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Abstract

Background Circadian rhythm disturbance is associated with functional gastrointestinal disorders such as irritable
bowel syndrome (IBS). This study aimed to explore the effects of dysregulated circadian rhythm on visceral sensitivity,
colonic permeability, gut microbial composition, and metabolism in mice.

Methods A murine model of circadian rhythm disturbance was built by performing a 6-hour phase delay. Visceral
sensitivity was assessed using the abdominal withdrawal reflex score through colorectal distention. Colonic perme-
ability was determined by measuring transepithelial resistance (TEER) and the permeability of fluorescent dextran 4
kDa. To gain insight into gut microbial composition and metabolism, 16S rRNA sequencing and untargeted metabo-
lomics were conducted, respectively.

Results Circadian rhythm disturbance led to IBS-like characteristics in mice, including visceral hypersensitivity

and colonic hyperpermeability. Disrupted circadian rhythm also resulted in a decrease in intestinal microbial diversity
and alterations in microbial structure. Several microbial genera were influenced by circadian rhythm disturbance,
such as Bacteroides, Bifidobacterium, Desulfovibrio, Dubosiella, and Erysipelatoclostridium. Moreover, disrupted circadian
rhythm altered metabolic profiles of gut microbiota and affected the levels of various metabolites, including 1-meth-
ylhistamine, nitrosylhaem, 3-aminocaproic acid, boviquinone, and carboplatin. Finally, circadian rhythm disturbance
altered the relationship between microbial genera and metabolites.

Conclusion Circadian rhythm disturbance contributes to visceral hypersensitivity and colonic hyperpermeability,
while also altering the composition and metabolism of gut microbiota.
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Background
Irritable bowel syndrome (IBS) is a prevalent functional
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dysbiosis, immune dysregulation, and disordered brain-
gut axis contribute to its development [4].

Circadian rhythms are endogenous cycles with a
periodicity of ~24 hours that are present in mammals,
organs, and cells. These rhythms are regulated by a light-
entrainable clock, which mainly lies in the hypothalamic
suprachiasmatic nucleus, but is also found in various
tissues such as the liver, intestine, and adipose tissue
[5]. To maintain body homeostasis, circadian rhythms
need to synchronize with external cyclic signals, such
as the 24-hour light-dark cycle. Disturbances in circa-
dian rhythms have detrimental effects on physiology and
immunity, contributing to metabolic disorders, gastro-
intestinal dysfunction, psychiatric syndrome, and can-
cer [6]. Shift work or work outside from 9 a.m. to 5 p.m.
often leads to dysregulated circadian rhythms, which can
aggravate IBS-associated symptoms, including constipa-
tion, diarrhea, bloating, gas, and abdominal pain [7]. A
growing number of studies have revealed a strong asso-
ciation between shift work and IBS [8, 9].

Trillions of microbes inhabit the human intestine,
forming a complex ecological community that influ-
ences physiology and susceptibility to disease [10]. Both
IBS patients and animal models exhibit distinct micro-
bial compositions compared with healthy individuals
and control animals [11, 12]. Moreover, gut microbial
dysbiosis can induce IBS-related symptoms in mice, such
as visceral hypersensitivity and intestinal hyperperme-
ability [13]. These findings underscore the crucial role
of gut microbiota in the pathophysiology of IBS. Altered
circadian rhythm is also strongly associated with IBS, but
further research is needed to elucidate the effect of circa-
dian rhythm on gut microbial composition and microbial
metabolites in IBS.

In order to disclose the impact of circadian rhythm dis-
turbance on IBS-related characteristics and gut microbi-
ota, we constructed a murine model using a 6-hour phase
delay. By assessing visceral sensitivity and colonic perme-
ability, as well as analyzing the composition of gut micro-
biota and metabolites, this study aimed to provide deep
insights into the relationship among circadian rhythm
dysregulation, IBS, and gut microbiota.

