
Du et al. BMC Biology          (2024) 22:296  
https://doi.org/10.1186/s12915-024-02097-4

RESEARCH ARTICLE Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Biology

Chronic sleep deprivation disturbs energy 
balance modulated by suprachiasmatic nucleus 
efferents in mice
Tingting Du1,2†, Shuailing Liu1,2†, Honghong Yu1,2, Tian Hu1,2, Lina Huang1,2, Lanyue Gao3, Lihong Jia1, Jiajin Hu4, 
Yang Yu4 and Qi Sun1,2*    

Abstract 

Background  Epidemiologic researches show that short sleep duration may affect feeding behaviors resulting 
in higher energy intake and increased risk of obesity, but the further mechanisms that can interpret the causality 
remain unclear. The circadian rhythm is fine-tuned by the suprachiasmatic nucleus (SCN) as the master clock, which 
is essential for driving rhythms in food intake and energy metabolism through neuronal projections to the arcuate 
nucleus (ARC) and paraventricular nucleus (PVN).

Results  We showed that chronic SD-induced aberrant expressions of AgRP/NPY and POMC attributed to compro-
mised JAK/STAT3 signals and reduced energy expenditure in the mice, which can be rescued with AAV-genetic over-
expression of BMAL1 into SCN. The potential mechanism may be related to the disruptions of SCN efferent mediated 
by BMAL1.

Conclusions  Chronic SD impairs energy balance through directly dampening BMAL1 expression, probably 
in the transcription level, in the SCN, which in turn affects the neuron projections to ARC and PVN. Remarkably, 
we provide evidence that may explain the causal mechanisms associated with sleep curtailment and obesity 
in adolescents.
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Graphical Abstract

Background
Adequate sleep during adolescence is crucial for men-
tal and physiological development, including growth, 
maturation, and neuroendocrine function [1]. Insuffi-
cient sleep and social jetlag in adolescents are common 
in modern society due to social and family obligations, 
stress, sleep disorders, and other medical illnesses [2]. 
It has been well established from epidemiological and 
experimental studies that chronic sleep loss may increase 
the risk of obesity and weight gain during adolescence 
[3–6]. Adolescents are developmentally and socially 
vulnerable to unhealthy diets. Insufficient sleep dura-
tion might affect adolescents’ self-control when making 
food choices, resulting in increased intake of unhealthy 
foods and increased risk of overeating [7–10]. The lat-
est research revealed increased response to food stimuli 
in the brain reward system, such as left ventral tegmen-
tal area and substantia nigra in adolescents after sleep 
restriction [11]. A recent review found that the aber-
rant appetite regulation in young adults caused by sleep 
deprivation may be driven by augmented or reduced gut 
hormones (such as leptin and ghrelin) [12]. However, lit-
tle evidence illustrates the effect of sleep deprivation on 
hypothalamic food desire, and the underlying mecha-
nisms need further exploration, given that the hypothala-
mus plays an essential role in the modulation of appetite 
and energy expenditure and a dysfunctional hypothala-
mus is involved in the development of obesity [13–15].

Alqaderi et al. evaluated the relationship between the 
sleep variables and salivary and serum biomarkers in 
adolescents; the results indicated that the inflammatory 
and metabolic biomarkers had significant associations 
with sleep debt and social jetlag, which could disrupt 
circadian rhythm [16]. It is widely acknowledged that 
circadian rhythm disruption could be the major risk of 

energy metabolic disorders via affecting metabolic and 
appetite-related hormones, and energy expenditure [17, 
18]. Circadian rhythm can influence subjective hunger 
and appetite independent of the fasting/feeding cycle, 
with peaks in the biological evening and troughs in the 
biological morning [19]. In mammals, the circadian 
rhythm is timed by the suprachiasmatic nucleus (SCN) 
as the master clock located in the hypothalamus, and 
the daily rhythms are driven by a transcriptional feed-
back loop formed by core clock genes including Clock, 
Bmal1, Per1, Per2, Cry1, and Cry2 [20]. The cycle is 
stabilized by accessory loops in which CLOCK and 
BMAL1 drive E-box-mediated circadian expression of 
the nuclear receptors RORα and REV-ERBα which in 
turn act via REV response element (RRE) sequences to 
activate and suppress BMAL1 transcription, respec-
tively [20]. SCN can make projections to different types 
of cell bodies in the hypothalamus, including the arcu-
ate nucleus (ARC) and paraventricular nucleus (PVN). 
It is essential for driving rhythms in food intake, with 
efferent fibers co-localized with neurons in ARC [21–
23]. ARC, adjacent to the third ventricle, is a central 
area in the regulation of feeding behavior. There are two 
main neuron types that co-expressed anorexigenic or 
orexigenic neuropeptide in the ARC: proopiomelano-
cortin (POMC)/CART neurons that are related to inhi-
bition of food intake and neuropeptide Y (NPY)/AgRP 
neurons that are associated with energy need. They are 
also called the first-order neurons that respond to cir-
culating nutrients and hormones such as glucose, insu-
lin, leptin, and ghrelin [24, 25]. In addition, GABAergic 
projections from AgRP neurons also suppress POMC 
neurons in ARC and the activity of MC3R/4R neurons 
in the PVN, which plays a pivot role in energy metab-
olism as extinguished representing the HPA axis [26]. 
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PVN also can receive direct SCN input through differ-
ent neurotransmitters and indirect SCN input via the 
ARC [27, 28].

BMAL1, as a transcription factor, has been demon-
strated a role in controlling the expression of orexi-
genic neuropeptide expression in the hypothalamus 
[18]. Loss of BMAL1 also altered the time-dependent 
expression of NPY and POMC and disrupted AgRP 
rhythmicity [29]. Depletion of BMAL1 in PVN neurons 
reduces diurnal rhythmicity in metabolism and causes 
obesity [30]. Previous studies have demonstrated that 
cortical and hypothalamic expressions of several clock 
genes are affected by sleep deprivation [5, 31]. How-
ever, the role of BMAL1 on the effects of sleep depriva-
tion on appetite regulation in the hypothalamus is not 
entirely clear.

The cytoplasmic tyrosine kinase Janus kinase 2 
(JAK2)/signal transducer and activator of transcript 
3 (STAT3) signals of sensory neurons in ARC can be 
phosphorylated by circulating leptin via the long form 
of the leptin receptor (LepRb). Phosphorylated STAT3 
translocates into the nucleus and binds to the promoter 
of the POMC gene, which will reduce food intake and 
increase energy expenditure [32]. It has been demon-
strated that chronic sleep deprivation can attenuate the 
phosphorylation of STAT3 in the hypothalamus of mice 
[32]. Our previous study also observed that chronic 
sleep deprivation could attenuate the JAK2/STAT3 sig-
nal pathway and expression of POMC in young adult 
rats, with compromised BMAL1 expression at the tran-
scriptional levels. Still, the mechanisms of the role of 
BMAL1 require further exploration [5]. Therefore, our 
present study was firstly designed to investigate the 
role of BMAL1 on the effects of chronic sleep depriva-
tion on food intake and energy metabolism in adoles-
cent mice; secondly, the modification of temporal code 
emitted by the SCN under chronic sleep deprivation is 
unknown, we tried to establish the neural connections 
of SCN efferent mechanisms underlying disrupted food 
intake and energy expenditure due to chronic sleep 
deprivation, illustrating the causal mechanisms associ-
ated with insufficient sleep and obesity in adolescents.

Results
Chronic sleep deprivation‑induced aberrant food intake 
and weight gain
In the first part of the present study, mice were randomly 
divided into two groups: the control group (CON) and 
the chronic sleep deprivation group (SD) and the brain 
tissues and serum were taken immediately at ZT6, ZT12, 
ZT18, and ZT24 on the last sleep deprivation day after 
4 weeks procedure. EEG/EMG electrodes were implanted 
1  week before the sleep deprivation process (as shown 
in Fig.  1A). Sleep duration in WK (wakefulness) stage 
of mice was significantly increased in SD groups, com-
pared to the baseline, whereas the durations of NREM 
(non-rapid eye movement) and REM (rapid eye move-
ment) stage of mice were significantly decreased (p < 0.05, 
shown in Fig.  1B). Our preliminary analysis of sleep-
deprived mice revealed a trend toward increased food 
intake and body weight reached statistical significance 
in the chronic SD group, compared to the control group 
from 2 to 4  weeks of sleep deprivation (p < 0.05; shown 
in Fig.  1C and D). The relationship between circadian 
rhythm and metabolic disease has recently drawn wide 
attention. SCN in the hypothalamus acts as an oscillation 
pacemaker of circadian rhythm with extra-SCN in the 
brain and peripheral organs [33]. Moreover, our previ-
ous publication provided a clue that the increased weight 
gain and food intake in chronic sleep-deprived rats might 
be attributed to the dampened expressions of circadian 
clock genes of the hypothalamus, and the expressions 
of master regulators, BMAL1 and CLOCK, were down-
regulated in the transcriptional level [5]. CLOCK usu-
ally acts as a histone acetyltransferase in the clockwork, 
binding to BMAL1 as a heterodimer to drive the system 
[34]. Therefore, we next mainly focus on BMAL1 in sub-
sequent explorations of our chronic sleep deprivation 
model.

Changes in circadian clock expression patterns 
in the hypothalamus induced by chronic sleep deprivation
We firstly explored oscillation changes of core circadian 
genes in the established chronic sleep-deprived mice 
model; the entire hypothalamus tissues were taken every 

Fig. 1  Chronic sleep deprivation-induced aberrant feeding behavior. A Experimental design and timeline. B Changes of different sleep 
stages duration after sleep deprivation for 4 weeks (n = 3) and presented as bar graphs. EEG data were recorded on the last sleep deprivation 
day. Significant difference (single asterisk) was defined as p < 0.05 by a two-sided unpaired t-test. C Line chart, weekly body weight gain 
during chronic sleep deprivation (n = 10). Significant difference (single asterisk) was defined as p < 0.05 by two-way repeated-measures ANOVA 
and pairwise comparisons. D Line chart, weekly food intake during chronic sleep deprivation (n = 12, 3 mice per cage for distribution). Significant 
difference (single asterisk) was defined as p < 0.05 by two-way repeated-measures ANOVA and pairwise comparisons. Data were represented 
as means + standard deviations for B, C, and D. Data were presented as the means ± standard deviations. NREM, non-rapid eye movement; REM, 
rapid eye moment; SD, sleep deprivation group, mice received 4 weeks of sleep deprivation (18 h/day); CON, control group. ZT, Zeitgeber time

(See figure on next page.)
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Fig. 1  (See legend on previous page.)



Page 5 of 29Du et al. BMC Biology          (2024) 22:296 	

6  h starting at ZT6 throughout a 12-h light/dark cycle, 
and the expressions of core circadian clocks were meas-
ured. As shown in Fig. 2A and Additional file 1: Fig. S3, 
the protein levels of BMAL1 in the control groups were 
lower in the light phase (ZT6 and ZT12) and higher 
in the dark phase (ZT18 and ZT24); in contrast, the 

expressions of PER1 and CRY1 protein were higher in 
the light phase and lower in the dark phase. Moreover, 
the circadian amplitudes of key circadian gene expres-
sions, BMAL1, PER2, and CRY1, in the hypothalamus of 
chronic sleep-deprived mice after sleep deprivation for 
4 weeks were shrunken.

