between genotypes. However, as reported in systemic Bmal1
MOLECULAR METABOLISM 49 (2021) 101202 � 2021 The Author(s). Published by Elsevier GmbH. This is
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KO mice [41], histological analyses showed a significant increase in
the BAT adipocyte area in the BA-Bmal1 KO mice (Figure 4C). It has
been shown in the liver of mice that most of the proteins related to fatty
acid utilization (uptake and oxidation) and the respiratory chain have
circadian patterns of expression under regulation of the intracellular
clock [42]. Therefore, we further investigated the daily expression
rhythms of these proteins in the BAT. As shown in Figure 4D,E, and 4F,
adipose triglyceride lipase (ATGL, encoded by Pnpla2) tended to exhibit
dampened 24 h expression rhythms of mRNA and protein in the BA-
Bmal1 KO mice compared to the control mice. Moreover, carnitine
palmitoyltransferase (CPT) 1A and CPT2, which are enzymes essential
for long-chain fatty acid influx from cytosol to the mitochondrial matrix,
were expressed at significantly lower levels in the BA-Bmal1 KO mice,
particularly when these levels nearly peaked in the control mice. BA-
Bmal1 KO somewhat increased the levels of proteins involved in the
assembly of mitochondrial oxidative phosphorylation complexes
(Figure 4E,G), suggesting minimal harmful effects of this KO on
mitochondria. Collectively, these results suggest that BA-Bmal1 KO
mildly impairs lipid utilization in the BAT possibly due to the disruption
of daily rhythms in fatty acid metabolism.

3.5. BA-Bmal1 KO reduced energy charges in BAT
Consistent with these results, a hierarchical cluster analysis
(Figure 5A) and principal component analysis (Figure 5B) of the
metabolome data (Supplemental Table 2 and Supplemental Fig. 3)
showed that the BAT samples of the BA-Bmal1 KO mice were clearly
distinguishable from those of the control mice. The amount of acetyl
CoA, a metabolite derived from fatty acid catabolism, was significantly
lower in the BA-Bmal1 KO mice than the control mice (Figure 5C). In
addition, ketogenic amino acids, which can also produce acetyl CoA,
and several glucogenic amino acids including glycine, arginine, and
methionine, decreased in the BA-Bmal1 KO mice. Furthermore, not
only ATP and ADP concentrations but the adenylate energy charge, an
index of cellular energy status [43], was significantly lower in the BA-
Bmal1 KO mice (Figure 5D). Notably, both creatine and creatinine also
decreased in the BA-Bmal1 KO mice (Figure 5E). Creatine is known to
be synthesized from glycine, arginine, and methionine, metabolize to
creatinine [44], and have a key role in UCP1-independent thermo-
genesis in the BAT [45]. Specifically, the BAT might produce heat
through the hydrolysis of phosphocreatine, although the precise
mechanisms underlying the regulation of this process remain unclear
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 5
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Figure 2: BA-Bmal1 KO increased locomotor activity without affecting core body temperature. (A and B) Daily profiles of core body temperature (A) and locomotor activity
(B). AUC, area under the curve. Data are presented as the mean (left) or mean þSD (right) of 30 values obtained from six mice. **p < 0.01. (C) Daily sleep-wake rhythm. Data are
presented as the mean þSD of six mice. *p < 0.05. (D) Association between core body temperature and locomotor activity.

Original Article
[46,47]. Because phosphocreatine increased in the BA-Bmal1 KO
mice, it is also possible that BA-Bmal1 KO impairs this UCP1-
independent thermogenesis.
6
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3.6. BA-Bmal1 KO mice were more prone to diet-induced obesity
We investigated whether BA-Bmal1 KO leads to obesity. Body weight
did not differ between genotypes when they were fed a normal chow
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Figure 3: BA-Bmal1 KO mildly reduced thermogenesis in BAT. (A) Representative thermal images (left) and the temperature ratio of the interscapular BAT region to the dorsal
region (right; n ¼ 5, each group), which were taken at ZT 8. The box indicated by the white arrow specifies the interscapular BAT region, and the box indicated by the black arrow
specifies the dorsal region. The highest temperature values of these selected regions were retrieved and analyzed. *p < 0.05. (B) Representative EMG signals (left) and daily EMG
RMS profiles (right; n ¼ 6, each group). **p < 0.01. (C) Urinary excretion of catecholamines. Data are presented as the mean þSD of 20 values obtained from five mice.
*p < 0.05.
diet (Figure 1D). However, after over 7 weeks of high-fat diet feeding,
the BA-Bmal1 KO mice gained significantly more weight than their
littermate controls with no change in food intake (Figure 6A and
Supplemental Fig. 4). Consistent with body weight gain, the weights of
most of the adipose tissues were higher in the BA-Bmal1 KO mice than
the control mice (Table 1). Quantitative PCR (Figure 6B) and Western
blotting analyses (Figure 6C) reconfirmed the effects of BA-Bmal1 KO
on the expression of fatty acid utilization-related genes even under a
high-fat diet. However, the differences in UCP1 expression between
genotypes, which were observed in the mice fed a normal chow diet
(Figure 1B,C), disappeared after high-fat diet feeding (Figure 6D,E).
This may not be surprising because UCP1 expression is reported to be
increased in normal mice fed a high-fat diet [48]. Rather, this disap-
pearance could potentially contribute to the exacerbation of obesity in
the BA-Bmal1 KO mice. Taken together, these results clearly indicate
MOLECULAR METABOLISM 49 (2021) 101202 � 2021 The Author(s). Published by Elsevier GmbH. This is