Methods

Animal experiment

Seven-week-old healthy male C57BL/6 ] mice weighing
20-25 g purchased from Beijing Vital River Laboratory
Animal Technology were fed in a specific-pathogen-
free environment at the experimental animal center of
Tongji Medical College, Huazhong University of Science
and Technology. Mice were administered standard diets
and water ad libitum at a temperature of 22°C and 60%
humidity. Fourteen healthy mice with similar weight and
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age were randomly divided into two groups: non-phase
shift (NN; # = 7) and phase shift (PN; n = 7).

Mice in the NN group were housed in a light environ-
ment from 8:00 to 20:00 and kept in dark conditions from
20:00 to 8:00 (+1) for eight weeks. Mice in the PN group
were subjected to light/dark phase shift through a 6-hour
phase delay, and the detailed lightning schedules were as
follows: light environment from 8:00 to 20:00 and dark
condition from 20:00 to 8:00 (+1) during weeks 1 and 5;
light environment from 8:00 to 14:00 and from 2:00 to
8:00 (+1), and dark condition from 14:00 to 2:00 during
weeks 2, 4, 6, and 8; dark environment from 8:00 to 20:00
and light condition from 20:00 to 8:00 (+1) during weeks
3 and 7 [14]. The lighting schedules for both groups are
shown in Fig. 1A.

At the end of the eighth week, visceral sensitivity was
assessed, after which mice were anaesthetized to collect
colonic samples. Specifically, euthanasia was performed
by administrating 150 mg/kg sodium pentobarbital intra-
peritoneally. After confirming the absence of reflexes and
cessation of breathing, mice were placed in dorsal recum-
bency, and the abdomen was disinfected using 70% etha-
nol. The abdominal cavity of the mouse was opened via a
midline incision from the pubic symphysis to the xiphoid
process. Next, the intestine was carefully retracted to
expose the colon, and the distal colon near the rectum
was ligated and transected distally. Finally, the ileocecal
junction was identified and excised to isolate the colon,
which was put into ice-cold physiological saline for eval-
uating colonic mucosal permeability. The animal experi-
ment protocol was approved by the Animal Experiment
Ethics Committee of Tongji Medical College, Huazhong
University of Science and Technology.

Detection of visceral sensitivity

Abdominal withdrawal reflex (AWR) score was used to
evaluate visceral sensitivity, which was determined as
described below. A soft catheter equipped with an airbag
was put into the colon at a depth of 1 ¢cm via the anus of a
fixed mouse, with the tail bound to the catheter. A three-
way tube adaptor connected the catheter to a syringe and
a pressure gauge. After a 20-minute acclimation period,
colorectal distention was performed by pumping gas into
the airbag at the pressure of 20, 40, 60, and 80 mmHg,
each for a duration of 20 seconds, with a 5-minutes inter-
val between inflations. The AWR score under each spe-
cific pressure was determined according to previously
established standards [15].

Determination of colonic mucosal permeability

Colonic mucosal permeability was evaluated using tran-
sepithelial resistance (TEER, Q-cm2) and fluorescent
dextran 4 kDa (FD4) permeability (ng/mL/cm2/min)
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Fig. 1 Light/dark phase shift induced visceral hypersensitivity and colonic hyperpermeability. A The lighting schedules for NN and PN group. B
Abdominal withdrawal reflex scores under different pressures of colorectal distension in NN and PN group. C Transepithelial resistance of colonic
mucosa in NN and PN group. D Permeability to FITC-dextran of 4kD of colonic mucosa in NN and PN group. NN, Non-phase shift; PN, light/dark

phase shift

[16]. In brief, a 1 cm segment of the colon was isolated
from the mice, and the luminal surface was exposed.
Then, the segment was placed into a Ussing chamber
(Santiago, CA, USA), which was filled with Kreb’s solu-
tion and infused with a gas mixture of 5% CO2 and 95%
O2. After equilibration for 20 minutes, the TEER was
measured by an automatic voltage clamp model. Subse-
quently, a solution containing 1 mg/mL fluorescein iso-
thiocyanate-labeled FD4 was added to the mucosal side
of the Ussing chamber. After 30 minutes, the solution on
the serosal side was collected, and the intensity of FD4 in
the solution was quantified using a Fluorescence Micro-
plate Reader (Bio Tek, Winooski, VT, USA).

