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Background: Disruption of central circadian rhythms likely mediated by changes in microbiota and a decrease in gut-derived metabolites like 
short chain fatty acids (SCFAs) negatively impacts colonic barrier homeostasis. We aimed to explore the effects of isolated peripheral colonic 
circadian disruption on the colonic barrier in a mouse model of colitis and explore the mechanisms, including intestinal microbiota community 
structure and function.
Methods: Colon epithelial cell circadian rhythms were conditionally genetically disrupted in mice: TS4Cre-BMAL1lox (cBMAL1KO) with TS4Cre 
as control animals. Colitis was induced through 5 days of 2% dextran sulfate sodium (DSS). Disease activity index and intestinal barrier were 
assessed, as were fecal microbiota and metabolites.
Results: Colitis symptoms were worse in mice with peripheral circadian disruption (cBMAL1KO). Specifically, the disease activity index and 
intestinal permeability were significantly higher in circadian-disrupted mice compared with control animals (TS4Cre) (P < .05). The worsening 
of colitis appears to be mediated, in part, through JAK (Janus kinase)-mediated STAT3 (signal transducer and activator of transcription 3), which 
was significantly elevated in circadian-disrupted (cBMAL1KO) mice treated with DSS (P < .05). Circadian-disrupted (cBMAL1KO) mice also had 
decreased SCFA metabolite concentrations and decreased relative abundances of SCFA-producing bacteria in their stool when compared with 
control animals (TS4Cre).
Conclusions: Disruption of intestinal circadian rhythms in colonic epithelial cells promoted more severe colitis, increased inflammatory mediators 
(STAT3 [signal transducer and activator of transcription 3]), and decreased gut microbiota–derived SCFAs compared with DSS alone. Further 
investigation elucidating the molecular mechanisms behind these findings could provide novel circadian directed targets and strategies in the 
treatment of inflammatory bowel disease.

Lay Summary 
Disruption of peripheral circadian rhythms of the colon epithelium results in worse colitis and increased intestinal permeability in mice when 
given dextran sulfate sodium. This may be mediated through alterations in microbiota, butyrate levels, and STAT3.
Keywords: circadian disruption, ulcerative colitis, peripheral circadian disruption, microbiota, metabolomics.

Introduction
Inflammatory bowel disease (IBD) is a debilitating chronic re-
lapsing and remitting condition of the gastrointestinal tract. 
IBD has a highly variable disease course characterized by 

episodes of flare that can result in hospitalizations, surgery, 
chronic steroid use, and decreased quality of life.1 Identifying 
risk factors for exacerbations is essential to decrease mor-
bidity and healthcare burdens for IBD patients. One such 
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risk factor is central circadian rhythm disruption, which has 
been identified as a potential risk factor for a more severe 
IBD course.2 Central circadian rhythms regulate nearly every 
aspect of biology and behavior including immune system ac-
tivity and metabolism.3 The master or central circadian clock 
is located in the superchiasmatic nucleus. This master clock 
influences peripheral circadian clocks, which are located in 
nearly every cell of the body, including in the intestinal epi-
thelial cells (IECs) of the gastrointestinal tract.4 On the molec-
ular level, the core circadian clock comprises a transcriptional 
and translational feedback loop of core clock proteins, in-
cluding BMAL1 and BMAL2, cryptochrome 1 and 2, period 
1 to 3, REV-ERBα/b, retinoic acid-related orphan receptor α, 
and CLOCK,4 which cycle in a pattern that takes approxi-
mately 24 hours to complete.

These circadian rhythms are sensitive to changes in the en-
vironment. For example, bright light is the main regulator of 
the central circadian clock, whereas time of food consump-
tion robustly regulates circadian rhythms in the intestine. A 
mismatch (ie, misalignment) between the endogenous circa-
dian clock and the external environment can be detrimental 
to health. Light at the wrong time can disrupt the central 
circadian clock, and late-night eating (ie, wrong-time eating) 
can disrupt circadian rhythms in the intestine.5 Recently, pe-
ripheral circadian misalignment due to wrong-time eating has 
been found to increase metabolic syndrome, worsen glucose 
control in diabetics, and increase risk of colon cancer.6-8

Disruption of central circadian rhythms has been studied 
in IBD using several animal models including both environ-
mental (altering light-dark cycles),9,10 and genetic (manipu-
lation of the core molecular clock, eg, global knockout of 
REV-ERBα) approaches.11 These studies find that central cir-
cadian disruption is associated with more severe dextran sul-
fate sodium (DSS)–induced colitis. However, the consequences 
of disrupted peripheral circadian rhythm of the colon in an 
IBD model have not yet been adequately investigated.

IEC barrier disruption is the primary driver of DSS-induced 
colitis. Multiple studies have suggested that central circa-
dian rhythm disruption promotes colitis through IEC barrier 
changes: (1) studies by our group and others demonstrate 
that expressions of tight junction proteins are under circadian 
control, resulting in diurnal fluctuations in IEC apical junc-
tion complex (AJC) protein expression and intestinal barrier 
function in mice; (2) disruption of the intestinal microbiota 
community (dysbiosis) with decreased relative abundance 

of the short-chain fatty acid (SCFA)–producing bacteria is 
associated with epithelial barrier dysfunction; and (3) key 
molecules that are pivotal for activation of the intestinal 
inflammatory cascade in the intestine, such as signal trans-
ducer and activator of transcription protein 3 (STAT3), are 
under circadian control,12 and circadian disruption leads to 
elevated phospho-STAT3 in colon IECs, which is associated 
with worse colitis.13

Therefore, we hypothesized that colon-specific peripheral 
circadian rhythm disruption worsens colitis through disrup-
tion of IEC barrier integrity. To test this hypothesis, we took 
advantage of an IEC-specific knockout mouse model to de-
termine whether genetic disruption of IEC circadian rhythm 
machinery worsens DSS-induced colitis. TS4Cre (Fabp1Cre) 
is expressed in mature differentiated enterocytes (IECs) 
of the colon and distal ileum.14 Thus, TS4Cre-BMAL1lox 
(cBMAL1KO) mice are a model of peripheral circadian 
rhythm disruption in the colon while the central circadian 
rhythm remains intact. This study explores the impact of iso-
lated peripheral circadian disruption of the colon IECs in a 
rodent colitis model and elucidates potential key mediators in 
STAT3 and the SCFA-producing bacteria in which peripheral 
circadian rhythm disruption induced worsening of colitis.

Methods
Murine Experimental Model
TS4Cre and BMAL1lox mice, generously provided from the 
laboratory of K.K., were bred in-house to produce the ex-
perimental TS4Cre-BMAL1lox mice used in this study (here-
after cBMAL1KO). At 21-days of age, genotyped male and 
female TS4Cre (control) and cBMAL1KO mice were weaned 
and group housed 2 to 5 mice per cage by genotype. At 5 to 
7 weeks of age, mice were single housed into chambers spe-
cifically designed to conduct circadian experiments in rodents 
(ie, light-tight, well-ventilated chambers that allow for manip-
ulation of light-dark cycles independent of the ambient room 
lighting conditions). Mice were maintained on a standard 
12-hour light-dark (8 am to 8 pm) schedule and were pro-
vided food ad libitum. Half of the male and female mice from 
each group received 2% DSS in the drinking water for 5 days, 
while the other mice received only water (Supplementary 
Figure 1). Mice were sacrificed on day 9, after 3 days of re-
covery from DSS.10 Daily weight, stool consistency, and pres-
ence of hematochezia were documented each morning. The 
central circadian rhythm was assessed by wheel running ac-
tivity and is detailed in the Supplementary Methods.

