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Abstract

Background: Quercetin is a naturally occurring flavonoid widely distributed in plants that exhibits various biological activities, including
anti-inflammatory, antioxidant, and neuroprotective effects. It exhibits a potential role in sleep regulation and homeostasis; however,
its specific effects on sleep-wake cycles and underlying mechanisms remain unelucidated. Methods: To systematically investigate
the regulatory role of quercetin in sleep architecture and homeostatic recovery, polysomnography (PSG) was used to monitor sleep
parameters in mice under normal circadian rhythms and acute sleep deprivation (ASD). Immunofluorescence staining was performed to
assess the expression of cellular proto-oncogene protein Fos (c-Fos) and microglial activation in sleep-related brain regions, including the
medial prefrontal cortex (mPFC), nucleus accumbens (NAc), bed nucleus of the stria terminalis (BNST), paraventricular thalamic nucleus
(PVT), hippocampal dentate gyrus (DG), basolateral amygdala (BLA), and periaqueductal gray (PAG). Results: Under normal circadian
conditions, high-dose quercetin promoted non-rapid eye movement (NREM) sleep in mice. In ASD models, quercetin enhanced NREM
sleep rebound during the early recovery phase. It sustained higher levels of wakefulness during the subsequent light phase, exhibiting its
dual role in accelerating homeostatic recovery while balancing circadian arousal. Immunofluorescence analyses showed that quercetin
markedly suppressed c-Fos expression in the mPFC, BLA, and PVT under sleep-deprived conditions. Additionally, it inhibited microglial
activation in the mPFC and NAc. Conclusion: These results mechanistically associate the sleep-regulatory effects of quercetin with its
dual inhibition of neuronal hyperactivity in sleep-associated brain regions and neuroinflammatory responses. Altogether, this study
identifies quercetin as a novel natural modulator of sleep homeostasis, underscoring its therapeutic potential for sleep disorders via
anti-excitatory and anti-inflammatory mechanisms.

Keywords: quercetin; sleep homeostasis; polysomnography; sleep deprivation; c-Fos; microglia

1. Introduction namic synaptic interactions, whereas microglia exhibit a
more quiescent morphology during sleep. These findings
closely associate microglial morphology with synaptic plas-
ticity during the sleep-wake cycle [7-9]. Microglia un-
dergo a morphological shift toward a proinflammatory phe-
notype, characterized by reduced branching and increased
phagocytic activity, during sleep deprivation (SD). This
shift, along with inflammatory infiltration in the meninges
and brain parenchyma, reveals that sleep states influence
immune responses by regulating microglial morphology
[10]. Therefore, exploring approaches to maintain sleep
homeostasis through immune system modulation provides a
theoretical foundation for developing “anti-inflammatory—

Sleep is a fundamental physiological process essen-
tial for maintaining nervous system function and immune
homeostasis, with sleep homeostasis regulation involving
a bidirectional interplay with the neuroimmune network
[1,2]. Clinical and animal studies suggest that disrupting
sleep homeostasis can activate the immune system, exacer-
bate the increase in peripheral proinflammatory cytokines,
and stimulate microglial activation within the central ner-
vous system (CNS), thereby increasing the risk of infec-
tious, autoimmune, and neurodegenerative diseases [3,4].
Microglia, the primary immune cells in the brain, regulate

wake-sleep cycles by modulating neuronal activity in spe-
cific brain regions [5,6]. For instance, the activation of
inhibitory G-protein signaling within microglia has been
shown to promote sleep. Conversely, sleep states can regu-
late the morphology of microglia. Notably, animal studies
have associated enhanced neuronal activity during wake-
fulness with elevated microglial branch extension and dy-

sleep-promoting” intervention strategies.

Quercetin, a natural flavonoid abundantly present
in Chinese herbal medicines, is well known as its anti-
inflammatory, antioxidant, and neuroprotective properties
[11,12]. Recent study has shown that quercetin nanoparti-
cles can modulate the gut-brain axis, attenuate the translo-
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cation of proinflammatory cytokines into the brain, and
improve sleep quality [13]. Additionally, quercetin has
been reported to alleviate SD-induced behavioral alter-
ations by inhibiting the inflammatory pathway in the hip-
pocampus and restoring brain-derived neurotrophic factor-
mediated neuroplasticity in SD models [14]. The anti-
neuroinflammatory effects of quercetin mainly include sup-
pression of the nuclear factor-xB and mitogen-activated
protein kinase signaling pathways, reduction in proinflam-
matory factor levels (including interleukin [IL]-1/, tumor
necrosis factor [TNF]-a, and nitric oxide [NO]), and up-
regulation of anti-inflammatory cytokines such as IL-10
[15]. Furthermore, quercetin has been shown to allevi-
ate SD-induced hippocampal neuronal pyroptosis by in-
hibiting the activation of the nucleotide-binding domain,
leucine-rich repeat, and pyrin domain-containing protein 3
(NLRP3) inflammasome [16], thereby enhancing cognitive
function through microglial regulation in the hippocampus
[17]. Notably, quercetin regulates microglial activation to
improve memory impairment, highlighting its significant
neuroprotective role [18,19]. Hence, the inhibitory effect
of quercetin on microglia may serve as a central mechanism
linking immune regulation and sleep improvement [20].

This study aimed to employ polysomnography and SD
paradigms to systematically investigate quercetin-mediated
reshaping of sleep architecture in mice under both basal
and homeostatic imbalance conditions. Additionally, the
effects of quercetin on brain region-specific neuronal activ-
ity and microglial dynamics were investigated to elucidate
the “natural compound—neuroimmune—sleep homeostasis”
regulatory axis and provide mechanistic insights for inter-
ventions in sleep disorders.