16S rRNA sequencing

Fecal samples were collected from mice for DNA extrac-
tion using the FastDNA SPIN Kit (Tiangen, Beijing,
China). Fecal DNA concentration was detected by the
Multiskan™ GO Fluorometer. The V3-V4 regions of the
16S rDNA were amplified using the 341 F and 806R prim-
ers. The ends of the 16S rDNA amplicons were linked
with indexed adapters to construct indexed DNA librar-
ies, whose concentration was quantified using Qubit 3.0
Fluorometer. The integrity of the DNA segments within
the indexed libraries was assessed using Agilent 2100.
Eligible DNA libraries were loaded into an Illumina high-
throughput sequencing platform (Illumina, San Diego,
CA, USA) to conduct paired-end sequencing. Raw reads
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from the sequencing platform were combined and filtered
using Flash to generate clean reads, from which chimeras
were eliminated. The remaining reads were clustered into
operational taxonomic units (OTUs) by Qiime [17], and
OTUs were assigned taxonomically based on the Green-
gene database. Alpha diversity was assessed using Simp-
son, while beta diversity was evaluated using unweighted
unifrac, which was visualized using principal coordinate
analysis (PCoA) plot and tested using Adonis.

Untargeted metabolomics analysis

A 25 mg fecal sample was mixed with 500 pl of an extract
solution consisting of acetonitrile, methanol, and water
in a ratio of 2:2:1, along with an isotopically-labelled
internal standard mixture. These samples were homoge-
nized at 35 Hz for 4 minutes and sonicated for 5 minutes
in an ice-water bath, and this process was repeated three
times. After incubation at —40 C for an hour, homog-
enized samples were centrifuged to extract supernatant.
The quality control sample was produced by mixing equal
aliquots of supernatants from all samples.

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis was performed using an ultra-
high-performance liquid chromatography (UHPLC) sys-
tem (Vanquish, Thermo Fisher Scientific) with a UPLC
BEH Amide column coupled to a Q Exactive HFX mass
spectrometer (Orbitrap MS, Thermo). The mobile phase
consisted of 25 mmol/L. ammonium acetate and 25
ammonia hydroxides in water (pH = 9.75) (A) and ace-
tonitrile (B). The elution gradient in the mobile phase is
listed in Table S1. The temperature of the column and
auto-sampler was 30 °C and 4 °C, respectively, and the
injection volume was 3 pL.

The Q Exactive HFX mass spectrometer was used
to acquire MS/MS spectra in information-dependent
acquisition mode, controlled by the Xcalibur software
(Thermo). In this mode, Xcalibur continuously evalu-
ated the full scan MS spectrum. The ESI source condi-
tions were set as follows: sheath gas flow rate at 50 Arb,
Aux gas flow rate at 10 Arb, capillary temperature at
320 °C, full MS resolution at 60000, MS/MS resolution
at 7500, collision energy at 10/30/60 in NCE mode, and
spray Voltage at 3.5 kV (positive) or —3.2 kV (negative),
respectively.

The raw data were converted into mzXML format
using ProteoWizard and processed with XCMS for peak
detection, extraction, alignment, and integration. The
metabolite annotation was performed using an in-house
database called BiotreeDB. Differential metabolites
between the two groups were identified using orthogo-
nal partial least-square discriminant analysis (OPLS-DA),
with selection criteria of variables importance in pro-
jection (VIP) > 1 and |log2 Foldchange| > 1. Differential
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metabolites were then clustered into metabolic pathways
based on KEGG pathway enrichment using MetaboAna-
lyst 5.0 [18].

Statistical analysis

All the data were displayed as mean + standard deviation.
Unless otherwise stated, Student’s t-test was used to com-
pare two groups. Data was visualized using GraphPad
Prism 8.0 and the ggplot2 package in R. Statistical analy-
sis was performed using SPSS 22.0. Correlation analysis
was performed using Spearman’s rank correlation test. P
< 0.05 was considered as statistical significance.

