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SUMMARY
Here, we demonstrate that hypothalamic astrocytic BMAL1 computes cyclic metabolic information to
optimize energetic resources in a sexually dimorphic manner. Knockdown of BMAL1 in female astrocytes
leads to negative energy balance and alters basal metabolic cycles without affecting circadian locomotor
activity. Thus, astrocytic BMAL1 contributes to the control of energy balance through themodulation of the
metabolic rate, hepatic and white adipose tissue lipogenesis, and the activity of brown adipose tissue.
Importantly, most of these alterations are specific to hypothalamic astrocytic BMAL1. Moreover, female
mice with BMAL1 knockdown in astrocytes exhibited a ‘‘male-like’’ metabolic obese phenotype when
fed a high-fat diet. Overall, our results suggest a sexually dimorphic effect of astrocytic BMAL1 on the regu-
lation of energy homeostasis, which may be of interest in the physiopathology of obesity and related
comorbidities.
INTRODUCTION

Homeostasis in mammals is maintained by complex mecha-

nisms that regulate the balance between energy intake and

expenditure.1,2 Circadian rhythms, primarily controlled by the

hypothalamic suprachiasmatic nucleus (SCN), play a crucial

role in maintaining homeostatic regulation.3,4 Neurons and

astrocytes within the SCN coordinate circadian physiology

and behavior generated by cell-autonomous oscillators present

in nearly every cell of the body.5–11 Light entrains the SCN,

which conveys temporal information to other brain and

peripheral clocks through neuronal, hormonal, or behavioral

activity rhythms, such as the feeding-fasting and sleep-wake

cycles.12,13

The molecular clock, a molecular machinery present in virtu-

ally every cell and tissue, governs the intimate interplay between

nutrition, metabolism, exercise, and circadian physiology.14

Composed of transcriptional-translational feedback loops, the

molecular clock involves E-box specific transcription factors

BMAL1 and CLOCK, which activate the transcription of clock-

controlled genes influencing energy homeostasis.15 Disruption

of the circadian cycle is strongly linked to metabolic imbalance,

as observed in individuals working night shifts or experiencing

circadian arrhythmia in rodent models.3,16–18 The circadian func-

tion of BMAL1 is tightly linked to the principal metabolic pro-

cesses of cells and tissues. For instance, BMAL1 ablation in
This is an open access article und
white adipose tissue (WAT) leads to obesity and altered feeding

rhythms, while its absence in brown adipose tissue (BAT) impairs

thermogenesis.19,20 In astrocytes, BMAL1 controls molecular,

physiological, and behavioral circadian rhythms, affecting cogni-

tion, locomotor activity, glucose metabolism, and insulin sensi-

tivity in male mice.4,7,8,10,11,17

Sex differences have been observed in circadian rhythms, with

females exhibiting shorter periods and higher-amplitude oscilla-

tions in gene expression.21,22 Estrogens are not necessary for

maintaining circadian rhythms, while testosterone limits the

phase-shifting effect of light.23,24 Females also demonstrate

greater resistance to genetic and environmental circadian

disruption compared with males.25 Interestingly, circadian pro-

cesses such as metabolism, feeding, sleep-wake cycles, hor-

mone secretion, cardiovascular function, and body temperature

regulation display sex dimorphism, but the underlying regulatory

circuits and signaling mechanisms remain poorly understood.

This study aimed to investigate the impact of sex on the ac-

tions of astrocytes in energy balance by affecting the metabolic

rate, lipogenic enzymes in the liver and WAT, and BAT thermo-

genesis. Importantly, these effects are influenced by both sex

and diet. Notably, mice with BMAL1 knockdown in female astro-

cytes exhibited a male-like metabolic obese phenotype when

fed a high-fat diet. These results provide valuable insights into

the role of astrocytes in regulating energy balance and their

dependence on sex.
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RESULTS

Impact of female astrocytic BMAL1 in circadian
locomotor behavior
We examined the impact of astrocytic BMAL1 on circadian loco-

motor behavior in female mice using a tamoxifen (TM)-inducible

knockdown mouse model (Bmal1flx/flx, Glast-CreERT2+/�,
referred to as Bmal1cKD [conditional knockdown]).11,17,26 Previ-

ous studies have characterized the efficiency and specificity of

BMAL1 KD in the SCN and other hypothalamic nuclei in

males.11,17 To evaluate the recombination efficiency in female

mutants, we crossed Bmal1cKD mice with a Cre-inducible

red fluorescent reporter mouse line (Td-Tomato). TM was

administered to Bmal1cKD-Td-Tomato females and controls

(Glast-Cre-Td-Tomato) following a validated approach used in

males.11,17,26,27 Co-localization analysis confirmed a significant

50% reduction in BMAL1-positive astrocytes in the SCN

(Figures S1A and S1D) and the hypothalamic arcuate nucleus

(ARC) (Figures S1E and S1H) of Bmal1cKD-Td-Tomato females

compared with controls, consistent with findings in male

Bmal1cKDs.11,17 Furthermore, a decrease in BMAL1-positive

cells among Td-TOMATO- or GFAP-negative cells was observed

in the SCN (Figures S1B–S1D) and the ARC (Figures S1F–S1H) of

Bmal1cKD females, suggesting an impact of female astrocytes

on the neuronal clock, similar to studies in males.9–11,17,28

We monitored circadian locomotor activity in female mice

following entrainment to a 12-12 h light-dark (LD) cycle, transfer

to constant darkness (DD), and subsequent re-entrainment to a

new LD cycle (rLD).11 Bmal1cKD females entrained to LD cycles

and exhibited comparable periodicity to controls (23.90 ± 0.05

and 23.86 ± 0.03, paired t test p = 0.5470) (Figures S1I–S1K).

Notably, mutant mice exhibited increased activity during the first

half of the dark phase, suggesting a potential role for astrocytic

BMAL1 KD in shaping activity profiles during the dark (Fig-

ure S1I). In DD, both control and Bmal1cKD females displayed

a similar daily rhythm with an approximately 24 h period

(24.02 ± 0.04 and 24.02 ± 0.03, paired t test p = 0.97)

(Figures S1I–S1K), indicating that the mutants did not exhibit

an increased period as observed in males.7,8,10 Following the

DD period, Bmal1cKD females adjusted their activity to a new

LD cycle, similar to controls (Figures S1I–S1K), but still showed

increased activity during the first half of the dark period

(Figure S1I).

These findings suggest that the specific KD of astrocytic

BMAL1 does not significantly influence circadian locomotor

behavior in female mice. It is possible that the remaining

BMAL1-positive SCN astrocytes are sufficient to maintain circa-

dian locomotor behavior in females.

BMAL1 KD in astrocytes regulates energy balance in a
sex-dimorphic fashion
We studied the metabolic phenotype of Bmal1cKD mice,

comparing male and female controls (Bmal1fl/fl) with Bmal1cKD

littermates on a standard diet (STD) for 20 weeks.17 Female

Bmal1cKD mice had lower body weight than controls during

weeks 3–14 after TM treatment (Figure 1A), despite increased

feeding (Figure 1B) and similar activity levels (Figure 1C). They

also had significantly reduced lean mass 8 weeks after TM treat-
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ment (Figure 1D). At 17 weeks after TM treatment, female mu-

tants had had body weight and composition similar to controls,

except for increased gonadal fat mass (Figure S2A). In contrast,

as previously reported, male mutants exhibited higher body

weight than controls after 17 weeks of TM treatment (Fig-

ure S2B),17 along with normal levels of spontaneous activity11

(Figure S2C). Moreover, male Bmal1cKDs displayed higher ab-

solute adipose tissue mass than controls due to increased

gonadal fat mass (Figure S2D). Female Bmal1cKDs displayed

a blunted daily glucose level oscillation (Figure 1E), whereas

males maintained glucose level oscillation with lower daily

levels.17 After fasting, no differences in glucose levels were

observed in female mutants (Figure 1E). Glucose and insulin

(INS) tolerance tests (GTTs and ITTs) showed that Bmal1cKD

females had significantly improved glucose tolerance (Figure 1F)

and normal INS sensitivity (Figure 1G), similar to males

(Figure S2E).17

To investigate the involvement of ovarian function in the

observed sex differences, we performed bilateral ovariectomy

(OVX) or shamoperations on control orBmal1cKDs 4weeks after

TM treatment when mutants started showing decreased body

weight (Figure 1H). Twoweeks after the procedure, OVX controls

and mutants showed similar weight gain (Figure 1H). Although

OVX mice did not display hyperphagia 4 weeks post-proced-

ure,29 OVX Bmal1cKDs increased and normalized daytime

food intake, as previously reported30,31 (Figure 1I). Glucose toler-

ance in OVX mutants was comparable to controls (Figure 1J).