Fig. 2  Chronic sleep deprivation changed expressions of circadian clock genes and appetite-related peptides in the hypothalamus. A Western blot 
analysis, the typical blots of circadian clocks in the entire hypothalamus. B–F Relative protein levels for circadian clocks in the entire hypothalamus. 
β-actin was used as an internal control. The band intensities were quantified using Image J software and presented as line charts to show relative 
quantification (n = 4 mice/group/time point). G Line chart, serum leptin concentrations in CON and SD mice at 6-h intervals after 4-week sleep 
deprivation (n = 4 mice/group/time point). H Western blot analysis, the typical blots of appetite-related peptides in the entire hypothalamus. 
I-N. Relative protein levels for appetite-related peptides in the entire hypothalamus. β-actin was used as an internal control. The band intensities 
were quantified using Image J software and presented as line graphs to show relative quantification (n = 4 mice/group/time point). O Line chart, 
serum NPY concentrations in CON and SD mice at 6-h intervals after 4-week sleep deprivation (n = 5 mice/group/time point). The white part 
represented the light phase and the gray part represented the dark phase. Significant difference (single asterisk) was defined as p < 0.05 by two-way 
repeated-measures ANOVA and pairwise comparisons. Data were presented as the means ± standard deviations for the line charts. Mice were 
sacrificed at 6-h intervals across the 12:12 light/dark cycle (ZT0, 7:00 am). CON, control group; SD, sleep deprivation group, mice received 4 weeks 
of sleep deprivation (18 h/day); ZT, Zeitgeber
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It is well established that there are two anatomic subdi-
visions in the SCN of the mouse, a ventral “core” region 
receives retinal input and is partially enveloped by a dor-
sal “shell” region. Neurons in core and shell sub-regions 
are distinguished by neuropeptides. Within the shell 
are mainly the neurons containing arginine vasopressin 
(AVP), while neurons within the core are mainly contain-
ing vasoactive intestinal polypeptide (VIP) [33]. Confocal 
images (Fig.  3) presented the changes in immunostain-
ing for BMAL1 in the SCN; the average fluorescence 
intensities of BMAL1 in the control group were lower in 
the light phase (ZT6 and ZT12) and higher in the dark 
phase (ZT18 and ZT24). Furthermore, the reductions of 
BMAL1 occurred in the “shell” region of the SCN since 
the average fluorescence intensities of BMAL1 co-stained 
with AVP were decreased at each time point, instead 
of VIP (p < 0.05), as we expected (Fig.  3B). The neural 
activities, characterized by c-Fos staining, in the SCN of 
chronic sleep-deprived mice were significantly dampened 
in the light phase (p < 0.05, shown in Fig. 3B), especially 
in the shell region. AVP is also a downstream target of 
BMAL1, the neuronal connectivity of the SCN network 
in AVP-Bmal1−/− mice could be restored by compensa-
tion of BMAL1 in AVP neurons [35]. Therefore, we could 
speculate that chronic sleep deprivation might directly 
cause the depletion of BMAL1 in AVP neurons and sub-
sequently impact the pacemaker function of the SCN.

ARC can receive direct projections from the SCN with 
the same neuronal firing patterns that are coordinated 
with daily waves of SCN input [36]. The present results of 
confocal images also showed the same oscillation expres-
sions of BMAL1 in ARC as the SCN in the control group; 
the expressions of BMAL1 in ARC were significantly 
decreased in chronic SD groups at ZT18 and ZT24 as 
compared to controls (Fig. 4).

Impact of chronic sleep deprivation on AgRP and POMC 
expressions in ARC​
ARC is regarded as the “first-order” nuclei of appetite 
regulation and an important sensor of nutrient signals 
coming from the blood, with its anatomical mapping 
in the hypothalamus located close to fenestrated capil-
laries [23]. AgRP neurons and POMC neurons are the 
two populations mainly expressed in ARC, which exert 
opposite functions on appetite regulation. The activa-
tion of AgRP neurons promotes food seeking and taking, 
whose firing rate is high at the light/fasted phase in mice. 
In contrast, POMC neurons express anorexigenic pep-
tides with higher neural activities in the dark/feed phase 
in mice [37]. Western blots of the entire hypothalamus 
were performed to detect the changes in the circadian 
patterns of AgRP and POMC expressions at the protein 
level; the results showed that the expressions of POMC 

were decreased in both the light and dark phases, but 
the expressions of AgRP were upregulated only in the 
light phase (p < 0.05, Fig.  4). We also tried to illustrate 
the changes in diurnal rhythmicity of AgRP and POMC 
expressions examined by IF in ARC; the changes of AgRP 
protein expression was in accordance with the Western 
blots, but POMC protein staining was only significantly 
decreased in the dark phase (p < 0.05). Interestingly, the 
same diurnal expression rhythms of POMC and BMAL1 
in ARC were observed, and they exhibited higher levels 
of protein expression during the dark phase, compared to 
the light (shown in Fig. 2H, D, M, N and Additional file 2: 
Fig. S3). Whereas control mice exhibited a robust diurnal 
rhythm, chronic sleep-deprived mice showed a dramatic 
reduction in POMC and BMAL1 expressions during the 
dark phase (ZT18 and ZT24) as shown in Fig. 4 (p < 0.05). 
On the other hand, AgRP expressions were significantly 
upregulated in the chronic SD group, compared to con-
trols, especially at the light phase (ZT6 and ZT12) as 
shown in Fig. 4, which were in accordance with the result 
of Western blot shown in Fig. 2H and N (p < 0.05).

POMC and AgRP in the ARC neurons can be activated 
by the circulating leptin through the transmembrane 
receptor, LepRb. LepRb binds to a cytoplasmic tyrosine 
kinase JAK2 to acquire enzymatic activity. Then JAK2 
phosphorylates LepR on Tyr1138 in response to leptin and 
following recruits the SH2 domain of STAT3 [38, 39]. The 
phosphorylated STAT3 subsequently translocates into 
nuclear and acts as a transcription factor to regulate the 
expression of POMC and AgRP. Activation of STAT3 pro-
motes POMC and suppresses AgRP and NPY expressions 
at the transcriptional level [40]. Our present results indi-
cated that the protein level of p-STAT3 in the hypothala-
mus also showed a robust diurnal rhythm with the same 
pattern as BMAL1 in the control group (shown in Fig. 2H 
and J). Whether sleep deprivation could reduce the circu-
lating leptin is still controversial [41]. The convey results 
seem to show that leptin level is apparently decreased in 
the acute sleep deprivation model, whereas there are no 
consistent results observed from chronic sleep-deprived 
rodents [42]. In our chronic sleep deprivation model, lep-
tin level exhibited a circadian rhythm through daytime 
and night; interestingly, there was no difference between 
controls and sleep deprivation groups at any time point 
nor the expression of LepRb in the hypothalamus (shown 
in Fig.  2H, G, and I). Based on these results, we specu-
lated that the compromised STAT3 signal pathway might 
be due to the reduction of BMAL1 expression rather than 
the changes in circulating leptin level.

Evidence has consistently shown that SCN efferent pro-
jects to the ARC and synchronizes the circadian clocks 
of ARC; hence, SCN-ARC axis is essential for daily food 
seeking and intake [23]. Therefore, we next explored 
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Fig. 3  Chronic sleep deprivation changed the in situ expressions of BMAL1 and c-Fos in the SCN. A Representative immunofluorescence (IF) 
staining for BMAL1 (red), AVP (yellow), VIP (cyan), c-Fos (green), and DAPI (blue) (scale bars = 500 μm) and merged images of BMAL1/AVP/DAPI, 
BMAL1/VIP/DAPI, and c-Fos/DAPI (scale bars, upper, 500 μm; lower, 100 μm) in the SCN of the mice in CON and SD group at each time point. 
The number 1 represented the shell region, and the number 2 represented the core region of the SCN. B The average IF intensities of BMAL1 
co-stained with AVP or VIP, and the average IF intensities of c-Fos were determined by Image J software and presented as line charts (n = 3). Mean 
intensity = integrated density in co-staining area/area of AVP (or VIP). The white part represented the light phase, and the gray part represented 
the dark phase. Data were presented as the means ± standard deviations. Significant difference (single asterisk) was defined as p < 0.05 by two-way 
repeated-measures ANOVA and pairwise comparisons. Mice were sacrificed at 6-h intervals across the 12:12 light/dark cycle (ZT0, 7:00 am). CON, 
control group; SD, sleep deprivation group, mice received 4 weeks of sleep deprivation (18 h/day); ZT, Zeitgeber time
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whether overexpression of BMAL1 in SCN could rescue 
the dysregulation of feeding behavior in chronic sleep-
deprived mice by stereotaxic injection of AAV1-hSyn-
Bmal1 into the shell region of the SCN.

Compensation of BMAL1 in SCN shapes sleep behavior
In the following intervention experiments, mice were 
randomly divided into four groups: the control group 
with empty vector (CONGFP), the control group with 
AAV-genetic overexpression of BMAL1 (CONBMAL1), 

the chronic SD group with empty vector (SDGFP), and the 
chronic SD with AAV-genetic overexpression of BMAL1 
group (SDBMAL1). EEG/EMG electrodes and viral injec-
tion (as shown in Fig. 5A) were performed 1 week before 
the chronic sleep deprivation procedure (4  weeks). As 
shown in Fig. 4C, the injection site was targeted almost 
in the shell region of SCN where chronic sleep depriva-
tion resulted in the depletion of BMAL1 as we illustrated 
above. EEG/EMG data (presented in Fig.  5C–I) were 
adopted on the last day of the chronic sleep deprivation 

Fig. 4  Chronic sleep deprivation changed in situ expressions of AgRP and POMC in the ARC. A Representative immunofluorescence (IF) staining 
for BMAL1 (red), AgRP (yellow), POMC (cyan), and DAPI (blue) (scale bars = 500 μm), and merged images of BMAL1 and DAPI, AgRP and DAPI, POMC 
and DAPI (scale bars, upper, 500 μm; lower, 100 μm) in the ARC of the mice in CON and SD group at each time point. B The average IF intensities 
of BMAL1, AgRP, and POMC were determined by Image J software and presented as bar graphs (n = 3). Mean intensity = integrated density/area. 
The white part represented the light phase and the gray part represented the dark phase. Data were presented as the means ± standard deviations. 
Significant difference (single asterisk) was defined as p < 0.05 by two-way repeated-measures ANOVA and pairwise comparisons. Mice were 
sacrificed at 6-h intervals across the 12:12 light/dark cycle (ZT0, 7:00 am). CON, control group; SD, sleep deprivation group, mice received 4 weeks 
of sleep deprivation (18 h/day); ZT, Zeitgeber time
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procedure. Figure  5C–E shows the comparisons of 
power in different sleep stages. Animal behavior is visu-
ally classified as “WK,” “REM,” or “NREM” for consecu-
tive 4-s epochs based on the EEG and EMG signals. WK 
is characterized by EEG activity of mixed frequency and 
low amplitude, and muscle tone is present and variable 
[43]. NREM is accompanied by large-amplitude, low-fre-
quency activity in the EEG, with a spectral peak around 
the delta band (0.5–4  Hz), whereas REM sleep shows 
regular EEG activity in the theta band (4–9 Hz), together 
with muscle atonia [43]. Power spectral analysis of delta 
EEG activity in NREM, also known as SWA (slow-wave 
activity), is considered a proxy for sleep homeosta-
sis, with the initial SWA accumulation after sleep onset 
reflecting sleep drive or sleep need, and the dissipation 
of SWA reflecting the progression of recovery from the 
sleep debt that accumulated over the day. SWA increases 
proportionally with the duration of WK, with longer time 
awake, homeostatic sleep pressure builds, resulting in 
higher SWA [44].