2. Materials and Methods
2.1 Mice

Adult male C57BL/6J mice (age: 810 weeks) were
obtained from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. and housed in a specific pathogen-free
(SPF)-grade animal facility under a 12-h light-dark cycle
(light on: 7:00-19:00) and controlled room temperature
(24-26 °C), with ad libitum access to food and water. Mice
were acclimated to the housing environment for 1 week be-
fore experimental manipulation to minimize stress. During
acclimation and experimental periods, animals were moni-
tored daily for general health status in accordance with the
Guidelines for the Care and Use of Laboratory Animals (8th
edition, National Institutes of Health, Bethesda, Maryland,
USA). Animals were euthanized via intraperitoneal injec-
tion of an overdose of sodium pentobarbital (100 mg/kg
body weight, Sigma-Aldrich, St. Louis, MO, USA; Cat.
No.: P3761). All procedures involving animals were ap-
proved by the Henan Provincial Animal Care and Use
Committee and conducted in accordance with the exper-
imental guidelines of the Animal Experimentation Ethics

Committee of Xinxiang Medical University (No. XYLL-
20240390), China.

2.2 EEG-EMG Electrodes Implantation

The experimental mice were anesthetized via in-
traperitoneal injection (i.p.) of ketamine (100 mg/kg; Cat.
No. K-002; Supelco, Merck KGaA, St. Louis, MO, USA)
and diazepam (5 mg/kg; Cat. No. D-907; Supelco, Merck
KGaA), which was dissolved in 0.9% saline. The in-
jection was administered at a volume of 0.1 mL/10 g of
body weight. Subsequently, the implantation of electroen-
cephalogram (EEG) and electromyography (EMG) elec-
trodes was performed with a stereotaxic apparatus (Model
No. 68803; RWD Life Science Co., Ltd., Shenzhen,
China). The EEG recording electrode was placed in the me-
dial prefrontal cortex (mPFC) at the coordinates: Bregma
anteroposterior (AP) + 1.75 mm, mediolateral (ML) + 0.45
mm, with the EEG reference electrode implanted on the
surface of the cerebellar skull. Two EMG electrodes were
inserted into the bilateral neck muscles. The electrodes
were secured with dental cement (Super-Bond C&B, Cat
No.: FG2971, N Corporation, Moriyama, Shiga Prefecture,
Japan). After surgery, the mice were returned to their home
cages for recovery.

2.3 Polysomnographic Recording and Analysis

After EEG-EMG electrode implantation, the mice
were allowed to recover for 1 week and then placed in
a sound-attenuated chamber to adapt the resistance of the
electrical commutator for 3 days. The polysomnographic
recorder (Model No. Neurokey, Nanjing Greathink Med-
ical Technology Co., Ltd., Nanjing, China) synchronously
recorded EEG and EMG signals at a sampling frequency
of 1000 Hz. The manual scoring of sleep states was per-
formed following downsampling of the signals to 250 Hz.
The sleep-wake states were classified into wakefulness,
non-rapid eye movement (NREM) sleep, and rapid eye
movement (REM) sleep based on the EEG and EMG sig-
nals. Wakefulness was recognized by high-frequency, low-
amplitude EEG activity and high-amplitude EMG activity.
NREM sleep was recognized by low-frequency (0.5—4 Hz),
high-amplitude EEG dominated by delta waves and low-
level EMG activity. REM sleep was recognized as low-
amplitude EEG with theta wave dominance (4-9 Hz) and
near-absent EMG activity.

Following manual scoring to identify NREM sleep
states, EEG signals were subjected to fast Fourier transform
(FFT) with a time window (4-second window length) to cal-
culate the power spectral density (PSD, unit: pV2/Hz). The
delta wave band was defined as 0.5—4 Hz, and the gamma
wave band as 30-80 Hz.

Sleep latency was defined as the duration from the ini-
tiation of EEG-EMG signal acquisition to the mouse’s first
transition into NREM sleep. If NREM sleep was not de-
tected in the first hour, the latency was recorded as 3600
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s. To minimize artifact interference, the first episode of
NREM sleep was only included in the analysis if it was sus-
tained continuously for >2 min; transient sleep events (<2
min) were considered invalid fluctuations during the wake-
fulness period.

2.4 Sleep Deprivation Procedures

The mice were subjected to acute sleep deprivation
(ASD) or chronic sleep deprivation (CSD) using the Ro-
dent Sleep Deprivation System (Model XR-XS108; Shang-
hai XINRUAN Information Technology Co., Ltd., Shang-
hai, China). The mice were allowed to move freely with ad
libitum access to food and water. Sleep deprivation was ini-
tiated at 7:00 during the light phase. The sleep deprivation
rods rotated unidirectionally at 10 revolutions per minute
(rpm). A 5-min interval was maintained between each full
rotation of the rods. Each sleep deprivation period lasted 6
h.

2.5 Preparation and Administration of Quercetin

Quercetin (Cat. No. S2391; Selleckchem, Houston,
TX, USA) was dissolved in freshly opened dimethyl sulfox-
ide (DMSO; Cat. No. D8371; Solarbio Science & Technol-
ogy Co., Ltd., Beijing, China). Quercetin working solutions
were then formulated at concentrations of 20 mg/kg and 200
mg/kg. The diluent for working solutions was prepared by
sequentially mixing 5% DMSO, 40% polyethylene glycol
300 (PEG300; Solarbio Science & Technology Co., Ltd.,
Beijing, China; Cat. No.: IP9020), 5% Tween 80 (Solarbio
Science & Technology Co., Ltd.; Cat. No.: 1T9000), and
50% ddH5O (DNase/RNase-Free Water; Solarbio Science
& Technology Co., Ltd.; Cat. No.: R1600).