Importantly, fat depots in control animals remained unaffected

by OVX, as reported.32 However, OVX mutants exhibited

increased adiposity (Figure 1K) due to higher gonadal (g), subcu-

taneous (sc), and visceral (v) WAT depots (Figure 1L). Serum

triglycerides, cholesterol, and liver triglycerides did not differ be-

tween controls and mutants at 9 weeks post-surgery (Fig-

ure 1M).33–35 Interestingly, sham operated Bmal1cKDs exhibited

lower triglycerides and a trend toward decreased serum choles-

terol and liver triglycerides compared with sham controls (Fig-

ure 1M). These results indicate the crucial role of ovarian function

in the metabolic phenotype of Bmal1cKDs, as bilateral OVX fully

reversed the differences in body weight, glucose homeostasis,

food intake, and serum lipid levels between controls and

Bmal1cKDs.

While wheel running11 and physical activity in the absence of a

wheel showed a correlation in male Bmal1cKDs (Figure S2C), no

such correspondence was observed in female mutants. Despite

increased running-wheel activity (Figure S1I), femaleBmal1cKDs

exhibited comparable spontaneous activity to controls (Fig-

ure 1C). To further explore this, we analyzed the exploratory

behavior and anxiety of male and female Bmal1cKDs in a novel

environment using the open-field paradigm. Control and mu-

tants showed habituation to the new environment within each

session, as indicated by reduced distance traveled on day 2

compared with day 1 (Figure S2F). Similarly, the time spent in

the center of the open field (Figure S2G) and the overall activity

(Figure S2H) were unaffected by the genotype of the animals.

Therefore, female Bmal1cKDs did not show anxiety, novelty-

induced hyperactivity in locomotion, or deficits in habituation,

consistent with previous findings.36,37 However, the increased

running activity of female mutants suggests a potential impact



Figure 1. BMAL1 knockdown in astrocytes regulates energy balance in a sex-dimorphic fashion

(A) Age-dependent changes in body weight of control and Bmal1cKD females (n = 16).

(B) Food intake in control and Bmal1cKD females 8 weeks after of TM treatment (n = 8, paired t test, *p % 0.05 and ****p % 0.0001 vs. controls).

(C) Total spontaneous activity and daily activity waveforms for controls and Bmal1cKD mice after 8 weeks of TM treatment (n = 5–6).

(D) Fat and lean mass of control and Bmal1cKD females 8 weeks after of TM treatment (BW [body weight]) (n = 8, paired t test, **p % 0.01).

(E) Serum glucose and fasting glucose levels in control and mutant females after 8 weeks of TM treatment. Experimental data were cosine fitted (n = 6–10, two-

way ANOVA, ***p % 0.001; ##p < 0.01 vs. fed animals).

(F and G) GTT (F) and ITT (G) in control and Bmal1cKD females 14–15 weeks after TM treatment at ZT10 (n = 5–6, paired t test).

(H) Age-dependent BW changes in sham and ovariectomy (OVX) control and mutants (n = 4–6, two-way ANOVA, #p < 0.05, ##p < 0.01 vs. controls; **p < 0.01 vs.

OVX controls, and #p < 0.05 vs. OVX Bmal1cKDs).

(I) Daily food intake of control and OVX control and Bmal1cKD females 4 weeks after OVX or sham procedure (n = 4–6, two-way ANOVA, **p < 0.01 vs. sham

controls; #p < 0.05 vs. sham Bmal1cKDs).

(J) GTT of control and OVX control and Bmal1cKD females 5 weeks after OVX or sham surgery performed at ZT10 (n = 4–6, two-way ANOVA).

(K) Fat mass of sham and OVX control and Bmal1cKD females 5 weeks after OVX or sham surgery (n = 4–7, two-way ANOVA).

(L) Weights of gonadal, subcutaneous, and visceral white adipose tissues (gWATs, scWATs, and vWATs) of OVX and sham control and Bmal1cKD females after

9 weeks of the procedure (n = 4–8, two-way ANOVA).

(M) Serum cholesterol, triglycerides, and liver triglycerides in control and Bmal1cKD females after 9 weeks of the OVX at ZT0 (n = 3–8, two-way ANOVA). Data are

presented as mean ± SEM.
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of astrocytic BMAL1 on neuronal circuits influencing physical ac-

tivity in females.

Astrocytic BMAL1 controls BAT thermogenesis and
hepatic and WAT lipogenesis in females
To understand the feeding-independent decrease in body weight

in female mutants, we analyzed their BAT interscapular tempera-

ture. At 11 week after TM treatment, Bmal1cKD females showed

higher BAT temperature comparedwith controls (Figure 2A), while

no differences were observed in males (Figure S3A). Accordingly,

uncoupling protein 1 (UCP1) expression in BAT of female mutants

was increased at both Zeitgeber time 10 (ZT0) and ZT12

(Figures 2B and 2C), while the expression of BMAL1 remained un-

changed (Figure 2C). This suggests that the elevated temperature

observed in female mutants is not caused by disrupted circadian

clock function within BAT. To investigate whether the increased

thermogenesis in Bmal1cKD mice resulted from increased sym-

pathetic nervous system (SNS) activity mediated by astrocytes,38

control and Bmal1cKD females were treated with the b3 adren-

ergic receptor (b3-AR)-specific antagonist, SR59230A, 11 weeks

post-TM treatment. b-Adrenergic antagonism reduced BAT ther-

mogenesis activation and BAT UCP1 expression in Bmal1cKDs

(Figure S3B). This was associated with similar body weight gain

compared with controls (Figure S3B). Thus, astrocytic BMAL1

regulates SNS output and BAT thermogenesis in females, poten-

tially contributing to the decreased body weight observed in the

mutants.

Astrocytic BMAL1 affects fat mass in both males and females.

Thus, cholesterol and triglycerides levels were analyzed in both

groups at 18 and 11 weeks after TM. Male Bmal1cKDs showed

higher serum cholesterol levels at ZT0 compared with controls

(Figure S3A), while no differences were observed in females (Fig-

ure 2D). Serum triglycerides levels were higher at ZT0 compared

with ZT12,39 with no variations between sexes or genotypes

(Figures 2D and S3A). However, female mutants showed lower

liver triglycerides at ZT0 (Figure 2E) and reduced liver fat content

(Figure 2F). This was accompanied by decreased expression of

critical lipogenic enzymes such as acetyl-CoA carboxylase

(ACC) and fatty acid synthase (FAS) and a trend towarddecreased

levels of the transcription factor sterol regulatory element-binding

protein (SREBP1c) at ZT0 (Figure 2G). Additionally, mutants

also exhibited increased levels of the lipolytic phosphorylated

hormone-sensitive lipase (HSL) at ZT0 (Figure 2G). These results

suggest that astrocytic BMAL1 promotes hepatic lipid storage in

females. Interestingly, controls exhibited reduced expression of

ACC and SREBP1c at ZT12, consistent with increased lipogen-

esis during the active period inmice.40–42 However,Bmal1cKD fe-

males did not show this daily variation in hepatic lipogenic enzyme

expression (Figure 2G). Notably, the altered expression pattern in

mutants throughout the day was independent of the hepatic

clock, as the daily oscillations of Bmal1, Cry1, Per2, Nuclear re-

ceptor subfamily 1 group D member 1 (Rev-Erba), Albumin D

element-binding protein (Dbp), and Cytochrome P450 Family 7

Subfamily A Member 1 (Cyp7a1) were comparable with controls

(Figures 2H and 2I). This suggests that the changes in hepatic lipo-

genic enzyme expression in mutants are likely attributed to meta-

bolic cues, such as serum glucose levels, which tightly regulate

hepatic lipid metabolism.43
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We further investigate the expression of lipogenic and lipo-

lytic enzymes in gWAT and BAT. In gWAT, there was a reduc-

tion in ACC expression at ZT0 in mutant females (Figure S3C)

similar to what was observed in the liver (Figure 2G). Notably,

mutants also exhibited decreased ACC expression at ZT12,

similar to controls (Figure S3C). However, no significant

changes were observed in FAS and phosphorylated HSL

expression (Figure S3C). The altered ACC expression in

gWAT of mutant females was not associated with changes in

BMAL1 expression (Figure S3C). Interestingly, in BAT, ACC

expression was increased in mutants at ZT0 compared with

controls, while the expression of other enzymes remained unaf-

fected (Figure S3C).