www.molecularmetabolism.com
that disruption of the circadian clock in BAT is an exacerbating factor of
obesity.

4. DISCUSSION

Chang et al. [49] analyzed BA-Bmal1 KO mice harboring Bmal1-floxed
alleles (RRID:IMSR_JAX:007668) and showed that, compared to wild-
type mice, both the core body temperature and blood pressure were
significantly lower during the rest phase at 22 �C with no change in
locomotor activity. However, the BA-Bmal1 KO mice used in this study,
which harbored RRID:MGI:5613396, exhibited a similar core body
temperature rhythm with increases in both locomotor activity and
shivering compared to the control mice. We also found that the mice
with lower body temperatures were more active, suggesting that
behavioral thermogenesis, that is, body heat produced by increased
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 7
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Figure 4: BA-Bmal1 KO mildly impaired lipid utilization in BAT. (A) Daily profiles of energy expenditure (VO2 and heat) and the respiratory exchange ratio (RER). See also
Fig. S2. Data are presented as the mean þSD of 30 values obtained from five mice. yp ¼ 0.08 and *p < 0.05. (B) Daily profile of serum non-esterified fatty acids (NEFA) (n ¼ 3e4
per time point per group). (C) Representative hematoxylin and eosin staining of BAT (left) and measured fat area (right). The BAT samples were obtained at ZT 6. Scale bar indicates
100 mm. Data are presented as the mean þSD (n ¼ 3 for control and n ¼ 4 for BA-Bmal1 KO). *p < 0.05. (DeG) Daily expression profiles of fatty acid utilization-related genes in
BAT. mRNA levels of fatty acid utilization-related genes (D) were analyzed by quantitative PCR. The protein expression of fatty acid utilization-related genes (F) and assembly of
mitochondrial oxidative phosphorylation complexes (G) were quantified by Western blotting analyses (E). Data are presented as the mean and SD of 3e4 mice per time point per
group. yp < 0.10 and *p < 0.05 at each time point.
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Figure 5: BA-Bmal1 KO reduced energy charges in BAT. (A and B) Hierarchical cluster analysis (A) and principal component analysis (B) of the metabolome data. See also
Supplemental Table 2 and Supplemental Fig. 3. The BAT samples were obtained at ZT 20 from six mice (three mice in each genotype), and the metabolome analysis was
conducted using CE-TOFMS and CE-MS/MS. (CeE) The levels of acetyl CoA and amino acids (C), adenylates and adenylate energy charge (D), and creatines (E) in BAT. The
adenylate energy charge was calculated using the formula [43]: [ATP þ 0.5 � ADP]/[ATP þ ADP þ AMP]. Data are presented as the mean þSD of three mice. *p < 0.05 and
**p < 0.01.
locomotor activity [38], increased in the BA-Bmal1 KO mice. The
decrease in SNS activity also indicated compensatory thermogenesis
in the skeletal muscle, which is not mediated by the sympathetic but
somatic nervous system [38,39]. Although the reason for those dis-
crepancies between the phenotypes of the two BA-Bmal1 KO strains
MOLECULAR METABOLISM 49 (2021) 101202 � 2021 The Author(s). Published by Elsevier GmbH. This is

www.molecularmetabolism.com
remains unclear, a significant phenotypical difference between liver-
specific Bmal1 KO mice generated using IMSR_JAX:007668 and
those with MGI:5613396 has also been reported. Specifically, hepatic
triglyceride accumulation after high-fat diet feeding was observed in
the former [50] but not in the latter mice [25]. Interestingly, this
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 9