For ASD, quercetin (20 mg/kg or 200 mg/kg body
weight) was administered via i.p. 30 min before the end
of the deprivation period. For CSD, quercetin was admin-
istered intraperitoneally 30 min before the end of the SD
on day 7. Immediately after the SD, a 24-h sleep recording
was conducted.

At 30 min before the start of the night phase (active
period), the experimental mice were injected via i.p. with
quercetin. The control mice were administered an i.p. in-
jection of the vehicle (the diluent for working solutions).
The EEG-EMG signal was recorded continuously for 24 h,
starting 30 min after quercetin injection.

2.6 Immunofluorescence Staining

To observe the effects of quercetin on the cellular
proto-oncogene protein Fos (c-Fos) expression and mi-
croglial activation in the brain, quercetin was administered
30 min before the end of SD. After 60 min of quercetin ad-
ministration, the mice were subjected to transcardiac per-
fusion. Subsequently, the brain tissues were harvested
and subjected to post-fixation with 4% paraformaldehyde
(PFA) for 812 h. Then, 40-pm-thick coronal brain sec-
tions were prepared by using an automated vibratome
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(Model: VT1200S; Leica Biosystems, Nussloch, Baden-
Wiirttemberg, Germany). The brain sections were collected
into 24-well plates, and 4—6 slices containing the target
brain regions were selected for immunofluorescence stain-
ing.

The brain sections were washed three times with 0.01
M phosphate-buffered saline (PBS), with each wash lasting
10 min. Then, the sections were blocked with 0.01 M PBS
containing 0.3% Triton X-100 and 10% goat serum for 90
min at room temperature (RT). Following the removal of the
blocking solution, the sections were incubated overnight at
4 °C with primary antibodies. The primary antibodies in-
cluded: ionized calcium-binding adapter molecule 1 (Ibal)
(Wako Pure Chemical Industries, Ltd., Osaka, Japan; Cata-
log No.: 019-19741; Dilution: 1:1500) and c-Fos antibody
(Synaptic Systems GmbH, Goéttingen, Germany; Catalog
No.: 226008; Dilution: 1:5000).

The brain sections were subsequently rinsed thrice
with 0.01 M PBS, with each rinse lasting 10 min. Fluo-
rescent secondary antibodies (Goat anti-rabbit Alexa Fluor
594; catalog number: A-11012, Thermo Fisher Scientific,
Waltham, MA, USA; Dilution: 1:800) diluted in 0.01 M
PBS were added, and the brain sections were incubated
for 2 h at RT. After three additional PBS washes (10 min
each time), the brain sections were incubated with 4’,6-
diamidino-2-phenylindole (DAPI; Roche, Basel, Switzer-
land; Cat. No.: 10236276001, 5 pg/mL) for 15 min at RT.
Then, the stained sections were mounted in 50% glycerol.
The immunofluorescence images were acquired using NIS-
Elements Advanced Research software (NIS-Elements AR
5.42.06; Nikon Instruments Inc., Tokyo, Japan), a dedicated
software for the Nikon Ti2-E confocal microscope (Model:
Ti2-E; Nikon Instruments Inc., Tokyo, Japan) with 10x and
20x objectives, employing two laser wavelengths (i.e., 405
nm and 561 nm). Image processing and quantitative anal-
ysis were performed using ImageJ software version 1.53e
(National Institutes of Health, Bethesda, MD, USA).

2.7 Statistical Analysis

All statistical analyses were performed using Graph-
Pad Prism 8.0 software (GraphPad Software, San Diego,
CA, USA). The experimental data were presented as the
mean = standard error of the mean (SEM). Statistical differ-
ences among the quercetin-treated groups were evaluated
using one-way analysis of variance (ANOVA). Statistical
significance between the groups was defined as *p < 0.05,
**p < 0.01, ***p < 0.001.

3. Results
3.1 Quercetin Promotes Sleep in the Basal State

To investigate the regulatory effects of quercetin on
sleep under physiological conditions, mice received a sin-
gle i.p. injection of either low-dose (20 mg/kg) or high-dose
(200 mg/kg) quercetin, and the control mice were admin-
istered a vehicle diluent. Following treatment, continuous
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Fig. 1. Quercetin significantly increases the NREM sleep under basal conditions in mice. (A) Flow chart of electroencephalogram-
electromyogram (EEG-EMG) recording after quercetin injection. (B) The line chart shows the percentages of wakefulness (upper),
NREM sleep (middle), and REM sleep (lower) in mice after quercetin administration. (C—E) The statistical charts show the percentage
of wakefulness (upper), NREM sleep (middle), and REM sleep (lower) over three time periods: 24 h (C), nighttime active phase (D),
and daytime inactive phase (E). n = 7 per group. Each circle represents one mouse. The data are expressed as mean + standard error
of the mean (SEM). The differences between groups were analyzed by one-way analysis of variance (ANOVA). **p < 0.01, ***p <
0.001, ****p < 0.0001, n.s., no significant difference. Vehicle, control group. 24 h, 24 hours. ZT, Zeitgeber Time; NREM, non-rapid
eye movement; EEG, electroencephalogram; EMG, Electromyography; REM, rapid eye movement; SEM, standard error of the mean.

24-h EEG-EMG sleep signals were recorded (Fig. 1A). No-
tably, high-dose quercetin significantly increased the per-
centage of NREM sleep and decreased that of wakeful-

ness, with no significant differences observed in REM sleep
(Fig. 1B,C). These effects were consistent across both ac-
tive and inactive phases (Fig. 1D,E).
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Fig. 2. Quercetin effectively reduces the sleep latency in mice. (A—C) Representative traces of EEG, EMG wave, and the sleeping

stages in the vehicle control group (A), 20 mg/kg quercetin-treated group (B), and 200 mg/kg quercetin-treated group (C) during the first

hour post-administration. (D) The statistical chart illustrates the sleep latency in vehicle-treated mice, 20 mg/kg quercetin-treated mice,

and 200 mg/kg quercetin-treated mice. n = 7 per group. Each circle represents one mouse. The data are expressed as mean + SEM and

analyzed by ANOVA. **p < 0.01, n.s., no significant difference. Ampl, Amplitude; Freq, Frequency.

