Zhang et al. Journal of Translational Medicine (2024) 22:975 Journal of Translational

https://doi.org/10.1186/512967-024-05766-8 . .
Medicine

Check for
updates

Circadian rhythm disruption modulates
enteric neural precursor cells differentiation
leading to gastrointestinal motility
dysfunction via the NR1D1/NF-kB axis
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Abstract

Objectives Circadian rhythm disruption (CRD) is implicated with numerous gastrointestinal motility diseases, with
the enteric nervous system (ENS) taking main responsibility for the coordination of gastrointestinal motility. The
purpose of this study is to explore the role of circadian rhythms in ENS remodeling and to further elucidate the
underlying mechanisms.

Methods First, we established a jet-lagged mice model by advancing the light/dark phase shift by six hours every
three days for eight weeks. Subsequent changes in gastrointestinal motility and the ENS were then assessed.
Additionally, a triple-transgenic mouse strain (Nestin-creER™ x Ngfr-DreER™%: DTRGFP) was utilized to track the
effects of CRD on the differentiation of enteric neural precursor cells (ENPCs). RNA sequencing was also performed to
elucidate the underlying mechanism.

Results Compared to the control group, CRD significantly accelerated gastrointestinal motility, evidenced by faster
intestinal peristalsis (P<0.01), increased fecal output (P<0.01), and elevated fecal water content (P < 0.05), as well as
enhanced electrical field stimulation induced contractions (P<0.05). These effects were associated with an increase
in the number of glial cells and nitrergic neurons in the colonic myenteric plexus. Additionally, ENPCs in the colon
showed a heightened differentiation into glial cells and nitrergic neurons. Notably, the NR1D1/nuclear factor-kappaB
(NF-kB) axis played a crucial role in the CRD-mediated changes in ENPCs differentiation. Supplementation with NR1D1
agonist or NF-kB antagonist was able to restore gastrointestinal motility and normalize the ENS in jet-lagged mice.

Conclusions CRD regulates the differentiation of ENPCs through the NR1D1/NF-kB axis, resulting in dysfunction of
the ENS and impaired gastrointestinal motility in mice.
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Introduction

Circadian rhythms are 24-hour patterns generated by
molecular clocks, which synchronize the biological func-
tions of organisms with the external environment cues
[1]. These rhythms can be disrupted by various factors
such as artificial light, mistimed eating, and irregular
physical activity [2]. In modern society, circadian rhythm
disruption (CRD) due to conditions like jet lag and shift
work has become increasingly prevalent, particularly in
professions where such disruptions are unavoidable [3].
This disruption has led to numerous adverse health out-
comes, making CRD a growing global health concern [4,
5].

Gastrointestinal function exhibits circadian rhythms
across various processes, including gastric acid secre-
tion, gastric emptying, digestive enzyme production, and
intestinal motility [6]. CRD has been associated with an
increased prevalence of functional gastrointestinal dis-
orders. Clinical studies have demonstrated that shift
workers are at a higher risk of developing such disorders,
including irritable bowel syndrome (IBS), gastroesopha-
geal reflux disease (GERD), and functional dyspepsia,
compared to individuals with traditional daytime work
schedules [7-9]. Nojkov et al. reported a significantly
higher prevalence of abdominal pain among nurses
working rotating shifts compared to those on fixed day
or night shifts [8]. Similarly, Chen et al. observed a posi-
tive correlation between shift work and GERD, with a
higher prevalence of GERD among night and shift work-
ers compared to non-shift workers [9]. Collectively,
these findings suggest that CRD may play a critical role
in the development and progression of gastrointestinal
dysfunction. However, the precise mechanisms through
which CRD leads to gastrointestinal dysfunction remain
insufficiently explored.

The enteric nervous system (ENS), composed of a
complex network of neurons and glial cells, is a crucial
autonomic nervous system located in the gastrointesti-
nal wall. This system includes intrinsic primary afferent
neurons, interneurons, and motor neurons, each distin-
guished by specific neurochemical coding and function
[10]. These neurons are organized into two intercon-
nected networks: the myenteric and submucosal plexuses
[11]. The myenteric plexus primarily regulates the mus-
cular contractions responsible for propelling gut con-
tents, while the submucosal plexus governs secretion and
absorption processes [12]. The ENS exhibits significant
functional and structural plasticity, including alterations
in the properties of enteric glial cells and neurons, which
play a crucial role in the development of gastrointestinal
dysfunction [13]. For example, a significant reduction in
enteric neurons, particularly inhibitory neurons, in the
lower esophagus may contribute to the development of
achalasia. This reduction impairs esophageal peristalsis
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and prevents the lower esophageal sphincter from relax-
ing during swallowing [14]. In cases of slow-transit con-
stipation, there is a marked decrease in both the size and
number of enteric ganglia, as well as a reduction in the
quantity of enteric glial cells and neurons [11]. Previous
studies have shown that the transcriptional activity of
the ENS undergoes significant changes due to circadian
rhythms [15]. However, little is known about whether
CRD can induce structural and functional changes in the
ENS, as well as the role such changes may play in gastro-
intestinal dysfunction.