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Figure 6: The BA-Bmal1 KO mice were more prone to diet-induced obesity. (A) Body weight (left) and food intake (right) during high-fat diet feeding. See also Supplemental
Fig. 4. The mice were housed three animals per cage from 4 weeks of age. High-fat diet feeding started at 8 weeks of age. In the first experiment, BA-Bmal1 KO mice (n ¼ 9) and
littermate controls (n ¼ 3) were housed mixed, and their body weights and food intake were measured weekly in a blinded fashion without determining the genotype. In the second
experiment, the mice (n ¼ 6, each genotype) were separated by their genotypes. Data are presented as the mean and SD (n ¼ 9 for control and n ¼ 15 for BA-Bmal1 KO) or
means of two cages in the second experiment. *p < 0.05 and **p < 0.01 at each time point. (BeE) mRNA (B and D) and protein expression (C and E) of fatty acid utilization-
related genes (B and C) and UCP1 (D and E) in BAT of the diet-induced obese mice. The samples were obtained at approximately ZT 6 from 12 mice in the first experiment. Data are
presented as the mean þSD. *p < 0.05.

Original Article
phenotype was also observed in systemic Bmal1 KO mice using
MGI:5613396 and Pgk-Cre mice [25]. Thus, the two Bmal1-floxed
alleles appear to possess somewhat different characteristics. Our re-
sults confirmed the possibility that BA-Bmal1 KO impairs non-shivering
thermogenesis in BAT. Chang et al. [49] concluded that decreases in
the blood pressure and heart rate in BA-Bmal1 KO mice might be due
to impairment of local angiotensin II production in the perivascular
adipose tissue. However, our data raise a possibility that decreases in
the blood pressure and heart rate may occur, at least in part, as a
consequence of reduced SNS activation.
10
� 2021 The Author(s). Published by Elsevier G
One of the possible mechanisms underlying the link between circadian
clocks and obesity is the regulation of adipose functions by the
intracellular clock in white adipocytes [17,18]. Reportedly, adipocyte-
specific Bmal1 KO mice generated using aP2-Cre mice have
decreased concentrations of polyunsaturated fatty acids in both the
plasma and hypothalamus, which regulates food intake, and conse-
quently have increased food intake and gain more body weight and fat
mass compared to control mice, particularly when fed a high-fat diet
[51]. These effects of Bmal1 deletion were considered due to the
reduced expression of Elovl6 and Scd1, the direct clock-controlled
MOLECULAR METABOLISM 49 (2021) 101202
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genes involved in fatty acid biosynthesis in white adipose tissue.
However, because Bmal1 was knocked out not only in the white ad-
ipose tissue but also in the BAT of this strain, it is possible that the
weight-increasing effects of adipocyte-specific Bmal1 KO were caused
in part by the impairment of BAT thermogenesis.
Proteomics analyses have shown that most of the enzymes involved in
fatty acid uptake and oxidation exhibit 24 h expression rhythmicity in
the mitochondria of mouse liver [42]. In particular, the rhythm of CPT1A
disappeared in Per1/2-deficient mice, suggesting that the daily rhythm
of fatty acid utilization is controlled by the circadian clock. This study
confirmed these findings in BAT and further indicated the patho-
physiological impact of this disrupted rhythmicity. The fact that the
overall 24 h BAT function was not obviously impaired in the BA-Bmal1
KO mice may highlight the importance of circadian rhythms in con-
trolling energy homeostasis.
Recent studies have suggested that futile creatine cycling is involved in
UCP1-independent thermogenesis of BAT [45]. Genetic depletion of
creatine levels in adipocytes through either synthesis [52] or uptake
from the circulation [53] impairs thermogenesis and potentiates diet-
induced obesity. In this study, BA-Bmal1 KO decreased BAT creatine
levels but increased phosphocreatine levels, suggesting the impair-
ment of futile creatine cycling. Further studies are needed to elucidate
the detailed mechanism underlying the association between creatine
cycling and the intracellular circadian clock.
In conclusion, BA-Bmal1 KO disrupted the 24 h rhythmicity of fatty acid
utilization in BAT and reduced BAT thermogenesis despite the
increased expression of UCP1. Because this impairment was
compensated by other types of thermogenesis, that is, shivering and
behavioral thermogenesis, the phenotypic effects were minimal under
normal conditions. However, the impact of BA-Bmal1 KO on the
development of obesity became obvious when the mice were fed a
high-fat diet. These results provide novel insights into the mechanisms
underlying the association between impaired circadian clocks and
obesity.

FUNDING

This work study supported by JSPS KAKENHI grant numbers
JP18K08470, JP19H01617, JP19K09776, JP20H03996, and
JP20K21651, AMED Wise and Kanazawa University CHOZEN Project.

AUTHOR CONTRIBUTIONS

N.H. designed the study, conducted the experiments, analyzed the
data, and wrote the manuscript. N.N., J.M., M.T.I, Z.J, and K.H. per-
formed the experiments. M.M., M.O., H$F., T.D., T.F., Y.M., T.O., S$S.,
S$K., and A.F. provided resources and expertise. H.A. conceptualized
the study, designed the research, conducted the experiments,
analyzed the data, and co-wrote the manuscript with input from all of
the co-authors.