Results

Light/dark phase shift induced visceral hypersensitivity
and colonic hyperpermeability

At colorectal distension pressures of 20 and 80 mmHg,
the AWR score did not differ between the NN and PN
groups (p=0.751 and p=0.577, Fig. 1B). However, the
PN group exhibited higher AWR scores than the NN
group at the pressures of 40 and 60 mmHg (p<0.001
and p<0.001, Fig. 1B), indicating that the Light/dark
phase shift resulted in visceral hypersensitivity in mice.
Additionally, the PN group had decreased transepithe-
lial resistance of colon mucosa (p<0.001, Fig. 1C) and
increased FD4 permeability (p=0.001, Fig. 1D) compared
with the NN group, demonstrating that phase shift led to
colonic mucosal hyperpermeability.

Light/dark phase shift altered gut microbial profiles

Gut microbiota was investigated in the NN and PN
groups. As a result, we found that the Simpson index
was decreased in the PN group compared with the NN
group (p=0.032, Fig. 2A), and there was a clear separa-
tion between the NN and PN groups in the PCoA plot
(p=0.038, Fig. 2B), indicating that phase shift reduced
gut microbial diversity and impacted microbial structure.
Moreover, no significant differences were observed in
the predominant phyla between the NN and PN groups,
including Bacteroidetes (p=0.81, Fig. 3B), Firmicutes
(p=0.65, Fig. 3C), Actinobacteria (p=0.12, Fig. 3D), and
Proteobacteria (p=0.81, Fig. 3E).

The composition of microbial genera was also influ-
enced by phase shift. Specifically, the PN group showed
a significantly decreased abundance of Bacteroides
(p=0.012, Fig. 3G), Candidatus Arthromitus (p=0.04,
Fig. 3H), Parabacteroides (p=0.026, Fig. 3I), Murib-
aculum (p=0.0089, Fig. 3]), Erysipelatoclostridium
(p=0.0099, Fig. 3K), Lactococcus (p=0.024, Fig. 3L), and
Faecalibaculum (p=0.02, Fig. 3M) compared with the NN
group. Additionally, the abundance of some genera was
significantly increased in the PN group compared with
the NN group, including Bifidobacterium (p=0.0032,
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Fig. 2 Light/dark phase shift altered gut microbial structure. A Comparison of the Simpson index between NN and PN. B The PCoA plot showed
gut microbial structure of NN and PN. Adonis was used to test statistical significance of PCoA. NN, Non-phase shift; PN, light/dark phase shift

Fig. 3N), Desulfovibrio (p=0.032, Fig. 30), Lachno-
spiraceae_FCS020_group (p=0.018, Fig. 3P), Dubosiella
(p=0.038, Fig. 3Q), Prevotella_9 (p=0.03, Fig. 3R),
Ruminiclostridium_1 (p=0.013, Fig. 3S), Ruminococ-
caceae_UCG_005 (p=0.026, Fig. 3T), and Ruminococ-
caceae_UCG_010 (p=0.023, Fig. 3U). In summary, light/
dark phase shift induced disturbance of gut microbiota in
mice.

Light/dark phase shift disturbed the metabolism of gut
microbiota

The metabolic profiles of NN and PN were visualized
using OPLS-DA, which revealed a clear separation in
metabolic structure between the NN and PN groups in
both positive (Fig. 4A) and negative (Fig. 4B) modes.
In the positive mode, 74 increased metabolites and 46
decreased metabolites were identified in the PN group
compared with the NN group (Fig. 5A). Additionally, in
the negative mode, PN exhibited 25 increased metabo-
lites and 21 decreased metabolites compared with the
NN group. Metabolites with a VIP > 2 and |log2 Fold-
change| > 2 are shown in Fig. 6.