We performed baseline recordings for 24  h, including 
an 18-h SD and 6 h of opportunity sleep (termed recov-
ery recording) on the last day of sleep deprivation for 
4 weeks. The average power spectra during different sleep 
stages in baseline and sleep deprivation were obtained. 
Power spectra displayed peaks at low frequencies during 
NREM and WK and medium frequencies during REM, 
corresponding to δ and θ frequency bands, respectively. 
When analyzing the baseline, EEG power showed no dif-
ference in δ and θ power of WK, REM, and NREM in 
mice of BLBMAL1 relative to the BLGFP (shown in Fig. 5C–
E). After chronic sleep deprivation, mice in SDGFP and 
SDBMAL1 exhibited decreased δ power of NREM relative 
to the baseline (p < 0.05) (shown in Fig. 5E). EEG meas-
ures in SDBMAL1 mice exhibited decreased δ, θ, and α 
power relative to the BLBMAL1 (baseline) during WK 
(p < 0.05) (shown in Fig.  5C). Mice in SDBMAL1 exhib-
ited decreased θ power of REM relative to the BLBMAL1 

(p < 0.05, shown in Fig.  5D). SDBMAL1 mice showed a 
significant decrease in θ power during REM, compared 
to BLBMAL1 (p < 0.05, shown in Fig.  5D), indicating that 
mice need more sleep duration after chronic sleep dep-
rivation since a REM sleep deficit must be repaid in 
the hard currency of time, regardless compensation of 
BMAL1. SWA, a quantitative measure of the amplitude 
and prevalence of EEG slow waves, tracks sleep needs 
over time. Homeostatic sleep pressure accumulates dur-
ing WK and is thus higher following sleep deprivation. 
Representative EEG recordings were shown in Fig.  5F, 
mice in BLGFP and BLBMAL1 exhibit higher SWA than the 
SDGFP and SDBMAL1 group at the dark phase showing that 
chronic sleep deprivation disrupted sleep homeostasis. 
During sleep deprivation, the SWA of mice in the SDGFP 
group showed a gradual ascend but below the base-
line and reached the highest level at ZT6, then gradu-
ally descended, whereas this change was not observed 
in SDBMAL1 mice. The SWA of SDBMAL1 mice was lower 
than SDGFP indicating that compensation of BMAL1 in 
the SCN exhibited less sleep debt after chronic sleep dep-
rivation than the SDGFP group. Representative duration 
recordings were shown in Fig.  5G–I; the measurements 
of the time spent in WK, NREM, and REM indicated that 
compensation of BMAL1 caused a different sleep–wake 
distribution after chronic sleep deprivation. During 6-h 
opportunity sleep, we observed a reduced time spent on 
WK and an increased time spent in NREM and REM in 
SDGFP mice, compared to that in the baseline (BLGFP), 
and mice in the SDBMAL1 group showed increased time 
spent on WK stage. We further investigated the effect of 
chronic sleep deprivation on the sleep–wake distribution 
of different stages by computing the time course of the 
phase during 24 h. The distributions of mice in the BLGFP 
and BLBMAL1 groups are nearly the same during differ-
ent sleep stages. During baseline, the typical sleep–wake 
distribution of the mice in the BLGFP and BLBMAL1 groups 
was observed with similar time spent in different sleep 

Fig. 5  Chronic sleep deprivation changed sleep behavior. A Viral injection, empty vector/AAV1-hSyn-Bmal1 was injected at the shell of SCN 
bilaterally in the mice. B Schematic timeline. C Representative images showing GFP, DAPI, and merged images in the SCN, and schematic 
showing dissection neurons. D–F. EEG power during wakefulness (WK), rapid eye movement (REM), and non-rapid eye movement (NREM) (n = 4 
for BLGFP, n = 5 for BLBMAL1, n = 6 for SDGFP and SDBMAL1). Single asterisk, BLBMAL1 vs. SDBMAL1 p < 0.05; percent, BLGFP vs. SDGFP p < 0.05; number sign, 
SDGFP vs. SDBMAL1 p < 0.05 by one-way ANOVA. G A representative 24-h recording of slow-wave activity (SWA), and SWA is plotted as the power 
of the mean activity during NREM over 24 h. H–J Representative hourly amounts of sleep during a constant 24-h. K Representative pie chart 
for sleep distribution during 24-h baseline (BL), 18-h sleep deprivation (SD), and 6-h opportunity sleep (OS). L Weight gain during 4 weeks of sleep 
deprivation (18 h/day) (n = 8). Single asterisk was defined as p < 0.05 by two-way repeated-measures ANOVA with Tukey’s post hoc test. Data were 
represented as means + standard deviations for L, M, and N. M Weekly food intake during 4 weeks of sleep deprivation (18 h/day) (n = 8, 2 or 3 
mice per cage for distribution). Single asterisk was defined as p < 0.05 by two-way repeated-measures ANOVA with Tukey’s post hoc test. N Body 
composition after chronic sleep deprivation (n = 4). BLGFP, mice received injection of AAV-GFP before sleep deprivation; BLBMAL1, mice received 
injection of AAV-BMAL1 before sleep deprivation; CONGFP, the control group with empty vector; CONBMAL1, the control group with AAV-genetic 
overexpression of BMAL1; SDGFP, the chronic SD group with empty vector; SD.BMAL1, the chronic SD with AAV-genetic overexpression of BMAL1

(See figure on next page.)
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stages. As shown in Fig.  5J, the comparison between 
data of BLGFP and SDGFP indicated a different distribu-
tion of these states across the period on NREM, REM, or 
WK; mice in the SDGFP group exhibited more durations 

of WK and REM and less NREM. During sleep depriva-
tion, mice in the SDBMAL1 group exhibited progressively 
more durations of WK and less NREM and REM than 
the SDGFP group. The mice in both SDGFP and SDBMAL1 

Fig. 5  (See legend on previous page.)
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groups exhibited less WK and more NREM and REM 
durations than that in baseline during sleep deprivation. 
These results suggest that δ power in the overall spec-
trum decreases in all sleep periods caused by sleep dep-
rivation, and δ power in NREM is of great significance for 
evaluating the establishment of sleep deprivation models 
and sleep homeostasis. Therefore, we continued to ana-
lyze the changes in SWA with ZT, and the results showed 
that SWA during sleep deprivation was lower than the 
baseline level. It was gradually increased and reached a 
peak at ZT6 when mice were restored to sleep and gradu-
ally decreased during the recovery period, indicating that 
this model could increase the sleep homeostatic pres-
sure of mice. Although SWA was increased at ZT6 after 
mice re-entered sleep, it was still less than 200% indicat-
ing the sleep could not be fully compensated. Moreover, 
overexpression of BMAL1 could reduce sleep homeosta-
sis pressure, suggesting that circadian clock genes might 
be involved in the regulation of sleep homeostasis. The 
results in the sleep stages of mice in each group showed 
that sleep deprivation reduced the sleep duration of 
mice in each period, and the sleep duration of opportu-
nity sleep in the BMAL1 overexpression group was less 
than that in the GFP-carrier control group, suggesting 
that BMAL1 overexpression could reduce the sleep debt 
caused by sleep deprivation, which was consistent with 
the SWA results shown above.

Overexpression of BMAL1 rescues chronic sleep 
deprivation‑induced aberrant weight gain and food intake
The weight gains of mice in the SDGFP group were signifi-
cantly increased after sleep deprivation for 3 and 4 weeks, 
compared to controls (p < 0.05), and SDBMAL1 showed a 
relative reduction to the higher level of the SDGFP group 
(p < 0.05, shown in Fig.  5K and L). Similar results were 
observed on regular chow intake. Furthermore, we also 
found that body composition seemed to be a significant 

increase in fat tissue of mice in the SDGFP group (p < 0.05, 
shown in Fig. 5M).

Compensation of BMAL1 in SCN rescues molecular clocks 
in the hypothalamus
Given our findings mentioned above, the neural activi-
ties of the shell region in the SCN were significantly 
decreased in the light phase, probably caused by the 
depletion of BMAL1, then mice were sacrificed in 
the light phase immediately after sleep deprivation in 
our procedure (ZT6) to explore the role of BMAL1 in 
fine-tuning circadian rhythms. Representative protein 
blots of circadian clock proteins were shown in Fig. 6A 
and Additional file  3: Fig.S5. We found that BMAL1, 
CLOCK, CRY1, PER1, and PER2 protein levels in the 
hypothalamus were significantly reduced in the SDGFP 
group after chronic sleep deprivation compared to 
controls (p < 0.05, Fig.  6B–F and Additional file  4: Fig.
S6). Compensation of BMAL1 in SCN could rescue 
the depletion of these protein expressions. The mRNA 
levels of BMAL1, CLOCK, CRY1, PER1, and PER2 in 
the hypothalamus of the chronic SD group were also 
significantly dampened, which could be rescued by 
injection of exogenous AAV-genetic BMAL1 (p < 0.05, 
Fig. 6K–O). To examine the further mechanism under-
lying the depletion of BMAL1 expression, the regu-
lators of TTFL including other CCGs and kinase 
pathways were also detected. The transcriptional sup-
pressor of BMAL1, REV-ERBα, was significantly upreg-
ulated in the SDGFP group, compared to the CONGFP 
group (p < 0.05, Fig. 6I and P), and slightly decreased in 
the SDBMAL1 group, failing to fall to the baseline. How-
ever, the activator, RORα, did not show any change in 
the SDGFP group (Fig. 6J). NAD+-dependent deacetylase 
sirtuin 1 (SIRT1) is a major influencer on the circadian 
machinery; it can directly deacetylate PER2 to promote 
degradation [45] and BMAL1 to relieve suppression of 

(See figure on next page.)
Fig. 6  Compensation of BMAL1 in SCN rescued compromised molecular clocks induced by chronic sleep deprivation. A The typical blots 
of circadian clocks in the entire hypothalamus. The red asterisk represented as AAV-genetic compensation of BMAL1 in the SCN. B–J. Relative 
protein levels for circadian clocks in the entire hypothalamus. β-actin was used as an internal control (n = 4). The band intensities were 
quantified using Image J software and presented as box graphs to show relative quantification for B–J, S–Z, a–b, and g–i. Data were presented 
as the means ± standard deviations. K–P. Relative mRNA levels for circadian clocks in the entire hypothalamus. β-actin was used as an internal 
control (n = 4). Data were represented as means + standard deviations for K–P and j–l and presented as bar graphs to show relative quantification. 
Q The typical blots of JAK2/STAT3 signal pathway in the hypothalamus. R Serum leptin concentrations (n = 6). The serum indicators were presented 
as bar graphs with means + standard deviations. S–Z and a–b. Relative protein levels for JAK2/STAT3 signal pathway in the entire hypothalamus. 
β-actin was used as an internal control (n = 4). c Relative mRNA levels for SOCS3 in the entire hypothalamus (n = 4). Data were represented 
as means + standard deviations. d, e Serum NPY and α-MSH concentrations (n = 5). f–i The typical blots of POMC, AgRP, and NPY in the entire 
hypothalamus and relative protein levels in the entire hypothalamus. β-actin was used as an internal control (n = 4). j–l. Relative mRNA levels 
for POMC, AgRP, and NPY in the entire hypothalamus. β-actin was used as an internal control (n = 4). CONGFP, the control group with empty vector; 
CONBMAL1, the control group with AAV-genetic overexpression of BMAL1; SDGFP, the chronic SD group with empty vector; SDBMAL1, the chronic SD 
with AAV-genetic overexpression of BMAL1. Samples were taken at ZT6 (1:00 pm). Significant difference (single asterisk) was defined as p < 0.05 
by one-way ANOVA
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Fig. 6  (See legend on previous page.)
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CRY1 [46]. The activity of SIRT1 depends on NAD+ 
oscillating levels and nicotinamide phosphoribosyl 
transferase (NAMPT), the rate-limiting enzyme in the 
NAD+ salvage pathway, which is also an output target 
of CLOCK:BMAL1 [47]. As shown in Fig. 6H, NAMPT 
in the SDGFP group was significantly downregulated as 
compared to the CONGFP group (p < 0.05), and the pro-
tein level of NAMPT could be rescued in the SDBMAL1 
group. SIRT1 can also directly activate the transcrip-
tion of Bmal1 via recruiting its co-activator PGC-1α 
to bind with RORα [48]. Our results showed that the 
expression of SIRT1 in the protein level was compro-
mised in the hypothalamus of chronic sleep-deprived 
mice at each detected time point (shown in Fig.  8G), 
providing us a clue that the depletion of SIRT1 might 
be the cause of inhibition in the transcriptional level 
of BMAL1. Collectively, these results supported the 
notion that rescuing the depletion of BMAL1 might 
be the potential intervention target for chronic sleep 
deprivation.