ACKNOWLEDGMENTS

We are grateful to Tomoharu Yasuda, Kunikazu Saikawa, Kenta
Takahashi, and Yuko Tsurumi for technical assistance. We also thank
Prof. Hiroshi Kawasaki for his support.

DECLARATION OF COMPETING INTEREST

The authors have no conflicts of interest to declare.
MOLECULAR METABOLISM 49 (2021) 101202 � 2021 The Author(s). Published by Elsevier GmbH. This is

www.molecularmetabolism.com
APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.org/10.1016/j.

molmet.2021.101202.

REFERENCES

[1] Chouchani, E.T., Kazak, L., Spiegelman, B.M., 2019. New advances in

adaptive thermogenesis: UCP1 and beyond. Cell Metabolism 29(1):27e37.

https://doi.org/10.1016/j.cmet.2018.11.002.

[2] Saito, M., Okamatsu-Ogura, Y., Matsushita, M., Watanabe, K., Yoneshiro, T.,

Nio-Kobayashi, J., et al., 2009. High incidence of metabolically active brown

adipose tissue in healthy adult humans: effects of cold exposure and adiposity.

Diabetes 58(7):1526e1531. https://doi.org/10.2337/db09-0530.

[3] Lowell, B.B., S-Susulic, V., Hamann, A., Lawitts, J.A., Himms-Hagen, J.,

Boyer, B.B., et al., 1993. Development of obesity in transgenic mice after

genetic ablation of brown adipose tissue. Nature 366(6457):740e742. https://

doi.org/10.1038/366740a0.

[4] Feldmann, H.M., Golozoubova, V., Cannon, B., Nedergaard, J., 2009. UCP1

ablation induces obesity and abolishes diet-induced thermogenesis in mice

exempt from thermal stress by living at thermoneutrality. Cell Metabolism 9(2):

203e209. https://doi.org/10.1016/j.cmet.2008.12.014.

[5] Inokuma, K.I., Okamatsu-Ogura, Y., Omachi, A., Matsushita, Y., Kimura, K.,

Yamashita, H., et al., 2006. Indispensable role of mitochondrial UCP1 for

antiobesity effect of b3-adrenergic stimulation. American Journal of Physiology

- Endocrinology and Metabolism 290(5):1014e1021. https://doi.org/10.1152/

ajpendo.00105.2005.

[6] Takahashi, J.S., 2017. Transcriptional architecture of the mammalian circa-

dian clock. Nature Reviews Genetics 18(3):164e179. https://doi.org/10.1038/

nrg.2016.150.

[7] Poggiogalle, E., Jamshed, H., Peterson, C.M., 2018. Circadian regulation of

glucose, lipid, and energy metabolism in humans. Metabolism: Clinical and

Experimental 84:11e27. https://doi.org/10.1016/j.metabol.2017.11.017.

[8] Karatsoreos, I.N., Bhagat, S., Bloss, E.B., Morrison, J.H., McEwen, B.S., 2011.

Disruption of circadian clocks has ramifications for metabolism, brain, and

behavior. Proceedings of the National Academy of Sciences of the United States

of America 108(4):1657e1662. https://doi.org/10.1073/pnas.1018375108.

[9] Pan, A., Schernhammer, E.S., Sun, Q., Hu, F.B., 2011. Rotating night shift work

and risk of type 2 diabetes: two prospective cohort studies in women. PLoS

Medicine 8(12):e1001141. https://doi.org/10.1371/journal.pmed.1001141.

[10] Turek, F.W., Joshu, C., Kohsaka, A., Lin, E., Ivanova, G., McDearmon, E., et al.,

2005. Obesity and metabolic syndrome in circadian Clock mutant mice. Science

(New York, N.Y.) 308(5724):1043e1045. https://doi.org/10.1126/science.

1108750.

[11] Shostak, A., Meyer-Kovac, J., Oster, H., 2013. Circadian regulation of lipid

mobilization in white adipose tissues. Diabetes 62(7):2195e2203. https://

doi.org/10.2337/db12-1449.

[12] Sookoian, S., Gemma, C., Gianotti, T.F., Burgueño, A., Castaño, G., Pirola, C.J.,

2008. Genetic variants of Clock transcription factor are associated with indi-

vidual susceptibility to obesity. American Journal of Clinical Nutrition 87(6):

1606e1615. https://doi.org/10.1093/ajcn/87.6.1606.