Crypt Isolation
Crypts were isolated from fresh colonic tissue and were used 
to assess BMAL1 protein levels in the colon IECs of the 
TS4Cre and cBMAL1KO mice using Western blot. Detailed 
methods are presented in the Supplementary Methods.

Hematoxylin and Eosin Staining
To assess histologic changes, sections (4- to 5-µm thickness) 
of fixed colon tissue samples were stained with hematoxylin 
and eosin, as previously described.15 Samples were scored 
blindly by a gastrointestinal pathologist who assessed intes-
tinal inflammation and tissue injury. Seven score categories 
were used to measure colon tissue destruction, inflammation, 
and repair, as described in the Supplementary Methods.

Key Messages

The master circadian clock in the brain (central) regulates 
multiple peripheral circadian clocks including those in the 
gastrointestinal tract; disruption of central circadian clock 
has been shown to worsen colitis.
This study demonstrates that disruption of the peripheral 
circadian clock machinery in the colonic epithelial cells, 
with normal central circadian timing, results in increased 
colitis, mortality, intestinal permeability, inflammation, and 
dysbiosis.
This study highlights the importance of studying environ-
mental factors that impact circadian timing in inflammatory 
bowel disease including both central (sleep-wake cycle) and 
peripheral (meal timing), as both may impact colitis.
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Intestinal Permeability
In vivo intestinal permeability was determined at the end 
of the experiment, as previously described.16 The test was 
performed at zeitgeber time 0, after mice had been fasted 
overnight. A 200-µL solution containing lactulose (3.2 mg), 
sucrose (0.45  mg), sucralose (0.45  mg), and mannitol 
(0.9 mg) was administered via gavage, after which 2 mL of 
lactated ringers was administered subcutaneously to pro-
mote urine output. Mice were placed in metabolic cages for 
5 hours, after which urine was collected and the total volume 
recorded. Intestinal permeability was calculated using gas 
chromatography to measure urinary sugar concentration. 
Permeability is expressed as percent excretion of oral dose 
of sugar.17

Immunofluorescence Staining
The colon tissue immunofluorescence (IF) staining was 
performed on slides. Specifics regarding IF staining are de-
tailed in the Supplementary Methods. All tissue staining 
data are from 4 mice per group, with images from at least 
10 stained tissue fields used to determine relative expres-
sion of each marker and to select representative images. All 
staining images were evaluated by 2 blinded, independent 
observers using a Zeiss LSM 700 confocal microscope 
(Zeiss, Oberkochen, Germany). All images were taken at ×20 
magnification.

Western Blotting Analysis
Mouse colon tissue was lysed with Tris-triton buffer 
(Bioworld; Fisher, Pittsburgh, PA, USA) with a phospha-
tase/protease inhibitor cocktail (Sigma-Aldrich, St. Louis, 
MO, USA). For Western blots, total protein was determined 
(Bio-Rad, Hercules, CA, USA), and samples were prepared 
with Laemmli sample buffer with 2-ME (Bio-Rad). Twenty 
micrograms of protein/lane was loaded into a 4%/7.5% 
stacking acrylamide Tris gel and electrophoresed at 100 V 
for 2.5 hours. Protein was then transferred to a nitrocellu-
lose membrane (GE Healthcare, Buckinghamshire, United 
Kingdom) overnight at 30 V. Nonspecific binding was blocked 
by incubation of the membrane with 5% bovine serum al-
bumin/Tris-buffered saline with 0.1% Tween 20 detergent 
(TBST) for 1 hour. Membranes were then incubated over-
night at 4°C with antibodies for zonula occludens-1 (ZO-1) 
(cat # 61-7300; Invitrogen, Waltham, MA, USA) or h-actin 
(cat #A4700; Sigma-Aldrich) in TBST. Membranes were sub-
sequently washed with TBST for 1 hour and incubated with 
the appropriate horseradish peroxidase–conjugated anti-
secondary antibody. Chemiluminescent substrate (ECL; GE 
Healthcare) was applied to the membrane for protein visu-
alization using autoradiography film (HyBlot CL; Denville 
Scientific, Metuchen, NJ, USA). Optical density was deter-
mined via densitometric analysis with ImageJ version 1.42 
software (National Institutes of Health, Bethesda, MD, USA). 
Data were normalized to actin for each lane for densitometry 
comparisons.

Serum Cytokines
Levels of interleukin (IL)-6 and tumor necrosis factor alpha 
(TNF-α) in serum were determined by enzyme-linked im-
munosorbent assay using Quantikine kits (R&D Systems, 
Minneapolis, MN, USA), according to the manufacturer’s 

recommendations. Results were read by colorimetry on a 
BioTek Synergy multiwell plate reader (BioTek, Winooski, 
VT, USA) at wavelength 450 nm.

Gas Chromatography–Tandem Mass Spectrometry
The quantitation of the SCFA acetic acid, butyric acid, 
isovaleric acid, lactic acid, propionic acid, and succinic 
acid was performed using isotope dilution gas chromatog-
raphy–tandem mass spectrometry by using MRM mode. The 
absolute quantity of each SCFA was determined using cal-
ibration curves measured for each analyte. Measurements 
were normalized to sample dry weight. This was achieved 
by separating the stool samples into 2 pieces of equal weight 
(wet weight): one piece was processed for derivatization and 
the other piece was dried overnight and then reweighed (dry 
weight). Dry weight normalization was calculated as (wet 
weight) × (dry weight/wet weight). Samples were analyzed by 
using the Thermo TSQ-Evo triple quadrupole in tandem with 
the Trace 1310 gas chromatograph (Thermo Fisher Scientific, 
Waltham, MA, USA). The remainder of these methods are 
described in the Supplementary Methods.

Sample Collection, DNA Extraction, and DNA 
Sequencing
Male mice stool pellets were collected and stored at -80˚C until 
analysis. Total genomic DNA was extracted from the feces 
using the FastDNA SPIN Kit from the manufacturer’s protocol 
(FastDNA Spin Kit for Soil; MP Biomedicals, Solon, OH, USA). 
DNA concentrations were measured with fluorometric quanti-
tation (Qubit 3.0; Life Technologies, Grand Island, NY, USA). 
Primers 515F/806R (515F: GTGYCAGCMGCCGCGGTAA; 
806R: GGACTACNVGGGTWTCTAAT), targeting vari-
able region 4 (V4) of microbial small subunit (SSU or 16S) 
ribosomal RNA genes, were used and prepared for high-
throughput amplicon sequencing using a 2-stage percutaneous 
coronary intervention method. Negative control animals were 
used with each set of amplifications, which indicated no back-
ground contamination. Sequencing was performed using an 
Illumina MiSeq (Illumina, San Diego, CA, USA), with a V2 
kit and paired-end 250 base reads at the Genome Research 
Core at the University of Illinois at Chicago. Raw sequence 
data (FASTQ files) were deposited in the National Center for 
Biotechnology Information Sequence Read Archive under 
BioProject PRJNA627195.