Role of BMAL1 in modulating feeding behavior
As elucidated above, BMAL1 might impact the transduc-
tion of the JAK2/STAT3 signal pathway; therefore, we 
next verified the role of BMAL1 in the modulation of cell 
signals. Representative protein blots are shown in Fig. 6Q 
and Additional file  4: Fig. S6. We found that the phos-
phorylation JAK2 and STAT3 in the hypothalamus were 
significantly reduced in the SDGFP group (p < 0.05); sub-
sequently, AgRP and NPY were upregulated and POMC 
was downregulated in the SDGFP group, compared to 
the CONGFP group. However, the compromised JAK2/
STAT3 signals and their downstream target genes, AgRP, 
NPY, and POMC, could be reversed in the SDBMAL1 
group (Fig. 6R–Y, f–I, and Additional file 5: Fig. S7). The 
changes in mRNA levels of POMC, AgRP, and NPY in 
the hypothalamus were consistent with protein levels 
(Fig. 6j–l). The in situ expression of p-STAT3, AgRP, NPY, 
and POMC proteins in ARC are shown in Fig. 7A–H, and 
immunostaining of the ARC showed the same trends of 
change as protein expressions derived from the entire 

hypothalamus. Aberrant expressions of AgRP, NPY, and 
POMC proteins in ARC were rescued in the SDBMAL1 
group. Accordingly, the contents of serum α-MSH, a 
product of POMC, were significantly decreased in the 
SDGFP group as compared to the CONGFP group (p < 0.05, 
shown in Fig.  6e) and rescued in the SDBMAL1 group as 
expected. Consistent with the expression of NPY in pro-
tein and mRNA, the serum NPY level was also upregu-
lated in the SDGFP group (p < 0.05, shown in Fig. 6d), and 
reversed to the baseline level in the SDBMAL1 group, com-
pared to the CONGFP group.

The suppressor of cytokine signaling 3 (SOCS3) con-
tains the SH2 domain, which also binds to phosphor-
Tyr985 and in turn suppresses the activation of JAK2/
STAT3 signals [49]. The intracellular level of SOCS3 
provides a negative feedback mechanism to downregu-
late JAK2 signal action [50]. Our present result also 
showed that the expressions of SOCS3 in the hypothala-
mus at both the protein and mRNA levels were signifi-
cantly upregulated in the SDGFP group, compared to the 
CONGFP group (p < 0.05, shown in Fig. 6b and c). It was 
also notable for the reversed expressions of SOCS3 in the 
SDBMAL1 group, indicating that overexpression of BMAL1 
might work against SOCS3 to release its inhibition for 
the STAT3 signals. One previous study revealed that the 
mRNA level of SOCS3 in the SCN exhibited a day/night 
variation in mice [51]. Another study also reported the 
role of CLOCK in modulating the expression of SOCS3 
in the ARC of the hypothalamus [52]. These data indi-
cated that the expression of SOCS3 might be regulated 
by the circadian clock genes, but the specific target site 
needs further exploration in the future.

PTP1B and TCPTP are non-receptor protein tyrosine 
phosphatases (PTP), which can dephosphorylate JAK2 
and STAT3, respectively [53, 54]. Evidence showed that 
higher expressions of PTP1B and TCPTP contribute 
to leptin resistance and promote obesity development 
[55–57]. However, our results did not show any change 
of PTP1B and TCPTP expressions in the hypothalamus 
of mice between the CONGFP group and SDGFP group in 
the present sleep deprivation model; therefore, these two 

Fig. 7  Compensation of BMAL1 rescued in situ expressions of p-STAT3 and appetite-related peptides in the ARC. A–B Representative 
immunofluorescence (IF) staining for p-STAT3, DAPI, and merged images in the ARC (scale bars = 200 μm). C–D Representative IF staining for AgRP, 
DAPI, and merged images in the ARC (scale bars = 200 μm). E–F Representative IF staining for NPY, DAPI, and merged images in the ARC (scale 
bars = 200 μm). G–H Representative IF staining for POMC, DAPI, and merged images in the ARC (scale bars = 200 μm). The average IF intensities 
were determined by Image J software and presented as bar graphs (n = 3) for A–H. Mean intensity = integrated density/area. I Representative 
autofluorescence (green), DAPI, and merged images in the SCN (scale bars, left, 200 μm; right, 50 μm). J Representative autofluorescence (green), 
DAPI, and merged images in the ARC (scale bars, left, 500 μm; right 50 μm). Data were presented as the means ± standard deviations. Significant 
difference (single asterisk) was defined as p < 0.05 by one-way ANOVA. CONGFP, the control group with empty vector; CONBMAL1, the control 
group with AAV-genetic overexpression of BMAL1; SDGFP, the chronic SD group with empty vector; SD.BMAL1, the chronic SD with AAV-genetic 
overexpression of BMAL1. Samples were taken at ZT6 (1:00 pm)

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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Fig. 8  Chronic sleep deprivation-induced disruption of energy homeostasis and metabolic disorder. A Representative autofluorescence, DAPI, 
and merged images in the PVN. B Serum CORT concentrations (n = 7) in the intervention experiments and presented as the bar graph. Significant 
difference (single asterisk) was defined as p < 0.05 by one-way ANOVA. C Serum CORT concentrations in wild-type mice of CON and SD groups 
at 6-h intervals after 4-week sleep deprivation and presented as the line chart (n = 6 mice/group/time point). D Representative photograph 
of the autopsy of the liver in different groups. E Western blot detects changes in circadian clock expression in the liver. F Relative protein levels 
for circadian clock expression in the liver and presented as box graphs (n = 4). Significant difference (single asterisk) was defined as p < 0.05 
by one-way ANOVA. G Representative Western blot for changes in SIRT1 and NAMPT protein levels in the entire hypothalamus. H, I Relative protein 
levels for SIRT1 and NAMPT in the entire hypothalamus and presented as line charts (n = 4 mice/group/time point). J Serum NAMPT concentrations 
in CON and SD mice at 6-h intervals after 4-week sleep deprivation (n = 5 mice/group/time point). K–O Representative Western blots and relative 
protein levels for PER1, SIRT1, BMAL1, and NAMPT in brown adipose tissue and presented as line charts (BAT) (n = 3 mice/group/time point). P–T 
Representative Western blots and relative protein levels for PER1, SIRT1, BMAL1, and NAMPT in white adipose tissue and presented as line charts 
(WAT) (n = 3 mice/group/time point). Significant difference between CON and SD at each time point was calculated by two-way repeated-measures 
ANOVA and pairwise comparisons (*p < 0.05). The white part represented the light phase and the gray part represented the dark phase (ZT0, 7:00 
am). CONGFP, the control group with empty vector; CONBMAL1, the control group with AAV-genetic overexpression of BMAL1; SDGFP, the chronic SD 
group with empty vector; SD.BMAL1, the chronic SD with AAV-genetic overexpression of BMAL1
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tyrosine phosphatases may not be the reason that con-
tributed to the impediment of JAK2/STAT3 signals.

Potential neural circuit mechanism on the dysregulation 
of feeding behavior induced by chronic sleep deprivation
The molecular oscillation of the TTFL in SCN synchro-
nizes postsynaptic cell autonomous through interlink-
ing electrical activity and neurotransmitters [58, 59]. In 
the intact circuit, TTFL orchestrates the spontaneous 
firing rate of neurons via driving Na+ and K+ conduct-
ance and Ca2+ oscillation in both diurnal and nocturnal 
active species [60]. The circadian profile of intracellular 
Ca2+ is modulated by voltage-gated calcium channels 
(VGCC) that can be activated by electrical firing [61]. 
Subsequently, SCN output neurons release several out-
put factors including GABA, AVP, VIP, and prokineticin 
2 (Prok2) onto target neurons of extra-SCN [62–65]. The 
neural firing modulated by ion channels and neurotrans-
mitters further drives TTFL in the downstream region 
of SCN [58, 59]. Therefore, we subsequently observed 
projection neurons indicated by GFP green fluoresce 
through the confocal images. AAV exhibits anterograde 
trans-neuronal transport after infection with AAV for 
6 weeks in our animal model, indicating a synaptic pro-
jection via GFP-tagged neurons. Our data here showed 
that fewer GFP-tagged neurons were observed in the 
ARC region of mice in the SDGFP group, whereas the 
green fluoresce seemed to be recovered in the SDBMAL1 
group, compared to the CONBMAL1 group (shown in 
Fig. 7I and J). This finding indicated that a neuronal cir-
cuit projection from SCN to ARC disrupted by chronic 
sleep deprivation was restored through compensation 
BMAL1 in SCN since BMAL1 also regulates the expres-
sion of AVP, GABAAR, and Prok2 in the dorsal SCN [61].

Chronic sleep deprivation reduces energy expenditure
Obesity development is the outcome of disruption of 
energy homeostasis resulting from food intake excessing 
and reduced energy expenditure. As we described above, 
chronic sleep deprivation could cause aberrant feeding 
behavior in adolescent mice. Next, we further investi-
gated the metabolic significance of chronic sleep depriva-
tion. The gas exchange, whole-body energy expenditure, 
and locomotor activity of mice were measured after 
4  weeks of sleep deprivation in metabolic cages. We 
found that sleep-deprived mice showed decreased energy 
expenditure as compared to the CONGFP group in both 
light and dark phases (p < 0.05, shown in Figure S1A and 
B). The diurnal rhythm of oxygen consumption and car-
bon dioxide generation of mice in the SDGFP group were 
also reduced, compared to the CONGFP group, especially 
in the light phase (p < 0.05, shown in Figure S1G-J). Nota-
bly, average daily feeding was also increased in these mice 

of the SDGFP group in the dark phase (p < 0.05, shown in 
Figure S1C and D). In addition, chronic sleep deprivation 
did not lead to any change in the diurnal rhythmicity of 
locomotion (shown in Figure S1E).

SCN efferent in modulating energy homeostasis
On the other hand, the total energy expenditure in mice 
of the SDBMAL1 group was dramatically upregulated, com-
pared to the SDGFP group (p < 0.05, Figure S1A and B). 
The diurnal rhythm of oxygen consumption and carbon 
dioxide generation of mice in the SDBMAL1 group were 
also reversed (Figure S1C and D). These results meant 
that AAV-genetic compensation of BMAL1 in SCN could 
rescue the disrupted diurnal patterns in the metabolism 
of mice after 4  weeks of sleep deprivation. Meanwhile, 
this finding set us thinking about how SCN impacts the 
metabolism under sleep deprivation.

