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Abstract

Background The regulation of the circadian clock genes, which coordinate the activity of the immune system, is
disturbed in inflammatory bowel disease (IBD). Emerging evidence suggests that butyrate, a short-chain fatty acid
produced by the gut microbiota is involved in the regulation of inflammatory responses as well as circadian-clock
genes. This study was conducted to investigate the effects of sodium-butyrate supplementation on the expression of
circadian-clock genes, inflammation, sleep and life quality in active ulcerative colitis (UC) patients.

Methods In the current randomized placebo-controlled trial, 36 active UC patients were randomly divided to receive
sodium-butyrate (600 mg/kg) or placebo for 12-weeks. In this study the expression of circadian clock genes (CRY1,
CRY2, PER1, PER2, BMAIT and CLOCK) were assessed by real time polymerase chain reaction (gPCR) in whole blood.
Gene expression changes were presented as fold changes in expression 2A-AACT) relative to the baseline. The

faecal calprotectin and serum level of high-sensitivity C-reactive protein (hs-CRP) were assessed by enzyme-linked
immunosorbent assay method (ELIZA). Moreover, the sleep quality and IBD quality of life (Qol) were assessed by
Pittsburgh sleep quality index (PSQI) and inflammatory bowel disease questionnaire-9 (IBDQ-9) respectively before
and after the intervention.

Results The results showed that sodium-butyrate supplementation in comparison with placebo significantly
decreased the level of calprotectin (-133.82+ 155.62 vs. 51.58+95.57, P-value <0.001) and hs-CRP (-0.36 (-1.57, -0.05)
vs. 048 (-0.09-4.77), P-value < 0.001) and upregulated the fold change expression of CRY1 (2.22+1.59 vs. 0.63+0.49,
P-value <0.001), CRY2 (2.15+1.26 vs. 0.93 £ 0.80, P-value=0.001), PER1 (1.86+1.77 vs. 0.65 +0.48, P-value =0.005),
BMALT1 (1.85+0.97 vs. 0.86 £ 0.63, P-value =0.003). Also, sodium-butyrate caused an improvement in the sleep quality
(PSQl score: -2.94+3.50 vs. 1.16+3.61, P-value <0.001) and QoL (IBDQ-9: 17.00+11.36 vs.-3.50+6.87, P-value <0.001).
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Conclusion Butyrate may be an effective adjunct treatment for active UC patients by reducing biomarkers of
inflammation, upregulation of circadian-clock genes and improving sleep quality and QoL.

Keywords Short-chain fatty acids, Butyrate, Circadian-clock genes, Sleep, Inflammation, Ulcerative colitis, IBD, Post-

biotic

Background

Inflammatory bowel disease (IBD) is a chronic inflam-
matory disruption condition characterized by alternat-
ing relapse and remission patterns of inflammation of
the intestinal mucosa [1]. IBD can manifest clinically as
Crohn’s disease (CD) or ulcerative colitis (UC), which
CD affecting the entire gastrointestinal (GI) tract and
UC affecting the mucosal tissue of the colon [2]. UC
and CD are characterized by symptoms, such as acute,
and chronic inflammation, diarrhea, rectal bleeding,
and abdominal pain [2]. Considering its unclear etiol-
ogy and absence of definite treatment approaches, IBD
stands as a prominent subject of study within the realm
of gastrointestinal disorders [2]. The etiology of IBD
may involve a combination of factors, including envi-
ronmental, nutrition, microbiome, infectious agents,
genetic predisposition, and immune response [3]. The
relevance of chrono-disturbance, also known as circa-
dian rhythm, in comprehending the pathophysiology
and etiology of IBD has attracted increasing attention
in recent years [4]. This is because circadian rhythms
play a crucial role to regulate the immune system activ-
ity [5], intestinal permeability [6], cytokines production
[7], translocation of bacterial endotoxins, and products
[8], and gut microbiota composition [9]. This rhythm is
regulated by the central clock in the hypothalamic supra-
chiasmatic nucleus (SCN) and peripheral clocks found
in most body cells [10]. These clocks are controlled at
the cellular level by transcriptional translational auto-
regulatory feedback loops [10, 11]. The core clock genes
involved in this process include circadian locomotor out-
put cycles kaput gene (CLOCK) and brain and muscle
aryl hydrocarbon receptor nuclear translocator-likel
(BMAL1), which encode transcriptional activators, as
well as period 1 (PER1), period 2 (PER2), cryptochrome
1 (CRY1) and cryptochrome 2 (CRY2) which encode
transcriptional repressors [10, 11]. Intestinal biopsies
and peripheral blood mononuclear cells (PBMCs) from
IBD patients indicate reduced expression of almost all
circadian rhythm genes, including BMAL1, CLOCK,
CRY1, CRY2, PER1, and PER2 which this decline was
more pronounced in UC than in CD [12-15]. These
genes show the bidirectional interactions with inflam-
mation [16], and gut microbiota dysbiosis [17], both of
which play crucial roles in the development, and pro-
gression of IBD. Pro-inflammatory cytokines such as
tumour necrosis factor (TNF)-a and interleukin-6 (IL-6),
according to studies, decreased the production of PER2,

PERI1, and CRY2 [16]. In contrast, anti-TNF treatment
increased the level of PER2 and CRY2 in the immortal-
ized monocyte-like cells [16]. Indeed, the levels of these
genes in PBMCs show a negative correlation with the lev-
els of inflammatory markers, such as C-reactive protein
(CRP), erythrocyte sedimentation rate (ESR), and faecal
calprotectin in IBD patients, which indicates a strong and
complex relationship among inflammation, circadian-
clock genes, and disease activity in these patients [3, 15].
Moreover, disruptions of circadian-clock genes can affect
the gut microbiota composition which potentially leads
to intestinal dysbiosis [17, 18]. Research indicates that
the expression of central and peripheral circadian-clock
genes was shown to be decreased in the brain, liver, and
intestinal epithelium of germ-free mice in comparison to
normal mice [17]. These findings highlight the intricate
relationship between the gut and the brain, a connec-
tion commonly referred to as the gut-brain axis. More-
over, the dysbiosis seen in UC disease is characterized
by diminished levels of bacteria responsible for butyrate
production, such as Faecalibacterium prausnitzii and
Roseburia [19] so that the level of butyrate in the stool,
and colon of active UC patients is significantly lower than
healthy individuals [20, 21].