16S Ribosomal RNA V4 Sequencing Analysis
Raw sequences obtained were merged using the PEAR 
(paired-end read merger) algorithm (v0.9.11; https://cme.h-
its.org/exelixis/web/software/pear/). Merged sequences were 
then quality filtered using cutadapt and denoised using the 
DADA2 algorithm within the QIIME2 (v 2020.8.0; https://
qiime2.org/) workflow. The produced amplicon sequence 
variants were used in all downstream analysis. Taxonomy 
was assigned to amplicon sequence variants by using the 
naïve Bayes taxonomy classifier against the SILVA 138 99% 
OTU database reference sequences. Please reference the 
Supplementary Methods for additional details.

Statistical Analysis
A 2-way repeated measures (RM) analysis of variance 
(ANOVA) was used to detect genotype and time effects in 
disease activity index (DAI) outcomes. A 4-way RM ANOVA 
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was used to determine genotype, time, treatment, and sex 
effects from percent change in body weight measurements. 
A 3-way ANOVA was used to detect a genotype, treatment, 
and sex effects of histology severity of colitis scores. A 2-way 
ANOVA was used to detect genotype and treatment effects 
in the male and female comparison of colon length, and 
for only the male mice comparisons of urine intestinal per-
meability, colonic epithelial apical junction proteins, serum 
cytokines, messenger RNA (mRNA), alpha diversity indices, 
fecal SCFA metabolomics measurements, and the percent 
relative abundance of SCFA-producing bacteria. All these 
analyses were corrected for multiple comparison testing using 
the Benjamini-Hochberg method with adjusted P values (q 
values). An independent t test was used to assess differences 
in histology scores. The chi-square test was used to assess 
differences in mortality. Significance levels were set at P < 
.05 in all analyses. Statistics were performed using GraphPad 
Prism (v9.0; GraphPad Software LLC, San Diego, CA, USA) 
and SPSS Statistics V26 (IBM, Armonk, NY, USA). Analyses 
of alpha and beta diversity were used to examine changes 
in fecal microbial community structure. Details of the mi-
crobiota statistical analysis are found in the Supplementary 
Methods.

Ethical Considerations
Rodent studies were approved by the Rush University Medical 
Center Institutional Animal Care and Use Committee. 
All methods were carried out in accordance with relevant 
guidelines and regulations.

Results
Murine Model
Central circadian rhythm assessment
In order for us to evaluate our animal model, we needed to 
first show that central circadian rhythms in our cBMAL1KO 
mice were intact. Rest-wake activity was monitored continu-
ously in 5 cBMAL1KO mice and 5 TS4Cre control mice via 
wheel running over 2 weeks of standard 12-hour light-dark 
conditions followed by 2 weeks of dark-dark conditions to 
evaluate the endogenous circadian period. There was no sig-
nificant difference in periods between the groups in either 
condition. Under dark-dark conditions (24 hours of dark), 
TS4Cre mice had a mean period of 23.7 ± 0.15 hours and 
cBMAL1KO mice had a mean period of 23.8 ± 0.67 hours 
(independent t test: P = .11) (Supplementary Figure 2A and 
2B). Similarly, cBMAL1KO and TS4Cre mice exhibited 
normal actograms of their activity during the experimenta-
tion under 12-hour light-dark cycles (Supplementary Figure 
3), showing no difference in activity or entrainment during 
the study.

BMAL1 protein levels in colon epithelium
To assess the efficiency of BMAL1 knockout in the colonic 
tissue, we isolated colonic epithelial crypts and analyzed pro-
tein levels of BMAL1 (Supplementary Figure 2C). Intestinal 
tissue contains many cell types including IECs, and isolation 
of crypts allows for more accurate assessment of BMAL1 in 
IECs due to a relative increase in IECs in the sample after re-
moval of non–crypt cell types (eg, immune cells). cBMAL1KO 
mice had significantly lower levels of BMAL1 protein than 
TS4Cre mice (independent t test: P = .015) indicating that 

the knockout was successful. It is important to note that 
the isolated crypts contained different cell types (other than 
differentiated enterocytes) that do not express TS4, such as 
goblet cells, Tuft cells, and neuroendocrine cells; therefore, it 
was expected to have some remaining low BMAL1 levels in 
our crypt preparation from TS4Cre mice.

Severity of DSS-Induced Colitis
Disease activity index
The DAI incorporates daily body weight changes, stool con-
sistency, and hematochezia. Higher scores indicate greater 
ulcerative colitis–like symptoms. After treatment with DSS, 
cBMAL1KO mice had significantly higher DAI than TS4Cre 
mice (Figure 1A). Analysis via a 2-way RM ANOVA for male 
mice revealed a significant time (ie, disease course) effect 
(F9,155 = 270.6, P < .0001), as cBMAL1KO + DSS had earlier 
symptoms than TS4Cre + DSS, as well as a genotype effect 
(F1,155 = 462.9, P < .0001) and interaction (time × genotype) ef-
fect (F9,155 = 74.18, P < .0001). Likewise, a 2-way RM ANOVA 
for female mice treated with DSS revealed a significant time ef-
fect (F9,158 = 263.4, P < .0001), genotype effect (F1,158 = 235.3, P 
< .0001), and interaction (time × genotype) effect (F1,158 = 40.17, 
P < .0001). Multiple comparison analysis revealed a genotype 
difference in colitis severity: cBMAL1KO + DSS male mice had 
significantly higher DAI on days 4 to 8 than TS4Cre + DSS mice 
(q < 0.0001), while cBMAL1KO + DSS female mice had signifi-
cantly higher DAI on days 4-6 than TS4Cre + DSS (q < 0.0001). 
Taken together, these results suggest that DSS-induced colitis is 
worse in mice with a disrupted peripheral circadian rhythm. 
Interestingly, female cBMAL1KO mice appeared more resilient 
to DSS as compared with male cBMAL1KO mice, as their DAI 
showed earlier improvement.

Mortality
Mortality of DSS-treated mice was monitored and 
depicted (Figure 1A). Overall, 7 (28%) of 25 of male 
cBMAL1KO + DSS mice died, while none of the 16 male 
TS4Cre + DSS mice died (chi-square: P = .025). Similarly, 
more female cBMAL1KO + DSS mice died (n = 4 of 25, 
16%) compared with female TS4Cre + DSS mice (n = 1 of 
21, 4.8%), but this difference was not statistically significant 
(chi-square: P = .22). This indicates that disruption of colon 
circadian homeostasis significantly increased mortality in 
DSS-treated male mice.