Even under physiological conditions, the shape of the
ENS is altered by mechanical deformations resulting
from the contraction and relaxation of the intestinal wall
muscles [10]. These mechanical stresses cause significant
apoptosis of enteric neurons, which is offset by a compa-
rable level of neurogenesis, thereby preserving the overall
integrity of the ENS throughout its lifespan. Enteric neu-
ral precursor cells (ENPCs), derived from the neural crest
stem cells of the gut, primarily express nerve growth fac-
tor receptor (Ngfr) and Nestin [16]. These cells have the
capacity for self-renewal and differentiation into enteric
neurons and glial cells, playing a crucial role in maintain-
ing the balance between neuronal apoptosis and neuro-
genesis [16—18]. Previous research has emphasized the
role of circadian rhythms and specific core clock genes in
regulating stem cell proliferation and differentiation [19].
In mice, the activation of adult neural stem cells is influ-
enced by the circadian cycle, with cell division occur-
ring more frequently during the day and being inhibited
by melatonin signals induced by darkness [20]. The core
clock gene CRY1 maintains the self-renewal capacity,
colony organization and metabolic characteristics of plu-
ripotent stem cells [21]. Disruption of circadian rhythms
may compromise the quiescent state of neural stem cells,
potentially leading to their premature depletion [22]. This
study utilizes ENPCs transgenic reporter mice to investi-
gate the effects of CRD on the differentiation of ENPCs
and ENS remodeling, and aims to elucidate the underly-
ing mechanisms.

Methods

Animals

Triple-transgenic mice, Nestin-creER™ x Ngfr-DreER™:
DTRGEFP, were generated following our previous protocol
[18] to track Nestin*/Ngfr" cells. Briefly speaking, Nes-
tin-creER™? mice were hybridized with R26-e (CAG-RSR-
LSL-DTRGFP-WPRE-pA) and Ngfr-e (2 A-DreER™)
mice (purchased from Shanghai Model Organisms Cen-
ter, Inc). After Tamoxifen (TAM) induction, the newborn
Nestin*/Ngfr* cells were labeled with green fluorescent
protein (GFP) (Fig. S2A). Specific pathogen-free wild-
type male C57BL/6 mice (6-8 weeks old, weight:
20+0.5 g) were purchased from Beijing Vital River
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Laboratory Animal Technology Co., Ltd (Beijing, China)
and housed in controlled conditions with a standard diet
and water ad libitum. Animals were kept in this environ-
ment for one week to adapt before experiments. At the
end of the experiment, mice were anesthetized with 1.5%
isoflurane for euthanasia. All animal studies were autho-
rized by the Animal Care and Use Committee of Union
Hospital at Tongji Medical College, Huazhong University
of Science and Technology (IACUC No. S2803; approval
date: 2021.01.06; approved project: Glutamate regulates
gliosis of BMSCs to promote ENS regeneration through
a-KG and H3K9/H3K27 demethylation.) and performed
in accordance with national guidelines.

Tamoxifen induction

Corn oil was employed as a solvent to dissolve Tamoxi-
fen (TAM) (Sigma-Aldrich) at a concentration of 20 mg/
mL, and the resulting solution was stored at 4 °C. For in
vivo fate-mapping experiments, Nestin-creER™? x Ngfr-
DreER™: DTRGFP mice were administered 6 intraperi-
toneal doses of TAM (100 uL) over 6 consecutive days to
induce GFP expression in Nestin*/Ngfr" cells [16].

Jet-lagged mice model

As described in a previous study [23], control mice were
housed under a strict 12 h light-dark cycle, with lights on
at 6 am and off at 6 pm. To induce CRD, mice were sub-
jected to a jet-lag schedule, involving a 6-hour advance
of the 12-hour light-dark cycle every 3 days for 8 weeks.
To investigate the effect of glial cells on gastrointestinal
dysfunction in jet-lagged mice, barium fluorocitrate (FC;
10 mg/kg/day, Sigma-Aldrich) or vehicle (a 1:20 solu-
tion of dimethyl sulfoxide (DMSO) and 0.9% NaCl) was
administered intraperitoneally every day during the last
4 weeks of the experiment. To investigate the effect of
NR1D1/nuclear factor-kappaB (NF-«B) axis on gastroin-
testinal dysfunction in jet-lagged mice, SR9009 (NR1D1
agonist, 100 mg/kg/day, Selleck) or Bay11-7082 (NF-«kB
signaling antagonist, 10 mg/kg/day, Selleck) or vehicle (a
1:20 solution of DMSO and 0.9% NaCl) was administered
intraperitoneally every 2 days during the last 4 weeks of
the experiment.

Gastrointestinal transmission function detection

Mice were fasted overnight but given water before gas-
trointestinal motility assessment. For whole gut transit
time, a carbon black suspension (5% charcoal powder
suspended in 10% Arabic gum) was administered orally
via gavage, and the time from gavage to the appearance
of the first black fecal pellet was recorded. Distal colonic
transit time was measured by gently placing a 3 mm
metal bead 2 cm proximal to the anal opening using a
lubricated plastic Pasteur pipette. The time elapsed from
bead placement to expulsion was recorded. Fecal output
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was determined by collecting total wet feces over a 5 h
period. After drying the feces at 100 °C for 2 h, the dry
weight was measured. Fecal water content was calcu-
lated as [(total wet weight (mg)-dry weight (mg)/ total
wet weight (mg)] X 100%. During this process, mice had
unrestricted access to food. All gastrointestinal motility
experiments were conducted at a fixed Zeitgeber time
(ZT 12).

Evaluation of visceral hypersensitivity

Visceral hypersensitivity was assessed using colorectal
distension and the abdominal withdrawal reflex (AWR)
score. Mice were restrained, and a custom-made cath-
eter with an airbag was gently inserted 1 c¢cm into the
anus. The catheter was secured to the tail and connected
to a pressure gauge and 20 mL syringe via a three-way
adapter. After a 20 min acclimation period in a transpar-
ent cage (20 cm x 8 cm X 8 cm), gas was gradually intro-
duced into the airbag, increasing the pressure to 20, 40,
60, and 80 mmHg for 20 s each. A second experimenter
recorded the AWR scores, repeating the procedure twice
with 5 min intervals. AWR scores were evaluated as pre-
viously described [24]. All visceral hypersensitivity exper-
iments were conducted at a fixed Zeitgeber time (ZT 12).