Leptin, a hormone primarily produced in WAT, plays a crucial

role in regulating feeding, body mass, and energy balance.44

Controls exhibited higher leptin levels at ZT12 compared with

ZT0 45,46 (Figure S3D). In contrast, female mutants displayed

elevated leptin levels at ZT0 (Figure S3D), which may be associ-

ated with reduced daytime food intake, improved glucose toler-

ance, and increased BAT thermogenic activity.47,48

BMAL1 KD in astrocytes alters basal diurnal metabolic
rate in a sex-dependent manner
We assessed the impact of astrocytic BMAL1 KD on energy

expenditure in male and female animals 8 weeks after TM treat-

ment. Female Bmal1cKD mice showed increased energy

expenditure, O2 consumption, and CO2 production during the

dark phase (Figures 3A–3D), consistent with their lower body

weight and increased feeding during the active period. The res-

piratory quotient remained similar to controls (Figure 3B). Anal-

ysis of feeding cycles revealed an increased period and

advanced acrophase in female Bmal1cKDs (Figures 3E–3G).

Furthermore, female mutants displayed higher periodicity in en-

ergy expenditure and respiratory cycles, along with an

advanced acrophase in energy expenditure (Figures 3F and

3G). These findings suggest that astrocytic BMAL1 regulates

the period and phase of the feeding pattern in females and

that the changes in basal metabolic rate remain phase locked

to the feeding cycles in the presence of reduced astrocytic

BMAL1.

In contrast, malemutants did not exhibit significant changes in

the respiratory quotient, total energy expenditure, or respiratory

cycles compared with controls (Figures S4A–S4D). However,

they showed increased periodicity and delayed acrophase in cy-

clic energy expenditure, O2 consumption, and spontaneous lo-

comotor activity (Figures S4F, S4G, and S2C). Importantly, these

changes were not associated with alterations in the feeding cy-

cles, which exhibited significantly shorter periods (Figures S4E

and S4F). Thus, unlike females, astrocytic BMAL1 may be

necessary to alignmetabolic cycleswith the feeding pattern spe-

cifically in males.

Astrocytic BMAL1 modulates the phase entrainment to
feeding time
As astrocytes play a role in nutrient sensing, and BMAL1 KD in

astrocytes alters the feeding pattern17 (Figure 1B), we investi-

gated the influence of astrocytic BMAL1 on phase entrainment

to feeding time. Following 12 weeks of TM treatment, before



Figure 2. Astrocytic BMAL1 controls BAT thermogenesis and hepatic and WAT lipogenesis in females

(A) BAT temperature and thermal images of control and Bmal1cKDs 11 weeks after TM treatment (n = 9–14, paired t test, **p < 0.01).

(B) UCP1 BAT immunohistochemistry (n = 5–9, two-way ANOVA, ****p < 0.0001; ###p < 0.001 vs. ZT0). Scale bar: 10 mm (top images) and 20 mm (bottom images).

(C) BMAL1 and UCP1 BAT protein levels of control and mutants at ZT0 (n = 3–5, paired t test).

(D and E) Serum triglycerides and cholesterol (D) and liver triglycerides (E) in control and mutants 11 weeks after TM treatment (n = 3–10, two-way ANOVA,

*p < 0.05; #p < 0.05 and ##p < 0.01 vs. ZT0).

(F) Liver oil red staining in control and Bmal1cKDs 11 weeks after TM treatment (n = 6–9, two-way ANOVA; ####p < 0.0001 vs. ZT0). Scale bar: 20 mm.

(G) Hepatic ACC, FAS, SREBP1c, phosphorylated (phospho-) HSL, and HLS expression of control and Bmal1cKDs 11 weeks after TM treatment (n = 2–4, two-

way ANOVA).

(H and I) Hepatic clock genes and outputs (G) and obtained acrophase (I) in control and mutants after 10 weeks of TM treatment. Experimental data were cosine

fitted (n = 4–6). Data are presented as mean ± SEM.
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any dietary intervention, all animals exhibited standard nocturnal

activity patterns, with no significant differences or increased ac-

tivity observed before ZT4 (Figure 4A). We gradually reduced
food availability to 6 h for 6 days (ZT4–ZT10) and further to 4 h

for 4 days (ZT4–ZT8). During the restricted feeding (RF) period,

food anticipatory activity (FAA) occurred 1 to 4 h before food
Cell Reports 42, 112949, August 29, 2023 5



Figure 3. BMAL1 KD in astrocytes alters basal diurnal metabolic rate in a sex-dependent manner

(A, C, and D) Energy expenditure, O2 consumption, and CO2 production in control and Bmal1cKD females 8 weeks after TM treatment. Experimental data were

cosine fitted (two-way ANOVA and paired t test, *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. controls).

(B) Respiratory quotient in control and Bmal1cKD females.

(E) Feeding pattern of control and mutant females. Experimental data were cosine fitted.

(F andG) Periodicity (F) and acrophase (G) of spontaneous locomotor activity (LA), energy expenditure (EE), respiratory parameters, and feeding pattern in control

and Bmal1cKD females (paired t test, ***p < 0.001). Data are presented as mean ± SEM (n = 5–6).
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provision (Figures 4A and 4B). There was a significant decrease

in nocturnal activity in males, whereas females exhibited a trend

toward reduced activity that did not reach statistical significance

(Figures 4A and 4C). However, the overall locomotor activity

distribution and total activity remained similar between control

and mutants (Figure 4D). Moreover, both male and female

Bmal1cKDs exhibited similar acquisition of FAA compared with

controls (Figures 4A, 4B, and 4E).49,50

Feeding schedules and caloric restriction advance the phase

of nocturnal activity and the light-entrained rhythms of the

SCN.51,52 In line with this, control animals exhibited a significant

phase advance of approximately 2 h in their nocturnal activity

during the last 4 days of the RF compared with ad libitum condi-

tions (Figure 4F). However, the phase advances were less pro-

nounced in the mutants (Figure 4F), indicating that the require-

ment of astrocytic BMAL1 for SCN phase shifts in response to

RF. Importantly, there were no differences in cumulative food

intake (Figure 4G) or body weight (Figure 4H) between mutants
6 Cell Reports 42, 112949, August 29, 2023
and controls, suggesting that KD of astrocytic BMAL1 does

not impact metabolic adaptation to RF.

Astrocytic BMAL1 differentially regulates energy
balance in diet-induced obesity (DIO)
Consuming a high-fat diet (HFD) affects BMAL1 chromatin

recruitment, thereby impacting metabolic pathways and clock

genes.53 To investigate the contribution of astrocytic BMAL1,

we fed Bmal1cKD mice a 60% HFD for 16 weeks. Surprisingly,

female DIO-challenged mutants showed increased body weight

(Figure 5A) and food intake, particularly during the dark phase

(Figures 5B and 5C), compared with controls. Notably, these fe-

males also showed increased fat deposits in the g, sc, and v re-

gions, along with increased lean mass (Figure 5D). Thus,

Bmal1cKD female mice exhibit a ‘‘male-like’’ pattern of fat distri-

bution and body composition when exposed to an HFD. Further

analysis revealed unchanged BAT thermogenesis (Figure 5E),

but mutants exhibited reduced glucose tolerance (Figure 5F)



(legend on next page)
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without altered INS sensitivity (Figure 5G). These effects were

not attributed to differences in hypothalamic BMAL1 expression

between DIO-challenged control mice andmutants (Figure S5A).

To further explore the metabolic effects of an HFD on

Bmal1cKD females, we examined hepatic lipid metabolism, spe-

cifically focusing on liver lipogenesis. Mutants exhibited elevated

serum triglyceride levels at ZT0, while their cholesterol levels

were comparable to those of controls (Figure 5H). Interestingly,

they showed reduced hepatic fat content at ZT12 (Figure 5I).

Analysis of hepatic lipogenic enzyme expression revealed

notable differences between DIO-challenged controls and mu-

tants. Control mice on an HFD exhibited reduced ACC expres-

sion at ZT0 and FAS at both ZT0 and ZT12 compared with those

on an STD (Figure S5B). In contrast, Bmal1cKD females dis-

played reduced ACC expression throughout the day and FAS

at ZT12 (Figure S5B). However, there were no differences in

SREBP1c expression between Bmal1cKD mice on an STD or

an HFD (Figure S5B). Additionally, DIO-challenged Bmal1cKD

females tended to show lower FAS expression compared with

controls (Figure 5J), which correlated with their lower hepatic

fat levels (Figure 5I). Importantly, the suppression of hepatic

BMAL1 at ZT12 by the HFD was similar in control and mutants

(Figure 5J), indicating that the expression of lipogenic enzymes

was not influenced by differences in BMAL1 expression. These

findings suggest that astrocytic BMAL1 promotes hepatic lipid

storage in females independently of body weight.