Percent change in daily body weight
Daily body weight was recorded and depicted (Figure 1B). 
The cBMAL1KO mice developed significantly decreased 
body weight with DSS treatment as compared with TS4Cre 
control animals with and without DSS treatment. A 4-way 
RM ANOVA revealed significant differences for time (ie, dis-
ease course) effect (F9,703 = 4.967, P < .001), genotype effect 
(F7,703 = 22.51, P < .0001), and treatment effect (F7,703 = 45.02, 
P < .0001) but revealed no sex effect. There was a significant 
interaction between genotype and treatment (F49,703 = 3.752, P 
< .001) but no interactions between genotype and sex; treat-
ment and sex; or genotype, sex, and treatment. Multiple com-
parison analysis indicated the following: TS4Cre + DSS male 
mice had significant weight loss compared with TS4Cre male 
control animals on days 6 to 9 (P < .05), cBMAL1KO + DSS 
male mice had significant weight loss compared with 
cBMAL1KO male control animals on days 3 to 9 (P < .05),  
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TS4Cre + DSS female mice had significant weight loss 
compared with TS4Cre female control animals on days 7 to 9 
(P < .05), and cBMAL1KO + DSS female mice had significant 
weight loss compared with cBMAL1KO female control ani-
mals on days 3 to 9 (P < .05). Collectively, this suggests that 
DSS-induced colitis leads to significant weight loss in mice in 
both genotypes.

Intestinal Inflammation
Colon length
Colon length was measured and scored as a percent change 
from control (ie, non-DSS mice) (Figure 1C). A 2-way 
ANOVA analysis on male mice revealed significant genotype 
effect (F1,36 = 19.43, P < .001), treatment effect (F1,36 = 131.1, 
P < .001), and interaction (genotype × treatment) effect 

Figure 1. Dextran sulfate sodium (DSS) induces changes on the intestine that are sex and genotype dependent. These analyses were conducted in 
both female and male mice. A, Disease activity indices (DAIs) for male mice (top) and female mice (bottom). Multiple comparison analysis revealed 
that cBMAL1KO + DSS male mice had significantly higher DAI on days 4 to 8 than TS4Cre + DSS male mice, and cBMAL1KO + DSS female mice had 
significantly higher DAI on days 4 to 6 than TS4Cre + DSS female mice: ****q ˂ 0.0001. Additionally, mortality is demonstrated on these graphs: ⊗. 
Mortality rate for cBMAL1KO + DSS male mice was 7 (28%) of 25, while no TS4Cre + DSS male mice died (chi-square: P = .025). The mortality rate 
for cBMAL1KO + DSS female mice was 4 (16%) of 25 and 1 (4.8%) of 21 for TS4Cre + DSS female mice (chi-square: P = .22). B, Percent change in 
weight by group. Multiple comparison analysis indicated TS4Cre + DSS male mice had significant weight loss compared with TS4Cre control male mice 
on days 6 to 9 (P < .05). cBMAL1KO + DSS male mice had significant weight loss compared with cBMAL1KO control male mice on days 3 to 9 (P < 
.05). TS4Cre + DSS female mice had significant weight loss compared with TS4Cre control female mice on days 7 to 9 (P < .05). cBMAL1KO + DSS 
female mice had significant weight loss compared with cBMAL1KO control female mice on days 3 to 9 (P < .05). C, Colon lengths for male mice (top) 
and female mice (bottom). Multiple comparison analysis indicated that both male and female TS4Cre and cBMAL1KO mice had significant DSS-induced 
colon shortening compared with their respective control animals (q < 0.0001). Both cBMAL1KO + DSS male mice and female mice had more colon 
shortening, as compared with TS4Cre + DSS male mice (q < 0.0001) and female mice (q < 0.004): **q ˂ 0.01; ****q ˂ 0.0001; ϕP ˂ .05 for treatment 
effect; ΨP < .05 for genotype effect. Male and female TS4Cre DSS-induced mice did not differentiate between colon lengths (independent t test: P = 
.456), whereas male cBMAL1KO + DSS indicated a significant shorter colon length as compared with female cBMAL1KO + DSS (independent t test: P 
< .0001). D, Histology for TS4Cre and cBMAL1KO male mice and female mice with and without DSS. A 3-way analysis of variance revealed that there 
was a treatment effect (P < .0001) and genotype effect (P < .0007) but there was no difference in sex effect for histology scores.
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(F1,36 = 21.16, P < .001). Female mice only had a significant 
treatment effect (F1,35 = 205.9, P < .001), with no differences 
for genotype effect or interaction (genotype × treatment) ef-
fect. Multiple comparison analysis indicated that both male 
and female TS4Cre and cBMAL1KO mice had significant DSS-
induced colon shortening compared with their respective con-
trol animals (q < 0.0001), suggesting the presence of colonic 
inflammation with DSS. The cBMAL1KO + DSS male mice 
had more colon shortening, as compared with TS4Cre + DSS 
male mice (q < 0.0001), plus cBMAL1KO + DSS female mice 
had more colon shortening as compared with TS4Cre + DSS 
female mice (q = 0.004). Furthermore, the male and female 
TS4Cre DSS-induced mice did not differentiate between colon 
lengths (independent t test: P = .456). However, male and fe-
male cBMAL1KO mice treated with DSS indicated a signif-
icant difference between colon length (independent t test: P 
< .0001). Male cBMAL1KO + DSS mice had greater colon 
shortening compared with female cBMAL1KO + DSS mice. 
Overall, these data demonstrate that the male cBMAL1KO 
mice developed more significant colitis with DSS compared 
with male and female TS4Cre mice and female cBMAL1KO 
mice.

Histological severity of colitis (hematoxylin and 
eosin staining)
Colon tissue from mice that did not receive DSS did not ex-
hibit any histological evidence of inflammation or tissue 
damage. The mice groups treated with DSS all demonstrated 
increased histologic scores in the injury model (Figure 1D, 
Table 1). A 3-way ANOVA analysis revealed that there was 
a treatment effect (F1,71 = 22.55, P < .0001) and a genotype 
effect (F1,71 = 12.66, P < .0007) but no sex effect. There was 
a significant interaction between treatment and genotype 
(F1,71 = 11.68, P < .001).

Rationale for focusing on male mice for further 
analysis
Because our data showed significantly worse DSS-induced co-
litis phenotype (by DAI, mortality, and colon length) in male 
mice, male mice were chosen for further analysis of colonic 
barrier function, mucosal inflammation, and stool microbiota 
structure and function. Therefore, all subsequent analyses 
were performed on male TS4Cre and male cBMAL1KO mice.

Intestinal Permeability
Male in vivo measurement of intestinal 
permeability
Increased urinary sucralose and sucralose/lactulose ratio is a 
surrogate marker for increased colonic barrier permeability 

and colonic IEC barrier dysfunction.17 Urinary sucralose ex-
cretion in male mice demonstrated a significant treatment 
effect (2-way ANOVA: F1,34 = 32.58, P < .0001) but no geno-
type or interaction effects (Figure 2A). Multiple comparison 
analysis showed significantly increased (q ˂ 0.0001) urinary 
sucralose excretion in both DSS-treated male mice groups 
compared with their respective control animals (Figure 2A). 
Furthermore, the urinary sucralose/lactulose ratio showed both 
a significant genotype effect (2-way ANOVA: F1,34 = 9.247,  
P = .0045) and treatment effect (2-way ANOVA: F1,34 = 23.95, 
P < .0001) (Figure 2B). Multiple comparison analysis showed 
significantly increased (q ˂  0.0001) sucralose-to-lactulose ratio 
in both DSS-treated male mice groups compared with their 
respective control animals, as well as a significantly enhanced 
sucralose-to-lactulose ratio in male cBMAL1KO + DSS mice 
(q = 0.0019) when compared with male TS4Cre + DSS mice 
(Figure 2B). These data indicate that DSS increases colonic 
barrier permeability and IEC barrier dysfunction and support 
our hypothesis that disruption of the circadian homeostasis in 
colon IEC increases vulnerability of the colon to the effects of 
DSS, resulting in worse DSS-induced disruption of the colonic 
barrier and inflammation.