Mice colon tissues collection

Following the completion of in vivo gastrointestinal
motility assessments, mice were humanely euthanized
at distinct Zeitgeber time (ZT), specifically ZT0, ZT6,
ZT12,ZT18, and ZT24. Six mice per experimental group
were euthanized at each designated time point. The
entire colon was subsequently harvested, with differ-
ent regions allocated for specific analyses. The proximal
colon was collected for Western blot analysis, while the
middle section was embedded in paraffin for the prepa-
ration of transverse sections. The distal colon was desig-
nated for reverse transcription quantitative polymerase
chain reaction (RT-qPCR), RNA sequencing, myen-
teric plexus immunofluorescence analysis, and smooth
muscle activity assessment. Colon tissues from five time
points (ZT0, ZT6, ZT12, ZT18, and ZT24) were selected
for RT-qPCR to examine the expression of clock genes.
To ensure temporal consistency with the gastrointesti-
nal function experiments, colon tissues at ZT12 were
selected for all other experimental analyses.

Intestinal smooth muscle activity recording

Colon tissues from each group were separated along
the mesentery. Luminal contents were then elimi-
nated using Krebs solution (NaCl 118.1 mM/L, KCl
4.8 mM/L, NaHCO, 25 mM/L, NaH,PO, 1.0 mM/L,
MgSO, 1.2 mM/L, glucose 11.1 mM/L, CaCl, 2.5 mM/L).
Afterwards, the mucosa and submucosa were care-
fully removed, and 8 mm by 2 mm muscle strips were



Zhang et al. Journal of Translational Medicine (2024) 22:975

prepared. Fine silk threads were used to ligate the ends
of the muscle strips, which were then floated longitudi-
nally in a tissue bath containing 25 mL of Krebs solution
(37 °C, 95% O,, 5% CO,). The longitudinal muscle strips
were fastened to the isometric force sensor (AD Instru-
ments) and the water bath, and the strips were loaded ini-
tially with 1.0 g. The polygraph (LabChart software v.7.0)
was used to capture spontaneous smooth muscle activity,
and contraction amplitude, frequency, and motility index
were all examined after the muscle strips’ spontaneous
contractions had been stable for 60 min. The tissues were
stimulated by electric field stimulation (EFS; 20 V, 500
ps duration, 5 Hz, 5 s) to induce neuronal contraction.
Substances capable of modulating neurotransmission
pathways, including, atropine (1 pM) and NG-nitro-L-
arginine methyl ester (L-NAME, 10 pM) were added to
the bath of each organ before EFS to observe the contrac-
tile response of the strips.

Immunofluorescence staining

Colonic smooth muscle tissues were isolated to study
the morphological alterations of the myenteric plexus.
Freshly separated colon tissues were immediately placed
in pre-chilled Krebs solution with the mucosal side facing
up. Using microforceps, the mucosa and submucosa were
carefully removed to expose the muscle layers, which
were then treated with 4% paraformaldehyde for 10 min.
After washing with phosphate-buffered saline, the tissues
were immersed in donkey serum containing 0.3% Triton
X-100 for 24 hours to block non-specific binding sites.
The samples were then incubated with the primary anti-
body (Table S1) in 0.3% Triton X-100 at 4°C for 48 hours.
Following another wash, the tissues were incubated with
the secondary antibody (Table S1) in the dark at 37°C
for 2 hours. The nuclei were subsequently stained with
4,6-diamidino-2’-phenylindole dihydrochloride (DAPI)
for 10 min. Additionally, tissues were fixed in 4% parafor-
maldehyde, embedded in paraffin, sectioned, dewaxed,
subjected to antigen retrieval, and blocked with serum
before being incubated with primary and secondary anti-
bodies (Table S1) to observe the expression of NR1D1
and p65. Finally, confocal microscopy (Nikon, Tokyo,
Japan) was used to examine each specimen.

Total protein, cytoplasmic protein and nucleic protein
collection

According to the manufacturer’s instructions, colon tis-
sues were lysed using using 200 pL radioimmunopre-
cipitation assay lysis buffer (Beyotime) containing 2 pL
of protease inhibitor and 2 pL of phosphatase inhibi-
tor (MedChemExpress) to extract total protein. For
the extraction of cytoplasmic and nuclear proteins, the
nuclear protein extraction kit (Solarbio) was employed
according to the manufacturer’s protocol. Protein
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concentrations were determined using the bicinchoninic
acid assay. Proteins were deposited into a 5 X loading buf-
fer and denatured for 15 min at 100 °C. To ensure stabil-
ity, the proteins were stored at -80 °C.

Western blot

Equal amounts of extracted proteins were subjected to
12.5% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and subsequently transferred to polyvinyli-
dene fluoride membranes. The membranes were blocked
with 5% bovine serum albumin at 37 °C for 1 h, followed
by an overnight incubation at 4 °C with the primary anti-
bodies (Table S1). GAPDH or -Tubulin antibodies were
used as internal reference controls. After three washes
with Tris-buffered saline containing 0.1% Tween 20, the
membranes were incubated with goat anti-Rabbit anti-
body (AntGene) at 37 °C for 1 h. Finally, the blots were
visualized and documented using the chemiluminescence
imaging equipment (UVP, USA).

RNA sequencing

Total RNA extraction was conducted on distal colonic
tissues, and its concentration was quantified using a
Nanodrop system (Thermo Scientific). Subsequently, the
integrity of the RNA was confirmed through analysis
with an Agilent 2100 Bioanalyzer (Agilent Technologies).
RNA-seq libraries were meticulously prepared utilizing
2 pg of RNA from each sample, employing the NEBNext
mRNA Sample Prep Kit. The resulting libraries under-
went sequencing on the BGI-Seq500 sequencing platform
and the transcriptome data were supplied by BGI Tech.
Differentially expressed genes (DEGs) were ascertained
by conducting inter-group gene expression compari-
sons through DESeq2 version 1.10.1. DEGs were defined
based on criteria of |log2 (fold change)| > 1 and a cor-
rected P-value less than 0.05. Gene Ontology Metascape
analysis was conducted utilizing the Metascape software
[25] (http://metascape.org/gp/index.html), with default
settings applied.