Next, we investigated the impact of exposure to an HFD on the

metabolic rate of Bmal1cKO females. Surprisingly, DIO-chal-

lenged mutants displayed reduced daily activity (Figure 6A)

and energy expenditure (Figure 6B). They also showed a higher

respiratory quotient (Figure 6C), indicating decreased utilization

of dietary fat as a fuel source. These changes may contribute to

their heightened susceptibility to the obesogenic effects of the

HFD. Interestingly, the mutants displayed reduced periodicity

in energy expenditure and respiratory parameters (Figures 6D–

6F), suggesting disrupted energy utilization as an adaptive

response to misalignment. Additionally, we observed an unex-

pected delay in the acrophase of their circadian locomotor activ-

ity (Figures 6A and 6F). These findings indicate that DIO

partly mitigates certain metabolic consequences of BMAL1 KD

in female astrocytes, as evidenced by the reduced energy

expenditure and O2 consumption observed in DIO-challenged

Bmal1cKD mice.

Moving on to male mutants challenged with DIO, their body

weight remained similar to controls (Figure S5C), but they ex-

hibited increased food intake (Figures S5D and S5E). There

were no significant changes in body composition, BAT tempera-
Figure 4. Astrocytic BMAL1 modulates the phase entrainment to feedi

(A) Average waveforms of control andBmal1cKDmice under ad libitum (AL) condi

indicated.

(B) FAA in control and mutants (two-way ANOVA, ###p < 0.001 and ####p < 0.0

(C and D) Nocturnal activity (C) and total activity (D) in control and Bmal1cKDs u

####p < 0.0001 vs. AL animals).

(E) Representative actograms of male control and Bmal1cKDs.

(F) Acrophase of nocturnal LA of control and Bmal1cKDs (*p < 0.05 and ****p < 0

(G and H) Cumulative food intake (G) and BWs (H) of control and mutants. Gree

presented as mean ± SEM (n = 4–12).
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ture, serum cholesterol and triglycerides levels, or glucose

tolerance (Figures S5F–S5I). Notably, male mutants showed

increased INS sensitivity (Figure S5J). Moreover, their sponta-

neous activity, energy expenditure, respiratory quotient, O2 con-

sumption, or CO2 production were comparable to controls

(Figures S6A–S6E). Cosinor analysis of their locomotor activity,

energy expenditure, and respiratory cycle curves revealed that

the mutants exhibited significantly shorter rhythmic cycles

(Figures S6A–S6F) and an advanced acrophase (Figures S6A–

S6F) compared to the controls. These findings demonstrate

that BMAL1 KD in astrocytes regulates energy balance in DIO

in a sex-dependent manner.

Remarkably, the weight curve of Bmal1cKD females under

HFD closely resembled that of male Bmal1cKD and control

mice fed the same HFD (Figure S6G). Moreover, control females

exhibited a more substantial drop in respiratory quotient

compared with males when exposed to the HFD (Figure S6H),

indicating their better regulation of energy balance and lower

adiposity. Interestingly, the decrease in respiratory quotient in

DIO-challenged Bmal1cKD females mirrored that of males under

HFD (Figure S6H). Additionally, the increased body weight in

DIO-challenged female mutants was primarily due to higher

lean mass and heavier sc, v, and g fat pads (Figure 5D). These

findings further support the notion that female Bmal1cKDs

exhibit a ‘‘male-like’’ metabolic obese phenotype on an HFD,

while male mutants develop obesity even on an STD.

Hypothalamic astrocytic BMAL1 regulates energy
balance in a sex-dimorphic fashion
Themediobasal hypothalamus (MBH), consisting of the ARC and

the ventromedial nucleus (VMH), plays a critical role in regulating

energy balance.54 The VMH integrates information from light

exposure and nutrient availability, while the ARC contains an

SCN-independent oscillator sensitive to feeding states.55,56

However, the involvement of MBH astrocytic BMAL1 in cyclic

energy homeostasis remains unclear. To investigate this, we em-

ployed a viral-mediated Cre/lox system57–60 to selectively knock

down BMAL1 in astrocytes within the MBH of the adult male or

femaleBmal1fl/fl mice (GFAP-Bmal1-KD). Successful Cre recom-

bination was confirmed by GFP labeling, indicating specific tar-

geting of astrocytes within the infected area of the hypothalamus

in GFAP-Bmal1-KD mice (Figure 7A). Moreover, these mice ex-

hibited a significant 40% decrease in BMAL1 protein levels in

the MBH (Figure 7A).

Female GFAP-Bmal1-KD mice exhibited reduced body

weight (Figure 7B) and a trend toward decreased adiposity and

lean mass (Figure 7B). This was accompanied by significantly
ng time

tions and during RF from ZT4 to ZT10 (RF6) or ZT4 to ZT8 (RF 4 h). Acrophase is

001 vs. RF 6 h).

nder AL and the RF paradigm (two-way ANOVA, #p < 0.05, ##p < 0.01, and

.0001).

n areas indicate the feeding time, and gray areas indicate the nighttime. Data



Figure 5. Astrocytic BMAL1 regulates peripheral metabolism in diet-induced obesity (DIO)-challenged females

(A) Age-dependent changes in BW of DIO-challenged control and mutants (n = 7–9, *p < 0.05).

(B) Cumulative food intake of DIO-challenged control and Bmal1cKDs (n = 7–9, **p < 0.01).

(C) Food intake after 4 weeks of HFD (n = 7–9, two-way ANOVA, ****p < 0.0001 and ####p < 0.0001 vs. daytime).

(D) Left: fat and leanmass of control andBmal1cKDs after 14 weeks of HFD (BW). Right: weight of BAT, scWAT, gWAT, and vWAT after 15 weeks of HFD (n = 6–9,

paired t test).

(E) BAT thermographic temperature after 8 weeks of HFD (n = 7–8).

(F and G) GTT (F) and ITT (G) in control and mutants after 6–7 weeks of HFD, performed at ZT10 (n = 6–9, paired t test).

(H and I) Serum triglycerides and cholesterol (H) and liver oil red staining (I) in control and Bmal1cKD females after 15 weeks of HFD (n = 3–12, two-way ANOVA,

##p < 0.01 vs. ZT0). Scale bar, 20 mm.

(J) Hepatic ACC, FAS, SREBP1c, and BMAL1 in DIO-challenged control and mutants for 15 weeks (n = 3–4, two-way ANOVA, ####p < 0.0001 vs. ZT0). Data are

presented as mean ± SEM.
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decreased food intake (Figure 7C), increased BAT thermogene-

sis (Figure 7D), and improved glucose tolerance (Figure 7E). The

observed phenotype closely resembled that of Bmal1cKD fe-

males, except for decreased nighttime food intake. GFAP-

Bmal1-KD females also showed enhanced glucose-stimulated

INS secretion compared with controls (Figure 7E) and reduced

liver triglyceride levels (Figure 7F), similar to Bmal1cKD mice.

Importantly, BMAL1 KD in MBH astrocytes did not affect spon-

taneous activity (Figure 7G) but did increase energy expenditure

(Figure 7H). The respiratory quotient in GFAP-Bmal1-KD females

was comparable to controls (Figure 7I), while there was a signif-

icant increase in O2 consumption and CO2 production

(Figures 7J and 7K). Although GFAP-Bmal1-KD females did not

exhibit altered periodicity of metabolic cycles as observed in

Bmal1cKD females, they did show an advanced acrophase of

energy expenditure and feeding pattern (Figures 7L and 7M).

Therefore, MBH astrocytic BMAL1 controls the phase of the

feeding pattern, influencing basal metabolic and respiratory cy-

cles in females.
In contrast, GFAP-Bmal1-KD males did not exhibit changes in

body weight or composition (Figure S7A) but did show increased

daytime food intake (Figure S7B)17 and improved glucose

tolerance, consistent with the findings in Bmal1cKD mice

(Figure S7C).17 Importantly, spontaneous activity, respiratory

quotient, energy expenditure, and respiratory and feeding

cycles were largely unaffected in male GFAP-Bmal1-KO mice

(Figures S7D–S7J). These findings underscore the sex-depen-

dent role of hypothalamic BMAL1 in energy balance and rhyth-

mic energy expenditure.

To investigate the role of hypothalamic astrocytes more spe-

cifically, we targeted astrocytes in the ARC and selectively

knocked down BMAL1 using a viral-mediated Cre/lox system

approach.57–60 The successful targeting of ARC astrocytes

was confirmed by GFP labeling, which demonstrated specific

infection within the hypothalamus in ARC-Bmal1-KD mice (Fig-

ure S7K). These mice exhibited a significant decrease in

BMAL1 within the ARC (Figure S7K) and a substantial reduction

in BMAL1-positive astrocytes (Figure S7L), similar to previous
Cell Reports 42, 112949, August 29, 2023 9



Figure 6. BMAL1 KD in female astrocytes regulates basal metabolic rate in obesity
(A, B, D, and E) LA, EE, O2 consumption, and CO2 production in DIO-challenged control and Bmal1cKD females for 11 weeks. Experimental data were cosine

fitted (paired t test, *p < 0.05 and **p < 0.01).