Male ex vivo assessment of colonic epithelial 
apical junction proteins
AJC proteins (ZO-1, claudin-2, occludin, and E-cadherin) 
play a major role in intestinal epithelial barrier function. 
Therefore, we assessed AJC proteins in the colon of DSS-
treated male cBMAL1KO mice and control animals using IF 
techniques. The ZO-1 protein expression was assessed by im-
munoblotting and showed significant differences with geno-
type (2-way ANOVA: F1,25 = 10.82, P = .003) and treatment 
(2-way ANOVA: F1,25 = 6.671, P = .016) (Figure 2C). When 
compared with TS4Cre control male mice, multiple compar-
ison analyses showed significantly decreased ZO-1 protein ex-
pression in both TS4Cre + DSS (q ˂ 0.015) and cBMAL1KO 
control (q ˂  0.001) mice. Claudin-2 is a pore-forming junction 
protein and an increase is consistent with barrier dysfunction. 
Claudin-2 protein expression demonstrated a treatment effect 
(2-way ANOVA: F1,37 = 4.167, P = .048), indicating that its 
expression is increased after treatment with DSS, but no sig-
nificant genotype or interaction effects (Figure 2D). Occludin 
protein expression was not different between mice groups 
(Figure 2E). E-cadherin demonstrated both a significant geno-
type effect (2-way ANOVA: F1,48 = 4.323, P = .043), indicating 
decreased expression in circadian-disrupted mice, and treat-
ment effect (2-way ANOVA: F1,48 = 5.427, P = .024), indicating 
that DSS treatment decreases its expression in colon epithe-
lium (Figure 2F). Altogether, the derangement of these AJC 
proteins is consistent with the intestinal barrier dysfunction 

Table 1. Histology score comparisons in both male and female mice control and DSS groups

Mice Group Control DSS

Median 95% CI Median 95% CI 

TS4Cre male mice 0.00 0-0.55 2.50 0.84-4.16

cBMAL1KO male mice 0.00 0-1.11 4.50 3.75-16.1

TS4Cre female mice 0.00 0-0.45 0.00 0.03-2.97

cBMAL1KO female mice 0.00 0-0.45 12.00 6.77-17

Abbreviations: CI, confidence interval; DSS, dextran sulfate sodium.
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supported by the in vivo permeability data. Collectively, these 
data suggest that peripheral circadian rhythm disruption 
disrupts IEC barrier function through decreased E-cadherin 
expression, which is further exacerbated by DSS administra-
tion. In addition, exposure to DSS increased pore-formation 
and gut leakiness through increased levels of claudin-2.

Inflammation
Male serum cytokines
One important consequence of intestinal barrier dysfunc-
tion is intestinal inflammation (as indicated by colon short-
ening), as well as systemic inflammation. We examined levels 
of various cytokines in the serum. Serum IL-6 was not sig-
nificantly different between genotypes or treatment groups 
by 2-way ANOVA analysis. However, multiple compar-
ison analysis revealed a significant difference between male 
cBMAL1KO + DSS and male cBMAL1KO control animals  
(P = .016) (Figure 3A). Serum TNF-α exhibited only a treatment 
effect (2-way ANOVA: F1,25 = 10.34, P = .004) (Figure 3B).  

Multiple comparison analysis showed that the serum 
TNF-α level was significantly elevated (q ˂ 0.02) in male 
TS4Cre + DSS mice compared with TS4Cre mice.

Male mRNA expressions and STAT3 assessment in 
DSS model of colitis
Claudin-2 mRNA expression demonstrated a treatment ef-
fect (2-way ANOVA: F1,15 = 5.648, P = .0312) in male mice 
(Supplementary Figure 4A). Multiple comparison analysis 
indicated that male cBMAL1KO + DSS mice had signifi-
cantly higher claudin-2 expression than male cBMAL1KO 
mice (P = .010). Occludin expression had a genotype ef-
fect (2-way ANOVA: : F1,16 = 5.144, P = .0375) in male 
mice (Supplementary Figure 4B). Occludin expression was 
significantly reduced in male cBMAL1KO mice compared 
with male TS4Cre mice (P = .013). When E-cadherin ex-
pression was explored, it showed no differences for treat-
ment or genotype effects in male mice (Supplementary 
Figure 4C).

Figure 2. Dextran sulfate sodium (DSS) induces changes on the intestinal barrier that are genotype dependent. These analyses were conducted 
only in male mice. A, In vivo permeability demonstrated by percent excretion of oral dose of sucralose. A significant treatment effect was observed 
(P < .0001). Multiple comparison analysis showed significantly increased sucralose permeability in both DSS-treated male mice groups compared 
with their respective control animals. B, In vivo permeability demonstrated by the ratio or percent excretion of oral dose of sucralose to lactulose. 
A significant treatment effect (P < .0001) and genotype effect (P = .0045) were found. Multiple comparison analysis showed significantly increased 
sucralose-to-lactulose ratio permeability in both DSS-treated male mice groups compared with their respective control animals, as well as that the 
cBMAL1KO + DSS male mice sucralose-to-lactulose ratio significantly enhanced when compared with TS4Cre + DSS male mice. C, Immunoblotting for 
ZO-1 revealed a significant effect of genotype (P = .003) and treatment (P = .016). D, Immunofluorescence staining for claudin-2 revealed a significant 
treatment effect (P = .048) but no genotype effect. E, Immunofluorescence staining for occludin demonstrated no effects of treatment or genotype. F, 
Immunofluorescence staining for E-cadherin revealed a significant effect of genotype (P = .043) and treatment (P = .024). Statistical analyses included 
2-way analysis of variance corrected for multiple testing using the Benjamini-Hochberg method. *q ˂ 0.05; **q ˂ 0.01; ****q ˂ 0.0001; ϕP < .05 for 
treatment effect; ΨP < .05 for genotype effect.
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STAT3 mRNA expression demonstrated a treatment effect 
(2-way ANOVA: : F1,16 = 6.275, P = .023) in male mice, with 
higher levels found in DSS-treated mice (Supplementary Figure 
4D). Furthermore, Western blot analysis of phospho-STAT3 
(pSTAT3) protein exhibited both a treatment effect (2-way 
ANOVA: F1,27 = 5.108, P = .032) and a genotype effect (2-way 
ANOVA: F1,27 = 4.755, P = .038), showing increased levels in 
mice treated with DSS as well as in mice with disrupted pe-
ripheral circadian rhythms (Figure 3C). IF staining density 
of pSTAT3 was significantly higher in colon tissue of male 
cBMAL1KO + DSS as compared with TS4Cre + DSS (Figure 
3C), suggesting a possible key role of STAT3 in worsening of 
DSS-induced colitis with disruption of circadian homeostasis 
in the intestinal epithelial cells.