RNA isolation and RT-qPCR

The isolation of total RNA from colonic tissues was per-
formed using TRIzol reagent (Vazyme), followed by
quantification using a Nanodrop system (Thermo Sci-
entific). For cDNA synthesis, an equal amount of 500
ng RNA was utilized, and cDNA amplification was con-
ducted utilizing a ¢cDNA synthesis kit (Takara Bio) in
accordance with the manufacturer’s protocol. RT-qPCR
was executed using the StepOne Real-Time PCR sys-
tem (Applied Biosystems) and normalized to GAPDH
by applying the /A/\ Ct method. The primer sequences
used in this experiment are provided in Table S2.
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Statistical analysis

Statistical analysis of the experimental data was per-
formed wusing GraphPad Prism v8.0c (GraphPad
Software). Results are expressed as mean+standard devi-
ation. A t-test was used to compare two groups, and one-
way analysis of variance (ANOVA) or two-way ANOVA
was applied for comparisons among multiple groups.
Statistical significance was defined as a P-value less than
0.05.

Results

Gastrointestinal motility dysfunction in jet-lagged mice

To investigate the effects of CRD on gastrointestinal
motility, we established a jet-lagged mouse model by
subjecting mice to an 8-week light/dark phase advance.
After 7 weeks of this phase shift, jet-lagged mice exhib-
ited a significantly higher body weight compared to
control mice (P<0.05, Fig. 1A). Following this, we con-
ducted colorectal distension and assessed AWR scores.
The AWR scores for the jet-lagged group at pressures of
20, 40, and 60 mmHg were significantly elevated com-
pared to the control group (P<0.05, Fig. 1B), indicating
increased visceral sensitivity due to the light/dark phase
shift.

Additionally, the jet-lagged mice demonstrated an
increase in fecal wet weight (P<0.01, Fig. 1C) and fecal
water content (P<0.05, Fig. 1D), a reduction in whole
intestinal transit time (P<0.01, Fig. 1E), and a shorter
bead expulsion time (P<0.001, Fig. 1F) relative to con-
trol mice. We further evaluated neuronal contractions
induced by electrical field stimulation of colonic muscle
strips and assessed the effects of atropine and L-NAME
on these contractions. The results revealed that jet-lagged
mice exhibited greater contraction tension in response
to electrical field stimulation compared to control mice
(P<0.05, Fig. 1G-H). However, atropine and L-NAME
similarly affected contraction tension in both groups
(P>0.05, Fig. 1G-H). These findings suggest that the
enhanced neuronal contractions contributed significantly
to the accelerated gastrointestinal motility observed in
jet-lagged mice.

Circadian rhythm disruption promoted gastrointestinal
motility by increasing enteric glial cell numbers

To investigate the underlying reasons for the enhanced
neuronal contractions in jet-lagged mice, we analyzed
the changes in neurons and glial cells within the colonic
myenteric plexus. Jet-lagged mice exhibited a signifi-
cant increase in the number of glial cells compared to
control mice (P<0.001, Fig. 2F), while no significant
difference was observed in neuronal cells marked by BIII-
Tubulin and HuC/D (P>0.05, Fig. 2B-C and F). Further
analysis of nitrergic neurons (marked by neuronal nitric
oxide synthase, nNOS) revealed a significant increase
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in these cells in the jet-lagged mice (P<0.001, Fig. 2F),
whereas the number of cholinergic neurons (marked by
choline acetyltransferase, ChAT) remained unchanged
(P>0.05, Fig. 2F). These findings were corroborated by
Western blot analysis, which showed upregulation of
GFAP (P<0.001) and nNOS (P<0.01) protein expression
(Fig. 2G-H). Overall, CRD induced structural changes in
the myenteric plexus, characterized by an increase in glial
cells and nitrergic neurons.

Since L-NAME had comparable effects on EFS-
induced muscle contraction intensity in both control
and jet-lagged mice, we sought to investigate whether
the increased number of glial cells contributed to the
enhanced colonic neuronal contractions in jet-lagged
mice. To explore this, FC was administered via intra-
peritoneal injection daily for the final 4 weeks of the jet-
lag model. We then assessed visceral sensitivity, and the
results showed that FC treatment reduced AWR scores at
pressures of 40 and 60 mmHg (P<0.05, F-value=15.81,
Fig. S1 A). Additionally, FC treatment decreased fecal
output (P<0.05, F-value=9.005, Fig. S1 B) and water con-
tent (P<0.05, F-value=4.885, Fig. S1 C), while increas-
ing both whole-gut (P<0.05, F-value=5.417, Fig. S1
D) and colonic transit time in jet-lagged mice (P<0.05,
F-value=9.655, Fig. S1 E). FC treatment also reduced the
contraction tension of colonic muscle strips in response
to electrical field stimulation (P<0.05, F-value=9.395,
Fig. S1 F-G). Finally, immunofluorescence analysis con-
firmed that FC treatment lowered the expression of the
glial cell marker GFAP (P<0.01, F-value=39.42) and
reduced nNOS (P<0.05, F-value=20.30) expression (Fig.
S1 H-I). In summary, CRD enhanced gastrointestinal
motility in mice by increasing the number of glial cells.