(C) Respiratory quotient in DIO-challenged mice (paired t test).

(F) Periodicity and acrophase of activity, EE, and respiratory parameters in DIO-challenged control andmutants (paired t test, ***p < 0.01 and ****p < 0.0001). Data

are presented as mean ± SEM (n = 7–11).
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findings in Bmal1cKD mice (Barca-Mayo et al., 2020). Interest-

ingly, ARC-Bmal1-KD mice showed normal body weight,

composition, and glucose tolerance (Figures S7M–S7O). How-

ever, they did exhibit a notable reduction in food intake (Fig-

ure S7P). Thus, astrocytic BMAL1 within the ARC does not

replicate the phenotypic changes observed in mice with

BMAL1-deletion MBH or Bmal1cKD males. This highlights the

specificity of astrocytic BMAL1 in different hypothalamic nuclei

in regulating energy homeostasis and suggests the potential

involvement of VMH astrocytes in controlling energy balance.

DISCUSSION

Considerable evidence from humans and rodent studies sug-

gests a strong association between circadian disruption and

metabolic disorders, as well as energy imbalance.3,4,17,61,62

Recent research indicates gender differences in the metabolic

consequences of circadian disruption.23,63 However, the regula-

tory circuits involved and their gender-specific effects are not

well understood. In our study, we found an unexpected role of

MBH astrocytic BMAL1 in controlling energy expenditure, BAT

function, and lipogenesis in the liver and WAT, with sex-depen-

dent effects. Knocking down BMAL1 selectively in astrocytes
10 Cell Reports 42, 112949, August 29, 2023
amplified the metabolic differences between male and female

mice on an STD. Conversely, loss of BMAL1 in female astrocytes

resulted in a ‘‘male-like’’ metabolic obese phenotype when

exposed to an HFD, likely due to reduced activity and energy

expenditure and an elevated respiratory quotient. Thus, our find-

ings propose that astrocytic BMAL1 plays a crucial role in sex-

specific regulation of circadian clockwork, connecting it tometa-

bolic outputs and physiological rhythms.

Male SCN astrocytes exhibit daily rhythms that determine the

free-running period and the onset of wheel-running activity after

transitioning from DD to a new LD cycle.7,8,11 In contrast, female

Bmal1cKD mice show normal locomotor behavior during free

running, indicating that their central pacemaker is not intrinsically

impaired. While BMAL1 recombination percentages in male and

female SCN astrocytes are similar, incomplete BMAL1 recombi-

nation or specificity in females may explain their intact circadian

locomotor behavior. Partial deletion of BMAL164,65 or partial

lesions of the SCN66–71 did not lead to the loss of rhythms. How-

ever, global disruption of the neuronal clock occurs when

BMAL1 is deleted in a subset of astrocytes in both male11,17

and female brains (present study), suggesting that a small num-

ber of astrocytes in the SCN can establish and sustain circadian

patterns of activity and behavior.10 The sex differences in



Figure 7. Hypothalamic astrocytic BMAL1 regulates energy balance in females

(A) Left: MBH showing adeno-associated virus (AAV)-GFAP-GFP infection in Bmal1fl/fl mice. Scale bar: 100 mm. Right: MBH BMAL1 expression of AAV-GFAP-

GFP (controls) or AAV-GFAP-Cre (GFAP-Bmal1-KD) mice (n = 5–7, paired t test, **p < 0.01).

(B) Age-dependent BW changes and body composition of control and GFAP-Bmal1-KD mice after 8 weeks of AAV injection (n = 6–13, two-way ANOVA,

*p < 0.05).

(C) Food intake in control and mutants after 6 weeks of AAV injection (n = 7–8, paired t test, **p < 0.01 vs. controls).

(D) BAT temperature and thermal images after 9 weeks of AAV injection (n = 6–8, paired t test).

(E) GTT and glucose-stimulated plasma insulin levels in control and mutants after 6 weeks of AAV injection, performed at ZT10 (n = 7–8, paired t test).

(F) Liver triglycerides after 10 weeks of AAV injection (n = 4, paired t test).

(G, H, J, and K) LA, EE, O2 consumption, and CO2 production in control or GFAP-Bmal1-KDs. Experimental data were cosine fitted (n = 5–6; paired t tests).

(I) Respiratory quotient in control and GFAP-Bmal1-KDs (n = 5–6).

(L) Feeding pattern in control and GFAP-Bmal1-KD females. Experimental data were cosine fitted (n = 5–6).

(M) Period and acrophase of LA, EE, respiratory parameters, and feeding cycles in control and female GFAP-Bmal1-KD (n = 5–6; paired t test). Data presented as

mean ± SEM.
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circadian locomotor activity of Bmal1cKD mice align with previ-

ous findings indicating enhanced adaptability and resilience in

female mice to phase shifts and circadian disruptions.25 Male ro-

dents, on the other hand, demonstrate a greater ability to main-

tain entrainment compared with females.22 Further investigation

is needed to determine the role of BMAL1 in SCN astrocytes in

regulating energy balance and peripheral metabolism in females.

However, targeting all astrocytes in vivo is challenging due to

their widespread distribution and their region-specific gene

expression. Nonetheless, our study demonstrates that deleting

BMAL1 in MBH astrocytes partially replicates the metabolic
phenotype observed in female Bmal1cKDs, including reduced

bodyweight, altered cyclic energy expenditure, BAT thermogen-

esis, glucose tolerance, and liver triglyceride levels. It is impor-

tant to note that differences between Glast-Bmal1 global astro-

cyte KD and GFAP-Bmal1 hypothalamic KD phenotypes may

arise from the use of different Cre drivers.

Our comprehensive characterization of the metabolic pheno-

type in Bmal1cKD mutants reveals that astrocytic BMAL1 influ-

ences energy expenditure in a sex-dependent manner. This

finding aligns with a previous study demonstrating sex-specific

effects of circadian misalignment on energy utilization.23 In
Cell Reports 42, 112949, August 29, 2023 11
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females, circadian misalignment leads to reduced carbohydrate

oxidation rate and respiratory quotients, along with increased

energy expenditure and lipid oxidation rate.23 Similarly, our re-

sults indicate that knocking down astrocytic BMAL1 increases

BAT thermogenesis and energy expenditure in females. Interest-

ingly, we observed that female mutants demonstrate resilience

in synchronizing their cyclic energy expenditure with the feeding

patterns, while in males, metabolic cycles are synchronized with

spontaneous circadian activity. This suggests a potential inter-

action between the effects of astrocytic BMAL1 KD onmetabolic

dysfunctions in males and SCN-mediated rhythms. Thus, it is

reasonable to hypothesize that astrocytes integrate light and

nutrient inputs and establish connections between the SCN

and other circuits to optimize energy balance in males.

Importantly, the over-activation of BAT in Bmal1cKD females

mainly occurs during the dark period, indicating a circadian

component in these effects. Interestingly, we did not observe dif-

ferences in BMAL1 expression in the BAT of female mutants at

the beginning of the light and dark phases. However, we did

find that the SNS plays a role in triggering BAT over-activation

in female mutants. Additionally, KD of BMAL1 in astrocytes of

the MBH in females is sufficient to modulate cyclic energy

expenditure and BAT thermogenesis. Thus, our findings provide

strong evidence that, in addition to neuronal control,56,72

astrocytic BMAL1 regulates BAT thermogenesis, likely through

its influence on the circadian regulation of the SNS. Furthermore,

our observations reveal an interesting trend: mutants show

increased de novo FAS in BAT. This increased synthesis may

serve as amechanism to generate fuel for enhanced thermogen-

esis, compensating for the reduced availability of free fatty acids

from the liver and WAT. Indeed, sympathetic activation of b-ARs

during cold exposure is known to stimulate both de novo FAS

and oxidation in BAT.73

The well-established inverse correlation between the pres-

ence of brown and beige adipocytes and the development of

obesity and type 2 diabetes in humans is widely recognized.74

Importantly, loss of astrocytic BMAL1 improves glucose toler-

ance in both males and females. However, it is noteworthy that

only female mutants exhibited increased BAT stimulation, sug-

gesting that the primary factors contributing to improved

glucose tolerance in females are likely heightened BAT thermo-

genesis (resulting in enhanced glucose clearance) and increased

INS secretion. This highlights the presence of sex-specific

mechanisms in the integration of BAT function and glucose

homeostasis.

