ANIMAL STUDY

MEDICAL
SCIENCE

. e-ISSN 1643-3750

© Med Sci Monit, 2020; 26: €925068
MON |TOR DOI: 10.12659/MSM.925068

e 020080 Effects of Vitamin D3 on Intestinal Flora in a
Available online: 2020.09.18

Published: 2020.11.12 Mouse Model of Inflammatory Bowel Disease
Treated with Rifaximin

Authors’ Contribution: BCDE 1 Zijun Gu 1 School of Nursing, Nanjing Medical University, Nanjing, Jiangsu, P.R. China
Study Design A BCD 2 Mingxiu Duan 2 School of Public Health, Bengbu Medical College, Bengbu, Anhui, P.R. China
Data Collection B 3 The First Affiliated Hospital with Nanjing Medical University, Nanjing, Jiangsu,
Statistical Analysis C Bc 1 Yan Sun P.R. China
Data Interpretation D Bc 1 Tian Leng
Manuscript Preparation E BC 1 Ting Xu

Literature Search F
Funds Collection G

ABe 1 Yang Gu
0 1,3 Zejuan Gu
AF 1,3 Zheng Lin

EF 1 Lu Yang
ACEG 1 Minghui Ji

Corresponding Authors: Minghui Ji, e-mail: jiminghui77@sina.com, Zheng Lin, e-mail: linzheng100@126.com, Lu Yang, e-mail: luyoungtoo@163.com
Source of support: This work was supported by grants from the Natural Science Foundation of Jiangsu Province [BK20180678]; Project of “Nursing
Science” Funded by the Priority Discipline Development Program of Jiangsu Higher Education Institutions (General Office, the
People’s Government of Jiangsu Province [2018] No. 87); Project of “Nursing Science” Funded by the Key Discipline Program of
Jiangsu Province during the 13th five-year plan (Teaching and Research Office, the People’s Government of Jiangsu Province
[2016] No.9); and the Project of “Innovation Team” Funded by the Jiangsu Province (Teaching and Research Office, the People’s
Government of Jiangsu Province [2017] No.1)

Background: Rifaximin is an antimicrobial agent used to treat inflammatory bowel disease (IBD). Vitamin D3 can control IBD
due to its effects on inflammatory cytokines. The purpose of this study was to assess the effect of vitamin D3
on the intestinal flora of a dextran sulfate sodium (DSS)-induced mouse model treated with rifaximin.

Material/Methods: The mouse model of IBD was developed using DSS (4%) administered via the drinking water. Twenty-four male
C57BL6 mice were divided into the control group with a normal diet (N=6), the DSS group with a normal diet
(N=6), the DSS group with a normal diet treated with rifaximin (N=6), and the DSS group with a normal diet
treated with rifaximin and vitamin D3 (N=6). After 14 days, the colonic tissue was studied histologically. Serum
levels of tumor necrosis factor-a (TNF-o) and interleukin-1p (IL-1B) and enzyme-linked immunosorbent assay
(ELISA) were used to measure the level of IL-6 and P65, and phospho-p65 was measured by western blot. 16S
rRNA gene sequencing was used to analyze fecal samples.

Results: In the DSS mouse model of IBD, rifaximin reduced the inflammation severity of the colon and reduced the ex-
pression of phospho-p65, p65, TNF-, and IL-6. In the DSS+rifaximin+vitamin D3 group, the therapeutic influ-
ences of rifaximin, in terms of weight loss and colonic disease activity, were significantly reduced, and the gut
microbiota of the mice were completely changed in composition and diversity.

Conclusions: In a mouse model of IBD, treatment with vitamin D3 significantly increased the metabolism of rifaximin and
reduced its therapeutic effects.
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Background

Ulcerative colitis (UC) and Crohn’s disease (CD) are 2 major
types of inflammatory bowel diseases (IBD) [1, 2]. They result
in inflammation and ulcers, with lesions usually located in the
mucosa and submucosa of the colon [2]. Diarrhea, abdominal
pain, bloody stool, and mucous pus are the main clinical symp-
toms of IBD [3]. Previous studies demonstrated that the dex-
tran sulfate sodium (DSS)-induced murine colitis model could
mimic human UC pathology. Recently, these findings have also
been supported by several preclinical studies in which this
model was used to evaluate the effects of anti-inflammatory
agents [4]. Diarrhea and blood in the stool can cause malnu-
trition in UC patients. Therefore, nutrition powder, consisting
of high levels of fat, carbohydrates, protein, minerals, and vi-
tamin D3 (VD3), is widely used in clinical practice to improve
patients’ nutrition status [5]. VD3 is a major ingredient of nu-
trition powder [6].