ENPCs differentiated more into glial cells and nitrergic
neurons in jet-lagged mice

Nestin-creER™ x Ngfr-DreER™: DTRGFP mice were
used to track Nestin*/Ngfr* cells. Following a 6-day
tamoxifen induction period, adult Nestin-creER™ x
Ngfr-DreER™ DTRGFP mice, characterized by GFP
expression correlating with Nestin and Ngfr expression,
exhibited GFP-positive cells in the colonic myenteric
ganglion. Co-staining was performed with colonic myen-
teric neuron markers BIII-Tubulin, HuC/D, and nNOS,
and the glial cell marker GFAP, alongside GFP. Compared
to the control group, the proportion of GFP-positive cells
co-expressing GFAP among the total GFAP-positive cells
was significantly higher in the jet-lag group (16.55% vs.
23.45%, P<0.01, Fig. 3A). Similarly, the proportion of
GFP-positive cells co-expressing nNOS among the total
nNOS-positive cells was significantly greater in the jet-
lag group than in the control group (11.42% vs. 20.17%,
P<0.01, Fig. 3D). In contrast, there were no signifi-
cant differences between the control and jet-lag groups
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Fig. 1 Jetlag accelerated gastrointestinal motility in mice. (A): Body weight changes over time (n=6). (B). AWR scores at each colorectal distension pres-
sure level (n=6). (C-F): Effects of jet lag on fecal output, fecal water content, whole gut transit time, and colonic transit time (n=6). (G): Representative
schematic diagram of EFS-induced contraction in colon strips treated with 10 uM L-NAME or 1 uM atropine. (H): Quantification of colonic muscle strip
contractions in response to EFS across groups (n=5). Statistical comparisons between two groups were performed using a t-test. *P<0.05, **P<0.01,
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Fig. 2 Jetlag increased glial cells and nitrergic neurons but did not affect enteric neurons. (A-E): Representative immunofluorescence confocal laser im-
ages of the myenteric plexus in the colon showing markers for GFAP, HuC/D, Blll-Tubulin, nNOS, and ChAT, labeled in green. Nuclei were counterstained
with DAPI (blue) (scale bar =100 um). (F): Quantification of GFAP, HUC/D, BllI-Tubulin, nNOS, and ChAT positive staining in the colon myenteric plexus
(n=5). (G): Western blot analysis of GFAP, HuC/D, Blll-Tubulin, NNOS, and ChAT protein expression in colon tissue. (H): Quantification of the relative protein
expression levels of GFAP, HuC/D, Blll-Tubulin, nNOS, and ChAT in the colon tissue across groups (n=5-6). Statistical comparisons between two groups
were performed using a t-test. *P < 0.05, **P < 0.01, ***P<0.001

in the proportions of GFP-positive cells co-expressing
HuC/D among the total HuC/D-positive cells (4.60% vs.
4.45%, P>0.05, Fig. 3B) or PIII-Tubulin among the total
BIII-Tubulin-positive cells (15.20% vs. 15.00%, P>0.05,
Fig. 3C). These results suggest that the differentiation of
Nestin®/Ngfr" cells into nitrergic neurons and glial cells

was significantly increased in the jet-lag group compared
to the control group.

Circadian rhythm disruption disturbed NR1D1 gene
expression and activated NF-kB signaling in ENPCs
Using RT-qPCR, we carefully examined the relative
expression profiles of core clock genes in distal colonic
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Fig. 3 Effects of jet lag on colonic neurogenesis. (A-D): Representative immunofluorescence confocal laser images of freshly prepared intermuscular
plexus tissues from the colon, showing GFAP/BIII-Tubulin/HuC/D/nNOS (red) and GFP-labeled ENPCs (green) in both control and jet-lag groups. Nuclei
were labeled with DAPI (blue) (n=4, scale bar =50 pm). Statistical comparisons between two groups were performed using a t-test. *P<0.05, **P<0.01,
**P< 0,001
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tissues at five different time points. A persistent down-
regulation of Nrldl expression was observed at all time
points (Fig. 4A), consistent with the findings from the
Western blot analysis (P<0.01, Fig. 4C). To further elu-
cidate the molecular mechanisms underlying CRD-
induced changes in ENPCs differentiation, we performed
whole-genome RNA sequencing to identify differentially
expressed genes (DEGs). Gene ontology enrichment
analysis of these DEGs revealed significant alterations in
distal colonic tissue induced by jet lag. Compared to the
control group, the jet-lagged group exhibited a significant
enrichment of biological processes related to circadian
rhythm and NF-«B signaling (Fig. 4B). Next, we assessed
the impact of CRD on NF-kB signaling. CRD signifi-
cantly enhanced the phosphorylation of IxBa (P<0.001,
Fig. 4C) and p65 (a subunit of NF-«xB) (P<0.001, Fig. 4C)
in colonic tissues, indicating activation of the NF-«B sig-
naling. Furthermore, an increase in both cytoplasmic
(P<0.01, Fig. 4D) and nuclear p-p65 (P<0.01, Fig. 4D)
protein levels in the colonic tissues of jet-lagged mice
explained the activation of NF-«kB signaling. Consistently,
immunofluorescence results showed reduced colocaliza-
tion of GFP with NR1D1 and increased colocalization of
GFP with p65 in ENPCs of the colonic tissue in jet-lagged
mice (Fig. 4E-F). In summary, our findings demonstrate
downregulation of NR1D1 expression and activation of
NF-«kB signaling in the ENPCs of colonic tissues in jet-
lagged mice.