Further research is needed to elucidate the precise mecha-

nisms underlying the sex-dependent control of energy balance

by astrocytic BMAL1 in both chow and HFD conditions. How-

ever, several possibilities can be speculated. (1) Our findings

suggest that astrocytic BMAL1 might integrate ovarian estrogen

(E2) signaling differently in chow and HFD. It is possible that as-

trocytic BMAL1 converges E2 signaling with neuroendocrine

stimuli associated with HFD, potentially involving increased lep-

tin levels, to maintain energy homeostasis in a hypercaloric envi-

ronment.75,76 This could be related to the regulation of estrogen

receptor b expression by BMAL1,77 enhancing the ability of E2 to

decrease food intake in the presence of hyperleptinemia. (2)

Astrocytic BMAL1 may utilize distinct molecular pathways to
12 Cell Reports 42, 112949, August 29, 2023
regulate gene expression and physiological rhythms in males

and females. Consequently, KD of astrocytic BMAL1 in females

could disrupt the coordination between peripheral functions in

the liver, BAT, and WAT and feeding/metabolic rhythms, partic-

ularly in response to HFD. Investigating the rhythmic outputs

from astrocytes to various peripheral axes, such as adipose tis-

sues and the liver, and how they integrate endocrine signals con-

trolling energy balance inmales and females will pose challenges

for future studies. Understanding the sex differences in these

circadian mechanisms is crucial for comprehending the diver-

gent responses to circadian disruption23,78–80 and other sex di-

morphisms. Our findings provide valuable insights into the po-

tential development of gender-specific treatments for diseases

related to cellular clocks, energy homeostasis, and peripheral

metabolism, providing opportunities for designing chronothera-

peutic strategies.

Limitations of the study
Our study has certain limitations that should be acknowledged.

Firstly, while our findings do not strongly support the direct

involvement of astrocytic BMAL1 in circadian locomotor

behavior or metabolic adaptation to the RF, it is important to

consider that a partial reduction of astrocytic BMAL1 or the pres-

ence of BMAL1 in specific brain regions may still have functional

implications. Further investigations using a complete knockout

of astrocytic BMAL1 or alternative methods to modulate its

expression will provide more insights into its precise contribu-

tions to these processes.

Additionally, caution should be exercised when interpreting

our results regarding lipogenesis in the liver, gWAT, and BAT,

as the analysis was limited by the small number of samples pro-

filed. However, we observed significant trends that were

supported by the assessment of liver triglycerides and oil red

staining. These findings suggest that there may be an upregula-

tion in de novo FAS as a potential compensatory mechanism to

generate fuel for heightened thermogenesis, considering the

reduced availability of free fatty acids from the liver and WAT.

Although the findings are limited by the small sample size, they

provide valuable insights into the metabolic phenotypes of the

mutants.
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bank, E., López, N., Mandiá, N., Grijota-Martinez, C., Salgado, C.A., No-

gueiras, R., et al. (2021). BMP8 and activated brown adipose tissue in

human newborns. Nat. Commun. 12, 5274. https://doi.org/10.1038/

s41467-021-25456-z.

85. Seoane-Collazo, P., Rial-Pensado, E., Estévez-Salguero, A., Milbank, E.,
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Antibodies

Mouse anti-GFAP (1:1000) Sigma-Aldrich G3893, RRID: AB_477010

Rabbit anti-BMAL1 (1:1000, western blot;

1:200, immunofluorescence)

Santa Cruz Biotechnology sc-365645, RRID: AB_10841724

Rabbit anti-UCP-1 (1:5000, western blot;

1:2000, immunohistochemistry)

Abcam ab10983; RRID: AB_2241462

Rabbit anti-ACC (1:1000) Cell Signaling 3662-S, RRID: AB_10694075

Mouse anti-FAS (1:1000) BD Science 610963, RRID: AB_398276

Mouse anti-SREBP1c (1:1000) Abcam ab3259, RRID: AB_303650

Rabbit anti-phospho-HLS (1:1000) Cell Signaling 4126, RRID: AB_490997

Rabbit anti-HSL (1:1000) Abcam ab45422, RRID: AB_2135367

Mouse anti-GAPDH (1:5000) Santa Cruz Biotechnology sc-25778, RRID: AB_10167668

Mouse anti-a-tubulin (1:5000) Sigma-Aldrich T5168; RRID: AB_477579

Mouse anti-b-Actin (1:5000) Sigma-Aldrich A5316; RRID: AB_476743

Alexa Fluor 488 Goat anti-Rabbit

IgG (H + L) (1:1000)

Invitrogen A11008; RRID: AB_143165

Alexa Fluor 546 Goat anti-Mouse

IgG2b (1:1000)

Invitrogen A21143; RRID: AB_2535779

Alexa Fluor� 647 Nano-Secondary

alpaca anti-mouse IgG1 (1:1000)

Proteintech sms1AF647-1; RRID: AB_2864264

Bacterial and virus strains

AAV (serotype 2/5)- GFAP (2.2)-iCre Vector Biolabs VB1172

AAV (serotype 2/5)- GFAP (2.2)-EGFP Vector Biolabs VB1180

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich Cat# T5648

D-glucose Sigma-Aldrich Cat# G8270

Insulin Novo Nordisk N/A

Protease inhibitor cocktail tablets Roche Diagnostics Cat# 11697498001

Ethylenediaminetetraacetic acid

disodium salt dihydrate

Sigma-Aldrich Cat# E5134

Ethylene glycol-bis(b-aminoethyl)-N,

N, Nʹ, Nʹ-tetra acetic Acid

Merck Cat# 324626

Sodium Orthovanadate Sigma-Aldrich Cat# S6508

Sodium Fluoride Sigma-Aldrich Cat# 201154

Sodium chloride Sigma-Aldrich Cat# 1-06404

Sodium pyrophosphate Sigma-Aldrich Cat# 221368

Sucrose Sigma-Aldrich Cat# S0389

Corn Oil Sigma-Aldrich Cat# C8267

Tween 20 Sigma-Aldrich Cat# P9416

Paraformaldehyde Sigma-Aldrich Cat# P6148

Bovine serum albumin Sigma-Aldrich Cat# A9647

Methanol Sigma-Aldrich Cat# 179337

Chloroform Sigma-Aldrich Cat# 32211

Tritón X-100 Sigma-Aldrich Cat# 282103

Protein Assay Dye Reagent BIO RAD Cat# #5000006
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REAGENT or RESOURCE SOURCE IDENTIFIER

b3-AR specific antagonist, SR59230A TOCRIS Cat# 1511/10

Critical commercial assays

Mouse Leptin ELISA Merck-Millipore Cat# EZML-82K

Mouse Insulin ELISA Merck-Millipore Cat# EZRMI-13K

Triglycerides colorimetric assay Spinreact Cat# 1001314

Cholesterol colorimetric assay Spinreact Cat# 1001093

ImProm-IITM Reverse Transcription System Promega Cat# A3800

QuantiFast SYBR Green PCR Kit Qiagen Cat# 204054

Experimental models: Organisms/strains

Bmal1flx/flx (B6.129S4(Cg) Arntltm1Weit/J) Jackson Laboratory RRID: IMSR_JAX:007668

Glast-CreERT2 Magdalena Götz,

Ludwig-Maximilians-

University Munich

(Mori et al.)27

td-Tomato (B6. Cg-Gt (ROSA)26Sor

tm9 (CAG-tdTomato)Hze/J)

Jackson Laboratory RRID: IMSR_JAX:007909

Oligonucleotides

See Table S1 list of primers used in this paper N/A

Software and algorithms

GraphPad Prism v9.5.1 GraphPad Software https://www.graphpad.com/

ImageJ v1.53c NIH https://imagej.nih.gov/ij/download.html

FLIR Tools software FLIR Systems N/A

ANY-maze software Stoelting N/A

TSE Systems LabMaster N/A

Minispec BRUKER N/A

Wheel Manager software SOF-860- Med Associates Inc N/A

Actogram J ImageJ https://bene51.github.io/ActogramJ/

Other

Standard chow diet (Teklad Global

18% Protein Roden Diet)

ENVIGO Company Cat# 2918

HFD (60% fat, 20% carbohydrate,

20% protein, 5.21 kcal/g; D12492)

Research Diets Cat# D12492
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Olga

Barca-Mayo (olga.barca.mayo@usc.es).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Micewere housedwith ad libitum access to food andwater and kept on a 12-h (8 a.m.–8 p.m.) light-dark cycle in a roommaintained at

21�C at the animal facility of the University of Santiago de Compostela. Care of all animals followed institutional animal care
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committee guidelines. All procedures were reviewed and approved by the University of Santiago de Compostela Ethics Committee,

following the European Union normative for the use of experimental animals (Project ID 15012/2021/011).

Bmal1flx/flx (B6.129S4(Cg) Arntltm1Weit/J; RRID: IMSR_JAX:007668) and td-Tomato (B6. Cg-Gt(ROSA)26Sor tm9 (CAG-

tdTomato)Hze/J; RRID:IMSR_JAX:007909) mice were obtained from Jackson Laboratory, and the Glast-CreERT2 mouse line was

kindly provided by from Dr. M. Götz (Ludwig-Maximilians-University Munich, Germany).