Microbiome
Male microbiome sequencing
As previously mentioned, this analysis was only assessed in 
male mice, as they exhibited a more severe colitis phenotype 
than female mice. Fecal samples were sequenced and data 
were compared as followed: (1) TS4Cre and cBMAL1KO 
male mice, (2) TS4Cre + DSS and cBMAL1KO + DSS male 

mice, (3) TS4Cre and TS4Cre + DSS male mice, and (4) 
cBMAL1KO and cBMAL1KO + DSS male mice. A total of 
3 979 928 sequencing clusters were generated, with an av-
erage depth of 51 024 sequences per sample (median = 48 030 
[range, 23 569-148 073]). The microbial communities were 
significantly different between the 4 male mice groups (prin-
cipal coordinate analysis [PCoA]: Figure 4A; permutational 
multivariate ANOVA [PERMANOVA]: Table 2). Detailed 
genotypes and DSS-treated fecal microbiota comparisons 
results are depicted in the Supplementary Results.

Male murine model genotype microbiota
Microbial alpha diversity was measured for each sample to 
determine if there were differences in microbial community 
structure between TS4Cre and cBMAL1KO (Supplementary 
Table 1; Supplementary Figure 5). No significant differences 
in alpha diversity were observed for analyses conducted at 
the feature level. Beta diversity analyses revealed significant 
differences (false discovery rate P ˂  .05) in fecal microbial com-
munity structure between TS4Cre and cBMAL1KO samples 
at the feature level (PCoA: Figure 4B; PERMANOVA: Table 
2). Microbial communities were different and dominated 

Figure 3. Systemic and intestinal inflammation are genotype dependent. These analyses were conducted only in male mice. A, Serum interleukin (IL)-6 
did not indicate a significant difference for genotype or treatment effects. However, multiple comparison analysis was significantly different between 
cBMAL1KO control and cBMAL1KO + DSS male mice (P = .016) B, Serum tumor necrosis factor alpha (TNF-α) exhibited only a treatment effect (P = 
.004). Multiple comparison analysis showed that the serum TNF-α level was significantly elevated (q ˂ 0.02) in the TS4Cre + DSS compared with TS4Cre 
control male mice. C, Western blot analysis of phospho-STAT3 (pSTAT3) protein exhibited both a treatment effect (P = .032) and genotype effect (P = 
.038) Immunohistochemistry stains of pSTAT3 and DAPI in the colons of the mice with and without DSS. Statistical analyses included 2-way analysis of 
variance corrected for multiple testing using the Benjamini-Hochberg method. #P < .05; *q ˂ 0.05; ϕP < .05 for treatment effect; ΨP < .05 for genotype 
effect.
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by bacteria from the phyla Bacteroidota and Firmicutes, 
and bacteria from the genera Muribaculaceae, Bacteroides, 
Lachnospiraceae spp., Lactobacillus, and Helicobacter (˃50% 
of all sequences) (Figure 5A and B; Supplementary Table 2). 

Analysis revealed that compared with control mice, Firmicutes 
and other SCFA-producing microbiota were decreased in 
cBMAL1KO mice. Additional microbial taxa differing in 
abundance between TS4Cre and cBMAL1KO were identified 

Figure 4. Principal coordinate analysis with Bray-Curtis dissimilarity. Results revealed that fecal samples clustered separately indicating that the fecal 
community is significantly different from each male mice group. Orientations of: A, 4 male mice sample groups; B, TS4Cre and cBMAL1KO samples; C, 
TS4Cre + DSS and cBMAL1KO + DSS; D, TS4Cre and TS4Cre + DSS; and E, cBMAL1KO and cBMAL1KO + DSS.
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using DESeq2 and ANCOM (Supplementary Tables 3 and 4; 
Supplementary Figure 6). DESeq2 analysis indicated a total of 
3 phyla and 32 genera, including a significantly (q˂0.05) higher 
abundance of Faecalibaculum and significantly (q˂0.05) 
lower abundances of Lachnoclostridium, Mucispirillum, 
Candidatus Arthromitus, and Erysipelatoclostridium, that 
are differentially abundant between control mice. ANCOM 
analyses identified 1 phylum (Deferribacterota; higher in 
TS4Cre) and 3 genera (all higher in cBMAL1KO) to be dif-
ferentially abundant taxa that included Faecalibaculum (W 
score = 29), Ruminococcaceae uncultured (W score = 25), and 
Alloprevotella (W score = 24) (Supplementary Tables 3 and 4; 
Supplementary Figure 6). Furthermore, the percent relative 
abundance of putative SCFA bacterial genera demonstrated 
a genotype effect (2-way ANOVA: F1,36 = 10.99, P = .0021) 
in male mice. Multiple comparisons analyses for both the 
percent relative abundance of putative total SCFA bacteria 
genera (q = 0.011) and putative total butyrate bacteria genera 
(P = .020) were significantly lower in cBMAL1KO compared 
with TS4Cre male mice (Figure 5C and D). Taken together, 
this suggests that peripheral circadian rhythm disruption 
alters the gut microbiome, resulting in lower relative abun-
dance of SCFA-producing bacteria, most notably a lower rel-
ative abundance of butyrate-producing bacteria.

Male murine model genotype and DSS microbiota
Microbial alpha diversity indices were compared between 
TS4Cre + DSS and cBMAL1KO + DSS mice. Indices were 
not significantly different between groups at the feature 
level (Supplementary Table 1; Supplementary Figure 5). 
However, fecal microbial community beta diversity differed 
between TS4Cre + DSS and cBMAL1KO + DSS mice (PCoA: 
Figure 4C; PERMANOVA: Table 2). Microbial communities 
were different and dominated by bacteria from the phyla 
Bacteroidota and Firmicutes, and bacteria from the genera 
Muribaculaceae, Bacteroides, Lachnospiraceae spp., 
Lactobacillusk, and Helicobacter (˃50% of all sequences) 
(Figure 5A and B; Supplementary Table 2). Taxon-by-taxon 
analyses also identified significantly differently abundant 
genera between groups (Supplementary Tables 5 and 6). 
Overall, 2 phyla, Actinobacteria and Bacteroidota (both 
higher cBMAL1KO + DSS), and 24 genera were signifi-
cantly differentially abundant between TS4Cre + DSS and 
cBMAL1KO + DSS mice. The cBMAL1KO + DSS mice had 
significantly higher abundance of genera Faecalibaculum, 
Paraprevotella, Alloprevotella, Alistipes, and Murbaculaceae 
and lower abundances of putative beneficial SCFA-producing 