VD3 deficiency is reported to be a major factor in the increas-
ing incidence of IBD [7]. Vitamin D receptor (VDR) has a high
degree of expression in intestinal epithelial cells (IECs), sug-
gesting that excessive apoptosis of [ECs may partly explain the
development of inflammation in the colon, ultimately lead-
ing to IBD [8]. In addition, VDR knockdown in mice can dam-
age the mucosal barriers and increase the sensitivity to mu-
cosal injury, which is likely to accelerate IBD progression [9].

Rifaximin has long been an important treatment for irrita-
ble bowel syndrome (IBS) [10]. Later, as a gut-specific human
pregnane X receptor (PXR) agonist, rifaximin was also used to
treat IBD patients. Some researchers have reported its abili-
ty to relieve colitis in humanized PXR mice [11]. Experimental
results showed that rifaximin’s anti-inflammatory effects in
colitis were attributed to PXR-dependent inhibition of NF kap-
pa B-driven cytokine/chemokine production. Previous studies
have demonstrated that intestinal flora imbalance is one of the
primary causes of IBD [12]. Rifaximin was proved to have the
potential to improve the imbalance of intestinal flora. In addi-
tion, another way that rifaximin can preserve intestinal flora
balance by regulating relative abundance [13,14]. The abun-
dance of Bifidobacteria and Faecalibacterium prausnitzii can
also been influenced by rifaximin in CD patients, and can even-
tually alleviate the disease-related symptoms of patients [15].

In the human liver, CYP3A4 is a very important substance in the
inactivation of 1,25(0H)2D3. It has also been confirmed in our
previous research that by activating CYP3A4 activity and hy-
drolyzing midazolam, VD3 can ultimately be transformed into
1,25(0H)2D3 [16]. In vitro studies showed that rifaximin can
induce cytopigment P450 3A4 isoenzyme, but clinical studies
have indicated that rifaximin has no obvious effect on drug
metabolism [17,18].

GuZ.etal:
Effects of vitamin D3 on intestinal flora in a mouse model...
© Med Sci Monit, 2020; 26: €925068

In the human liver it has been confirmed that microsomal
CYP3A4 is the main cause of 1,25(0OH)2D3 inactivation [19].
CYP3A4 is constitutively expressed in numerous tissues, espe-
cially in the liver and intestine. CYP3A4 is highly susceptible to
modulation by endogenous and exogenous substances [20].
Several drugs, dietary substances, and environmental agents
have been identified as CYP3A4 inhibitors and inducers [21].

In the present study, histological and macroscopic methods
was used to verify the effect of VD3 on C57BL/6 mice with
acute colitis induced by DSS. The evaluation of the levels of
colonic infiltration of immune cells cytokine was carried out.
In addition, VD3’s effect on intestinal microbes in mice treat-
ed with DSS was also studied (included in the research scope).

Material and Methods

Ethics statement

All animal experiments were performed in accordance with
the requirements of the Animal Care and Use Committee of
Nanjing Medical University (approval no. IACUC-1903045). It
has been confirmed the study is in line with the national and
international norms, in keeping with all procedures of ethical
standards as well as the Helsinki Declaration.

Animal

Male C57BL/6 mice (age 6-8 weeks, body weight 18-20 g,
Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China)
were housed with a 12 h/12 h light/dark cycle, room temper-
ature 22°C, and humidity 55%. At first, 24 mice were placed in
a plastic cage with free access to water and standard mouse
food. Then, the mice were transferred and kept in the meta-
bolic cage during the experiments. Mice were allowed 1 week
to acclimate before the beginning of the study. Animal care
and use conformed to animal welfare guidelines.