A wealth of evidence shows the important role of PVN 
in the control of feeding and metabolism; bilateral lesions 
of PVN lead to obesity development through dampen-
ing this nucleus which tonically controls energy balance 
[66–68]. PVN contains key neuroendocrine neurons 
controlling systemic metabolism; its neuron activity 
was demonstrated to be an essential component of PVN 
projections to autonomic control beta cell function and 
glucose metabolism in pancreas postsynaptic circuits 
[69]. There are also pre-autonomic neurons in PVN that 
control the sympathetic and parasympathetic branches 
of the autonomic nervous system (ANS), whose pivotal 
role in controlling energy balance was widely acknowl-
edged [70, 71]. The dorsal and periventricular parvocellu-
lar divisions, and magnocellular neurons in PVN receive 
dense fiber projections from efferent connections of the 
SCN [36, 72]. Moreover, a previous study has demon-
strated that BMAL1 in PVN neurons has shown its mod-
ulation of diurnal rhythmicity in metabolism, indicating 
the key role of the circadian clock [30]. In our present 
study, confocal images of PVN slices showed that green 
fluoresces, pointing to the projection neurons from SCN, 
were obviously reduced in the SDGFP group compared 
to the CONGFP group indicating a compromised projec-
tion from SCN to PVN under chronic sleep deprivation. 
But in the SDBMAL1 group, the projection neurons with 
BMAL1 overexpression were almost recovered to the 
level of the CONBMAL1 group observed in PVN (shown in 
Fig. 8A).

Neuroendocrine parvocellular neurons in PVN pro-
duce a corticotropin-releasing hormone (CRH), which 
targets the anterior pituitary gland to modulate the secre-
tion of adrenocorticotrophic hormone (ACTH), in turn, 
releases into the bloodstream and acts on the adrenals to 
impetus glucocorticoid secretion; this loop is so-called 
hypothalamic–pituitary–adrenal (HPA) axis [73]. The 
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cortisol/corticosterone (CORT) is widely known for 
its function in modulating carbohydrate ingestion and 
metabolism during the solar circadian cycle, whose oscil-
lation amplitude is strongly coordinated by SCN [74–76]. 
AVP cells in SCN may directly innervate and/or act via 
inhibitory interneurons (GABAergic neurons) in DMH 
(dorsomedial hypothalamus) and/or SPZ (subparaven-
tricular zone) to inhibit CRH neurons in PVN [77, 78], 
thereby inhibiting CORT secretion. Elevated CORT 
interferes with energy conservation and inhibits energy 
storage [79]. High CORT levels in serum may result in 
significant enlargement in white adipose tissue, plasma 
insulin, and triglyceride levels [80, 81]. The circulation 
CORT of mice in the SDGFP group was slightly upregu-
lated, compared to the CONGFP group (shown in Fig. 8B) 
in the present chronic sleep deprivation model, which 
could be a fallback similar to the control in the SDBMAL1 
group. Moreover, it was slightly and significantly upreg-
ulated at ZT6 and ZT12, respectively, in the wild sleep-
deprived mice (p < 0.05, shown in Fig. 8C). Therefore, the 
elevated level of serum CORT is a well-reasoned illustra-
tion of the disrupted neuroendocrine regulation of the 
SCN after chronic sleep deprivation. Collectively, these 
findings might forward a potential mechanism underly-
ing the disruption of SCN-PVN neural circuit leading to 
energy homeostasis disorder in mice caused by chronic 
sleep deprivation.

On the other hand, a variety of peripheral tissues might 
receive timing information from the SCN via neural con-
nections in order to help regulate fundamental physi-
ological functions such as energy metabolism [82, 83]. 
Specifically, the sympathetic nervous system (SNS) is 
responsible for SCN communication with peripheral 
tissues in addition to ANS, and for some tissues, this 
communication also involves the parasympathetic nerv-
ous system (PSNS) [84]. Accordingly, we also measured 
BMAL1 expression in the liver, connected with SCN by 
PSNS; our data showed that protein levels of BMAL1 in 
the liver of mice in the SDGFP group were significantly 
decreased as compared to the CONGFP group and sur-
prisingly reversed in the SDBMAL1 group (p < 0.05, shown 
in Fig. 8E and Additional file 6: Fig. S8).

SIRT1 is regarded as a master metabolic regulator in 
the recent decade due to its deacetylation of several tran-
scription factors and co-factors to the cleavage of NAD+. 
SIRT1 in the liver plays a vital role in gluconeogenesis 
and fatty acid metabolism [85, 86]. In our sleep depriva-
tion model, compensation of BMAL1 in the SCN rescued 
the aberrant expressions of NAMPT and SIRT1 in the 
liver (shown in Fig.  8E). Additionally, the liver tissue of 
postmortem assumed a fatty liver change in mice of the 
SDGFP group, but not seen in the SDBMAL1 group, com-
pared to the CONGFP group.

NAMPT has two different forms in mammals: intra-
cellular NAMPT (iNAMPT) and extracellular NAMPT 
(eNAMPT); the latter is secreted by iNAMPT to the 
bloodstream in the form of extracellular vesicles [87]. 
SIRT1 interacts directly with its deacetylation target, 
K53 at iNAMPT to regulate eNAMPT secretion in adi-
pocytes [88]. The circadian oscillation of NAD+ levels 
in the hypothalamus is thought to be driven by blood 
eNAMPT [87]. Moreover, genetic ablation of SIRT1 in 
adipose tissues leads to increased adiposity and insulin 
resistance [89]. Next, we detected SIRT1 and NAMPT 
expressions in the adipose and hypothalamus. The SIRT1 
and NAMPT expressions in the hypothalamus were 
significantly decreased at ZT6, ZT12, and ZT18 in the 
chronic SD group, compared to controls (p < 0.05, shown 
in Fig.  8G–I and Additional file  7: Fig. S9), and similar 
expression patterns were observed in the brown adipose 
tissues (BAT), although there was only a significance dif-
ference at the light phase. However, the expression pat-
terns of SIRT1 and NAMPT in BAT were different from 
their BMAL1 (Fig. 8K–O and Additional file 8: Fig. S10). 
The expression patterns of SIRT1 and NAMPT in the 
white adipose tissue (WAT) exhibited a different oscil-
lation profile from BAT and the hypothalamus (shown 
in Fig. 8P-T and Additional file 9: Fig. S11), which were 
consistent with BMAL1, in contrast to BAT, probably 
connected with SCN by SNS. On the other hand, the cir-
cadian oscillation of serum NAMPT was altered in the 
chronic SD group; it was significantly upregulated at the 
dark phase (p < 0.05, shown in Fig. 8J), which seemed to 
show an association with iNAMPT in BAT, rather than 
the WAT.

Discussion
SCN is important for rhythmic metabolism and feed-
ing; its outputs modulate the hypothalamic balance of 
life [90, 91]. In mammals, SCN is the central pacemaker 
and oscillator, orchestrating circadian biological rhythms 
in the organism. It contains ~ 20,000, mostly GABAergic 
neurons simultaneously co-expressing neuropeptides, 
generating autonomous circadian oscillations. Individual 
SCN neuron can be a molecular clock, driven by TTFL 
in cooperation with cytosolic signaling molecules, which 
will be activated by light through intrinsically photosen-
sitive retinal ganglion cells (ipRGCs). IpRGCs project 
to retinohypothalamic tract (RHT) to release glutamate 
onto retinorecipient SCN neurons, a changeover into 
inhibitory outputs including synaptic neuronal connec-
tions and various neuropeptides [92, 93].

The two-process model of sleep regulation has been 
widely considered as the conceptual framework in the 
sleep process. The model indicates a homeostatic pro-
cess (Process S) depending on sleep and wakefulness, 
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which interacts with a process controlled by the circadian 
pacemaker in SCN (Process C). Many neurobehavioral 
functions were modulated by homeostatic sleep pres-
sure during the circadian cycle. High sleep pressure is 
generally associated with lower circadian amplitude and 
decreased light responsiveness of the circadian clock, 
indicating sleep pressure alters how the clock affects 
behavior and physiology [94–96]. Our present results 
first demonstrated that sleep deprivation for 4 weeks with 
6  h of opportunity sleep per day dampened the expres-
sions of core circadian, BMAL1, in the SCN of mice. 
Moreover, the downregulations occurred at each time 
point, further verifying that high sleep pressure caused 
by chronic sleep deprivation led to a lower circadian “set 
point” (amplitude). AVP and VIP are robustly expressed 
in the dorsomedial “shell” or ventrolateral “core” sub-
region of the SCN, respectively. AVP has been implicated 
in feeding, energy homeostasis, and locomotor activity 
[33, 97, 98] and is considered to serve as an SCN output 
[99]. Our confocal images showed that the reductions of 
BMAL1 in situ expressions were mainly manifested in the 
“shell” co-stained with AVP at each time point. BMAL1 
is one of the essential transcription factors of the TTFL, 
and its absence from different types of SCN neurons is 
sufficient for aberrant behaviors in mice [33, 62]. Espe-
cially, the lack of BMAL1 in AVP neurons of SCN causes 
extinct disruption of circadian behavior rhythm in mice; 
besides, AVP is also a downstream target of BMAL1 [33]. 
On this ground, we speculated that chronic sleep depri-
vation might mainly weaken the BMAL1 expressions in 
AVP neurons, located in the shell of SCN. Additionally, 
BMAL1 regulates the expression of Prok2 and Rgs16 in 
the dorsal SCN. Prok2 signaling pathways may be crucial 
for the interneurons of the SCN and neuronal connec-
tion with the extra-SCN region via the Prok2 receptor, 
such as ARC [63]. Rgs16 increases cAMP production 
by inactivating Gi signaling through GTP hydrolysis. A 
noteworthy characteristic of VIP receptor 2 is that it is 
Gs-coupled, raising the possibility that the expression of 
Rgs16 may enhance VIP signaling to coordinate synchro-
nization between pacemaker neurons within SCN [100, 
101]. Given that activation of VIP cells in the core, for 
the most part, depends on light exposure, chronic sleep 
deprivation might compromise cellular synchrony via 
disrupting the VIP receptor function, although the light/
dark cycle was not changed in our animal model.

Next, we determined the mechanisms underlying 
BMAL1 modulation in the SCN by injection of AAV1-
hSyn-Bmal1 into the shell region. The results implicated 
that compensation BMAL1 could rescue the decreased 
expressions of core clock genes in the hypothalamus. 
BMAL1 and CLOCK form heterodimers and active 