To determine if quercetin facilitates the wakefulness-
to-sleep transition in mice, post-treatment sleep latency dur-
ing the 1st hour was analyzed (Fig. 2A—C). Sleep latency
decreased dose-dependently, with high-dose quercetin sig-
nificantly reducing sleep latency compared with the control
group (Fig. 2D).

To further assess quercetin-mediated regulation of
sleep pressure, EEG power spectra were evaluated during
both day and night. Notably, the EEG power of delta (0.5—
4 Hz) and gamma (30-80 Hz) waves did not differ sig-
nificantly between quercetin-treated and control mice dur-
ing both periods (Fig. 3A-F). Overall, these findings sug-
gest that quercetin exerts an NREM sleep-promoting effect
without elevating sleep pressure.

3.2 Quercetin Promotes Recovery of Sleep Homeostasis in
ASD Mice

Sleep homeostasis is essential for overall physiolog-
ical health, as disruption can impair immune function and
increase susceptibility to infections and mood disorders. To
determine whether quercetin regulates the maintenance of
sleep homeostasis, we modeled a high-arousal state induced
by sleep disruption using ASD in mice (Fig. 4A). Animals
were subjected to a single-cycle of 6-h SD beginning at
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zeitgeber time 6, followed by a 24-h EEG-EMG recording
to evaluate sleep latency and sleep-wake states across the
following four recovery phases: 1-6 h, 7-12 h, 13-18 h,
and 19-24 h post-SD (Fig. 4B,C). Notably, quercetin did
not affect sleep latency after ASD (Fig. 4B). During the
first 1-6 h of recovery, the ASD group exhibited signif-
icantly increased NREM sleep and REM sleep compared
with the vehicle group, concomitantly reducing wake time.
In SD + quercetin mice, the percentage of NREM sleep
was increased and REM sleep was decreased, while reduc-
ing wake time and increasing NREM sleep compared with
that in the control group, with no difference in REM sleep
(Fig. 4D).

During 7-12 h of recovery, the SD group exhibited
increased NREM sleep and decreased wake time compared
with the vehicle group. In quercetin + SD mice, no dif-
ferences were observed in wakefulness, NREM, and REM
sleep compared to the SD group. However, quercetin +
SD mice spent less time in wakefulness and exhibited in-
creased NREM and REM sleep compared with that in the
control group (Fig. 4E). No statistical differences were ob-
served among vehicle, SD, and quercetin groups during
the 13—18 h recovery phase (Fig. 4F). Notably, at 19-24
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Fig. 3. Quercetin has no effect on the EEG power spectrum in mice under the basal state. (A,D) Statistical graph showing EEG

power analysis of NREM sleep after quercetin injection during daytime (A) and nighttime (D). (B,C) Statistical charts show that quercetin

had no significant effect on delta power (B) and gamma power (C) during daytime. (E,F) Statistical charts show that quercetin did not

affect delta power (E) and gamma power (F) during nighttime. n = 7 per group. Each circle represents one mouse. Data are presented as

mean + SEM and analyzed by ANOVA. n.s., no significant difference. Vehicle, control group.

h post-SD, the SD mice exhibited reduced wakefulness
and increased NREM sleep compared to the control group,
whereas quercetin + SD mice exhibited increased wakeful-
ness and decreased NREM sleep compared with that in the
SD mice, indicating a trend toward normalization (Fig. 4G).

Herein, EEG power spectra were analyzed during
NREM sleep in 6-h intervals across the 24-h recovery pe-
riod to assess the effects of quercetin on sleep pressure dur-
ing recovery. Notably, delta (0.5—4 Hz) and gamma (30—
80 Hz) wave powers among the control, SD, and quercetin
+ SD groups showed no significant differences across all
recovery phases (Fig. SA—L). These findings suggest that
quercetin may have the potential to promote the recovery
of sleep homeostasis following ASD without altering sleep
pressure.

3.3 Quercetin Minimally Affects Post-CSD Sleep
Homeostasis Recovery

The role of quercetin in restoring sleep homeostasis
under CSD was examined in mice undergoing CSD for
seven consecutive days, followed by 24-h sleep recording
(Fig. 6A). No statistical differences were present in sleep la-
tency among the control, CSD, and CSD + quercetin groups

(Fig. 6B). We then analyzed the 24-h recovery period to
examine the proportion of wakefulness, NREM sleep, and
REM sleep (Fig. 6C).

During the first 1-6 h of sleep recovery, the CSD
group exhibited decreased wakefulness and increased
NREM sleep compared to control mice. Unlike the ASD
group, the CSD + quercetin group exhibited decreased
REM sleep compared to the CSD group, with no significant
differences in wakefulness and NREM sleep. Compared
with the control mice, the CSD + quercetin mice experi-
enced increased NREM sleep, following decrease in time
spend in wakefulness and REM sleep (Fig. 6D). No signifi-
cant differences were observed in wakefulness, NREM, and
REM sleep among the control, CSD, and CSD + quercetin
groups during the subsequent recovery phases (7—12, 13—
18, and 19-24 h, Fig. 6E-G).