[13] Woon, P.Y., Kaisaki, P.J., Bragança, J., Bihoreau, M.-T., Levy, J.C., Farrall, M.,

et al., 2007. Aryl hydrocarbon receptor nuclear translocator-like (BMAL1) is

associated with susceptibility to hypertension and type 2 diabetes. Pro-

ceedings of the National Academy of Sciences of the United States of America

104(36):14412e14417. https://doi.org/10.1073/pnas.0703247104.

[14] Ando, H., Yanagihara, H., Hayashi, Y., Obi, Y., Tsuruoka, S., Takamura, T.,

et al., 2005. Rhythmic messenger ribonucleic acid expression of clock genes

and adipocytokines in mouse visceral adipose tissue. Endocrinology 146(12):

5631e5636. https://doi.org/10.1210/en.2005-0771.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 11

https://doi.org/10.1016/j.molmet.2021.101202
https://doi.org/10.1016/j.molmet.2021.101202
https://doi.org/10.1016/j.cmet.2018.11.002
https://doi.org/10.2337/db09-0530
https://doi.org/10.1038/366740a0
https://doi.org/10.1038/366740a0
https://doi.org/10.1016/j.cmet.2008.12.014
https://doi.org/10.1152/ajpendo.00105.2005
https://doi.org/10.1152/ajpendo.00105.2005
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1016/j.metabol.2017.11.017
https://doi.org/10.1073/pnas.1018375108
https://doi.org/10.1371/journal.pmed.1001141
https://doi.org/10.1126/science.1108750
https://doi.org/10.1126/science.1108750
https://doi.org/10.2337/db12-1449
https://doi.org/10.2337/db12-1449
https://doi.org/10.1093/ajcn/87.6.1606
https://doi.org/10.1073/pnas.0703247104
https://doi.org/10.1210/en.2005-0771
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Original Article
[15] Ando, H., Kumazaki, M., Motosugi, Y., Ushijima, K., Maekawa, T., Ishikawa, E.,

et al., 2011. Impairment of peripheral circadian clocks precedes metabolic

abnormalities in ob/ob mice. Endocrinology 152(4):1347e1354. https://

doi.org/10.1210/en.2010-1068 [pii].

[16] Ando, H., Takamura, T., Matsuzawa-Nagata, N., Shima, K.R., Eto, T., Misu, H.,

et al., 2009. Clock gene expression in peripheral leucocytes of patients with

type 2 diabetes. Diabetologia 52(2):329e335. https://doi.org/10.1007/

s00125-008-1194-6.

[17] Shimba, S., Ishii, N., Ohta, Y., Ohno, T., Watabe, Y., Hayashi, M., et al., 2005.

Brain and muscle Arnt-like protein-1 (BMAL1), a component of the molecular

clock, regulates adipogenesis. Proceedings of the National Academy of Sci-

ences 102(34):12071e12076. https://doi.org/10.1073/pnas.0502383102.

[18] Ishikawa-Kobayashi, E., Ushijima, K., Ando, H., Maekawa, T., Takuma, M.,

Furukawa, Y., et al., 2012. Reduced histone H3K9 acetylation of clock genes

and abnormal glucose metabolism in ob/ob mice. Chronobiology International

29(8):982e993. https://doi.org/10.3109/07420528.2012.706765.

[19] Marcheva, B., Ramsey, K.M., Buhr, E.D., Kobayashi, Y., Su, H., Ko, C.H., et al.,

2010. Disruption of the clock components CLOCK and BMAL1 leads to

hypoinsulinaemia and diabetes. Nature 466(7306):627e631. https://doi.org/

10.1038/nature09253.

[20] Perelis, M., Marcheva, B., Ramsey, K.M., Schipma, M.J., Hutchison, A.L.,

Taguchi, A., et al., 2015. Pancreatic b cell enhancers regulate rhythmic

transcription of genes controlling insulin secretion. Science 350(6261). https://

doi.org/10.1126/science.aac4250.

[21] Dyar, K.A., Ciciliot, S., Wright, L.E., Biensø, R.S., Tagliazucchi, G.M.,

Patel, V.R., et al., 2014. Muscle insulin sensitivity and glucose metabolism are

controlled by the intrinsic muscle clock. Molecular Metabolism 3(1):29e41.

https://doi.org/10.1016/j.molmet.2013.10.005.

[22] Ando, H., Ushijima, K., Shimba, S., Fujimura, A., 2016. Daily fasting blood

glucose rhythm in male mice: a role of the circadian clock in the liver.

Endocrinology 157(2):463e469. https://doi.org/10.1210/en.2015-1376.

[23] Gerhart-Hines, Z., Feng, D., Emmett, M.J., Everett, L.J., Loro, E., Briggs, E.R.,

et al., 2013. The nuclear receptor Rev-erba controls circadian thermogenic

plasticity. Nature 503(7476):410e413. https://doi.org/10.1038/nature12642.