Butyrate is a short-chain fatty acid (SCFA) which is
produced by intestinal butyrate-producing bacteria
through fermentation of nonstarch-polysaccharides.
Butyrate, as the primary energy source for colonocytes,
plays a role in water and electrolyte absorption, contrib-
uting to improved faecal consistency and management
of diarrhea [22]. Furthermore, it is involved in multiple
regulatory functions on the intestinal surface and affects
the differentiation of intestinal epithelial cells [23], regu-
lates tight junction protein expression [23], enhances the
intestinal functional barrier, and increases the expres-
sion of antimicrobial mucus, and peptides in intestinal
epithelial cells [23]. Butyrate has the potential to regulate
gut microbiota dysbiosis [24] and inhibit inflammatory
responses by decreasing the expression of proinflamma-
tory cytokines via the inhibition of nuclear factor kappa
B (NF-kB) transcription factor activation in immune cells
[25], as well as increasing the anti-inflammatory cyto-
kine-like IL-18 [26]. Furthermore, it can induce epigen-
etic modifications that control gene expression as well as
circadian clock genes by inhibiting histone deacetylases
(HDAC:) in cells [27].

Recently, increasing evidence has emerged supporting
the use of SCFAs, particularly butyrate, as a post-biotic
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therapeutic approach in managing IBD. However, despite
butyrate’s significant role in the epigenetic regulation of
circadian genes, and its potential to improve the dysbiosis
and inflammation, there was no study investigating the
effects of butyrate therapy on circadian gene expression
in active UC patients. Therefore, this study aims to assess
the effect of butyrate supplementation on the upregula-
tion of circadian gene expression and the reduction of
inflammation, as well as evaluate its effect on sleep and
life quality in patients with mild to moderately active UC.

Materials and methods

Study design

The study was carried out as a parallel design, placebo-
controlled double-blind Randomized Controlled Trial
(RCT). Ethical approval for the study was obtained from
the Research Ethics Committee of Shiraz University of
Medical Sciences, with reference number IR.SUMS.
SCHEANUT.REC.1400.037 before enrollment of the
first participant in October 2021. Furthermore, the
study was registered on IRCT.ir under the registration
number IRCT20211214053401N1 on January 1st, 2022,
prospectively.

Participants

From January 2022 to February 2023, participants for the
study were recruited from UC patients who were referred
to the IBD clinic of Shahid Faghihi Hospital, Shiraz Uni-
versity of Medical Sciences, Shiraz, Iran. The recruit-
ment was carried out by gastroenterologists who were
members of the clinic. Patients with mild to moderate
active UC at the clinic visit, whose disease was confirmed
through endoscopic and histological examinations at
least three months before the start of study, were con-
sider as eligible. Additionally, participants were required
to have a body mass index (BMI) between 18.5 and 30 kg/
m? and to be between 18 and 60 years old.

Exclusion criteria were the use of anti-inflammatory
drugs (such as immune-modulators (including 6-mercap-
topurine, Azathioprine, Methotrexate and Cyclosporine
A), corticosteroids and anti-TNF-a medications (includ-
ing Infliximab, Adalimumab and Certolizumab pegol))
at baseline or during the study; the use of antibiotics
drugs during or two months before the trial; the use of
pro-/pre-/synbiotics, SCFAs, multivitamin-mineral, anti-
oxidant or omega 3 supplements within the last three-
months; significant change in diet and lifestyle during the
study; change in type or dose of medication during the
study; infection with COVID-19 virus during the study
or within the last two months prior to recruitment; the
use of tobacco and alcohol at the time of enrollment; any
addiction to opiates; to have another gastrointestinal,
renal, hepatic, cardiovascular, autoimmune, respiratory
diseases or diabetes mellitus; history of colostomy and
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cancer; hospitalization for any reason during the study;
pregnancy and lactation and reluctant to participation.
Prior to enrollment in the study, eligible participants
were required to provide written informed consent.

Sample size determination

According to previous study [28], the sample size was
estimated based on mean difference of 178 ug/g in cal-
protectin levels between the intervention and control
groups, considering standard deviations (SD) of 98.46
and 185.43 in the intervention and control groups,
respectively. Accounting for a two-sided type I error rate
of 0.05 and a type II error rate of 0.10 (power of 90%),
the minimum required sample size per group was esti-
mated to be 15 participants in each group which consid-
ering a predicted attrition rate of 20%, the sample size
was increased to 18 per group. The following formula was
used to calculate sample size:

(20 — 2+ 7 — B)*(S? + S3)

n = )
(11 — p2)

Randomization, allocation concealment and blinding
Eligible patients were randomly allocated to either the
intervention or placebo groups in a 1:1 ratio. This allo-
cation was performed using block randomization with a
block size of 4, using a random number generator avail-
able at https://www.sealedenvelope.com/simpleran-
domiser. The randomization process was conducted by a
statistician who had no other involvement in the study.
Allocation concealment was maintained by placing the
randomization numbers inside sequentially numbered
sealed opaque envelopes. These envelopes were opened
in consecutive order when patients were admitted to the
study. As a result, researchers, participants, and labora-
tory staff remained completely unaware of the assigned
type of supplements in each group until the database was
unlocked.