Additionally, post-CSD EEG power analysis revealed
no significant differences in delta or gamma wave bands
during NREM sleep (Fig. 7A—L). Altogether, these results
suggest that a single administration of quercetin exerts min-
imal influence on restoring sleep homeostasis following
CSD.
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Fig. 4. Quercetin significantly improves sleep homeostasis in ASD mice. (A) Flow chart showing sleep recording after ASD. (B) The
statistical chart shows that i.p. injection of quercetin has no significant difference in sleep latency after ASD. (C) The line chart shows the
percentage of time spent in wakefulness (upper), NREM sleep (middle), and REM sleep (lower) during a 24-hour sleep recovery period
in mice. (D—G) Statistical graphs show the percentage of wakefulness (upper), NREM sleep (middle), and REM sleep (lower) during the
1-6 h (D), 7-12 h (E), 13-18 h (F), and 19-24 h (G) recovery periods, respectively. BL + Vehicle: n = 8, SD + Vehicle: n= 7, SD +
Quercetin: n= 7. Each circle represents a mouse. Data are expressed as mean + SEM and analyzed by ANOVA. *p < 0.05, **p < 0.01,
**%p < 0.001, ****p < 0.0001, n.s., no significant difference. Vehicle, control group. ASD, acute sleep deprivation; i.p., intraperitoneal
injection; BL, basal state; SD, sleep deprivation.

3.4 Quercetin Reduces SD-Induced Microglial Activation
and c-Fos Expression

Based on the sleep homeostasis-restoring effect of
quercetin after ASD, its impacts on neuronal activity and
microglia activation in specific brain regions were ex-
plored. Mice received a single i.p. injection of quercetin
(200 mg/kg) immediately after ASD, followed by im-
munofluorescence staining for c-Fos (Fig. 8A) and Ibal
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(Fig. 9A). Examination included various key sleep-related
brain regions, including the mPFC, nucleus accumbens
(NAc), bed nucleus of the stria terminalis (BNST), par-
aventricular thalamic nucleus (PVT), hippocampal den-
tate gyrus, basolateral amygdala (BLA), and periaqueductal
gray (PAG).

Notably, c-Fos staining revealed that quercetin atten-
uated the SD-induced c-Fos upregulation in the mPFC,
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Fig. 5. Quercetin did not affect the EEG power spectrum during the sleep recovery period after ASD. (A,D,G,J) Statistical graphs
show EEG power spectrum analysis of NREM sleep during the 1-6 h (A), 7-12 h (D), 13—18 h (G), and 19-24 h (J) of sleep recovery
after acute sleep deprivation. (B,E,H,K) Statistical charts illustrate the effects of quercetin on delta power during the recovery periods
of 1-6 h (B), 7-12 h (E), 13—18 h (H), and 19-24 h (K) after ASD. (C,F,I,L) Statistical charts show the effects of quercetin on gamma
power during the recovery periods of 1-6 h (C), 7-12 h (F), 13—18 h (I), and 19-24 h (L) after ASD. BL + Vehicle: n =8, SD + Vehicle:
n =7, SD + Quercetin: n = 7. Each circle represents a mouse. Data are presented as mean + SEM and analyzed by ANOVA. n.s., no

significant difference.

PVT, and BLA, whereas it enhanced c-Fos expression in
the BNST (Fig. 8B-I). Ibal immunostaining revealed that
quercetin significantly reduced SD-induced microglial ac-
tivation, as indicated by decreased Ibal immunoreactivity
in the mPFC, NAc, and PAG (Fig. 9B-I). Overall, these
results suggest that quercetin suppresses microglial activa-
tion and c-Fos expression in critical sleep-regulatory brain
regions, potentially underpinning its modulatory effects on
sleep homeostasis.

4. Discussion

This study aimed to systematically elucidate the reg-
ulatory effects of quercetin in sleep homeostasis and its
underlying neuroimmunological mechanisms. Notably,
quercetin exerts an NREM sleep-promoting effect under

basal conditions, and after ASD, it modulated sleep ar-
chitecture, thereby suppressing excessive neuronal activa-
tion in specific brain regions and alleviating microglial in-
flammatory responses. Altogether, these findings provide
novel insights into the mechanisms underlying the natural
compound-mediated regulation of sleep and neuroimmu-
nity.

Due to its limited blood-brain barrier (BBB)-
penetrating ability, quercetin requires higher doses in stud-
ies on CNS mechanisms in mice compared to those in pe-
ripheral anti-inflammatory/antioxidant experiments. Ac-
cording to reports, doses of 10-200 mg/kg are considered
effective for quercetin-mediated regulation of sleep-wake
cycles in rodents [21,22]. Recent study on regulating CNS-
mediated sleep regulation has consistently used a dose of
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Fig. 6. Quercetin has few significant effects on sleep homeostasis in CSD mice. (A) Flow chart of sleep recording after CSD. (B)

Statistical chart showing the sleep latency in CSD mice after quercetin treatment. (C) Percentages of wakefulness (upper), NREM sleep

(middle), and REM sleep (lower) in different groups. (D—G) Statistical charts show the percentage of wakefulness (upper), NREM sleep
(middle), and REM sleep (lower) during the 1-6 h (D), 7-12 h (E), 13—18 h (F), and 19-24 h (G) recovery periods, respectively. BL +
Vehicle: n =7, SD + Vehicle: n = 6, SD + Quercetin: n = 9. Each circle represents a mouse. Data are presented as mean = SEM and

analyzed by ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, n.s.,

200 mg/kg, which effectively targets brain neurotransmitter
systems to modulate sleep [23]. Regarding safety, a toxicity
study on the hydroethanolic extract of Dolichandra unguis-
cati L. leaves showed that a single, high-dose oral admin-
istration did not cause mortality or abnormal behaviors in
male and female rats over 14 d. Furthermore, the rats exhib-
ited normal weight gain, with no pathological abnormalities
in core indicators of liver and kidney function [24]. Based
on these findings, the 200 mg/kg dose setting (upper limit)
was included in this study, which also exhibits basic safety.

&% IMR Press

no significant difference. CSD, chronic sleep deprivation.