[24] Chappuis, S., Ripperger, J.A., Schnell, A., Rando, G., Jud, C., Wahli, W., et al.,

2013. Role of the circadian clock gene Per2 in adaptation to cold temperature.

Molecular Metabolism 2(3):184e193. https://doi.org/10.1016/j.molmet.

2013.05.002.

[25] Shimba, S., Ogawa, T., Hitosugi, S., Ichihashi, Y., Nakadaira, Y.,

Kobayashi, M., et al., 2011. Deficient of a clock gene, brain and muscle arnt-

like protein-1 (BMAL1), induces dyslipidemia and ectopic fat formation. PloS

One 6(9):1e10. https://doi.org/10.1371/journal.pone.0025231.

[26] Kong, X., Banks, A., Liu, T., Kazak, L., Rao, R.R., Cohen, P., et al., 2014. IRF4

is a key thermogenic transcriptional partner of PGC-1a. Cell 158(1):69e83

https://doi.org/10.1016/j.cell.2014.04.049.

[27] Sasaki, K., Suzuki, M., Mieda, M., Tsujino, N., Roth, B., Sakurai, T., 2011.

Pharmacogenetic modulation of orexin neurons alters sleep/wakefulness

states in mice. PloS One 6(5):e20360. https://doi.org/10.1371/journal.

pone.0020360.

[28] Moreira-Rodrigues, M., Quelhas-Santos, J., Roncon-Albuquerque, R.,

Serrão, P., Leite-Moreira, A., Sampaio-Maia, B., et al., 2012. Blunted renal

dopaminergic system in a mouse model of diet-induced obesity. Experimental

Biology and Medicine 237(8):949e955. https://doi.org/10.1258/ebm.2012.

012077.

[29] Honda, S., Araki, Y., Takahashi, M., Kakehi, K., 1983. Spectrofluorimetric

determination of catecholamines with 1,2-diphenylethylenediamine. Analytica

Chimica Acta 149:297e303. https://doi.org/10.1016/S0003-2670(00)85197-1.

[30] Bankhead, P., Loughrey, M.B., Fernández, J.A., Dombrowski, Y., McArt, D.G.,

Dunne, P.D., et al., 2017. QuPath: open source software for digital pathology

image analysis. Scientific Reports 7(1):1e7. https://doi.org/10.1038/s41598-

017-17204-5.
12
� 2021 The Author(s). Published by Elsevier G
[31] Ohashi, Y., Hirayama, A., Ishikawa, T., Nakamura, S., Shimizu, K., Ueno, Y.,

et al., 2008. Depiction of metabolome changes in histidine-starved Escherichia

coli by CE-TOFMS. Molecular BioSystems 4(2):135e147. https://doi.org/

10.1039/b714176a.

[32] Ooga, T., Sato, H., Nagashima, A., Sasaki, K., Tomita, M., Soga, T., et al.,

2011. Metabolomic anatomy of an animal model revealing homeostatic im-

balances in dyslipidaemia. Molecular BioSystems 7(4):1217e1223. https://

doi.org/10.1039/c0mb00141d.

[33] Sugimoto, M., Wong, D.T., Hirayama, A., Soga, T., Tomita, M., 2010. Capillary

electrophoresis mass spectrometry-based saliva metabolomics identified oral,

breast and pancreatic cancer-specific profiles. Metabolomics 6(1):78e95.

https://doi.org/10.1007/s11306-009-0178-y.

[34] Yamamoto, H., Fujimori, T., Sato, H., Ishikawa, G., Kami, K., Ohashi, Y., 2014.

Statistical hypothesis testing of factor loading in principal component analysis

and its application to metabolite set enrichment analysis. BMC Bioinformatics

15(1). https://doi.org/10.1186/1471-2105-15-51.

[35] Junker, B.H., Klukas, C., Schreiber, F., 2006. Vanted: a system for advanced

data analysis and visualization in the context of biological networks. BMC

Bioinformatics 7:1e13. https://doi.org/10.1186/1471-2105-7-109.

[36] Etchegaray, J.P., Lee, C., Wade, P.A., Reppert, S.M., 2003. Rhythmic histone

acetylation underlies transcription in the mammalian circadian clock. Nature

421(6919):177e182. https://doi.org/10.1038/nature01314.

[37] Bargut, T.C.L., Aguila, M.B., Mandarim-de-Lacerda, C.A., 2016. Brown adi-

pose tissue: updates in cellular and molecular biology. Tissue and Cell 48(5):

452e460. https://doi.org/10.1016/j.tice.2016.08.001.

[38] Terrien, J., Perret, M., Aujard, F., 2011. Behavioral thermoregulation in

mammals: a review. Frontiers in Bioscience 16(4):1428e1444. https://doi.org/

10.2741/3797.