NR1D1 activation inhibited NF-kB signaling in jet-lagged
mice

Previous studies have reported that NR1D1, as a tran-
scriptional repressor, can inhibit the activation of NF-xB
signaling [26]. To assess the impact of NR1D1 activa-
tion on NF-kB signaling, mice were randomly divided
into four groups: control, jet-lag, jet-lag+SR9009, and
jet-lag+Bay11-7082. During the final four weeks of the
experiment, mice were treated every other day with
solvent, SR9009 (NR1D1 agonist), or Bayl11-7082 (NF-
kB antagonist). Similar to the effects observed with
Bay11-7082, SR9009 treatment significantly inhib-
ited CRD-induced phosphorylation of IkBa (P<0.05,
F-value=19.13) and p65 (P<0.05, F-value=7.548)
in the colon and reduced the protein levels of cyto-
plasmic (P<0.05, F-value=10.77) and nuclear p-p65
(P<0.05, F-value=7.200), indicating that NR1D1 acti-
vation suppresses NF-«B signaling (Fig. 5A-B). Consis-
tent with these findings, immunofluorescence analysis
showed increased colocalization of GFP with NR1D1
and decreased colocalization with p65 in ENPCs of the
colonic tissue in jet-lagged mice after SR9009 treatment
(Fig. 5C-D). Collectively, these data suggest that NR1D1
activation inhibited NF-«B signaling in colonic ENPCs.
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NR1D1/NF-kB axis ameliorated the ENS in jet-lagged mice
The role of the NR1D1/NF-«B axis in ENPCs differen-
tiation was further investigated. Similar to the effects
observed in the jet-lag+Bay11-7082 group (23.63% vs.
18.71%, P<0.05, F-value=9.564, Fig. 6A, E), SR9009
treatment significantly reduced the proportion of GFP*
and GFAP" double-positive cells among the total GFAP*
cells in jet-lagged mice (23.63% vs. 19.05%, P<0.05,
F-value=9.564, Fig. 6A, E). Likewise, the proportion of
GFP* and nNOS* double-positive cells among the total
nNOS* cells significantly decreased following Bayll-
7082 (21.46% vs. 15.15%, P<0.05, F-value=11.23, Fig. 6D
- E) and SR9009 treatment (21.46% vs. 15.52%, P<0.05,
F-value=11.23, Fig. 6D - E) in jet-lagged mice. How-
ever, SR9009 had no effect on the proportions of GFP*
and HuC/D* double-positive cells among total HuC/D*
cells (4.93% vs. 5.44%, P>0.05, F-value=0.3714, Fig. 6B,
E), nor on GFP* and BIII-Tubulin* double-positive cells
among total PII-Tubulin® cells (15.24% vs. 14.01%,
P>0.05, F-value=0.5837, Fig. 6C, E). These findings sug-
gest that SR9009 and Bayl11-7082 attenuated the CRD-
induced increase in Nestin™/Ngfr* cells differentiating
into glial cells and nitrergic neurons.

Given the selective impact of the NR1D1/NF-kB axis
on CRD-induced ENPCs differentiation, we further
examined the effect of NR1D1 activation on neuroana-
tomical changes within the ENS. Notably, SR9009 and
Bay11-7082 treatment had significant effects on the
myenteric plexus of the colon (Fig. S2 B). Immunofluo-
rescence analysis revealed that both treatments reduced
the number of glial cells (GFAP, P<0.01, F-value=27.30,
Fig. 6F) and nitrergic neurons (P<0.001, F-value=20.30,
Fig. 6F), while there were no significant changes in neu-
rons (BIII-Tubulin, HuC/D) among the groups (PIII-
Tubulin: P>0.05, F-value=0.5256; HuC/D: P>0.05,
F-value=0.5239, Fig. 6F). Additionally, Western blot
analysis corroborated these findings, showing signifi-
cant downregulation of GFAP (P<0.05, F-value=11.23,
Fig. 6G-H) and nNOS (P<0.05, F-value=18.47, Fig. 6G-
H) protein expression after SR9009 treatment, with no
significant changes in PIII-Tubulin, HuC/D, or ChAT
protein levels (BIII-Tubulin: P>0.05, F-value=0.4303;
HuC/D: P>0.05, F-value=0.2521; ChAT: P>0.05,
F-value=1.218, Fig. 6G-H). In conclusion, NR1D1 activa-
tion remodeled the ENS in jet-lagged mice by inhibiting
NEF-«B signaling.

NR1D1 activation alleviated gastrointestinal motility
dysfunction in jet-lagged mice

Lastly, we investigated the effects of SR9009 and Bayl1-
7082 treatments on gastrointestinal motility and vis-
ceral sensitivity in jet-lagged mice. After two weeks
of treatment, both SR9009 and Bayl1-7082 slightly
reduced the body weight of jet-lagged mice (P<0.05,
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Fig. 4 Jetlaginduced NR1D1 downregulation and activated NF-kB signaling in ENPCs of mouse colonic tissues. (A): RT-gPCR analysis depicting the rela-
tive mRNA expression levels of core clock genes in distal colonic tissues derived from mice exposed to jet lag conditions compared to control mice (n=6).
The expression values were normalized to GAPDH mRNA levels. (B): The GO enrichment analysis based on Metascape. (C): Protein expressions of NR1D1,
p-p65, P65, p-IkBa, and IkBa in colon tissues measured by Western blot (n=5-6). (D): Protein expressions of p-p65, p65, B-Tubulin, and Histone H3 in the
cytoplasm (Cyto) or nucleus (Nuc) of colon tissues measured by Western blot (n=5-6). (E, F): Representative immunofluorescent images of the colon of
NR1D1 (red) and p65 (red) and GFP-labeled Nestin*/Ngfr* cells (green) in control and jet-lag groups (scale bar =50 pum). Statistical comparisons between
two groups were performed using a t-test. *P<0.05, **P<0.01, ***P<0.001
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Fig. 5 NR1D1 activation inhibited NF-kB signaling in the colon of mice. (A): Western blot analysis of NR1D1, p-p65, p65, p-IkBa, and IkBa in colon tissues
(n=5-6). (B): Western blot analysis of p-p65, p65, 3-Tubulin, and Histone H3 in the cytoplasm (Cyto) or nucleus (Nuc) of colon tissues (n =5-6). (C, D): Rep-
resentative immunofluorescent images of the colon of NR1D1/p65 (red) and GFP-labeled Nestin/Ngfr* cells (green) in control, jet-lag, jet-lag + SR9009,
and jet-lag+Bay11-7082 groups. The nuclei were labeled with DAPI (blue) (scale bar =50 um). One-way ANOVA was applied for comparisons among
multiple groups. *P<0.05, **P<0.01, ***P <0.001, vs. control; #° < 0.05, ## P<0.01, ### P <0.001, vs. jet lag
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Fig. 6 NR1D1/NF-kB axis ameliorated the ENS in jet-lagged mice. (A-D): Representative immunofluorescence confocal laser images in freshly inter-
muscular plexus tissues of the colon of GFAP/RIII-Tubulin/HUC/D/nNOS (green) and GFP-labeled ENPCs (green) in control, jet-lag, jet-lag+SR9009, and