A Study investigating quercetin’s role in treating sleep
deprivation-related memory impairment has shown that
acute REM SD can activate inflammatory signaling path-
ways in the hippocampus [18]. A study by Wu et al.
[13] reported that orally administered quercetin nanoparti-
cles could regulate sleep duration under high-altitude condi-
tions, providing critical evidence for developing drug treat-
ments for altitude-related sleep disorders. The present study
induced SD by disrupting sleep via the rotarod method
and employed the i.p. method to administer quercetin,
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Fig. 7. Quercetin did not affect the EEG power spectrum in chronically sleep-deprived mice. (A,D,G,J) Statistical graphs showing
EEG power spectrum analysis in NREM sleep during the 1-6 h (A), 7-12 h (D), 13-18 h (G), and 19-24 h (J) recovery periods after CSD.
(B,E,H,K) Statistical charts show the effects of quercetin on delta power during the 1-6 h (B), 7-12 h (E), 13—18 h (H), and 19-24 h (K)
sleep recovery periods after CSD. (C,F,I,L) Statistical charts show the effects of quercetin on gamma power during the sleep recovery
periods of 1-6 h (C), 7-12 h (F), 13—18 h (I), and 19-24 h (L) after CSD. BL + Vehicle: n=7; SD + Vehicle: n = 6; SD + Quercetin: n
=9. Each circle represents a mouse. Data are presented as mean == SEM and analyzed by ANOVA. n.s., no significant difference.

thereby expanding its application in modulating normal
sleep rhythms and addressing both ASD and CSD. Addi-
tionally, this study investigated cellular activity and mi-
croglial activation in key brain regions involved in sleep
regulation.

Despite accumulating evidence indicating the ther-
apeutic potential of quercetin in sleep research, various
challenges persist in its clinical translation. For instance,
free quercetin can be enzymatically hydrolyzed in the gas-
trointestinal tract or be challenging to absorb owing to
low solubility [25]. Nevertheless, recent advancements
in nanoformulation technology have provided promis-
ing solutions to these issues. For example, quercetin-
maize peptide nanoliposomes, synthesized using multifre-
quency pulsed ultrasonic methods, exhibited significantly
enhanced quercetin-encapsulation efficiency, gastrointesti-
nal stability, and transmembrane transport efficiency (they
could penetrate the tight junctions of small intestinal ep-
ithelial cells) [25], thereby enhancing their potential for
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CNS targeting. Regarding the clinical translation of neu-
ropsychiatric disease treatment, quercetin-loaded chitosan
nanoparticles (Qu-Ch NPs) have demonstrated notable ad-
vantages, including a low dose and high safety [26]. Low-
dose Qu-Ch NPs exert strong neuroprotective effects by
modulating antioxidant and anti-inflammatory pathways.

Advances in nose-to-brain delivery technology have
further established an effective route for quercetin entry
into the CNS. Notably, traditional oral and intravenous
methods achieved extremely low quercetin concentrations
in the brain due to the restrictive BBB. In contrast, in-
tranasally delivered quercetin nanoparticles exhibited di-
rect entry into the brain via the olfactory nerve pathway
[27]. Notably, mitochondria-targeted quercetin nanofor-
mulations have been shown to combat Alzheimer’s disease-
related ferroptosis through a triple mechanism of “iron
chelation-pathway regulation-lipid protection” [28], offer-
ing strong experimental evidence for their potential in
treating neurodegenerative diseases. However, regard-
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Fig. 8. Effects of quercetin on c-Fos expression in brain regions of acutely sleep-deprived mice. (A) Flow chart showing the effects
of quercetin on c-Fos expression in brain tissues of acutely sleep-deprived mice. (B—H) Representative images show the expression of
c-Fos in the mPFC (B), NAc (C), BNST (D), PVT (E), HP-DG (F), BLA (G), and PAG (H) of mice in the Vehicle, SD-Vehicle, and
SD-Quercetin groups. Scale bar, 50 pm. (I) Histograms display the number of c-Fos-positive cells in the mPFC, NAc, BNST, PVT,
HP-DG, BLA, and PAG regions across the three groups. n = 3 per group. Each circle represents a mouse. Data are presented as mean
4+ SEM and analyzed by ANOVA. *p < 0.05, **p < 0.01, ***p

prefrontal cortex; NAc, nucleus accumbens; BNST, bed nucleus of the stria terminalis; PVT, paraventricular thalamic nucleus; HP-DG,

< 0.001. c-Fos, cellular proto-oncogene protein Fos; mPFC, medial

hippocampal dentate gyrus; BLA, basolateral amygdala; PAG, periaqueductal gray. Fig. 8A created with Adobe Illustrator CS6 (Version
16.0.0; Adobe Inc., San Jose, California, USA).

less of their potential for clinical translation, further re-
search is necessary on quercetin nanoformulations to clar-
ify the correlation between “dose-central concentration-
pharmacodynamic effect” and comprehensive long-term
safety. Overall, optimizing quercetin nanoformulations and
delivery systems can effectively overcome the major limita-
tion of low bioavailability, highlighting their substantial po-
tential for clinical application in treating neuropsychiatric
diseases.
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The power of delta waves (0.5-4 Hz) during NREM
sleep is a classical indicator of sleep pressure dynamics.
Additionally, sleep latency directly reflects the intensity
of sleep drive and represents an intuitive metric of sleep
pressure. Reportedly, the interaction between “homeo-
static pressure (Process S)” and “circadian rhythm (Pro-
cess C)” governs the sleep-wake balance [29]. Notably,
Process S, also referred to as the “traditional homeostatic
pathway” of sleep, has the following characteristic core fea-
ture: the longer the duration of wakefulness, the greater

11
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Fig. 9. Quercetin regulates the activation of microglia in brain regions of acutely sleep-deprived mice. (A) Experimental flow chart

for evaluating the effect of quercetin on microglial activation after ASD. (B—H) Representative images showing the expression of Ibal
in the mPFC (B), NAc (C), BNST (D), PVT (E), HP-DG (F), BLA (G), and PAG (H). Scale bar, 50 um. (I) Histograms showing the

number of Ibal-positive cells in the brain regions corresponding to (B—H). n = 3 per group. Each circle represents an individual mouse.