Treatment of experimental colitis

All mice were randomly divided into 4 groups (n=6 per group): |,
Control; II, DSS; Ill, DSS+Rifaximin; and IV, DSS+Rifaximin+VD3.
Experimental acute colitis was induced by administration of
dextran sulfate sodium (DSS, 36-50 kDa; MP Biomedicals
Solon, OH, USA). Mice in the control group received sterile
water for 14 days. In the DSS group, for the first 7 days, mice
drank sterile water, and then drank 4% DSS water for 7 days.
The DSS+Rifaximin group was given sterile water and DSS in
exactly the same pattern as the DSS group, but 10 mg/mouse/
day rifaximin (rifaximin purity >98.0%) was administrated intra-
gastrically during the last 4 days. For the DSS+Rifaximin+VD3
group, sterile water and DSS were provided the same as in
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the other groups, but rifaximin (10 mg/mice/day) and VD3
(20 mg/mice/day) were intragastrically administrated for the
last 7 days. During DSS treatment, mice were weighed ev-
ery day. On Dayl4, after cardiac puncture, blood samples
were collected and then coagulated for 2 h before centrifu-
gation (3000 rpm, 4°C, 10 min) at room temperature. Serum
was frozen at —80°C for further use. Colons were excised at
necropsy and their lengths were measured between the anus
and the ileocecal junction. As in previous research, the de-
tailed disease activity index (DAI) was used to score the DSS-
induced colitis. Briefly, the DAI was divided into 3 parts: the
total scores of weight loss were 0 points for none; 1 point for
0-5%; 2 points for 5-10%; 3 points for 10-20%; and 4 points
for >20%. The consistency change of feces was assessed as 0
points for none; 2 points for loose stool; and 4 points for di-
arrhea. Bleeding was scored as 0 points for none; 1 point for
trace amount; 2 points for mild hemoccult; 3 points for obvi-
ous hemoccult; and 4 points for hemorrhage. DAI, which can
reflect disease severity, was measured by the sum of weight
loss, fecal consistency, and rectal bleeding level [22]. The DAI
was assessed every day at the same time by the same per-
son, who was unaware of group assignments.

Histology assessment

The distal segment of colon sections was fixed with 10% neu-
tral buffered formalin (1-2 cm from the anal verge), then em-
bedded in paraffin and sliced and stained with hematoxylin
and eosin for further assessment using with Panoramic digi-
tal slide scanners (Panoramic SCAN, 3DHISTECH Kft, Budapest,
Hungary).

The distal colon section (1-2 cm from the anal edge) was fixed
with 10% neutral buffered formalin, paraffin-embedded sec-
tions were stained with eosin and hematoxylin, and further
study was conducted using a digital biopsy scanner (PANnooled
scan, 3DHISTECH Kft, Budapest, Hungary).

Western blot

We discovered immunocomplexes by using enhanced chemi-
luminescence (ECL) (CST, Danvers, MA, USA) with specific anti-
bodies: Anti-p-p65, Anti-p65, Anti-Lamin B (CST, Danvers, MA,
USA). Protein bands on the blots were evaluated by densito-
metric analysis using Image J software [23].

Profiling of multiplex serum cytokine

The serum cytokine levels of IL-1B, TNF-o,, and IL-6 in the DSS-
treated mice were measured using ELISA kits according the
protocols recommended by the manufacturer [22]. The cyto-
kine concentration in the sample was calculated via a 5-pa-
rameter logic or spline curve fitting method.

ANIMAL STUDY

Microbial DNA extraction

Fecal samples were collected every day until mice were killed
on the 14 day. The whole stool of a single mouse was con-
sidered as 1 sample. Bacterial genomic DNA was extracted
from stool samples (200 mg) using the QIA AMP RR DNA Fecal
Mini-kit (Qiagen, Hilden, Germany) based on the manufactur-
er’s instructions.

Bioinformatics

We sequenced 16S rRNA of bacteria at the V3 hypervariable
region using Illumina MiSeq (pe300). The QIIME toolkit was
used to trim and classify these sequences. Using mothur soft-
ware, the operational taxonomic units (OTUs) were clustered
by high-quality reads. The effective data were clustered on the
Meiji cloud platform, and the sequences were clustered into
OTUs. Then, the abundance, diversity, similarity, and compo-
sition of bacteria were analyzed. With about 70% bootstrap
grade, taxonomy-based analysis was used to classify the se-
quence, which was a part of the Naive Bayesian Classifier item
of the Ribosomal Database Project for Microbial Ecology at
Michigan State University [24].

Statistical analysis

In SPSS20.0 (Chicago, IL, USA), single-factor analysis was used
to calculate the variance of mouse body weight, colon length,
and DAl score. Differences in fecal microbiota cytokines and
taxonomy were evaluated by Mann-Whitney U test. A signifi-
cant difference was defined as a P value less than 0.05.