METHOD DETAILS

Treatments
Eight-to ten-week-old Glast-CreERT2; Bmal1flx/flx (Bmal1cKD) mice and controls (Bmal1flx/flx) were treated with Tamoxifen (Sigma-

Aldrich, T-5648) dissolved in corn oil (Sigma-Aldrich, C-8267).11,17,26 The animals received 5 mg/day for two days by oral

gavage,11,17,26,27 and Bmal1flx/flx littermates treated with tamoxifen served as controls. Animals were provided ad libitum access

to water and either standard chow (ENVIGO Company) or a high-fat diet (60% fat, 20% carbohydrate, 20% protein, 5.21 kcal/g;

D12492; Research Diets, Inc) starting one week after the TM treatment. Body weights and food intake were measured weekly.

The b3-AR specific antagonist, SR59230A ([3-(2ethylphenoxy)-1-[(1,S)-1,2,3,4-tetrahydronapth-1-ylamino]-2S-2-propanol-oxa-

late] (3 mg/kg/day, dissolved in DMSO; Tocris Bioscience; Bristol, UK)57,58,81,82 was administrated subcutaneously for 7 days twice

a day, at the onset of the cycles at 8:00 and 20:00.

Determination of the body composition
The whole-body composition was measured using nuclear magnetic resonance imaging (Whole Body Composition Analyzer;

EchoMRI, Houston, TX).

Thermographic temperature
Skin temperature surrounding BAT was recorded using a B335 compact infrared thermal imaging camera (FLIR) and analyzed with

FLIR Tools software (FLIR Systems).83–86 Infrared thermography images were taken from the back of the mice to precisely visualize

heat production from theBAT. For each image, the BAT surrounding areawas delimited, and the average temperature of the skin area

was calculated as the average of 3 pictures per mouse.

Indirect calorimetry
Mice were analyzed for energy expenditure, respiratory quotient, and spontaneous locomotor activity using a calorimetric system

(LabMaster; TSE Systems).58,83,85,87 Mice were acclimated for 24 h to the test chambers and then monitored for an additional 48–96 h.

Ovariectomy
Four weeks after TM treatment, female mice in the control and Bmal1cKD groups underwent bilateral ovariectomy (OVX) or sham

surgery.58,88,89 Briefly, under ketamine–xylazine anesthesia (50 mg/kg, intraperitoneal), both flanks of the mice were shaved, and

they were placed on their left flank. An incision was made in the right flank skin and muscle layers, and the ovary was carefully ex-

tracted. The distal part of the uterine horn was ligated with a surgical suture, and then the ovary was removed by dissecting between

the suture and the ovary. The same procedure was performed to remove the left ovary after returning the horn to the abdominal cav-

ity. The wound was closed by suturing the muscle layer with surgical silk and applying surgical staples to the skin. Sham surgeries

were also performed, where each ovary was exposed but not tied or dissected. All experimental tests on OVX mice were conducted

four weeks after surgery to ensure complete washout of ovarian hormones.58,88,89

Stereotaxic microinjections of AAV
To specifically ablate BMAL1 in mediobasal (MBH) or arcuate (ARC) astrocytes, we utilized adeno-associated virus (AAV) viral par-

ticles (serotype 2/5) that expressed GFP or Cre protein under the control of the hGFAP promoter (Vector Biolabs, Philadelphia, PA,

USA). AAV-hGFAP-GFP (control animals) or AAV-hGFAP-Cre (GFAP-Bmal1-KD) particles (23109 viral genome particles per side)

were stereotaxically injected bilaterally into the MBH or ARC of Bmal1fl/fl littermates. The injections were performed using a

33-gauge needle connected to a 1 mL syringe (Neuro-Syringe, Hamilton). Stereotaxic coordinates were �1.5 mm posterior,

�0.4 mm lateral to bregma; and �5.8 mm ventral from the dura for the MBH and �2.8 mm posterior, ±0.3 mm lateral to bregma

and 10.2 mm dorsoventral for the ARC.57–60 Before retracting the needle, a 10-min time-lapse was allowed to prevent backflow

through the needle track, and then the syringe was withdrawn. After the procedure, the skin incision was closed with surgical sutures

(Henry Schein), andmicewere placed in a heated cage until they recovered from anesthesia. Bodyweight and food intakeweremoni-

tored weekly. Experiments were conducted at least three weeks after the injections to ensure AAV expression. Surgeries were per-

formed using a mixture of ketamine and xylazine (15 mg/kg and 3 mg/kg) as anesthetic agents, and meloxicam (5 mg/kg) and

buprenorphine (0.05 mg/kg) were administered as analgesic agents.
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Open field test
Two months after TM treatment, control andBmal1cKD mice were habituated to handling and transport from the colony room to the

behavioral room for 3 days before the tests began. The tests were conducted during the light cycle (ZT 3–7). Each mouse was placed

in a brightly lit 44 3 44 cm acrylic square box, and their activity was tracked using an overhead FireWire camera (DMK 31AF03-Z2,

The Imaging Source). The animal’s activity was recorded every 5 min for 1 h on day 1, and the same procedure was repeated 24 h

later, on day 2. The recorded data were analyzed using ANY-maze software (Stoelting). Throughout the experiments, the investiga-

tors were blinded to group allocation. All apparatuses and testing chambers were cleaned with 70% ethanol wipes between each

animal.

Circadian locomotor activity
Female Bmal1cKD and control mice, aged 4–5 months, were single-housed in cages equipped with running wheels (ENV-044; Med

Associates Inc). Themice were given a 3-day adaptation period to the wheels in standard light-dark cycles (12 h:12 h) before the start

of the experiment. The experiment was conducted under these light-dark cycle conditions for 7–10 days. Subsequently, the mice

were transferred to isolated black cages (Tecniplast) and placed in constant darkness for 30 days. After the constant darkness

period, the mice were exposed to light-dark cycles (12 h:12 h) for ten days. Running wheel activity was recorded in 5-min bins using

Wheel Manager software (SOF-860; Med Associates Inc). The data obtained were analyzed with Actogram J (https://bene51.github.

io/ActogramJ/).11,17

Food restriction experiments
Control and Bmal1cKDmice, after 12 weeks of TM treatment, were housed in a temperature- and humidity-controlled room under a

12:12 h light-dark cycle (LD) with lights on at 08:00 (ZT0). To minimize potential effects of different body weights between genotypes

on the acquisition of the food anticipatory activity (FAA), mice were subjected to the restricted feeding (RF) paradigm 12 weeks after

TM when the differences between sex-matched groups were reduced. Prior to the restricted feeding schedules, locomotor activity

was monitored in LD for seven days under ad libitum (AL) feeding conditions. Body weight and food intake were determined at ZT4.

Subsequently, the mice were exposed to a restricted feeding schedule for ten days. During this schedule, access to standard lab

chow (ENVIGO Company) was restricted from ZT4 to ZT10 for six days and from ZT4 to ZT8 for the remaining four days. To monitor

food consumption, food pellets for each mouse were weighed daily before (ZT4) and after (ZT10 or ZT8) food availability.

Running wheel activity was recorded in 5-min bins using Wheel Manager software (SOF-860; Med Associates Inc). The activity

data were analyzed by Actogram-J, and actograms and average waveforms were generated for visual inspection. The acrophases

were obtained by fitting the average activities to a cosinor curve with a period of 24 h. The equation used for the nonlinear least-

squares regression fittingwas y =A +B3 cos [2p3 (t�C)/24], where A is the rhythm-adjustedmean, B is the amplitude of the rhythm,

C is the phase given in circadian time, and t is the circadian time. Food anticipatory activity (FAA) was defined as occurring 4 h pre-

ceding the scheduled mealtime. FAA was calculated by dividing the locomotor activity in the 4 h before the scheduled feeding by the

total amount of locomotor activity over 24 h, expressed as a percentage of the total. Similarly, nocturnal activity was calculated by

dividing the locomotor activity at night (ZT12 - ZT24) by the total locomotor activity over 24 h, including the FAA.

Glucose and insulin tolerance test
Insulin tolerance tests (ITT) were performed in 6 h food-deprivedmice. For the glucose tolerance test (GTT) an intraperitoneal injection

of 2 g/kg of D-glucose (G8270, Sigma-Aldrich) was administered, while for the ITT, an injection of insulin (0.75 IU/kg for males and

0.35 IU/kg for females) (Actrapid, Novo Nordisk) was given.17,90,91 Blood glucose levels were measured at the indicated time points.