Data are presented as mean + SEM and analyzed by ANOVA. *p < 0.05, **p < 0.01. Ibal, ionized calcium-binding adapter molecule
1. Fig. 9A created with Adobe Illustrator CS6 (Version 16.0.0; Adobe Inc).

the accumulation of sleep pressure. Accumulated sleep
pressure results in a compensatory increase in delta wave
power during sleep, ultimately facilitating pressure dis-
sipation [30,31]. During wakefulness, neuronal activity-
associated metabolite accumulation, coupled with elevated
proinflammatory cytokine levels, enhances neuronal ex-
citability and synergistically promotes the buildup of sleep
pressure [32]. Together, they act on specific brain regions,
including the basal forebrain and hypothalamus, to inhibit

12

wake-promoting pathways, activate sleep-promoting path-
ways, and induce sleep [33]. Following sleep onset, slow-
wave sleep (SWS) and delta wave activity direct the tra-
ditional homeostatic pathway into a pressure-dissipation
phase, as this pathway activation relies on various factors
beyond delta wave power alone, including adenosine con-
centration, sleep latency, and SWS proportion. It is im-
portant to emphasize that the traditional sleep homeostatic
pathway does not regulate sleep independently.
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Reportedly, sleep initiation involves two parallel path-
ways: the “homeostasis-dependent” and the “homeostasis-
independent” pathways [34]. The traditional pathway relies
on the accumulation of homeostatic factors, such as adeno-
sine. In contrast, the homeostasis-independent pathway
initiates sleep by directly regulating sleep-wake switch-
ing neurons, for example, through gamma-aminobutyric
acid (GABA), which mediates receptor-driven inhibition of
wake-promoting pathways [35]. Quercetin has been shown
to act on the CNS primarily by inhibiting neuroinflamma-
tion and regulating oxidative stress levels [21,36].

In the present study, quercetin treatment reduced sleep
latency under basal conditions; however, it exhibited no
significant effect on post-SD sleep latency. Addition-
ally, quercetin did not significantly affect delta wave ac-
tivity during sleep under both baseline conditions and post-
SD recovery phase. Integrating the aforementioned litera-
ture findings with the present results, we hypothesize that
quercetin regulates sleep by modulating cerebral neuronal
excitability and microglial activity, rather than interfering
with sleep pressure accumulation reflected by delta waves.
This finding is consistent with a previously reported study
[21]. Additionally, this process is likely associated with the
cortical-limbic system and brainstem multilevel neural cir-
cuits that maintain sleep-wake homeostasis. To clarify this
association, the roles of key sleep-regulatory brain regions
were delineated in this study.

Notably, sleep-wake homeostasis regulation depends
on coordination among multilevel neural circuits spanning
the cortex, limbic system, and brainstem. Insomnia is of-
ten associated with hyperactivity or disrupted network con-
nectivity in different important brain regions. For instance,
the mPFC has been shown to drive wakefulness by enhanc-
ing thalamocortical synchronization [37]. Similarly, the
NAc regulates sleep-wake cycles primarily via dopamin-
ergic and glutamatergic signaling, with hyperactivity of
dopaminergic neurons potentially prolonging wakefulness
in chronic stress or insomnia conditions [38]. Furthermore,
the BNST and BLA integrate limbic inputs to modulate
the sleep-wake balance. The BNST affects this balance
by regulating GABAergic signaling. For example, phar-
macological or optogenetic inhibition of GABAergic neu-
rons in the BNST reportedly improved sleep continuity and
reduced stress-induced wakefulness [39]. The BLA pro-
cesses stress and emotional memory, structural and func-
tional alterations and chronic insomnia [40,41]. Notably,
acute stress can trigger the PVT, a relay station connecting
the cortex, limbic system, and brainstem, to activate gluta-
matergic projections to the central amygdala, thereby pro-
moting hyperarousal [42]. Additionally, the hippocampus
and ventrolateral PAG (vIPAG) further contribute to sleep-
wake regulation via homeostatic and neuroprotective mech-
anisms. For instance, the hippocampus can suppress exces-
sive stress responses via the hypothalamic-pituitary-adrenal
(HPA) axis, and its dysfunction has been associated with
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anxiety and depression comorbid with insomnia [43]. In
contrast, neural pathways in the vIPAG are critically impli-
cated in stress-induced recovery sleep. For example, neu-
rotensinergic neurons in the vIPAG have been shown to pro-
mote NREM sleep via GABAergic projections to arousal-
promoting nuclei, directly linking brainstem sleep circuits
and stress [44]. Altogether, these findings suggest that dys-
function across multiple brain regions can induce insomnia.
Further studies on dynamic interactions between these neu-
ral circuits are required to fully elucidate the mechanisms
underlying quercetin-induced precise therapeutic effects on
insomnia.

The results of this study showed that quercetin facil-
itated a compensatory increase in NREM sleep during the
early recovery phase (1-6 h) post-ASD, whereas in the late
recovery phase (19—24 h), it promoted normalization of the
sleep-wake cycle. Notably, the compensatory increase in
NREM sleep was primarily concentrated in the early re-
covery phase. Importantly, NREM sleep contributes to
synaptic pruning, metabolic waste clearance, and overall
bodily recovery [45]. These results suggest that quercetin-
mediated regulation of NREM sleep during the early recov-
ery phase aligns with the physiological demands of the body
and provides important support for restoring physiological
homeostasis.