transcription of Per, Cry, and Rev-Erbα genes through 
E-box enhancers. For the positive feedback loop, increas-
ing REV-ERBα levels act through Rev-Erb/ROR response 
elements in the Bmal1 promoter to repress its transcrip-
tion [102]. In our results, REV-ERBα was upregulated 
at both the transcriptional and translational levels after 
chronic sleep deprivation, inhibiting the mRNA levels of 
BMAL1. Interestingly, compensation of BMAL1 could 
also downregulate the REV-ERBα expressions both in 
protein and mRNA levels, which means the positive 
feedback of this loop could be rescued, maybe through 
upregulating the expressions of the CCGs, including 
RORα and NAMPT that also be reversed as compared to 
chronic SD group. In addition to TTFL, circadian oscil-
lates also in kinase pathways, energy metabolism (AMP/
ATP ratio), and redox state (NAD+/NADH ratio) linking 
the molecular clock to cellular physiology and metabo-
lism [103]. SIRT1, a sirtuin of the HDAC class III fam-
ily, acts as a rheostat of the circadian clock, exerting its 
control predominantly on the amplitude of CCG expres-
sion in the SCN [104]. SIRT1 could participate in circa-
dian control by regulating the HAT function of CLOCK; 
its reaction requires the coenzyme NAD+ [46]. It also 
directly activates the transcription of Bmal1 via its co-
activator PGC-1α to increase its expression amplitude in 
the SCN [48]. Our results revealed that the protein lev-
els of SIRT1 in the hypothalamus were also decreased 
at each time point, indicating its role in downregulated 
Bmal1 induced by chronic sleep deprivation. NAD+ acts 
as a coenzyme of SIRT1, poly (ADP-ribose) polymerase-1 
(PARP-1), and cADP-ribose synthases (CD38) to deplete 
its intracellular stores. NAM can be catalyzed into NAM 
mononucleotide (NMN) by NAMPT. Nampt is one of the 
metabolic output targets of CLOCK:BMAL1, and this 
feedback loop depends on the oscillation of NAD+ level 
in a circadian pattern in different cell types. Furthermore, 
the NAD+-activated SIRT1 feeds back into the NAD+ 
salvage pathway by directly regulating Nampt [34]. The 
NAMPT expression in the hypothalamus was reason-
ably well-reversed by the compensation of BMAL1 under 
our chronic sleep deprivation model and might, in turn, 
increase the production of NMN, the key ingredient of 
NAD+. Furthermore, Wang et al. conducted a convinci-
ble study that redox state regulated excitability in SCN 
neurons through non-transcriptional regulation of mul-
tiple K+ channels [105]. Hence, their results implied that 
changes in cellular metabolic state could be the “cause,” 
rather than the “result,” of neuronal activity. On the other 
hand, the sensitivity of clock gene transcription to the 
redox state will modulate circadian and energetic cycles 
at the transcriptional level [106, 107]. The circadian redox 
oscillations in rodent SCN require functional molecular 
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clockwork involving the clock gene, Bmal1 [105]. Col-
lectively, chronic sleep deprivation may firstly impact the 
redox state of the SCN, in turn weakening SIRT1 activ-
ity, and then the core gene Bmal1 was downregulated at 
the transcriptional level. Hence, the decreased expression 
of BMAL1 further induced dysfunction of SCN neurons 
including an imbalance of redox state directly concern-
ing decreased Nampt expression and reduced neuro-
transmitter levels and neuronal activity, which dampened 
the neuronal projection to extra-SCN in the brain. Fur-
ther studies need to be done in the future to confirm our 
hypothesis, whether redox state is the primary target of 
chronic sleep deprivation.

The present examinations were performed at an earlier 
age window since we recorded EEG for the 5–9 weeks age 
of mice, which is equivalent to the adolescence to young 
adult stage for humans. Our data indicated that the 
AAV-genetic compensation of BMAL1 did not change 
the power spectra during the NREM and WK stages at 
baseline. One reason for this phenomenon could be due 
to the TTFL regulation under physiological conditions, 
since the expressions of clock genes and downstream 
signals were not altered in the CONBMAL1, compared to 
the CONGFP. Additionally, a previous study has dem-
onstrated that the SCNVIP neurons, but not SCNAVP 
neurons, are responsible for the amplitude of the sleep–
wake circadian rhythm [62]. Moreover, as deciphered 
above, the AVP neurons located in the shell of the SCN, 
rather than the core where the VIP neurons are mainly 
expressed, were involved in our chronic sleep depriva-
tion model. It has been well established that there is a sig-
nificant negative correlation was obtained between SCN 
neuronal activity and SWA in the EEG [108, 109]. The 
neuronal activity in the SCN was significantly higher dur-
ing the NREM deprivation and SWA declined below the 
baseline, but once the mice recovered to sleep, then SWA 
increased [108, 109]. Mice in the SDGFP and SDBMAL1 
groups exhibit decreased SWA relative to the baseline, 
and the SWA of the SDGFP group was only elevated by 
30% in the opportunity sleep state, compared to the sleep 
deprivation state. That meant the sleep state of mice 
could not be compensated during 6-h opportunity sleep 
each day after sleep deprivation for 4 weeks. Meanwhile, 
there was no obvious difference in the SWA between the 
SDGFP and SDBMAL1 groups. This result indicated that 
exogenous BMAL1 in the SCN did not alter the sleep–
wake profile. Interestingly, after sleep deprivation, mice 
in the SDBMAL1 group showed less sleep debt to adapting 
sleep deprivation and recovery.

There is mounting epidemiological evidence that sleep 
loss is linked to obesity in children and adults worldwide 
[110]. Lack of sleep alters appetite-regulating hormones 

and increases calorie consumption [111]. The mecha-
nisms by which insufficient sleep leads to the disorder of 
appetite regulation are uncertain. Our findings revealed 
that chronic sleep deprivation increased food consump-
tion by upregulating the expressions of AgRP and NPY 
and reducing the expression of POMC in the ARC of 
the hypothalamus. This disorder could be attributed to 
compromised JAK2/STAT3 signal pathways in AgRP/
NPY and POMC neurons. The phosphorylated STAT3 
actives satiety signaling POMC neurons and inhibits 
hunger-signaling AgRP/NPY neurons [32, 112, 113]. 
POMC neurons exhibit the anorexigenic function and 
augment energy expenditure through the post-transcrip-
tional product of the POMC gene, including α-MSH, that 
binds to the MC3/4R in PVN [112]. NPY/AgRP neurons 
increase food intake and decrease energy expenditure 
through the release of NPY, GABA, and AgRP. AgRP 
exerts GABAergic-mediated inhibition on POMC neu-
rons and antagonizes α-MSH action [114]. For answers to 
whether the SCN comes into play intermediate mecha-
nisms underlying chronic sleep deprivation changed 
expressions for appetite regulation peptides in the ARC, 
since it was a target of Prok2 afferent fibers from the SCN 
[63, 115], we further observed the neuronal projection 
from SCN to ARC, which was impaired after chronic 
sleep deprivation, in contrast, the impaired projections 
could be rescued by injection with AAV1 carrying Bmal1 
into the SCN. AAV1 can also be expressed across anter-
ograde trans-synapses after infection for 6 weeks in our 
chronic sleep deprivation animal model. Although its 
transmission efficiency is low and without cell specificity, 
it can still partially interpret the disruption of the neural 
circuit between the SCN and its doubtless downstream 
area of the brain, ARC. The molecular oscillation of the 
TTFL in SCN synchronizes clocks in the extra-SCN 
region through interlinking electrical activity and neuro-
transmitters [58, 59]. TTFL orchestrates the spontaneous 
firing rate of neurons via driving Na+ and K+ conduct-
ance and Ca2+ oscillation, thus synchronizing postsyn-
aptic neurons [60]. SCN output neurons release several 
output factors including GABA, AVP, VIP, and Prok2 
onto target neurons of extra-SCN [62–65]. Furthermore, 
BMAL1 was found to modulate the GABAA γ2 receptor 
in the PVN [30]. Therefore, with all the opinions above, 
the BMAL1-mediated molecular clock in the neurons of 
the SCN may act on the TTFL of the downstream areas 
of the brain through neuronal firing and neurotrans-
mitters including GABA, AVP, and Prok2. Accordingly, 
compensation of BMAL1 in the SCN could rescue the 
depletion of BMAL1 in the ARC through the restored 
innervation to the ARC and then rescue the disruption of 
appetite regulation through reversing STAT3 signals and 
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the disorder of expressions for orexigenic and anorexi-
genic peptides in the ARC of the hypothalamus. SOCS3, 
a target gene of STAT3, can dephosphorylate JAK2 to 
terminate this signal transduction [116], which was 
increased in our chronic sleep deprivation model. The 
upregulated SOCS3 was also reversed by overexpression 
of BMAL1, which is probably due to the direct action of 
BMAL1: CLOCK since the role of CLOCK in the mod-
ulation of the expression of SOCS3 in the ARC of the 
hypothalamus has been reported [52]. It should be noted 
that feeding behavior can also be regulated by SIRT1 in 
the ARC by deacetylation of FoxO1 in POMC and AgRP/
NPY neurons [117–119]. FoxO1 activates POMC and 
suppresses AgRP transcription [118]. The deacetylation 
by SIRT1 in POMC neurons is necessary for homeosta-
sis in defenses against diet-induced obesity. Diet-induced 
obesity is hypersensitive to SIRT1 deficiency due to 
decreased energy expenditure in POMC neurons [117]. 
SIRT1 in POMC neurons is required for the brown adi-
pose tissue-like remodeling of the perigonadal white adi-
pose tissue through sympathetic activation [117].

The present study further revealed a reduction in 
whole-body energy expenditure of adolescent mice after 
chronic sleep deprivation without changing locomotion 
activity, indicating abnormal neuroendocrine mecha-
nisms related to metabolism. The important role of PVN 
in regulating energy balance is well established; it can 
integrate inputs from other sub-regions of the hypothala-
mus [120, 121]. The dorsal and periventricular parvocel-
lular divisions of PVN receive dense fiber projections 
from the SCN [72]. The disrupted projections from SCN 
to PVN were observed under chronic sleep deprivation 
in the present study, which could be rescued with over-
expression of BMAL1. There are direct SCN inhibition 
projections to CRH neurons in the PVN to regulate daily 
CORT rhythmicity through AVP and VIP [78, 92]. The 
CORT plays an important role for its function in modu-
lating carbohydrate ingestion and metabolism [74–76]. 
In our sleep deprivation animal model, the CORT levels 
in the serum of chronic sleep-deprived mice were slightly 
upregulated at ZT6 as compared to the CONGFP group, 
which was reversed in the SDBMAL1 group. Interestingly, 
the CORT level in the serum of chronic sleep depriva-
tion mice was first slightly increased at ZT6, consistent 
with our compensation intervention experiments, and 
significantly increased at ZT12 after recovery to oppor-
tunity sleep for 6 h. The elevated circulating CORT level 
reflected a disorder of SCN efferent since SCN neurons 
are multi-synaptically connected to the adrenal via SNS 
or pre-autonomic PVN neurons involved in the HPA 
axis [84]. On the other hand, AgRP neurons in the ARC 
release GABAergic signaling to the MC4R neurons in 

the PVN to promote feeding [122]. MC4Rs are densely 
expressed in the PVN and action in the PVN is signifi-
cant for restraining feeding [123]. Reciprocally, there 
are abundant glucocorticoid receptors in AgRP neurons 
of the ARC, providing feedback to the autonomic PVN 
neurons [124]. Therefore, higher circulating CORT dur-
ing the light phase caused by chronic sleep deprivation 
may activate the AgRP neurons to magnify the appetite-
promoting effect, verified by the increased expressions of 
AgRP also occurring in the light phase.