Results

VD3 reduced rifaximin’s effect on disease activity index
(DAI) of DSS-induced mice

On the 4t day, when colitis was induced by DSS, palpable di-
arrhea and rectal bleeding could be observed in all mice ex-
cept for those in the control group. There was a significant
decrease in weight after the 5-day DSS treatment. DAI contin-
ued to increase in the DSS group until the end of DSS treat-
ment. Rifaximin treatment significantly attenuated body weight
loss (Figure 1A), and also reduced diarrhea and rectal bleed-
ing (Figure 1B). Colon length was measured during necropsy,
as an indicator of severity of inflammation. Compared to the
DSS group, colons of mice in the DSS+rifaximin group were
longer. In the DSS group, mice showed more severe symp-
toms, such as severe diarrhea and a greater blood loss. In the
treatment group, the symptoms of rectal bleeding and diar-
rhea were distinctly improved by administration of rifaximin
(Figure 1C). Body weight and colon length (Figure 1D) in the
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Figure 1. The effects of rifaximin on disease activity index (DAI) in DSS-induced mice was reduced by VD3. (A) Weight changes
are shown as the mean change from the starting body weight; (B) DAl was assessed as the average of score of clinical
parameters; (C) Colon length. (D) Colon length n=6 mice for each group. Data are presented as the mean+SD. * P<0.05,
** P<0.01, following one-way analysis of variance (ANOVA).

DSS+rifaximin+VD3 group were not increased compared with
the DSS+rifaximin group. Our results suggest that VD3 can lead
to high expression of CYP3A4, and thus accelerate the metab-
olism of rifaximin, which may be the mechanism underlying
the present results.

VD3 affected the histopathological changes of mouse
colons caused by DSS and rifaximin

Using HE staining, we performed histological evaluation of
mouse colon tissues. Figure 2 shows results by group. Mice
demonstrated an integrated crypt construction in the con-
trol group, but samples from DSS-treated mice showed more
histological damage (e.g., the disappearance of histological
structure, distinct epithelial disintegration, epithelial barrier
destruction, and visible crypts decrease) compared to the con-
trol group. Furthermore, the results indicated that mononucle-
ar and granulocytes cells had infiltrated into the mucosa and
even submucosa in the colon tissues of mice with DSS-induced

This work is licensed under Creative Common Attribution-
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colitis (Figure 2). Macroscopic and histological examinations
showed that rifaximin mitigated the severity of colon injuries.
Compared with the DSS group, histological structure in rifax-
imin-treated mice was more complete and there was less ep-
ithelial disintegration. In the DSS+rifaximin+VD3 group, co-
lon injuries were milder than in the DSS group but were more
serious than in the DSS+rifaximin group, and their histologi-
cal structure was not as complete as in the rifaximin-treated
mice. In addition, in the DSS+rifaximin+VD3 group, granulo-
cytes and mononuclear cells infiltrated into the mucosa and
submucosa (Figure 2).

VD3 decreased serum cytokines in DSS-induced mice via
affecting rifaximin

To investigate whether the anti-inflammation effects of rifaxi-
min on DSS-induced colitis would be affected by VD3, the lev-
els of 3 cytokines (TNF-a, IL-1B, and IL-6) were measured in
parallel (Figure 3). As shown in Figure 3, a significant increase
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Figure 2. VD3 changed rifaximin’s effects on the histological characterization in DSS-colitis mice. Representative HE staining of the
distal colonic tissues in the control group, DSS group, DSS+rifaximin group, and DSS+rifaximin+VD3 group. Five-um cross-
sections were fixed by formalin and embedded in paraffin, then stained with primary antibody. Scale bar: 100 pm.
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Figure 3. The effects of VD3 on serum cytokines in DSS-colitis mice treated with rifaximin. Serum concentration comparison (A) TNF-o;
(B) IL-1pB; (C) IL-6. The boxplot demonstrates the values of cytokines from minimum to maximum. n=6 mice. * P<0.05,

** P<0.01.

of inflammatory factors (TNF-a, IL-6 and IL-1B) was found in
DSS-treated mice. After treatment with rifaximin, the level of
TNF-a. and IL-6 in serum was distinctly reduced. However, in
the DSS+rifaximin+VD3 group, the levels of TNF-o and IL-6
were dramatically higher than in the rifaximin-treated group.
This shows that VD3 can interfere with the anti-inflammato-
ry of rifaximin to some extent. Nonetheless, there were no
obvious differences among the 3 groups in IL-1p serum level.