Interventions and study procedure

The intervention group was administered a 600 mg/d
sodium-butyrate capsule throughout the 12-week study
period. The sodium-butyrate supplement was provided
by Body Bio Company (Body Bio, Millville, NJ, USA),
containing ingredients such as butyric acid, medium-
chain triglycerides (MCT), sodium hydroxide, purified
water and hydroxypropyl methylcellulose. The dosage
of sodium- butyrate was selected based on the manu-
facturer’s recommended guidelines, which has proven
to be safe and free of any side effects in previous trials
[29, 30]. The control group received a 600 mg/d of rice
starch capsules as a placebo for 12 weeks. The placebo
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capsules were indistinguishable from the active capsules
in terms of their shape, size, and color. Participants were
instructed to take one capsule daily with their main meal
(lunch) in addition to their regular prescribed medica-
tions. Participants were also instructed to maintain their
regular dietary habits. In addition, IBD patients were
asked to follow the dietary recommendations throughout
the study period. Supplements were administered twice
at baseline and during the sixth week. To ensure patient
compliance and identify any adverse effects, patients
were regularly monitored through weekly phone calls.
Follow-up visits were scheduled during the sixth week
that patients were specifically asked about the positive
or negative effects of the supplement, the presence of
cramps, and details regarding the frequency, form, and
any blood in their stools. Moreover, adherence to the
supplement was evaluated by counting the remaining
supplements returned by the participants. Participants
were deemed compliant if they consumed at least 85% of
the provided supplements.

Study outcomes

The primary outcomes variables of this study are the
mean reduction in calprotectin levels and the mean
increase in the expression of circadian clock genes
(CRY1, CRY2, PER1, PER2, CLOCK, and BMALL1) over
a 12-weeks period following sodium-butyrate supple-
mentation, compared to a placebo. Secondary outcomes
include improvements in sleep and life quality and the
mean decrease in hs-CRP levels within the group receiv-
ing sodium-butyrate, compared to the placebo group,
after the 12-weeks period.

Demographic, dietary, and anthropometric assessment
Participants’ general demographics, medical history, dis-
ease extent and duration were collected by a question-
naire. To assess dietary habits, participants were asked
to complete three 24-hour analogue food records, docu-
menting their intake for two weekdays and one weekend
day, both at the beginning and at the end of the study
period. To determine daily calorie and nutrient intake,
Nutritionist IV software (First Databank, San Bruno, CA,
USA) modified for Iranian food, was used. Body weight
and height were measured by using a Seca scale (Seca,
Hamburg, Germany) and wall-mountable height rod
respectively at the beginning and end of the study. BMI
was then computed by dividing weight (in kilograms) by
the square of height (in meters).

Blood and stool sampling and biochemical assessment

Blood samples (15 mL) and stool sample (10 gr) were
collected at the beginning and end of the study, follow-
ing a 10-12 h fast between 7:30—8:30 am. Out of 15 mL
of whole blood that was obtained from the participants,
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10 mL was allocated to biochemical analyses and the
remaining of 5 mL was subjected to total RNA extrac-
tion for subsequent gene expression analysis which
kept refrigerated at -80 °C. To isolate the serum, the
blood samples were centrifuged at room temperature
at 3000 rpm for 10 min. The separated serum was then
stored at -80 °C until the biochemical tests could be con-
ducted. For the serum glutamic-oxaloacetic transaminase
(SGOT) and serum glutamate pyruvate transaminase
(SGPT) concentrations, routine enzymatic assays with
commercial kits (Pars Azmoon Co., Tehran, Iran) were
used with a chemistry autoanalyzer (BT-1500; Biotec-
nica Instruments, Rome, Italy). Complete blood count
(CBC) analysis was performed using the Sysmex XS-500i
autoanalyzer (Sysmex Co., Tokyo, Japan). The level of hs-
CRP was measured using enzyme-linked immunosorbent
assay (ELISA) kit (ZellBio GmbH, Ulm, Germany). To
determine the fecal concentration of calprotectin, weigh-
ing method was used to extract calprotectin from stool
sample. Based on this method, 40 mg of stool sample was
mixed with 1960 pl of extraction buffer (1:50 ratio (and
homogenized for 25 min. Subsequently, one milliliter of
the homogenate was transferred to a tube and centri-
fuged for 20 min. The resulting supernatant was collected
and frozen at -20 °C. The analysis of calprotectin was car-
ried out using an ELISA kit (Pishtaz Co., Tehran, Iran).

RNA extraction and real-time PCR analysis

For gene expression analysis, 5 mL of whole blood which
was obtained from the participants and kept refriger-
ated at -80 °C. In the molecular lab, the samples were
thawed. RBC was removed using lysis buffer, and white
blood cells (buffy coat), as starting material, were sub-
jected to total RNA extraction (Rnx Plus Solution, Cin-
naGen Co., Tehran, Iran). The quantity and quality of the
extracted RNA were assessed using a NanoDrop-2000
(Thermo Fisher Scientific, Wilmington, DE, USA), ensur-
ing that all RNA samples had a 260:280 absorbance ratio.
To synthesize cDNA, the AddScript cDNA Synthesis Kit
(Add Bio Inc., Yuseong-gu, South Korea) was used fol-
lowing the manufacturer’s instructions. The resulting
cDNA was stored at -80 °C until further analysis. Real-
time quantitative polymerase chain reaction (qPCR) was
performed to determine the expression levels of genes in
the extracted cDNA samples. For qPCR, specific primers
were utilized, and the RealQ Plus 2x Master Mix Green
(Ampliqon, Odense, Denmark) was employed, with the
reaction carried out using the StepOne thermocycler
(Applied Biosystems, Foster City, CA, USA). The primers
were designed using AllelID software, V 7.50 (Premier
Biosoft, San Francisco, CA, USA), and the specificity of
the primers was confirmed using Primer-BLAST (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/). The house-
keeping gene, B-actin, was used as a reference (Table 1).
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Table 1 Sequence of genes primers for Real-timePCR