In the positive mode, 1—-methylhistamine and nitros-
ylhaem were decreased in the PN group compared with
the NN group. Additionally, 25 increased metabolites
were found in the PN group, including 3-aminocaproic
acid, carboplatin, GDP-D-mannurote, hydroxypyru-
vate, and D-Glycerate (Fig. 6A). In the negative mode,
the PN group showed reduced abundances of coenzyme

F420-1 and thyrotropin-releasing hormone compared
with the NN group (Fig. 6B). The PN group had higher
levels of specific metabolites than the NN group, such
as chlomethoxyfen, flavonol 3-O-(6-O-malonyl-beta-D-
glucoside), gallagic acid, termilin, 1-Methoxy-1H-indole-
3-carboxaldehyde and urocanic acid (Fig. 6B).

Differential metabolites identified in the positive and
negative modes were used for KEGG enrichment analy-
sis, and several significantly enriched pathways were
found. In the positive mode, significant pathways con-
tained histidine metabolism, sphingolipid metabolism,
vitamin B6 metabolism, arginine and proline metabo-
lism, and pyrimidine metabolism (Fig. 7A). In the nega-
tive mode, there were five significantly different pathways
between the NN and PN groups, including arachidonic
acid metabolism, histidine metabolism, amino sugar and
nucleotide sugar metabolism, pyrimidine metabolism,
and tyrosine metabolism (Fig .7B).

Correlation analysis between gut microbiota and fecal
metabolites in PN

To explore the potential association between gut micro-
biota and fecal metabolites in PN, Spearman correlation
analyses were performed using genera and metabolites
that were significantly different between the NN and PN
group. Overall, we found 16 significantly positive and 40
significantly negative correlations in the PN group using
differential metabolites in the positive mode and dif-
ferential genera (Fig. 8A). Specifically, Faecalibaculum
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was positively correlated with two types of phosphati-
dylcholines, while Prevotella_9 had positive correlations
with carboplatin, glyphosate, and thymine. In contrast,
Bifidobacterium was negatively associated with dTDP-
4-dehydro-beta-L-rhamnose, palmitoleoyl ethanolamide,
tazobactam, and trans-nochlor. Erysipelatoclostridium
exhibited negative relationships with 1-methylhistamine,
5-amino-4-imidazole carboxylate, bowdichione, calcium
glycerophosphate,  capsiamide, diferuloylputrescine,

dipropyl sulfide, isosorbide dinitrate, N-adenylylanthra-
nilate, octadecanamide, and schidigeragenin C.
Furthermore, we identified 11 significantly posi-
tive and 22 significantly negative correlations in PN
using differential metabolites in the negative mode
(Fig. 8B). Muribaculum and Ruminococcaceae._
UCG_010 showed positive correlations with prosta-
glandin E3, while Parabacteroides and Dubosiella were
positively correlated with primisulfuron. Conversely,
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Faecalibaculum was negatively associated with
2-ethyl-2-hydroxybutyric acid, 2-ketohexanoic acid,
phenyllactic acid, and succinic acid. Muribaculum was
negatively correlated with 4’-O-demethylrebeccamy-
cin, hydroxymalote, and pyridoxine.

However, differential genera or metabolites between
the NN and PN groups had no significant correlation
with AWR scores, transepithelial resistance, and FD4
permeability of the colon in mice (Supplementary fig-
ure 1). In summary, there were strong associations
between gut microbiota and fecal metabolites in PN.

Discussion

IBS is strongly associated with dysregulated circadian
rhythm in the central nervous system and peripheral
organs [19]. Previous studies have also indicated that
altered circadian rhythm can disrupt gut microbiota.
However, the complex interaction among altered circa-
dian rhythm, IBS, gut microbiome, and microbial metab-
olites remains incompletely understood. In this study, a
murine model of light/dark phase shift was constructed
to investigate the impact of circadian rhythm disturbance
on visceral sensitivity, colonic mucosal permeability, and
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the composition and metabolites of gut microbiota. Our
findings revealed that light/dark phase shift led to vis-
ceral hypersensitivity, colonic hyperpermeability, and
significant alterations in gut microbial composition and
metabolism. Our results provide important insights into
the relationship between circadian rhythm, IBS, and gut
microbiota.