[39] Nakamura, K., 2011. Central circuitries for body temperature regulation and

fever. American Journal of Physiology - Regulatory, Integrative and Compar-

ative Physiology 301(5). https://doi.org/10.1152/ajpregu.00109.2011.

[40] Schreiber, R., Diwoky, C., Schoiswohl, G., Feiler, U., Wongsiriroj, N.,

Abdellatif, M., et al., 2017. Cold-induced thermogenesis depends on ATGL-

mediated lipolysis in cardiac muscle, but not Brown adipose tissue. Cell

Metabolism 26(5):753e763. https://doi.org/10.1016/j.cmet.2017.09.004 e7.

[41] Li, S., Yu, Q., Wang, G.X., Lin, J.D., 2013. The biological clock is regulated by

adrenergic signaling in Brown fat but is dispensable for cold-induced ther-

mogenesis. PloS One 8(8):1e9. https://doi.org/10.1371/journal.pone.

0070109.

[42] Neufeld-Cohen, A., Robles, M.S., Aviram, R., Manella, G., Adamovich, Y.,

Ladeuix, B., et al., 2016. Circadian control of oscillations in mitochondrial rate-

limiting enzymes and nutrient utilization by PERIOD proteins. Proceedings of

the National Academy of Sciences 113(12):E1673eE1682. https://doi.org/

10.1073/pnas.1519650113.

[43] Atkinson, D.E., Walton, G.M., 1967. Adenosine triphosphate conservation in

metabolic regulation. Rat liver citrate cleavage enzyme. Journal of Biological

Chemistry 242(13):3239e3241. https://doi.org/10.1016/S0021-9258(18)

95956-9.

[44] Wyss, M., Kaddurah-Daouk, R., 2000. Creatine and creatinine metabolism.

Physiological Reviews 80(3):1107e1213. https://doi.org/10.1152/

physrev.2000.80.3.1107.

[45] Kazak, L., Cohen, P., 2020. Creatine metabolism: energy homeostasis, im-

munity and cancer biology. Nature Reviews Endocrinology 16(8):421e436.

https://doi.org/10.1038/s41574-020-0365-5.

[46] Kazak, L., Chouchani, E.T., Jedrychowski, M.P., Erickson, B.K., Shinoda, K.,

Cohen, P., et al., 2015. A creatine-driven substrate cycle enhances energy

expenditure and thermogenesis in beige fat. Cell 163(3):643e655. https://

doi.org/10.1016/j.cell.2015.09.035.

[47] Bertholet, A.M., Kazak, L., Chouchani, E.T., Bogaczy�nska, M.G., Paranjpe, I.,

Wainwright, G.L., et al., 2017. Mitochondrial patch clamp of beige adipocytes

reveals UCP1-positive and UCP1-negative cells both exhibiting futile creatine
MOLECULAR METABOLISM 49 (2021) 101202
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com

https://doi.org/10.1210/en.2010-1068
https://doi.org/10.1210/en.2010-1068
https://doi.org/10.1007/s00125-008-1194-6
https://doi.org/10.1007/s00125-008-1194-6
https://doi.org/10.1073/pnas.0502383102
https://doi.org/10.3109/07420528.2012.706765
https://doi.org/10.1038/nature09253
https://doi.org/10.1038/nature09253
https://doi.org/10.1126/science.aac4250
https://doi.org/10.1126/science.aac4250
https://doi.org/10.1016/j.molmet.2013.10.005
https://doi.org/10.1210/en.2015-1376
https://doi.org/10.1038/nature12642
https://doi.org/10.1016/j.molmet.2013.05.002
https://doi.org/10.1016/j.molmet.2013.05.002
https://doi.org/10.1371/journal.pone.0025231
https://doi.org/10.1016/j.cell.2014.04.049
https://doi.org/10.1371/journal.pone.0020360
https://doi.org/10.1371/journal.pone.0020360
https://doi.org/10.1258/ebm.2012.012077
https://doi.org/10.1258/ebm.2012.012077
https://doi.org/10.1016/S0003-2670(00)85197-1
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1039/b714176a
https://doi.org/10.1039/b714176a
https://doi.org/10.1039/c0mb00141d
https://doi.org/10.1039/c0mb00141d
https://doi.org/10.1007/s11306-009-0178-y
https://doi.org/10.1186/1471-2105-15-51
https://doi.org/10.1186/1471-2105-7-109
https://doi.org/10.1038/nature01314
https://doi.org/10.1016/j.tice.2016.08.001
https://doi.org/10.2741/3797
https://doi.org/10.2741/3797
https://doi.org/10.1152/ajpregu.00109.2011
https://doi.org/10.1016/j.cmet.2017.09.004
https://doi.org/10.1371/journal.pone.0070109
https://doi.org/10.1371/journal.pone.0070109
https://doi.org/10.1073/pnas.1519650113
https://doi.org/10.1073/pnas.1519650113
https://doi.org/10.1016/S0021-9258(18)95956-9
https://doi.org/10.1016/S0021-9258(18)95956-9
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1038/s41574-020-0365-5
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.1016/j.cell.2015.09.035
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


cycling. Cell Metabolism 25(4):811e822. https://doi.org/10.1016/

j.cmet.2017.03.002 e4.