Gene Primer sequence (5" to 3')
CRY1 Forward GGAAGAAGGAATGAAGGTAT
Reverse TAGGACAGGCAAATAACG
CRY2 Forward TCCCAAGGCTGTTCAAGG
Reverse ATTCTCCGTCACTACTTCCA
PER1 Forward GTGCGGAGGCTGCTGAG
Reverse GTTGGTGTTGAGGAAGG
PER2 Forward ATTGTGAAGAATGCCGATA
Reverse GAGGTGAAACTGTGGAAC
BMALT Forward CCAATCCATACACAGAAGCAA
Reverse CCTCGGTCACATCCTACG
CLOCK Forward ACGAGAACTTGGCATTG
Reverse GTTGGTGTTGAGGAAGG
B-actin (HKG") Forward GTGGGCATGGGTCAGAAG

Reverse GGGTACTTCAGGGTGAGGA

"HKG: Housekeeping gene

Following each qPCR run, melt curve analysis was per-
formed on all samples to ensure the specificity of the
reaction. Gene expression changes were presented as fold
changes in expression (2"7*2¢T) relative to the baseline,
which was normalized to B-actin as the reference gene.

Disease severity, sleep and life quality assessment

The severity of UC was evaluated using the 9-point par-
tial Mayo score which individuals with scores ranging
between 2 and 7 were selected for this study as a mild
to moderate active UC [31]. For assessing sleep quality
over the last month, the Persian version Pittsburgh Sleep
Quality Index (PSQI) was used at the baseline and end of
study by face-to-face interview [32]. This questionnaire
comprises 19 items distributed across seven compo-
nents including sleep quality, latency, disturbance, dura-
tion, efficiency, use of sleeping medication, and daytime
dysfunction which each component is rated on a scale of
0-3. Finally, the scores for all components are summed to
calculate the total score, ranging from 0 to 21 that score
of 6 or higher indicates bad sleep quality. Patients’ qual-
ity of life (QoL) was evaluated using the Inflammatory
Bowel Disease Questionnaire-9 (IBDQ-9) at the base-
line and end of study by face-to-face interview [33]. This
questionnaire comprises 9 items evaluating 4 dimensions
related to intestinal, systemic symptom, emotional sta-
tus and social functioning. Each item scored from 1 to 7,
yielding a total score ranging from 9 to 63 which higher
scores indicating a better QoL.

Statistical analysis

Statistical analyses were conducted using the R software
version 4.2.2 (R Development core team, R Foundation
for Statistical Computing, Vienna, Austria). All data anal-
ysis were undertaken using the intention-to-treat (ITT)
principle based on the “the last value carried forward”
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protocol. Before conducting bivariate analysis, the distri-
bution of quantitative variables is assessed using the Sha-
piro-Wilk test, along with normality curves. Mean (SD)
and median with first and third quartiles (Q1, Q3) are
used to describe normally and non-normally distributed
variables respectively. Categorical variables are described
using frequencies and percentages. Baseline patient char-
acteristics and dietary intake with normal and non-nor-
mal distribution are compared between the two groups
using an independent sample t-test or Mann-Whitney U
test respectively. For categorical variables, Chi-square or
Fisher’s exact tests were applied, as appropriate. Within-
group comparisons are conducted using paired sample
t-test and Wilcoxon signed ranked test in the case of
normally and non-normally distributed variables respec-
tively. For the evaluation of between-group comparisons,
an independent sample t-test or Mann-Whitney U test
for normally and non-normally distributed variables,
respectively was utilized. Also, multiple linear regres-
sion was employed to address potential confounders
by adjusting for baseline outcome values, age, sex and
baseline PSQI (for circadian genes). Based on previous
studies, age and sex are potential confounding factors
in patients with IBD, as they can significantly influence
circadian rhythms and inflammatory pathways, thus may
impacting treatment response [34—37]. Given that mul-
tiple outcomes were tested simultaneously (7 primary
outcomes and 7 secondary outcomes), P-value were cor-
rected for multiple testing using a Bonferroni correction
applied separately to primary and secondary outcomes.
Consequently, the significance P-value thresholds were
set at 0.007 for primary and secondary outcomes, respec-
tively, based on a type I error rate of 5%. For another data
analysis P-value<0.05 was used to determine statisti-
cal significance. GraphPad Prism version 8.0 software
(Graph-Pad Software, Inc., San Diego, CA, USA) was
used for drawing figures.

Results

Baseline characteristics of participants and dietary intake
According to the CONSORT flowchart of study (Fig. 1),
a total of 201 referred patients were assessed, resulting in
the randomization of 36 eligible subjects (16 women and
20 men) with mild to moderate active UC into either the
intervention or placebo groups. Two individuals dropped
out from the intervention group due to low compliance
rate (n=1) and COVID-19 (n=1) and four individu-
als dropped out the placebo group due to gastrointesti-
nal complain (n=2) and worsen UC state (n=2). In the
end, a total of thirty-six participants were included in the
final analysis (Fig. 1). Table 2 presents the baseline demo-
graphic and laboratory characteristics of the patients
in the butyrate and placebo groups. The mean age of
sodium-butyrate and placebo groups were 41.16 (10.95)



Firoozi et al. Lipids in Health and Disease (2024) 23:216

Page 6 of 14

Assessed for eligibility (n=201)

— | .

Excluded (n=165)

e Not meeting inclusion criteria (n= 109)
Declined to participate (n=35)

e Other reasons (n=21)

‘ Randomized (n= 36) ‘

Y Allocation v
{

Allocated to intervention (n= 18)
Received sodium butyrate (600 mg/d)

Allocated to intervention (n= 18)
Received placebo (600 mg/d starch)

l e |

Lost to follow-up (give reasons) (n=2)

Infection with COVID-19 virus (n=1), Low
compliance rate (n=1)

v Analysis l

Lost to follow-up (give reasons) (n=4)

Gastrointestinal complain (n=2), worsen UC state
(n=2)

Intention-to-treat analysis (n= 18)

Fig. 1 CONSORT flowchart of design and protocol of study

and 38.16 (12.38) years consequently. Participants base-
line demographic and laboratory characteristics in both
groups were similar, and it is important to note that all
patients received consistent anti-inflammatory treatment
(Table 2).