bacteria Lachnospiraceae spp. (ASF356, UCG-001, FCS020), 
and Staphylococcus compared with TS4Cre + DSS (DESeq2: 
Supplementary Table 6). ANCOM identified 2 phyla, 
Bacteroidota (higher in cBMAL1KO + DSS) and Proteobacteria 
(higher TS4Cre + DSS), and 3 genera, Candidatus Arthromitus 
(W score = 30; higher TS4Cre + DSS) and Faecalibaculum (W 
score = 29) and Paraprevotella (W score = 25) (both higher 
in cBMAL1KO + DSS), to be significantly abundant between 
mice groups (Supplementary Tables 5 and 6). Furthermore, 
the percent relative abundance of putative proinflammatory 
bacteria-to-total SCFA ratio genera demonstrated a gen-
otype effect (2-way ANOVA: F1,35 = 6.644, P = .0143) in 
male mice. Multiple comparisons analysis for the percent 
relative abundance of putative proinflammatory bacteria-to-
total SCFA ratio genera was significantly higher (P = .047) 
in cBMAL1KO + DSS, compared with TS4Cre + DSS mice 
(Figure 5E). The putative proinflammatory genera examined 
in these comparisons included Helicobacter, Alistipes, 
Rikenellaceae RC9 gut group, Parasutterella, Desulfovibrio, 
Odoribacter, Chlamydia, Rhodospirillale Uncultured, 
Rikenellaceae, Rikenella, Rodentibacter, and Escherichia-
Shigella (ie, closely related to Escherichia coli).18 Overall, this 
shows that circadian rhythm disruption leads to a relatively 
higher relative abundance of putative proinflammatory bac-
teria after exposure to DSS.

Fecal SCFA metabolomics
Intestinal bacteria produce many metabolites, but one group 
that is particularly important for intestinal barrier integ-
rity and inflammation is SCFAs. Accordingly, fecal SCFAs 
(acetate, propionate, and butyrate) and branched SCFAs 
(isovaleric acid, lactic acid, and succinic acid) were examined 
(Supplementary Figure 7A-H). Butyrate concentrations 
demonstrated a treatment effect (2-way ANOVA: F1,36 = 4.727, 
P = .036) in male mice. A multiple comparison test showed 
that butyrate concentrations were significantly lower in male 
TS4Cre + DSS (q = 0.031) and male cBMAL1KO (q = 0.040) 
mice as compared with male TS4Cre mice (Supplementary 
Figure 7C). Additionally, there was a significant treatment 
effect on butyrate-to-total SCFA ratio concentration (2-way 
ANOVA: F1,36 = 6.029, P = .019) in male mice. The butyrate-
to-total SCFA ratio was significantly lower in TS4Cre + DSS 
(q = 0.023) compared with TS4Cre mice (Supplementary 
Figure 7G). Collectively, this could suggest that colon-specific 
circadian rhythm disruption creates a proinflammatory bacte-
rial metabolite microenvironment in the colon, similar to the 
effects of DSS on control mice.

Table 2. Fecal microbial community structure differences between male mice group comparisons as assessed by PERMANOVA

Male Mice Comparison Feature Taxonomic Level

Sample Size Permutations Pseudo-F P Value q Value 

TS4Cre vs cBMAL1KO 21 9999 4.96 .0001a 0.0001a

TS4Cre + DSS vs cBMAL1KO + DSS 19 9999 4.82 .0001a 0.0001a

TS4Cre vs TS4Cre + DSS 20 9999 3.66 .0001a 0.0001a

cBMAL1KO vs cBMAL1KO + DSS 20 9999 1.93 .0245a 0.0245a

PERMANOVA results are based on Bray-Curtis distances for the multiamplicon (V4) sequence data at the feature level. Significant values are based on 
9999 permutations and corrected for multiple testing using the Benjamini-Hochberg method (q < 0.05).
Abbreviations: DSS, dextran sodium sulfate; PERMANOVA, permutational multivariate analysis of variance.
aThreshold of significant difference for P and q-values ˂ 0.05.
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Discussion
The current study shows that peripheral circadian rhythm dis-
ruption in IEC (while central circadian rhythms remained in-
tact) promoted (1) a profound increase in colitis severity and 
mortality in response to DSS administration, (2) alterations 
in the intestinal barrier with increased in vivo intestinal 

permeability, (3) increased intestinal inflammation including 
the proinflammatory mediator STAT3, and (4) changes in the 
fecal microbiota and SCFA metabolomics, with lower relative 
abundances of SCFA-producing bacteria and decreased fecal 
butyrate concentrations. Altogether, these findings identify 
disruption of the colon IEC circadian clock as a risk factor 
for more severe colitis.

Figure 5. Microbial profiles of male TS4Cre and cBMAL1KO mice with and without dextran sulfate sodium (DSS). These analyses were conducted only 
in male mice. A, Stacked column plots depicting the percent mean relative abundance (>1%) of bacterial phyla. B, Stacked column plots depicting the 
percent mean relative abundance (>1%) of bacterial genera. Percent mean relative abundance of (C) total short chain fatty acid–producing taxa, (D) total 
butyrate-producing taxa, and (E) putative proinflammatory bacteria-to-total SCFA ratio examined are shown across mice groups. Statistical analyses 
included 2-way analysis of variance corrected for multiple testing using the Benjamini-Hochberg method. #P < .05; *q ˂ 0.05; Ψ P < .05 for genotype 
effect.
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Circadian rhythms are fundamental to health and normal 
physiology. Disruption of the central circadian rhythm through 
shift work or social jetlag is a common and important envi-
ronmental factor promoting inflammatory disorders and met-
abolic syndrome.19 Previous studies have shown that central 
circadian rhythm disruption can result in more severe colitis in 
rodent models, and markers of circadian misalignment are as-
sociated with more IBD complications in humans10,11,20 as well 
as with decreased resiliency of the colon to injurious agents.21,22 
Alternatively, irregular and wrong-time eating, which is ex-
tremely common in modern society, is an example of peripheral 
circadian rhythm disruption in the gastrointestinal tract that 
has also been implicated in various diseases, including cancer 
and metabolic syndrome. Peripheral circadian rhythm disrup-
tion models isolate the effects of circadian rhythm disruption 
in a single organ (system) or cell type in order to minimize or 
avoid the impact of other organ systems, which is a common 
confounder in models of central circadian disruption. Intestinal 
IEC RORα-deficient mice showed increased inflammation in a 
DSS model,23 and RORα is a key secondary feedback loop of 
the circadian clock. This study is the first to examine the effects 
of genetic disruption of core circadian machinery (BMAL1) in 
colonic epithelial cells on colonic barrier function, gut micro-
biota, and colitis severity in mice.

In establishing a clinical phenotype for these animals, we 
found a unique sex difference in colitis severity: the female 
cBMAL1KO mice demonstrated a less severe colitis phe-
notype than male cBMAL1KO mice after DSS treatment. 
While the male cBMAL1KO mice had more severe colitis 
demonstrated by prolonged disease course (high DAI), mor-
tality rate, and reduced colon length compared with male 
TS4Cre mice, the female cBMAL1KO mice had a shorter 
disease course, and there was no difference in mortality or 
colon length, as compared with female TS4Cre mice. This 
is in keeping with other studies, which have demonstrated 
sex differences in DSS-induced colitis with female mice 
demonstrating more resistance to DSS.24 In sex-specific im-
mune responses, several studies demonstrated the importance 
of estrogen in T lymphocytes and in innate and adaptive im-
munity.25 Central circadian disruption in humans also has 
sex-specific influences on energy homeostasis and metabo-
lism26 and cognition.27 Future studies are needed to further 
investigate the mechanism involved in the sex differences 
demonstrated in this cBMAL1KO colitis model.