As illustrated above, SIRT1 plays an important role 
in maintaining oscillation machinery in the SCN and 
acts as a master metabolic regulator [46]. The protein 
levels of SIRT1 and NAMPT in the hypothalamus were 
decreased at each time point, and those in WAT and 
BAT were mainly reduced during the light phase in the 
wild sleep-deprived mice, compared to the control. A 
previous study has demonstrated that genetic ablation 
of SIRT1 in adipose tissues leads to increased adipos-
ity and insulin resistance [89]. SIRT1 promotes fat 
mobilization in WAT and drives lipid utilization in the 
liver and muscle via PPARγ [125] and also enhances 
energy expenditure by deacetylating PPARγ to facili-
tate Prdm16 binding [126]. Our results indicated 
that chronic sleep deprivation might compromise the 
SIRT1 function in WAT and BAT, predisposing adipose 
accumulation and decreased thermogenesis. Besides, 
it has been reported that in both brown and white adi-
pose tissues, Nampt ablation impairs many core clock 
genes and disrupts the circadian rhythm of many meta-
bolic pathways, especially those related to lipid metab-
olism [127]. Our results showed that the oscillation 
amplitude of NAMPT was dampened with reductions 
of protein levels in both WAT and BAT after chronic 
sleep deprivation. SIRT1 deacetylates the iNAMPT 
to regulate the eNAMPT secretion from adipose tis-
sues [88]. The circulating eNAMPT can be derived 
from adipocytes, hepatocytes, and leukocytes [87, 88, 
128, 129]. A prior investigation has indicated that the 
release of eNAMPT from adipocytes rises during fast-
ing periods [88]. This study argues against adipose tis-
sue-derived eNAMPT being a contributor to eNAMPT 
elevations during the physiological feeding period [87]. 
Our result indicated that chronic sleep deprivation 
obviously disrupted the circulating eNAMPT rhyth-
micity. The most recent study suggested that the cir-
cadian rhythm of circulating eNAMPT can be altered 
in individuals with obesity [130], though the relation-
ship between circulating eNAMPT and obesity is still 
uncertain. Furthermore, this study also demonstrated 
that systemic eNAMPT activity failed to significantly 
affect the SCN clock activity but could regulate Pomc 
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and Agrp transcription in the ARC [130]. A finely con-
ducted work has revealed that Nampt knockout in the 
liver dampens circadian oscillations [131]. SIRT1 in 
the liver supports gluconeogenesis via PGC-1α and 
FOXO1. SIRT1 also promotes fatty acid oxidation by 
activating PPARα and inhibits fatty acid synthesis by 
targeting SREBP1c for degradation in the liver [85, 86]. 
Our results revealed that chronic sleep deprivation 
could reduce the expressions of BMAL1, PER1, SIRT1, 
and NAMPT in the liver that were rescued with com-
pensation of BMAL1 in the SCN, which could be deci-
phered as the communications of the SCN with the 
liver through PSNS [84].

Conclusions
Given the steep rise in obesity in industrialized nations, 
coupled with the continuous decline in sleep duration, 
it is crucial to understand the association between sleep 
loss and obesity. The SCN emits temporal afferents to 
regulate energy balance by firing rate and neurotransmit-
ters to fine-tune its charge of different endocrine func-
tions, but how the codes changed under chronic sleep 
deprivation is unknown. Our study revealed that chronic 
sleep deprivation for 4  weeks impaired appetite regula-
tion and decreased energy expenditure through damp-
ening BMAL1 expression, probably in the transcription 
level, in the SCN, which in turn affected the neuron 
projections to ARC and PVN. SIRT1 may be a potential 
intervention target since it participates in the disruption 
of the BMAL1 regulation loop and metabolic disorder 
induced by chronic sleep deprivation. Lacking specific 
targeting of the overexpression of BMAL1 in the AVP 
neurons using AVP-Cre mice is one scientific limitation 
of the present manuscript, and we will further explore 
the causality between sleep deprivation and BMAL1 in 
AVP neurons in AVP-Cre mice in the future and artifi-
cially activate the AVP neurons using optogenetic and 
chemogenetic technologies to demonstrate its role in 
regulating food intake, especially under chronic sleep 
deprivation conditions.

Methods
Animals
Mice were bred and housed in the animal facilities in 
the Animal Department in China Medical University, 
in accordance with National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. All experi-
mental protocols were approved by the China Medical 
University Animal Care and Use Committee, following 
the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. The experimental animals 

in this study were Kunming mice (SPF grade, a wild 
nocturnal active type) purchased from Huafukang Bio-
technology (China). All mice were fed standard chow 
ad libitum under a 12:12 h light:dark cycle (lights on 7:00 
am–7:00  pm, ZT0-ZT12; lights off 7:00  pm–7:00 am of 
next day, ZT12-ZT24) and housed at a constant tempera-
ture (22 ± 2℃) and humidity (40–60%). Adaptive feeding 
was performed for 1 week before the experiment started. 
EEG and EMG electrode implantation surgery and virus 
injection were performed at the age of 3 weeks (shown in 
Fig. 1A).

Reagents
TRIzol reagent was obtained from Takara (Japan). RIPA 
lysis buffer and bicinchoninic acid (BCA) protein assay kit 
were purchased from Beyotime Biotechnology (China). 
The enhanced chemiluminescence (ECL) plus kit was 
obtained from MilliporeSigma (USA). The primary anti-
bodies against phosphorylated-JAK2 (p-JAK2, Tyr1007/
Tyr1008, #3771S, RRID: AB_330403), JAK2 (#3230S, RRID: 
AB_2128522), SOCS3 (#52113S, RRID: AB_2799408), 
phosphorylated-STAT3 (p-STAT3, #9145S, RRID: 
AB_2491009), STAT3 (#4904  T, RRID: AB_331269), 
BMAL1 (#14020S, RRID: AB_2728705), REV-ERBα 
(#13418S, RRID: AB_2630359), NPY (#11976S, RRID: 
AB_2716286), GAPDH (#2118S, RRID: AB_561053), and 
β-actin (#4970, RRID: AB_2223172) were procured from 
Cell Signaling Technology (USA). The primary antibod-
ies against LepRb (#ab5593, RRID: AB_304969), CLOCK 
(#ab3517, RRID: AB_303866), and POMC (#ab210605, 
RRID: AB_3073977) were purchased from Abcam (USA). 
The primary antibody against AgRP (#Sc-518077, RRID: 
AB_3099749) was purchased from Santa Cruz Biotech-
nology (USA). The primary antibodies against PER2 
(#AF4601, RRID: AB_2844559) and PER1 (#DF9080, 
RRID: AB_2842276) were purchased from Affinity Bio-
sciences (China). The primary antibodies against SIRT1 
(#A11267, RRID: AB_2861537), RORα (#A6971, RRID: 
AB_2767528), CRY1 (#A13662, RRID: AB_2760523), 
and CRY2 (#A6891, RRID: AB_2767450) were pur-
chased from ABclonal (China). The primary antibodies 
against TCPTP (#YN1458, RRID: AB_3099750), PTP1B 
(#YT3900, RRID: AB_3099752), and NAMPT (#YT6086, 
RRID: AB_3099751) were purchased from ImmunoWay 
(USA).

All other chemicals were of analytical grade and 
obtained from local chemical suppliers. These chemical 
reagents were prepared as stock solutions with sterile 
water and then diluted to the final concentrations before 
application. The water used in this study was double 
distilled.
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Chronic sleep deprivation procedure
The paradigm of chronic sleep deprivation (SD) is shown 
in Fig.  1A. Mice were deprived of sleep with an auto-
mated sleep deprivation (ViewPoint Life Sciences) device. 
The animals were flexible in a shaker apparatus (cylindri-
cal, which is transparent). There is a shaker device at the 
bottom of the deprivation chamber, which forms a con-
nection between vibration and the computer via an adap-
tor. The computer is installed with an EEG/EMG signal 
collection program. Mice were settled into the chamber 
before sleep deprivation started, where they could obtain 
water and food ad libitum. Then a 4-week SD (total 18 h 
per day for SD, ZT6-ZT12 for opportunity sleep of each 
day) was produced by activating the device. The shak-
ing of the chamber bottom platform is launched by pro-
grammed electromagnetic pulses to keep the mice awake 
during sleep deprivation. The parameters of the electro-
magnetic pulses are as follows: SD, a sequence of random 
2 to 4 pulses (20 ms duration) sent at 2 Hz every random 
0.15–0.33  min. For mice with simultaneous EEG/EMG 
recording, four mice were sleep-deprived/recorded at 
the same time. The parameters of the SD protocol have 
shown that the SD process may not induce acute stress 
since the circulating corticosterone levels did not change 
after acute sleep deprivations for 6, 12, 18, or 24 h (data 
not shown).

Animal experiments timeline
In the first part of our study, mice were randomly 
divided into two groups: the control group (CON) and 
the chronic sleep deprivation group (SD); the brain tis-
sues and serum were taken immediately at ZT6, ZT12, 
ZT18, and ZT24 on the last sleep deprivation day and 
stored at − 80℃ until analysis. EEG/EMG electrodes were 
implanted 1 week before the sleep deprivation process (as 
shown in Fig. 1A).

In the intervention study, mice were randomly divided 
into four groups: the control group with empty vector 
(CON + GFP, CONGFP), the control group with AAV-
genetic overexpression of BMAL1 (CON + AAV1-hSyn-
Bmal1, CONBMAL1), the chronic SD group with empty 
vector (SD + GFP, SDGFP), and the chronic SD with AAV-
genetic overexpression of BMAL1 group (SD + AAV1-
hSyn-Bmal1, SDBMAL1). When mice were under 
anesthetization, EEG/EMG electrodes were implanted 
directly followed by the viral injection (as shown in 
Fig.  4A and B); 5  weeks were allowed for viral expres-
sion in mice after viral injection surgery, and 1  week 
was allowed for mice to recover from electrode implan-
tation. Mice could acclimatize to the deprivation cham-
ber for 1  h per day, at least 5  days before chronic sleep 
deprivation started. After baseline recording, mice were 

sleep-deprived for 18  h per day starting at night onset 
(7:00 p.m. to 1:00 p.m. the next day) for up to 4 weeks. 
EEG/EMG signal was collected on the last day of 4 weeks 
of chronic sleep deprivation day from 7:00 am to 7:00 am 
the next day (total for 24  h, ZT6-ZT12 for opportunity 
sleep), then the animals were immediately sacrificed by 
decapitation at the end of chronic sleep deprivation at 
1:00 p.m. (ZT6). Samples were taken immediately and 
stored at − 80℃ until analysis.

Viral injection
AAV1-hSyn-Bmal1 was purchased from Genechem 
(Shanghai, China). Three-week-old mice were anesthe-
tized using isoflurane inhalation, placed on a brain ste-
reotactic holder, and drilled with bilateral holes into 
the skull (AP = − 0.47  mm; ML = ± 0.45  mm; DV = 
− 5.65  mm). A glass pipette was attached to a microsy-
ringe (Hamilton), which led to a bilateral infection of the 
hypothalamus; 1 μL of AAV1-hSyn-Bmal1 (1.725 × 1012 
viral genomes per mL) viral infusions were injected at a 
rate of 200 nL min-1. The AAV vector expressing GFP 
alone served as the control vector. The recombinant AAV 
virus was injected at the SCN bilaterally in the mice. 
After each injection, the needle or glass pipette was kept 
still for 5  min before slowly withdrawing. Mice were 
recovered for 6  weeks after surgery to achieve the viral 
induction process.

EEG/EMG electrode implantation
Three weeks of age mice were fixed on the brain stere-
otaxic apparatus after anesthetization in an isoflurane-
inducing chamber. The body temperature of mice was 
maintained using a heating pad and a gas mask was used 
to maintain isoflurane anesthesia throughout the surgery 
procedure. Before surgery, an erythromycin eye oint-
ment was applied to protect mice’s eyes. The mice were 
placed in a cage on the heating pad when EEG and EMG 
electrodes were implanted until fully awake. The mouse 
head was shaved and the skull surface was exposed 
with a midline scalp incision, then wipe off the connec-
tive tissue on the skull surface. Three small skull holes 
(0.5–1 mm in diameter) were drilled with the skull drill, 
then stainless steel mini-screws (China) for EEG were 
implanted into the skull above the frontal electrode (ster-
eotaxic coordinate bregma as a reference: AP = + 2 mm, 
LAT = + 1 mm), parietal electrode (AP = − 2 mm, LAT = 
− 1.5 mm), and reference electrode (AP = − 6 mm, LAT = 
+ 2  mm). Miniscrews were soldered to Teflon® coated 
semi-rigid silver wires (0.003 inch in diameter). Two 
semi-rigid silver wires served as EMG electrodes and 
were inserted into the trapezius muscle ~ 5 mm apart and 
sutured in place for EMG recording. The electrodes were 
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previously soldered to a connector, which was mounted 
on the skull using dental cement.