jet-lag+Bay11-7082 groups (scale bar

=50 um). (E): Proportion of ENPCs differentiated into neurons and glial cells (n=4). (F): Quantification of GFAP,

HuC/D, Blll-Tubulin, and NNOS positive staining in the colon myenteric plexus (n=5). (G): Western blot analysis of GFAP, HuC/D, Blll-Tubulin, nNOS, and
ChAT protein expression in colon tissue. (H): Quantification of the relative protein expression levels of GFAP, HUC/D, Blll-Tubulin, nNOS, and ChAT in the
colon tissue across groups (n=5-6). One-way ANOVA was applied for comparisons among multiple groups. *P < 0.05, **P<0.01, ***P < 0.001, vs. control;

#P<0.05, ## P<0.01, ### P<0.001, vs. jet lag
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Fig. 7A). SR9009 alone significantly decreased the AWR
score at 60 mmHg, suggesting that SR9009 may slightly
reduce visceral sensitivity in jet-lagged mice (P<0.05,
F-value=13.14, Fig. 7B). Both SR9009 and Bay11-7082
treatments significantly reduced fecal pellet output
(P<0.05, F-value=9.977, Fig. 7C). Additionally, SR9009
treatment decreased fecal water content (P<0.05,
F-value=7.071, Fig. 7D) and prolonged both whole gut
transit time (P<0.05, F-value=7.959, Fig. 7E) and colonic
transit time (P<0.05, F-value=9.236, Fig. 7F). Although
Bay11-7082 treatment also showed a mild improvement
in gastrointestinal motility in jet-lagged mice, the effect
was not statistically significant. These findings suggest
that activation of NR1D1 can mitigate the accelerated
gastrointestinal motility observed in jet-lagged mice.

A
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Discussion

Circadian rhythms are endogenous oscillations that regu-
late various physiological and behavioral processes on a
24-hour cycle [27]. Increasing clinical evidence suggests
that CRD is a core risk factor for the development and
progression of gastrointestinal motility disorders, such as
constipation and IBS [7-9]. Despite this, there is limited
fundamental research investigating the mechanisms by
which CRD induces gastrointestinal motility disorders.
In this study, we investigated the impact of CRD on gas-
trointestinal function in mice and explored its underly-
ing mechanisms. Our results demonstrate that circadian
rhythm disruption is associated with symptoms of IBS-
D. Specifically, jet-lagged mice exhibited increased vis-
ceral sensitivity and accelerated gastrointestinal motility.
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Fig. 7 NR1D1 activation restored gastrointestinal motility in jet-lagged mice. (A): Changes in body weight (n=6). (B): AWR scores at varying colorectal
distension pressure levels (n=6), two-way ANOVA was applied for comparisons among multiple groups. (C-F): Effects of SR9009 and Bay11-7082 on fecal
output, fecal water content, whole gut transit time, and colonic transit time (n=6). One-way ANOVA was applied for comparisons among multiple groups.
*P<0.05,**P<0.01, **P<0.001, vs. control; #P < 0.05, ## P<0.01, ### P<0.001, vs. jet lag. AWR, abdominal withdrawal reflex
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Additionally, we observed neuroanatomical changes in
the ENS, including an increase in glial cells and nitrer-
gic neurons within the myenteric plexus. Notably, these
changes were accompanied by enhanced differentiation
of ENPCs into glial cells and nitrergic neurons, poten-
tially mediated by the NR1D1/NF-«kB axis.

The ENS is an extensive network comprising intes-
tinal neurons and glial cells, including motor neurons,
intrinsic primary afferent neurons, and interneurons.
This network plays a crucial role in regulating gastroin-
testinal motility, secretion, and permeability [12]. One
of the most notable features of the ENS is its significant
functional and structural plasticity under various con-
ditions of health and disease [10]. Single-cell transcrip-
tomic profiles of the human and mouse ENS indicate
circadian rhythm-related expression changes in intes-
tinal neurons [15]. In our study, jet-lagged mice exhib-
ited a IBS-D phenotype, characterized by an increase
in the number of glial cells and nitrergic neurons in the
colonic myenteric plexus, along with enhanced contrac-
tion amplitude in response to EFS. Treatment with glial
cell inhibitors fluorocitrate (FC) reduced gastrointestinal
transit time, visceral hypersensitivity, and the number
of nitrergic neurons in jet-lagged mice. We hypothesize
that circadian rhythm disruption may lead to gastroin-
testinal motility dysfunction by increasing the number of
intestinal glial cells. Glial cells display plasticity in their
phenotype and can adjust their functions based on cues
from the microenvironment to maintain local homeosta-
sis [28]. These cells modulate intestinal neuronal activity
through rapid bidirectional communication. Addition-
ally, direct activation of glial cells can drive neurogenic
reflexes that control motility and secretion [29, 30]. Thus,
the increased glial cells in jet-lagged mice may contribute
to gastrointestinal motility disorders by affecting bidirec-
tional communication between neurons and modulating
their own activation. Nitrergic neurons are crucial for
coordinated peristalsis, and their absence impairs distal
relaxation and bolus transport [31], leading to ineffective
gastrointestinal propulsion [17, 32]. Previous studies have
shown a reduction in nitrergic neurons in transgenic
mouse models with glial cell destruction [33]. In our
study, FC treatment led to a decrease in nitrergic neurons
in jet-lagged mice, suggesting that the increased nitrergic
neurons observed in these mice may be a compensatory
result of the increased glial cells. Furthermore, we found
that while the number of nitrergic neurons increased, the
number of cholinergic neurons remained unchanged. It is
commonly believed that most myenteric neurons in the
adult mammalian ENS are either cholinergic or nitrergic;
however, some neurons may express both markers. Addi-
tionally, some neurons do not express the rate-limiting
enzymes for ChAT or nNOS production [10]. In this
study, the observed increase in nitrergic neurons may
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result from the reprogramming of the existing neuronal
population, as well as the generation of new neurons.
This research highlights the potential of targeting intesti-
nal glial cells as a promising approach for gastrointestinal
diseases and motility disorders.