Based on our data, DSS-induced intestinal barrier dys-
function was mediated through an increase of pore forming 
claudin-2 and a decrease of adherence junction protein 
E-cadherin and ZO-1, which are all components of the AJC in 
the colonic epithelium responsible for maintaining normal in-
testinal barrier function. Indeed, claudin-2 is a pore-forming 
tight junction protein and increased levels lower transepithelial 
resistance and result in a more porous barrier,28 while ZO-1 
is a tight junction scaffolding protein that downregulation 
of may not alter the intestinal barrier at baseline, but rather 
results in defective intestinal barrier after injury.29 This is not 
surprising, as tight junction protein expression in the intes-
tine has been reported to be under circadian regulation.30 The 
combination of increased pore formation (claudin-2) and 
decreased barrier-strengthening ZO-1 and apical junctions 
(E-cadherin) in response to DSS contributed to intestinal 
barrier dysfunction and worse DAI. Our data suggest that 
peripheral circadian rhythm disruption exacerbates these ad-
verse changes in intestinal barrier function.

The STAT3 pathway is a well-established regulator of intes-
tinal inflammation: STAT3-mediated activation of the adaptive 
immune system worsens colitis by enhancing the survival of 
pathogenic T cells, while STAT3-mediated activation of the in-
nate immune system suppresses colitis.31 Phosphorylation of 
STAT3 promotes translocation into the nucleus and changes in 
gene transcription that impact cellular function, immunity, and 
inflammation. pSTAT3 was elevated in actively inflamed colon 
tissue of patients with ulcerative colitis32 and was correlated 
with the degree of inflammation seen on histology. In our study, 
genetic disruption of the peripheral circadian clock through 
knockout of BMAL1 in IECs significantly increased pSTAT3, 
even before chemical induction of colitis. This is in accordance 
with a prior study showing increased colonic pSTAT3 levels 
in mice with environmental disruption of intestinal circadian 
rhythm (induced by wrong-time feeding) and concurrent al-
cohol consumption, which was associated with colonic polyp 
formation through induction of protumorigenic inflammation.8 
Increased serum IL-6 and TNF-α are associated with increased 
phosphorylation of STAT3,33 and previous in vitro studies 
found that STAT3 may play a critical role in upregulation of 
claudin-234 and downregulation of E-cadherin,35 which is con-
sistent with our findings. Thus, the mechanism by which periph-
eral circadian rhythm disruption promotes colitis and barrier 
dysfunction may be through pSTAT3-induced activation of T 
lymphocytes and upregulation of claudin-2 plus downregulation 
of E-cadherin, respectively. However, in order to confirm STAT3 
as the mechanism of decreased resiliency to DSS-induced co-
litis in this model, loss- and gain-of-function of experiments of 
STAT3 would need to be performed in the future.

One additional key finding in the present study was that 
there were alterations in the microbial community structure 
in cBMAL1KO mice compared with control mice, even prior 
to DSS treatment, particularly with an increase in the genus 
Faecalibaculum, which has been associated with an increase 
susceptibility to DSS colitis (see Supplementary Figure 5).36 
Prior studies37 have highlighted that circadian disruption in 
the host causes microbial alterations with decreased rela-
tive abundances in SCFA-producing bacteria, specifically de-
rived from the phylum Firmicutes. These microbial changes 
are similar to findings in IBD patients’ microbial profiles in 
which there is a decrease in bacterial diversity38 and temporal 
stability,39 with lower relative abundance of SCFA-producing 
bacteria associated to the phylum Firmicutes40 and increased 
relative abundance of putative proinflammatory bacteria 
derived from the phylum Proteobacteria.41 Analysis of fecal 
samples in this study revealed that there is a significant de-
crease in the relative abundance of SCFA-producing bacteria, 
along with a significant decrease in fecal butyrate metabolite 
concentrations in cBMAL1KO mice. The SCFA butyrate has 
several important biological effects: it induces epithelial cell 
proliferation, increases mucin production, is anti-inflamma-
tory (lowers STAT3 levels), and provides protective effects on 
the epithelial barrier including facilitating AJC assembly and 
decreasing bacterial translocation.42 In addition, cBMAL1KO 
mice had increased relative abundance of putative pro-
inflammatory bacteria, indicating a pro-inflammatory intes-
tinal microenvironment. The most well-known pathobiont, 
adherent-invasive species E. coli, has been linked with intes-
tinal inflammation and barrier dysfunction in IBD,43,44 and 
transcytosis of bacteria can often precede tight junction pro-
tein damage in IBD models.45-47 These fecal microbial profiles 
support our findings that disruption of circadian rhythms 
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in IEC promotes subclinical inflammation that predisposes 
cBMAL1KO mice to more severe DSS-induced colitis.

There are several important limitations to this study. First, 
there are several important model limitations. We used the 
DSS model of colitis, which is mainly an epithelial damage 
model that does not exactly replicate human colitis. Future 
studies should examine other colitis models such as an IL-10 
knockout that would incorporate changes in mucosal im-
mune function. In addition, an environmental model studying 
the impact of wrong-time feeding to induce colonic circadian 
rhythm disruption in rodents would add to our findings in a 
genetic peripheral circadian rhythm disruption model. This 
study therefore provides a proof-of-concept for studying the 
effects of food timing on human subjects with IBD. Second, 
the exact mechanisms behind the phenotypic findings in the 
rodent model cannot be confirmed without further in vivo 
and in vitro analyses, such as loss and gain of function of 
STAT3, stool transplant to correct dysbiosis, or supplemen-
tation with SCFAs like butyrate. Third, further studies will 
be needed to understand the generalizability of this study in 
other models of peripheral circadian rhythm disruption.

In summary, this study demonstrates the significant im-
pact of peripheral genetic circadian rhythm disruption of 
the colon epithelium in a rodent colitis disease model. We 
found that mice with disrupted circadian rhythms in colonic 
IEC had worse intestinal barrier dysfunction and more se-
vere colitis after DSS treatment, suggesting that circadian 
rhythm disruption impairs resiliency of the colonic epithe-
lium. This appeared to be mediated through changes in the 
intestinal microbiota favoring the relative abundances of 
putative proinflammatory bacteria and reducing the relative 
abundances of SCFA-producing bacteria, leading to decreased 
butyrate metabolite production and increased pSTAT3 levels, 
as well as to increased intestinal barrier permeability sec-
ondary to increased claudin-2 and decreased E-cadherin ex-
pression. Future studies should elucidate the exact molecular 
mechanism by which disrupted circadian rhythm in the colon 
epithelium worsens colonic injury and further investigate the 
potential role of the STAT3 signaling pathway through loss 
and gain of function, intestinal microbiota, and metabolites 
such as microbiota-derived SCFAs. These mechanistic studies 
could identify novel therapeutic target(s) to treat IBD.
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