[48] Surwit, R.S., Wang, S., Petro, A.E., Sanchis, D., Raimbault, S., Ricquier, D.,

et al., 1998. Diet-induced changes in uncoupling proteins in obesity-prone and

obesity-resistant strains of mice. Proceedings of the National Academy of

Sciences of the United States of America 95(7):4061e4065. https://doi.org/

10.1073/pnas.95.7.4061.

[49] Chang, L., Xiong, W., Zhao, X., Fan, Y., Guo, Y., Garcia-Barrio, M., et al., 2018.

Bmal1 in perivascular adipose tissue regulates resting-phase blood pressure

through transcriptional regulation of angiotensinogen. Circulation 138(1):67e

79. https://doi.org/10.1161/CIRCULATIONAHA.117.029972.

[50] Ma, D., Liu, T., Chang, L., Rui, C., Xiao, Y., Li, S., et al., 2015. The liver clock

controls cholesterol homeostasis through trib1 protein-mediated regulation of
MOLECULAR METABOLISM 49 (2021) 101202 � 2021 The Author(s). Published by Elsevier GmbH. This is

www.molecularmetabolism.com
PCSK9/Low Density Lipoprotein Receptor (LDLR) Axis. Journal of Biological

Chemistry 290(52):31003e31012. https://doi.org/10.1074/jbc.M115.685982.

[51] Paschos, G.K., Ibrahim, S., Song, W.L., Kunieda, T., Grant, G., Reyes, T.M., et al.,

2012. Obesity in mice with adipocyte-specific deletion of clock component Arntl.

Nature Medicine 18(12):1768e1777. https://doi.org/10.1038/nm.2979.

[52] Kazak, L., Chouchani, E.T., Lu, G.Z., Jedrychowski, M.P., Bare, C.J., Mina, A.I.,

et al., 2017. Genetic depletion of adipocyte creatine metabolism inhibits diet-

induced thermogenesis and drives obesity. Cell Metabolism 26(4):660e671.

https://doi.org/10.1016/j.cmet.2017.08.009 e3.

[53] Kazak, L., Rahbani, J.F., Samborska, B., Lu, G.Z., Jedrychowski, M.P.,

Lajoie, M., et al., 2019. Ablation of adipocyte creatine transport impairs

thermogenesis and causes diet-induced obesity. Nature Metabolism 1(3):

360e370. https://doi.org/10.1038/s42255-019-0035-x.
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 13

https://doi.org/10.1016/j.cmet.2017.03.002
https://doi.org/10.1016/j.cmet.2017.03.002
https://doi.org/10.1073/pnas.95.7.4061
https://doi.org/10.1073/pnas.95.7.4061
https://doi.org/10.1161/CIRCULATIONAHA.117.029972
https://doi.org/10.1074/jbc.M115.685982
https://doi.org/10.1038/nm.2979
https://doi.org/10.1016/j.cmet.2017.08.009
https://doi.org/10.1038/s42255-019-0035-x
http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com

	Brown adipocyte-specific knockout of Bmal1 causes mild but significant thermogenesis impairment in mice
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. RNA isolation and quantitative PCR
	2.3. Western blotting analyses
	2.4. Measurements of glucose and lipid concentrations
	2.5. Core body temperature and locomotor activity
	2.6. Electroencephalography and electromyography
	2.7. Thermographic imaging
	2.8. Measurement of urinary catecholamines
	2.9. Histological examination
	2.10. Indirect calorimetry measurements
	2.11. Metabolome analysis
	2.12. Statistical analysis

	3. Results
	3.1. BA-Bmal1 KO increased UCP1 expression in BAT
	3.2. BA-Bmal1 KO increased locomotor activity without affecting core body temperature
	3.3. BA-Bmal1 KO mildly reduced thermogenesis in BAT
	3.4. BA-Bmal1 KO mildly impaired lipid utilization in BAT
	3.5. BA-Bmal1 KO reduced energy charges in BAT
	3.6. BA-Bmal1 KO mice were more prone to diet-induced obesity

	4. Discussion
	Funding
	Author contributions
	Acknowledgments
	Declaration of competing interest
	Appendix A. Supplementary data
	References