Dietary habits were assessed to ensure participants’
diets remained consistent before and after the interven-
tion. Table 3 displayed the baseline and 12-week mea-
surements of energy, macronutrients, and dietary fiber
intake. A comparison between the two groups indicated
that there were no significant differences in these param-
eters at either the baseline or the 12-week intervention
(p>0.05).

Butyrate decreased the level of fecal calprotectin in
patients with UC

The between-group analysis demonstrated that the
level of fecal calprotectin significantly decreased
(P-value<0.001) in the sodium-butyrate group com-
pared to the placebo group based on independent sample
t-test (Table 4). However, based on multiple regression
which adjusted for baseline level of calprotectin, age
and sex no differences were observed in the results (p=
-173.88, P-value<0.001). Moreover, according to within
group analysis, the level of fecal calprotectin significantly
decreases in the sodium-butyrate group during treatment

Intention-to-treat analysis (n= 18)

(P-value=0.002). However, in the placebo group, no sig-
nificant changes were observed (Table 4).

Butyrate modulated circadian-clock genes expression in
patients with active UC

The study results revealed a significant difference
between the groups in terms of the impact of sodium-
butyrate on changes in gene expression from baseline to
post-intervention, as indicated by independent sample
t-tests or Mann-Whitney U tests. In the sodium-butyr-
ate group compared to the placebo group, the change
in expression level of CRY1 was more than three-fold
higher (CRYlfold change: 2.22+1.59 vs. 0.63+0.49,
P-value<0.001). Similarly, the changes in expression
levels of CRY2, PER1, and BMAL1 were more than two-
fold higher (CRY2 fold change: 2.15+1.26 vs. 0.93+0.80,
P-value=0.001), (PER1 fold change: 1.86+1.77 wvs.
0.6510.48, P-value=0.005), and (BMALI1 fold change:
1.85£0.97 vs. 0.8610.63, P-value=0.001), respectively.
PER2 and CLOCK exhibited an increasing pattern,
although the observed trends were not statistically signif-
icant (Fig. 2). However, after adjusting for baseline PSQ],
age, and sex using multiple linear regression, no signifi-
cant differences were observed in the results ((CRY1fold
change: p=1.36, P-value<0.001), (CRY2 fold change:
p=1.17, P-value=0.001), (PER1 fold change: p=1.12,
P-value=0.005), and (BMAL1l fold change: p=0.91,
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Table 2 Baseline characteristics of participants in the sodium-butyrate-treated and placebo groups
variables Groups P-value
Butyrate (n=18) Placebo (n=18)
Age (years) 41.16 (10.95) 38.16 (12.38) 044*
Sex n (%) 0.73
Female 7(38.90) 9 (50.00)
Male 11 (61.10) 9 (50.00)
BMI (kg/mz) 23.01 (20.44-27.66) 22.24(20.06-27.42) 0.88*
Weight (kg) 63.50 (60-75.25) 62.50 (58.00-80.00) 0.74*
Disease duration (years) 56 4.1) 402 (3.23) 024"
Married state n (%) 017°%
Married 13 (72.20) 8 (44.4)
Single 5(27.80) 10 (55.55)
Education n (%) 074%
Diploma or lower 12 (66.70) 10 (55.60)
Academic 4(22.20) 6 (33.30)
Post-graduate 2(11.10) 2(11.10)
Current treatment n (%) 073%
Aminosalicylates 9 (50.00) 7 (38.90)
Aminosalicylate and asacole suppositories or enema 9 (50.00) 11 (61.10)
SGOT (U/L) 18.70 (14.75-22.25) 19.00 (16.25-23.12) 058"
SGPT (U/L) 17.00 (9.87-25.62) 19.00 (13.75-25.25) 079*
Hemoglobin (g/dL) 13.20 (12.47-14.07) 13.10(12.15-14.88) 0.74*
WBC count (10%/L) 8.15 (5.87-10.22) 7.90 (5.95-9.90) 065"
Platelet count (10%/L) 340.83 (78.99) 314.72 (90.96) 036*
Partial Mayo score 3.50 (2.00-5.00) 3.50 (3.00-4.00) 076"

The data were reported as mean (SD) and median (Q1- Q3) for normally and non-normally distributed quantitative variables, respectively and frequency (%) for

qualitative variables

#p-value obtained from independent sample t-test or Mann-Whitney U test for comparisons between group analysis for normally and non-normally distributed

quantitative variables, respectively

*P-values obtained from Chi-square or Fisher’s exact test for comparisons between group analysis of qualitative variables

P-values<0.05 was considered as statistically significant

BMI: body mass index; SGOT: serum glutamic-oxaloacetic transaminase; SGPT: serum glutamate pyruvate transaminase; WBC: white blood cell

P-value=0.003)). Also, within-group analysis revealed
that in the sodium-butyrate group, significant increases
were observed in the levels of CRY1 (P-value=0.003),
CRY2 (P-value=0.001), BMAL1 (P-value=0.002), and
CLOCK (P-value=0.006) during the 12 weeks inter-
vention (Fig. 2). In the placebo group, no significant
changes were observed in the expression levels of most
genes, except for CRY1 (P-value=0.006) and PER1
(P-value=0.007), which show a significant decrease dur-
ing the treatment (Fig. 2).

Butyrate reduced hs-CRP in patients with active UC

The between-group analysis revealed that the level of hs-
CRP did not decrease significantly more in the sodium-
butyrate group compared to the placebo group, as
indicated by independent sample t-test (P-value=0.009)
(Table 4). However, based on multiple regression which
adjusted for baseline level of hs-CRP, age and sex the
level of hs-CRP decreased significantly in the sodium-
butyrate group compared to the placebo group (p=
-1.39, P-value<0.001) (Table 4). Moreover, within group

analysis showed that the levels of serum hs-CRP signifi-
cantly (P-value=0.003) decreased during the intervention
in the sodium-butyrate group. However, in the placebo
group, no significant changes were observed (Table 4).