SD-induced neuroinflammation in the brain has been
characterized by the upregulation of inflammatory factors,
such as IL-6, IL-13, TNF-«, cyclooxygenase-2, inducible
NO synthase, sirtuin 6, and high mobility group box 1, in
the mPFC of mice [46]. A recent study showed that SD
causes region-specific changes in microglial density and
morphology in brain regions such as the NAc, hippocam-
pus, hypothalamus, mPFC, and thalamus in young mice.
Among these, the highest density of Ibal-positive cells was
found in the NAc, whereas hippocampus and mPFC exhib-
ited the greatest total length and average number of mi-
croglia [5]. The increased microglial expression in the
mPFC and NAc observed in these studies is consistent with
the findings of the present study, underscoring the critical
role of the mPFC and NAc in SD-induced neuroinflamma-
tion.

A key aspect warranting detailed discussion is that
quercetin exerts sleep-regulating effects by attenuating neu-
roinflammation within specific brain regions. Recent stud-
ies report that quercetin exerts anti-inflammatory effects
in neurodegenerative diseases by modulating inflammatory
cytokine levels in the brain [47,48]. Furthermore, quercetin
can cross the BBB and is widely distributed across the cere-
bral cortex and limbic system. A previous study confirmed
that quercetin mitigated sodium fluoride-induced structural
and functional damage to the rat mPFC by enhancing an-
tioxidant capacity and inhibiting apoptosis, offering a po-
tential strategy for protecting the CNS from neurotoxicity
[49]. However, direct evidence for the anti-inflammatory
effect of quercetin within the NAc remains limited. There-
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fore, the observed reduction of microglia in the NAc in the
present study may be attributed to quercetin-mediated sup-
pression of inflammation in the mPFC, which then reduced
the transmission of pro-inflammatory signals to the NAc,
thereby alleviating local neuroinflammation.

c-Fos, a key marker of neuronal activation, plays a
critical role in assessing neural activity in sleep-regulatory
brain regions. This study showed that quercetin inhibited
c-Fos expression in the mPFC, PVT, and BLA, while in-
creasing its expression in the BNST, compared with that in
the control group. This pattern needs to be further explored
to elucidate underlying mechanisms. As a key component
of the extended amygdala, the BNST is closely linked with
high-arousal behavioral states. It is a highly heterogeneous
region, exhibiting extensive diversity in cell types, with no-
table variations in spatial organization, molecular expres-
sion, synaptic inputs, axonal outputs, and functional regu-
lation [50]. Various subtypes of BNST neurons project to
brain regions essential for sleep-wake regulation, includ-
ing the lateral hypothalamus (LH), ventral tegmental area,
and arcuate nucleus [50]. Notably, optogenetic activation
of BNST GABAergic neurons in mice has been shown to
promote rapid transitions from NREM sleep to wakeful-
ness; these neurons are also highly active during wakeful-
ness and REM sleep [51]. Studies have confirmed bidirec-
tional functional connectivity between the LH and BNST
[52,53]. Additionally, excitatory BNST projections have
been reported to activate REM-active neurons in the sub-
laterodorsal nucleus of the brainstem, contributing to REM
sleep regulation [54]. Notably, quercetin treatment fur-
ther increased c-Fos expression in the BNST in this study,
suggesting that its effects may involve the neurochemi-
cal and cellular heterogeneity of the BNST. Future studies
need to focus on integrating EEG-EMG and fiber photome-
try recordings, along with two-photon imaging, to monitor
quercetin-induced sleep regulation in the cell-type-specific
BNST neurons.

In contrast to its pronounced efficacy in ASD models,
quercetin exhibited limited effectiveness in restoring post-
CSD sleep homeostasis, showing only a reduction in REM
sleep during the early recovery phase. ASD mainly im-
pairs attention and working memory, along with inducing
transient oxidative stress in the hippocampus and prefrontal
cortex [55]. Mechanistically, ASD transiently activates the
HPA axis and triggers microglial activation, leading to lo-
calized inflammation without systemic spread. In contrast,
CSD causes “multi-target, irreversible” damage. Prolonged
overactivation of the HPA axis results in a “depleted state”,
accompanied by dysregulation of multiple neurotransmitter
systems [4]. Reportedly, a study on rodents has shown that
CSD disrupts BBB integrity, exacerbates microglial acti-
vation, and elevates proinflammatory cytokine levels (such
as TNF-« and IL-15) in the brain compared with the ef-
fects of ASD [56]. In the present study, quercetin displayed
a tendency to enhance the restoration of post-ASD sleep
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homeostasis but exerted only a weak effect in maintaining
sleep homeostasis during CSD. This discrepancy may be at-
tributable to the single-dose administration design used in
this study. To overcome this limitation and facilitate clin-
ical translation, future experiments should focus on iden-
tifying suitable delivery methods and optimizing quercetin
dosage regimens to effectively regulate sleep homeostasis
in various sleep disorder models.

5. Conclusion

The findings of this study reveal the potential of
quercetin in promoting NREM sleep under basal conditions
and post-ASD sleep homeostasis restoration, without influ-
encing sleep pressure. The underlying mechanisms may in-
volve inhibiting neuroinflammation and excessive neuronal
activation in specific sleep-regulatory brain regions. These
findings provide novel evidence supporting the role of nat-
ural compounds in regulating sleep and neuroimmune inter-
actions, along with offering quercetin as a promising can-
didate for treating acute sleep disorders. Future research
needs to aim to refine quercetin administration protocols,
elucidate region-specific molecular mechanisms, and de-
velop formulations with improved bioavailability, thereby
laying a solid foundation for the clinical treatment of sleep
disorders.
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