The enteric nervous system (ENS) is continuously
exposed to various external stresses, including mechani-
cal, chemical, and microbial factors, leading to substan-
tial neuronal apoptosis accompanied by equivalent levels
of neurogenesis. This dynamic balance helps maintain the
overall integrity of the ENS throughout the organism’s
lifespan [10]. Kulkarni et al. proposed that ENS homeo-
stasis in healthy adult mice is regulated by enteric neural
progenitor cells (ENPCs) [16]. Numerous factors influ-
ence the regeneration and differentiation of these intes-
tinal stem cells [17]. Our previous research demonstrated
that ENPCs can differentiate into neurons and glial lin-
eages within the enteric ganglia, aiding in the repair of
ENS in denervated mice [18]. Circadian rhythms play a
crucial role in regulating neural stem cell differentiation,
neurogenesis, and fate determination [20]. These rhythms
can influence adult neural stem cell activation in mice
by modulating intracellular calcium dynamics [20]. The
coordination between circadian neural circuits and intra-
cellular molecular clocks ensures rhythmic activation of
adult neural stem cells. Acute sleep deprivation disrupt-
ing circadian rhythms leads to transient overactivation of
these stem cells and depletion of the stem cell pool [34].
Consistent with previous studies, our findings reveal the
impact of circadian rhythms on ENPCs differentiation.
In jet-lagged mice, there is an increased differentiation
of ENPCs into glial cells and nitrergic neurons in the
colon, while the number of ENPCs differentiating into
cholinergic neurons remains unchanged. Supplementa-
tion with the core circadian gene NR1D1 agonist reduces
the increased differentiation of glial cells and nitrergic
neurons in jet-lagged mice. These results underscore the
essential role of NR1D1 in regulating ENS homeostasis
by modulating ENPCs differentiation.

The whole-genome RNA sequencing and Western
blot analyses conducted in this study reveal that NR1D1
expression is downregulated, and NF-«B signaling is acti-
vated in the colons of jet-lagged mice. As a transcriptional
repressor, NR1D1 inhibits target gene transcription by
binding to the corepressor NCoR. Previous studies have
demonstrated that NR1D1 can suppress p65 expression
by specifically binding to the RevRE element in the p65
promoter region. Activation of NR1D1, in turn, inhib-
its NF-«B signaling [26]. In mammals, NF-«B exists as
dimers composed of five potential Rel/NF-kB family sub-
units, with the p50 and p65 dimers being the most abun-
dantly expressed in neuronal cells [35]. Consequently,
NR1D1 can be regarded as an upstream regulator of
p65, inhibiting NF-«kB signaling. NF-xB, an inducible
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transcription factor present in neurons, glial cells, and
neural stem cells, plays a crucial role in maintaining neu-
ral stem cell self-renewal and pluripotency. The NF-kB
signaling mediated by lymphotoxin p receptors has a dual
role in regulating mouse brain neural stem/progenitor
cell differentiation, promoting glial lineage differentia-
tion while inhibiting neuronal lineage specification [36].
Notably, NF-«B signaling is indispensable for initiating
the differentiation of neural progenitor cells into astro-
cytic lineages [37]. Guo et al. demonstrated that pharma-
cological activation of NR1D1 can inhibit LPS-induced
microglial activation through NF-kB signaling [38]. In
our study, the NR1D1 agonist SR9009 inhibited NF-xB
signaling activation in colon ENPCs. Additionally, treat-
ment with the NR1D1 agonist SR9009 and the NF-«xB
inhibitor Bay11-7082 resulted in reduced differentiation
of ENPCs into enteric glial cells and nitrergic neurons
in CRD mice. This reduction in enteric glial cells in the
colonic plexus improved the dysregulated gastrointesti-
nal motility in jet-lagged mice. Compared to the control
group, we observed no change in the number of colonic
ENPCs in jet-lagged mice, which is consistent with the
observed decrease in neurogenesis and colonic neurons.
These findings underscore the critical role of the NR1D1/
NF-kB axis in maintaining normal ENS homeostasis
in the colon and support the therapeutic potential of
NR1D1 agonists for specific diseases.

Conclusions

In conclusion, this investigation elucidates that perturba-
tions in circadian rhythm precipitate the attenuation of
NR1D1 expression, consequently triggering the activa-
tion of the NF-kB pathway. Subsequently, this molecular
cascade culminates in an augmented differentiation of
ENPCs into glial cells and nitrergic neurons. Restora-
tion of normal ENPCs differentiation and amelioration
of circadian rhythm-disrupted gastrointestinal motility in
mice can be achieved through the activation of NR1D1
or inhibition of the NF-«kB pathway. This study serves to
establish a pivotal foundation for the prospective devel-
opment of therapeutic interventions targeted at mitigat-
ing circadian rhythm-associated gastrointestinal motility
disorders.
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