Glucose-stimulated insulin secretion
An intraperitoneal injection of 2 g/kg of D-glucose (G8270, Sigma-Aldrich) was administered. Blood samples were collected at

different time points and insulin levels were measured using an Insulin Mouse enzyme-linked immunosorbent assay (ELISA) kit

(Millipore, USA).17

Determination of metabolic markers
To determine circulating levels of cholesterol and triglycerides, spectrophotometry was performed using a Multiskan GO spectro-

photometer(Invitrogen-ThermoFisher) with specific kits (cholesterol kit no. 1001093 and triglycerides kit no. 1001314, Spinreact).

For quantification of liver triglycerides, liver tissues were homogenized in ice-cold chloroform-methanol (2:1 v/v).57,92 Liver triglyc-

erides were extracted by shaking the samples for 3 h at room temperature. Phase separation was achieved by adding miliQ water,

followed by centrifugation, and collection of the organic bottom layer. The organic solvent was then dried at room temperature over-

night using a Speed Vac and the residuewas dissolved in chloroform. The triglyceride content of each sample wasmeasured in dupli-

cate using a colorimetric assay (Spinreact, Girona, Spain) after evaporation of the organic solvent.

Immunofluorescence
To confirmCre-mediated recombination, we crossedGlast-CreERT2mice with a reporter mouse line that expresses a red fluorescent

reporter protein, Td-TOMATO, under the control of the CAG promoter upon Cre-mediated recombination of loxP sites.11,17,26
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Immunofluorescence analysis was performed twomonths after TM treatment to examine Glast-Cre-mediated recombination and the

immunoreactivity of the astrocyte-specific marker, glial fibrillary acidic protein (GFAP), in the suprachiasmatic and arcuate

nucleus.11,17,26

Mice were anesthetized with ketamine/xylazine (150 mg/kg, 10 mg/kg) and perfused transcardially with ice-cold PBS followed by

ice-cold 4% PFA.11,17,26 The brains were post-fixed overnight in 4% PFA in PBS, and 30 mm thick slices were prepared using a cryo-

stat (Leica). The slices were permeabilizedwith 0.3%Triton X-100 in PBS, blockedwith 10%goat serum in PBS, and incubated over-

night at 4�C with primary antibodies: mouse anti-GFAP (dilution 1:1000, Sigma, G3893) and rabbit anti-Bmal1 (dilution 1:200, Santa

Cruz Biotechnology, sc-365645). The following day, the sections were extensively washed and incubated for 2 h with goat anti-rabbit

or anti-mouse Alexa 488 or Alexa 546 secondary antibodies (dilution 1:1000). After additional washing steps, the slices weremounted

with Prolong Gold and imaged using an inverted laser scanning confocal microscope (Leica TCS SP5) with a 20x or 403 objective

(Leica Microsystems). Quantification and analysis were performed using ImageJ software (Wayne Rasband, NIH, USA) by outlining

the hypothalamus from the Dapi-stained image and measuring the relative intensity of the immunostaining. When multiple sections

were analyzed from each animal, the mean of the measurements from consecutive sections was used for that individual.

RNA isolation and quantitative RT-PCR
Livers samples were collected for RNA isolation at the specific time points of interest from animals maintained under a 12-h light-dark

cycle. Total RNA was extracted using TRIzol reagent (Invitrogen), according to the manufacturer’s instructions. Subsequently, cDNA

was synthesized by reverse transcribing 0.5 mg of total mRNA using the ImProm-II Reverse Transcription System (Promega) following

the manufacturer’s instructions. Quantitative real-time RT-PCR was performed using the ABI PRISM.7900 (Applied Biosystems). For

a 15 mL reaction, 9 ng of cDNA template wasmixed with primers to a final concentration of 200 nM, and 7.5 mL of 2x QuantiFast SYBR

Green PCR Master Mix (Qiagen) was added. The reactions were run in duplicate under the following conditions 5 min at 95�C,
followed by 40 cycles of 10 s at 95�C, 30 s at 60�C, and 1min at 70�C. Gapdh transcripts were used as reference controls for normal-

ization purposes.

Western blotting
Tissues including brown and gonadal adipose tissue, livers, and hypothalamus were homogenized in lysis buffer containing 0.05 M

Tris-HCl, 0.01MEGTA, 0.001MEDTA, 0.016MTriton X-100, 0.001M sodium orthovanadate, 0.05M sodium fluoride, 0.01M sodium

pyrophosphate, and 0.25 M sucrose. The lysis buffer was prepared with distilled water and adjusted to a pH of 7.5 using reagents

from Sigma-Aldrich. Freshly added protease inhibitor cocktail tablets from Roche Diagnostics (Indianapolis, IN, USA) were included.

The protein concentration was determined by the Bradford Method (Protein assay dye concentrate, Bio-Rad Laboratories), and the

total protein content of the tissues was calculated. The protein lysates were separated by 10%SDS-PAGE and transferred onto nitro-

cellulose membranes (Protran, Schleicher and Schuell, Dassel, Germany).11,17,86 The membranes were probed with specific anti-

bodies against the following proteins: BMAL1 (Abcam, ab93806) at a dilution of 1:1000; (Abcam, ab93806) at a dilution of 1:1000,

ACC (Cell Signaling, 3662-S) at a dilution of 1:1000, UCP1 (Abcam, AB_631364) at a dilution of 1:10000, FAS (BD Science,

610963) at a dilution of 1:1000, SREBP1c (Abcam, AB3259) at a dilution of 1:1000, phospho-HLS (Ser660) (AB_490997, Cell Signaling

Technology), and HSL (Abcam, ab45422).11,58,93,94 Subsequently, the membranes were washed and re-probed with antibodies

against GAPDH (Santa Cruz, FL-335: sc-25778) at a dilution of 1:5000, b-ACTIN (Sigma-Aldrich, A5316), or a-TUBULIN (Sigma-

Aldrich, AB_330337) at a dilution of 1:5000 as the loading control. Immunoreactive bands were detected using a chemiluminescence

detection system (ECL, GE Healthcare Bio-Sciences AB). Autoradiographic films (Fujifilm, Tokyo, Japan) were scanned, and the

band signal was quantified by densitometry using ImageJ 1.33 software (NIH).11,58,83,85,93–97 The values were expressed relative

to GAPDH, a-TUBULIN, or b-ACTIN. Representative images for all proteins are shown. For the loading controls, a representative

gel is displayed, although each protein was normalized to its respective internal control (GAPDH, a-TUBULIN, or b-ACTIN). In all

the figures showing gel images, all the bands for each picture are from the same gel, although they may be spliced for clarity.

Histological analysis
BAT and liver samples were fixed in 10% formalin buffer for 24 h and then dehydrated and embedded in paraffin by a standard pro-

cedure. Sections of 3 mm were prepared with a microtome and stained using a standard Hematoxylin/Eosin Alcoholic (BioOptica)

procedure according to themanufacturer’s instruction. BAT sectionswere used for immunohistochemistry detection of UCP-1, using

a rabbit anti-UCP-1 (1:2000; Abcam). UCP-1-positive cells were quantifiedwith ImageJ analysis software.83,85,91,98 Hepatic lipid con-

tent was analyzed by Oil Red O staining.88 Lipids in Oil Red O-stained sections were quantified using ImageJ software. 4 to 6 animals

per experimental group were used, and three pictures per section were analyzed. All analyzed values are represented with respect to

control (100%).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SEM and were analyzed and graphed using Prism 6 (GraphPad, San Jose, CA, USA). Statistical pa-

rameters, including the exact value of n and precision measures (mean ± s.e.m.) and statistical significance, are reported in the

Figures and Figure Legends. All statistical tests were two-sided. Unpaired Student’s t-test was used to compare two groups from
Cell Reports 42, 112949, August 29, 2023 21



Article
ll

OPEN ACCESS
different genotypes. To compare the differences between ZT or days and genotype, data were analyzed by two-way ANOVA followed

by Bonferroni’s post-hoc test for multiple comparisons. Data were checked for normality and equal variances between groups. In-

direct calorimetry data were analyzed using two-way ANOVA for repeated-measures with a Bonferroni’s post hoc test if required.

Mean values corresponding to the entire light or dark phases separately are represented by histograms and were analyzed by un-

paired Student’s t-test. The data from indirect calorimetry were analyzed by ANCOVA followed by Bonferroni’s posthoc test, using

the metabolic parameter (energy expenditure, VO2 consumption, VCO2 production, feeding) as a dependent variable, genotype as a

factor and body weight as a covariate. The statistical significance of the rhythmic expression of the locomotor activity, metabolic

cycles or gene expression was determined by Cosinor analysis.9,11,17,26 The periods and acrophases were obtained from the cosinor

curve.

The cutoff for significance was * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001.

Samples or animals were excluded from the data analysis with pre-established criteria if they deviated more than two SD from the

group mean.
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