Butyrate improved sleep and life quality in patients with
uc

Table 4 presents the changes in sleep quality and the
overall QoL. The between-group analysis indicated a sig-
nificant and more substantial decrease (P-value=0.001)
in the PSQI score and a significant improvement in
the IBDQ parameters’ scores, including intestinal
(P-value<0.001), systemic (P-value<0.001), emotional
(P-value=0.001) function, and total (P-value<0.001)
among the sodium-butyrate group compared to the pla-
cebo group through the 12-weeks treatment intervention
based on independent sample t-test (Table 4). How-
ever based on multiple linear regression which adjusted
for baseline value, age and sex the results remained
significant (PSQL p=-4.39, P-value<0.001), (IBDQ
intestinal: =10.81, P-value<0.001), (IBDQ systemic:
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Table 3 Dietary intake of participants at baseline and after 12 weeks of intervention

Variables Butyrate (n=18) Placebo (n=18) P-value ¥
Energy (kcal/d) Pre 2033.23(1791.59-2351.43) 2383.28 (681.78) 0.90
Post 1998.27 (1714.54- 2463.61) 2345.85 (676.44)
Change -55.57 (482.07) -37.42 (447.41)
P-value * 0.83 0.73
Carbohydrate (g/d) Pre 290.28 (199.06-346.27) 277.18 (256.03- 340.61) 0.73
Post 26844 (221.10- 359.85) 258.28 (193.98- 388.96)
Change -16.10(7337) -25.02 (79.68)
P-value * 0.28 0.11
Protein (g/d) Pre 67.51 (37.43-108.38) 81.16 (33.40) 0.76
Post 74.98 (68.63-118.94) 92.16 (34.94)
Change 7.59 (35.80) 11.00 (29.85)
P-value * 033 0.14
Fat (g/d) Pre 69.81 (43.93-82.21) 76.56 (69.01- 108.09) 0.72
Post 61.35 (43.20- 77.61) 80.13 (61.04-127.74)
Change -3.03 (35.21) 1.00 (31.98)
P-value * 0.22 0.58
Total fiber (g/d) Pre 13.81(941-1941) 19.51(8.11) 0.65
Post 11.52 (8.26-22.67) 17.62 (8.21)
Change -0.14 (7.81) -1.5(10.03)
P-value * 094 0.54

The data were reported as mean (SD) and median (Q1, Q3) for normally and non-normally distributed variables, respectively

Change calculated as: (post-intervention - baseline) in each study group

# P-values obtained from paired samples t-test or Wilcoxon signed ranked test for comparison within group to test before/after treatment

*P-values were obtained by comparing the change values using independent sample t-test or Mann-Whitney U test for comparisons between group analysis for

normally and non-normally distributed quantitative variables, respectively

* P-value<0.05 was used to determine statistical significance

P-value for the between group analysis is obtained by comparing the change values

B=20.58, P-value<0.001), (IBDQ emotional: PB=1.63,
P-value=0.001), (IBDQ social: $=0.83, P-value=0.005)
and (IBDQ total: P=1.50, P-value<0.001) (Table 4).
Furthermore, within-group analysis revealed a sig-
nificant reduction (P-value=0.002) in the PSQI score
and significant improvement in the IBDQ intestinal
(P-value<0.001), systemic (P-value<0.001) function,
and total (P-value<0.001) scores in the sodium-butyr-
ate group before and after treatment. However, in the
placebo group, no significant changes were observed in
these scores before and after the intervention.

Safety

None of the patients who participated in the study
reported any significant major or minor adverse effects to
the sodium-butyrate intervention.

Discussion

Today, it is understood that circadian disturbance has
a role in the onset and severity of several clinical and
pathological conditions, including IBD [19], sleep dis-
orders, cancer, depression, metabolic syndrome, and
inflammation [20]. As a result, research has concen-
trated on adjunctive and non-invasive chrono-thera-
peutic ways for treating a variety of diseases. The ability

of chrono-nutrition to control the circadian rhythm via
dietary patterns and bioactive components offers great
promise in this context. Butyrate as a bioactive com-
ponent, which produce from fiber by gut microbiota,
has the ability to alter circadian rhythm, inflammation,
and immune system modulation [21]. Butyrate can be
absorbed in both the small and large intestine through
passive diffusion and active transport mechanisms [38].
Hence, the administration of oral butyrate supplementa-
tion can be considered as a strategy to tackle issues such
as insufficient response to increased dietary fiber intake,
diminished abundance of butyrate-producing bacteria,
and potential obstacles in butyrate transportation and
metabolism among individuals with IBD [39]. Untreated
butyrate is primarily absorbed in the upper gastrointesti-
nal tract. However, in the supplement formula, the butyr-
ate powder is enterically coated to ensure its survival
through exposure to stomach acid and facilitate its tran-
sit to the colon [40].

Considering these facts, this study focused for the
first time on the effects of butyrate supplementation on
the expression of circadian-clock genes in patients with
UC. Moreover, this study encompassed an evaluation
of the effect of this supplement on calprotectin and hs-
CRP levels, as well as on the quality of sleep and life. The
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Table 4 Outcome variables at baseline and after 12 weeks of intervention