EEG/EMG recording
Implanted surgery was described above, mice were 
allowed to recover for 1 week in their cage and fed stand-
ard chow ad  libitum. EEG and EMG recording across a 
complete 24-h light–dark cycle was performed on the 
day before chronic sleep deprivation and recorded as the 
baseline.

EEG/EMG signals were collected by a new device to 
quantify sleep (ONEIROS), the system can be used either 
as a data logger, by using embedded media storage, or as 
a telemetry device for real-time monitoring and analy-
sis of the signals [132]. Wakefulness (WK), NREM, and 
REM episodes longer than 5 s were quantified based on 
previously described criteria [108]. In brief, WK is char-
acterized by desynchronized small-amplitude EEG and 
extensive EMG activity. NREM is characterized by syn-
chronized, large-amplitude delta (0.25–4  Hz)-dominant 
EEG and reduced EMG activity compared to WK. REM 
is featured by an EEG of high frequency (4–9  Hz-dom-
inant) and relatively uniform amplitude smaller than 
that in NREM and often associated with a flat EMG. The 
relative power of delta (0.5–4  Hz), theta (4–9  Hz), and 
alpha (9–20 Hz) bands are calculated as a fraction of total 
power (0.5–20 Hz) for each animal. NREM sleep pressure 
is indicated as the calculation of the average power den-
sity of NREM, also known as slow-wave activity (SWA, 
power in the 0.5–4  Hz range) is determined for 30  s 
epochs [133, 134]. Polygraphic signals are amplified and 
bandpass filtered (0.3–30 and 30–300  Hz for EEG and 
EMG, respectively) by a polysomnograph (Grass Model 
9, Grass Instruments Co.). Along with signals from the 
motion detectors, these polygraphic signals are digitized 
(sampling rate of 250 Hz) and stored on a computer using 
data collection software (SleepSign, Kissei Comptec Co.) 
for subsequent offline analysis.

Body weights and food intake
The body weights of the mice were measured twice a 
week for 4 weeks. Each measurement was taken at 1:00 
p.m. (ZT6). Food intake was measured daily (ZT0 and 
ZT12) by calculating the amounts of food consumed in 
each cage and dividing them by the number of mice in 
the cage. Food intake was presented as g/day/mouse.

Western blot analysis
Mice were sacrificed at the end of chronic sleep depriva-
tion. Samples for Western blot experiments were taken 
immediately into tubes then were put in liquid nitrogen 
and stored at − 80℃ until analysis. Total protein samples 
derived from the tissues were lysed with RIPA lysis buffer. 

Aliquots of each sample (20  µg per lane) were loaded 
onto 8–12% SDS–polyacrylamide gel electrophoresis 
(PAGE). The gels after electrophoresis were transferred 
onto polyvinylidene difluoride (PVDF, Millipore, USA) 
membranes in trans-buffer electronically. The mem-
branes were incubated with primary antibodies against 
BMAL1 (1:1000), CLOCK (1:500), PER1 (1:1000), PER2 
(1:1000), CRY1 (1:1000), CRY2 (1:1000), LepRb (1:1000); 
p-JAK2 and JAK2 (1:500); p-STAT3 (1:1000); STAT3 
(1:1000); SOCS3 (1:1000); POMC (1:1000), NPY (1:500), 
AgRP (1:1000), SIRT1 (1:1000), NAMPT (1:2000), REV-
ERBα (1:2000), RORα (1:2000), TCPTP (1:2000), PTP1B 
(1:2000), β-actin (1:1000), and GAPDH (1:1000) over-
night at 4℃. On the following day, membranes were 
incubated with corresponding secondary antibodies 
for 1  h at 22 ± 2℃. The BCA protein assay kit was used 
to determine protein concentrations in lysates. Analysis 
was performed with the multifunctional imaging system 
(Tanon5200, China). β-actin or GAPDH was used as the 
internal standard. Semi-quantifications of the bands were 
performed using Image J software.

Realtime RT‑qPCR
Quantitative real-time PCR (RT-qPCR) was conducted 
according to the minimum information for publication of 
quantitative real-time PCR experiments (MIQE) guide-
lines; 1  µg of total RNA was extracted from the tissues 
with Trizol reagent. The cDNA was synthesized from 
total RNA using a PrimeScript RT reagent kit (Takara, 
Japan) and served as a template for real-time PCR ampli-
fication. TB Green (Takara, Japan) was used in QuantS-
tudio 6 Flex fluorescence quantitative PCR instrument 
(Thermo Fisher, USA) for real-time PCR progress. 
Primer sequences for target genes are in the list of oli-
gos in Table 1. The comparative CT method (ΔΔCT) was 
used to quantify the target genes [135]. RNA abundance 
was expressed as 2−ΔΔCT for the target gene normalized 
against β-actin (as the internal control) and presented as 
fold change vs. control sample.

Energy expenditure, basal locomotor activity, and body 
composition
Energy expenditure of mice was measured after sleep 
deprivation for 4  weeks; briefly, mice were housed for 
5  days in the eight-channel Promethion system (Sable 
Systems International) cages. Mice were settled into the 
cages and were acclimatized for 24  h. Individual cages 
include a ceiling-mounted food hopper and water spigot, 
where they could obtain water and food ad libitum, and 
simultaneously, carbon dioxide production (Vco2), oxy-
gen consumption (Vo2), food intake, and locomotor 
activity were measured. Locomotor activity was recorded 
by the photoelectric beam motion detectors. Airflow 
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through the chamber was negative (2000  mL/min), and 
gas analyses were recorded once per minute. The cages 
are mounted inside thermally controlled cabinets that are 
maintained at 24℃ to diminish heat loss. Energy expend-
iture was calculated as 3.815 × Vo2 + 1.232 × Vco2. Data 
collected from days 2–5 were used for analyses.

At the end of chronic sleep deprivation, mice under-
went body composition analyses after multiplexed 
phenotyping. Body composition was assessed using time-
domain nuclear magnetic resonance (TD-NMR, Bruker 
Minisp LF50, Germany). These in vivo experiments were 
performed once, with numbers of animals (n values) indi-
cated in figure legends.

Leptin, NPY, α‑MSH, NAMPT, and corticosterone levels 
in serum
Blood was taken immediately under anesthetization with 
inhaled isoflurane from the retrobulbar intraorbital cap-
illary plexus then centrifuged and obtained serum was 
frozen at − 80℃. The serum leptin level was assessed 
using an ELISA kit (Quantikine ELISA Kit R&D Sys-
tems, United States) according to the manufacturer’s 
instructions. The level of α-MSH was measured using 
commercially available ELISA kits (Enzyme-Linked 
Biotechnology Co., Shanghai, China). The serum NPY, 
NAMPT, and corticosterone levels were measured using 
ELISA kits purchased from Elabscience (China). The 
ELISA kits use the double-antibody sandwich method, 
the absorbance of samples is read at 450 nm. Data were 
calculated using an appropriate standard curve generated 
by the ELX800 ELISA plate reader (BioTek Instruments, 
USA).

Immunofluorescence staining
The brains were collected from cardiac-perfused mice 
with 50 mL saline followed by 50 mL 4% paraformalde-
hyde via the left ventricle of the heart under anesthesia 
and quickly placed in a deep freezer at − 80℃. The brain 
slices (20 μm thickness) were blocked with 5% BSA and 
0.5% Triton X-100 in phosphate-buffered saline (PBS). 
Bovine serum albumin (BSA) was added and blocked for 
30 min, followed by incubation with primary antibodies, 
respectively: rabbit anti-p-STAT3, anti-AgRP, anti-NPY, 
and anti-POMC antibody at 4℃ overnight. The primary 
antibody dilution was 1:50. After washing with PBS, 
slices were incubated with Alexa Fluor 594-conjugated 
anti-rabbit secondary antibody or Alexa Fluor 488-conju-
gated anti-mouse secondary antibody at room tempera-
ture for 1 h, with a dilution of 1:500. Slices were washed, 
mounted, and imaged using a multi-channel laser scan-
ning confocal microscope (Nikon AXR). Immunofluores-
cence staining for detecting the protein expressions in the 
SCN and ARC for multiple time points was performed 

using the Quadruple-Fluorescence immunohistochemi-
cal mouse/rabbit kit (RS0037, ImmunoWay Biotechnol-
ogy), following the manufacturer’s protocol. Two slices 
of three brains for each group were stained. For negative 
controls, the primary antibodies were omitted.

Statistical analysis
Results were represented as means ± standard deviations 
unless otherwise specified in the legends. The samples 
“n” represented biological replicates (outliers were omit-
ted), and data analysis was performed with SPSS v22.0 
(SPSS Inc., USA). The band of Western blot intensities 
and average immunofluorescence intensities were quan-
tified using Image J and presented as bar graphs or line 
charts (for multiple time points) to show relative quanti-
fication. Normality was tested by the Shapiro–Wilk test. 
The comparisons between two groups with multiple time 
points were analyzed with a two-way repeated-measures 
ANOVA and pairwise comparisons. Multi-group data 
for different time points, such as food intake and weight 
gain of the mice were analyzed with two-way repeated-
measures ANOVA with Tukey’s post hoc test. One-way 
ANOVA with LSD post hoc test was used to determine 
the differences in the intervention experiments, and 
p < 0.05 was considered statistically significant.
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Supplementary Material 1: Figure S1 Chronic sleep deprivation-induced 
disruption of energy expenditure and food consumption. A and B. 
Representative energy expenditurerecorded by metabolic cages in 
light-dark conditions in the mice under continuous monitoringor total 
energy expenditure. C and D. Representative food consumedrecorded by 
metabolic cages in light-dark conditions in the mice under continuous 
monitoringor total food consumed. E and F. Representative locomo-
tor activityrecorded by metabolic cages in light-dark conditions in the 
mice under continuous monitoringor total locomotor activity. G and H. 
Representative oxygen consumptionrecorded by metabolic cages in light-
dark conditions in the mice under continuous monitoringor total oxygen 
consumption. I and J. Representative carbon dioxide productionrecorded 
by metabolic cages in light-dark conditions in the mice under continuous 
monitoringor total carbon dioxide production. Data were presented as the 
means ± standard deviations and presented as bar graphs. Significant dif-
ference * was defined as p<0.05 by one-way ANOVA. CONGFP, the control 
group with empty vector; CONBMAL1, the control group with AAV-genetic 
overexpression of BMAL1; SDGFP, the chronic SD group with empty vector; 
SDBMAL1, the chronic SD with AAV-genetic overexpression of BMAL1. ZT, 
Zeitgeber time. Data were presented as the means ± standard devia-
tions. Significant difference * was defined as p<0.05 by one-way ANOVA. 
CONGFP, the control group with empty vector; CONBMAL1, the control 
group with AAV-genetic overexpression of BMAL1; SDGFP, the chronic 

SD group with empty vector; SDBMAL1, the chronic SD with AAV-genetic 
overexpression of BMAL1. Figure S3 The original blots for Figure 2A. 
Figure S4 The original blots for Figure 2H. Figure S5 The original blots for 
Figure 6A. Figure S6 The original blots for Figure 6Q. Figure S7 The original 
blots for Figure 6T. Figure S8 The original blots for Figure 8E. Figure S9 The 
original blots for Figure 8G. Figure S10 The original blots for Figure 8K.
Figure S11 The original blots for Figure 8P. Figure S2 Compensation of 
BMAL1 in the SCN rescued the in situ expressions of BMAL1 in the ARC A. 
Representative IF staining for BMAL1, DAPI and merged imagesin the ARC. 
B. The average IF intensities of BMAL1 among groups were determined by 
Image J software and presented as bar graph. Mean intensity = Integrated 
Density/Area.
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