Sleep disturbance [20] and shift work [8] have been
strongly associated with functional gastrointestinal disor-
ders. Individuals experiencing shift work and jet lag are
reported to be more susceptible to gastrointestinal symp-
toms, such as abdominal pain, diarrhea, and constipation
[21]. IBS patients with sleep disturbance have increased
symptom severity scores compared with those with-
out sleep disturbance, reinforcing evidence on the link
between altered circadian rhythm and IBS [22]. Consist-
ent with previous clinical studies, our animal experiment
demonstrated that mice undergoing light/dark phase
shift exhibited IBS-related characteristics, including vis-
ceral hypersensitivity and increased colonic permeability,
which directly indicates that circadian rhythm disruption
can lead to IBS symptoms.

This study found that light/dark phase shift could
increase the abundance of Desulfovibrio, a H2S-produc-
ing bacteria enriched in diarrhea-predominant IBS (IBS-
D) [23]. A murine model of IBS-D exhibited a distinct

ileal microbiome profile characterized by an increased
abundance of Desulfovibrio and elevated expression of
genes associated with visceral hypersensitivity, including
Postn and Egfr [24]. Furthermore, the administration of
Desulfovibrio resulted in diarrhea-like phenotype in rats
[25]. These findings suggest that IBS-related characteris-
tics in PN mice is likely due to elevated level of Desulfovi-
brio in the intestine.

Light/dark phase shift also increased the abundance
of Dubosiella, Prevotella, and Ruminiclostridium, which
were recognized to produce butyrate [26, 27]. Com-
pared with healthy controls, patients with IBS-D showed
increased levels of butyrate [28], which positively corre-
lated with the severity of IBS symptoms [29]. The murine
model of IBS-D also presented a higher level of butyrate
than control mice. Butyrate can promote the rate of
colonic transit by facilitating the secretion of 5-HT [30].
These results suggest that increased levels of butyrate-
producing bacteria might cause IBS-related characteris-
tics in PN mice in our study.

Some studies demonstrated that IBS patients exhibit
altered gut microbiota metabolic pathways compared
with healthy individuals, including short-chain fatty acid,
tryptophan, and bile acid metabolism [31]. In animal
experiments, Lactobacillus murinus-derived spermidine
was proven to directly trigger visceral hypersensitivity
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[32], while Ruminococcus gnavus-produced phenethyl-
amine and tryptamine were found to stimulate serotonin
biosynthesis in intestinal enterochromaffin cells to pro-
mote gastrointestinal transit and colonic secretion [33].
These findings establish a connection between microbial
metabolites and the pathophysiology of IBS.

In the present study, phase shift elicited an impact on
several microbial metabolites and metabolic pathways,
which might lead to IBS-like characteristics in mice. PN
mice exhibited distinct gut microbial metabolic profiles
compared with NN mice, with some differential meta-
bolic pathways implicated in IBS, such as arachidonic
acid and vitamin B6 metabolism. Dysregulation of ara-
chidonic acid metabolism can lead to low-grade mucosal
inflammation [34], which was observed in the colons of
IBS patients and considered an underlying mechanism
of IBS [35]. Additionally, low intake of vitamin B6 cor-
related with high IBS symptom scores [36], and abdomi-
nal symptoms in IBS patients were alleviated by vitamin

B6 supplementation [37]. Therefore, alterations in ara-
chidonic acid and vitamin B6 metabolism are likely to
induce IBS-associated characteristics in PN mice.

The present study has several limitations. First, it does
not uncover whether or how circadian rhythm distur-
bance influences intestinal mucosal microbiota, which
plays an important role in the pathogenesis of IBS. Sec-
ond, 16S rRNA sequencing does not provide information
about the distribution of microbial species, warrant-
ing the need for shotgun metagenomics sequencing for
a more comprehensive analysis. Lastly, fecal microbiota
transplantation was not performed to determine the
impact of altered microbiota and metabolites in PN mice
on IBS-associated characteristics.

Conclusions

This study sheds light on the relationship between circa-
dian rhythm disturbance and IBS-associated character-
istics, as well as the composition and metabolism of gut
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