Variables Butyrate (n=18) Placebo (n=18) P-value ¥ Adjusted P-value §
CALPR (ug/q) Pre 32691 (291.73- 424.83) 313.99 (214.79-405.85) <0.001" <0001"
Post 22439 (45.93-307.16) 387.70 (322.20-426.71)
Change -133.82 (155.62) 51.58 (95.57)
P-value * 0.002" 0.02
hs-CRP (mg/L) Pre 2.23 (0.94-3.66) 3.18(2.15-5.64) 0.009 <0001"
Post 147 (042-2.89) 458 (196-1057)
Change -0.36 (-1.57,-0.05) 048 (-0.09-4.77)
P-value * 0003 " 003
PSQI score Pre 9,61(5.00) 1044 (4.46) 0.001" <0001"
Post 6.66 (3.39) 11.61 (4.80)
Change -2.94 (3.50) 1.16 (3.61)
P-value * 0.002" 0.18
IBDQL scores
Systemic Pre 9.77 (3.93) 9.27 (442) <0.001" <0.001"
Post 15.94 (3.42) 8.77 (4.20)
Change 6.16 (4.20) -0.50(2.30)
P-value * <0001" 030
Intestinal Pre 1355 (5.07) 14.33 (4.32) <0001 <0001
Post 2266 (461) 12.11 (461)
Change 9.11 (6.22) -222(4.23)
P-value * <0.001" 0.04
Social Pre 3.88 (1.56) 3.66 (0.89) 0.04 0.005 "
Post 450(1.29) 361(091)
Change 061(0.97) -0.05 (0.93)
P-value * 0.01 0.80
Emotional Pre 5.11(1.77) 533 (1.97) 0001 0001~
Post 6.16 (1.66) 477 (2.29)
Change 1.05 (1.62) -0.55(1.29)
P-value * 0.01 0.08
Total Pre 3223 (10.30) 3261 (9.66) <0001" <0.001"
Post 4933(9.17) 29.11 (10.08)
Change 17.00 (11.36) -3.50 (6.87)
P-value * <0001" 004

The data were reported as mean (SD) and median (Q1, Q3) for normally and non-normally distributed variables, respectively

Change calculated as: (post-intervention - baseline) in each study group

# P-value were obtained from paired samples t-test or Wilcoxon signed ranked test for comparison within group to test before/after treatment

*P-value were obtained by comparing the change values using independent sample t-tests or Mann-Whitney U tests for comparison between groups analysis

S Adjusted P-values were obtained from the multiple linear regression test, which was adjusted for baseline values, age and sex for comparisons between group

analysis

* P-value<0.007 was used to determine statistical significance using the Bonferroni correction method

CALPR: calprotectin; hs-CRP: High-sensitivity C-reactive protein

study results identified that sodium-butyrate modulated
the expression of circadian-clock genes and decreased
inflammation as well as enhanced sleep quality and over-
all QoL in the patients with UC.

According to this research, sodium-butyrate supple-
mentation for 12 weeks increased the expression of the
CRY1, CRY2, PER1, and BMALI1 genes in individu-
als with mild-to-moderate active UC when compared
with placebo. Similar trends were found for PER2 and
CLOCK genes but these did not change significantly in
response to sodium-butyrate as compared with placebo.
No oral sodium butyrate supplementation studies in

humans examining the influence on circadian-clock gene
expression in UC disease have been found. According
to the findings of animal research, giving mice an intra-
peritoneal injection of butyrate for five days enhanced
the PER2/BMALL ratio in their livers and mediobasal
hypothalamus. Moreover, treatment with butyrate syn-
chronized the rhythm of PER2/BMALIL expression in
hepatocytes [41]. Another study revealed that the oral
administration of a mixture of SCFAs including butyrate
and lactate at various doses (low dose: 200 mM or high
dose: 400 mM each), as well as single administrations
of these compounds during the midday period for three
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P-values were obtained from the multiple linear regression test, which was adjusted for baseline PSQI, age and sex for comparisons between group analy-
sis (** P-value <0.007) and one sample t test for comparisons within group analysis (* P-value <0.007). P-value <0.007 was used to determine statistical

significance using the Bonferroni correction method

consecutive days, led to a phase-advancement of periph-
eral clocks in vivo. All clock genes, including CRY1,
PER1, PER2, BMAL], and Rev-erba in the kidney, as well
as CRY1 and PER2 in the submandibular gland, exhibited
an advanced peak phase in response to treatment [42].
Moreover, a study on mice model of Sjogren’s syndrome
showed that administering intraperitoneal injections of
sodium butyrate at a dose of 1 gr/kg, three times weekly
regulated the circadian-clock-related genes in Human
Submandibular Gland (HSG) cells. The treatment led to
an increase in the levels of CRY1, and it induced altera-
tions in the cycling pattern of BMAL1 in HSG cells [43].

The modulatory effect of butyrate on host circadian
rhythms can be attributed to several underlying mecha-
nisms. One of the main mechanisms involves the induc-
tion of epigenetic regulation on circadian-clock gene
rhythms by butyrate through the inhibition of NAD*-
dependent histone deacetylases (HDAC). This inhibi-
tion has a notable impact on the modulation of circadian
clock gene expression in the intestinal epithelial [44].
Another potential mechanism involves SCFA-induced
insulin release via the binding to G protein-coupled
receptors (GPCRs), which could potentially improve
peripheral clock entrainment [45]. Insulin induces a
phase advance in the rhythm of PER2 gene expression as
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well as the increase of PER2 gene expression within the
mouse liver and embryonic fibroblast cells [46]. Another
potential mechanism is that the peripheral clocks’ phase
might be reset as a result of the SCFA-induced change in
local pH. The capacity to reset circadian clocks in in vitro
tests using an alkali shock (increasing pH by 0.4 units in
the medium) has been shown. This action is mediated
by the transforming growth factor-  (TGE- ) signaling
pathway. This shows that SCFA may be able to reset a
pH-mediated clock in the colon or caecum [47].

It has long been accepted clinically that IBD patients
often have sleep disorders and have poor sleep quality.
This decrease in sleep quality not only makes gastro-
intestinal symptoms worse but also hastens the illness,
causes anxiety and depression, and significantly lowers
the patients’ general quality of life. The sleep disorders
observed in these patients can be attributed to the dys-
regulated expression of circadian genes [15]. In addition,
a fascinating interaction was discovered between sleep
quality, inflammation, and the gut microbiota [48] such
that sleep deficiency lead to a decrease in the abundance
of butyrate-producing bacteria [49]. This research has
revealed that the supplementation of sodium butyrate
yields to improvement in sleep and life quality by decreas-
ing the PSQI score and increasing the IBDQ-9 scores
respectively. Also, the negative correlation between PSQI
and IBDQ-9 was found in this study. This positive out-
come may be attributed to its effect on modulating cir-
cadian clock genes, along with its capacity to mitigate
inflammation and restore balance in the gut microbiota.
A prior investigation has also shown the importance of
butyrate, a vital metabolite synthesized by intestinal
microbiota, in the improvement of sleep quality [50].
Moreover, a recent study showed that butyrate effectively
alleviates the intestinal mucosal damage caused by insuf-
ficient sleep, both in humans and mice. This underscores
the potential therapeutic effect of butyrate in mitigating
the adverse effects of sleep deprivation on the gastroin-
testinal system [49]. Furthermore, the administration of
probiotics, such as VSL3, may directly impact sleep qual-
ity and structure by elevating the levels of butyrate [16].

In UC patients, faecal calprotectin and serum hs-CRP
are the most used inflammatory markers for assessing the
activity of the disease and the effectiveness of treatment.
There is a direct correlation among these biomarkers by
pro-inflammatory cytokines like IL-6. Calprotectin is a
calcium-binding protein that is present in neutrophilic
granulocytes. Elevated levels of calprotectin are often a
response to neutrophil infiltration into inflamed gut tis-
sue, making it a valuable marker for gauging the extent
of intestinal inflammation and prediction of relapses [51,
52].

This study demonstrated that upon administering oral
sodium-butyrate supplementation, significant reductions
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were observed in faecal calprotectin and serum hs-CRP
levels, accompanied by an enhancement in the QoL
score. Based on these findings, research conducted on
animals has indicated that the administration of butyr-
ate potentially ameliorated inflammation in the model
of DSS colitis [53]. Furthermore, several clinical studies
involving the patients with active UC have demonstrated
the beneficial therapeutic effect of butyrate for alleviat-
ing gut inflammation when used in conjunction with
standard therapy [54, 55]. A previous study reported
that the administration oral microencapsulated sodium
butyrate (1800 mg/day) in UC patients, reduced inflam-
matory markers including calprotectin, improved QoL
and Mayo score by increasing the level of butyrogenic
colonic bacteria [56]. Furthermore, one study showed
that add-on therapy microencapsulated sodium butyrate
(500 mg/day) induced remission phase maintenance and
decreased the level of faecal calprotectin in UC patients
[57]. Moreover, the administration of FEEDColon® (a
combination of calcium butyrate, probiotics, and fructo-
oligosaccharides) with 5-ASA reduced faecal calprotec-
tin and improved QoL and symptoms of patients [58].
Another study’s findings revealed that administration
of oral calcium butyrate plus inulin in conjunction with
mesalazine in UC patients led to an elevation in both
the butyryl-CoA: acetate CoA-transferase gene levels
within the faecal microbiota and the presence of fae-
cal butyrate-producing bacteria. Additionally, levels of
serum pro-inflammatory biomarkers decreased, and
improvements were noted in terms of rectal bleeding and
stool frequency when compared with mesalazine treat-
ment alone [59]. Moreover, a recent case study revealed
that administration of oral butyrate supplementation to
a patient with pharmacologically, and nutritionally resis-
tant UC led to a decrease in faecal calprotectin levels and
stool frequency. Furthermore, the patient experienced an
enhancement in their QoL, and successfully sustained a
state of remission [39].

Butyrate’s anti-inflammatory properties can be demon-
strated via multiple mechanisms. As an HDAC inhibitor,
butyrate is able to counteract the inflammatory response
by inhibiting the activation of NF-kB and the production
of pro-inflammatory mediators. Additionally, butyrate
has the power to activate the nuclear receptor peroxi-
some proliferator-activated receptor (PPAR) vy, which
inhibits NF-kB and has anti-inflammatory actions [60].
The anti-inflammatory cytokine IL-18 is produced by
butyrate, and intestinal epithelial cells produce less pro-
inflammatory cytokines such as TNF-qa, IL-1, and IL-8
as a result [60]. Finally, butyrate furthers its anti-inflam-
matory activities by inhibiting the production of chemo-
kines (C-X-C motif) ligand (CXCL)5 and CXCL11 [60].
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Strengths and limitations of the study

This research is the first double-blind, placebo-controlled
clinical investigation that demonstrates the impact of
post-biotic butyrate supplementation on circadian-clock
gene expression, to the best of available knowledge. To
avoid false positive conclusions regarding the effect of
butyrate supplementation, we used a Bonferroni correc-
tion for the P-values of the statistical tests to account
for the number of tests performed. The study’s limited
sample size of UC patients, absence of examination of
gut microbiota composition and faecal butyrate levels,
and inclusion of inflammatory cytokines like IL-6, TNE-
a, etc. are only a few of the shortcomings that should be
considered. These limitations are due to funding limita-
tions. The limitation of assessing circadian gene expres-
sion at a single time point is acknowledged as another
weakness in this study. We underscore the importance
of future research that incorporates multiple time points
(e.g., 7 am, 12 am, 5 pm and 11pm) to achieve a compre-
hensive understanding of circadian gene dynamics.

Conclusions

In active UC patients, a 12-week supplementation of
sodium-butyrate, in conjunction with regular medica-
tion, led to a reduction in inflammation as compared
with placebo, evidenced by decreased levels of faecal
calprotectin and serum hs-CRP in the sodium-butyrate
group. Additionally, sodium-butyrate supplementation
increased the patients’ quality of sleep and overall qual-
ity of life. The upregulation of CRY1, CRY2, PER1, and
BMALI1 by sodium-butyrate group imply that butyrate
supplementation improves the clinical aspects for UC
patients through regulation of circadian clock genes.
However, this study was the first clinical trial and addi-
tional research is essential to corroborate these findings.
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