DSS-induced inflammatory colonic infiltration was
enervated by rifaximin and VD3 reverse its effect

NF-kB is a transcription factor that plays important roles in in-
flammatory processes. In addition, it has been proved that p65
phosphorylation is related to NF-xB activity. Western blot anal-
ysis showed that the high expression of p-P65 was influenced
by DSS and was attenuated by rifaximin (Figure 4A). Compared
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Figure 4. The effects VD3 on inflammatory cells colonic infiltration and NF-xB signaling in DSS-colitis mice treated with rifaximin.
(A) Each protein (20 pg) was used for detection of phosphorylated p-P65 and p65. (B) Image) software was used to evaluate
the integrated band intensity. Data are presented as relative values using corresponding p-P65, p65, and Lamin B as internal
reference with the mean+SD. n=5 independent experiments from each mouse. * P<0.05, ** P<0.01.
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Figure 5. The effects VD3 on Bacteroidetes in DSS-colitis mice treated with rifaximin. (A) Relative abundance of Bacteroidetes phyla;

(B) Ratio of Bacteroidetes.

with the DSS group, the protein levels of p-p65 and p65 were
significantly lower in the rifaximin group (Figure 4B, P<0.05).
More importantly, p-p65/p65 was significantly upregulated in
the VD3 treatment group (DSS+Rif+VD3 group) compared to
the DSS group (Figure 4B, P<0.05).

VD3 influenced the effect of rifaximin on microbial
composition in DSS-induced mice

Differences in the intestinal flora in the DSS+rifaximin group
and the DSS+rifaximin+VD3 group show the effect of VD3
(Figure 5). Figure 5A shows the richness of intestinal flora at
the phylum level, and it can be observed that the abundance of
flora is not at the same level in the 4" group. Figure 5B shows
differences in the proportion of Bacteroidetes and Firmicutes
in each group and shows that the composition of bacteria in
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NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

the DSS group has changed greatly compared with the oth-
er groups. In particular, there were significant differences in
the composition of Firmicutes and Bacteroidetes between the
DSS+rifaximin group and the DSS+rifaximin+VD3 group. These
2 flora can affect the release of energy in the intestinal tract
of mice, and have an important impact on the nutritional sta-
tus and weight of mice.

Analysis of intestinal flora structure and composition of
mice in each group

The species in the phylum levels are Bacteroidetes, Firmicutes,
Proteobacteria, and Verrucomicrobia, according to the results of
species analysis (Table 1). The dominant bacteria in each group
of mice are consistent. It can be observed that the sequenc-
ing and composition of phylum horizontal dominant bacteria
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Table 1. Community analysis pie-plot on phylum level. DSS: Dextran sulfate sodium; VD3: Vitamin D3.

DSS+rifaximin DSS+rifaximin+VD3

Intestinal flora\control

Bacteroidetes: 69.68% Proteobacteria: 36.67% Bacteroidetes: 42.98% Bacteroidetes: 63.71%

Verrucomicrobia: 1.76%

Table 2. Community analysis pie-plot on genus level. DSS: Dextran sulfate sodium; VD3: Vitamin D3.

DSS+Rifaximin DSS+Rifaximin+VD3

Intestinal flora\Control

norank_f Bacteroidales_ Helicobacter: 16.70% norank_f __Bacteroidales_ norank_f__Bacteroidales_

$24-7: 41.28% S24-7: 25.17% S524-7: 36.60%

Lachnospiraceae_NK4A136: norank_f Bacteroides S24- Erysipelatoclostridium:
9.93% 7:11.26% 14.85%

7.48% 6.05%

3.93%

Prevotellaceae_NK3B31:
2.38%

Ruminococcaceae_UCG-014: Rikenellaceae_RC9_gut: norank_f_Rhodospirillaceae:
1.96% 2.82% 1.24%

norank_f_Lachnospiraceae: Proteus: 2.71% Lachnospiraceae_NK4A136_
1.72%, group: 1.10%

Enterococcus: 1.97%

in the DSS group have significantly changed. Bacteroidetes
significantly declined in the DSS group while Proteobacteria,
Firmicutes, Tenericutes, Deferribacteres, and Verrucomicrobia
were all improved to varying degrees compared with the con-
trol group. In addition, intestinal flora sequencing and compo-
sition in the DSS+rifaximin group are relatively close to that
of the blank control group.

The annotation is further extended to the genus level to list
the top 10 genera (Table 2). In the DSS group, the proportion
of Helicobacter was the highest (16.70%), followed by S24-
7-Bacteroidales (11.26%), Bacteroides (10.84%), Escherichia-
Shigella (11.23%), Turicibacter (8.91%), and Mucispirillum
(4.73%). After rifaximin treatment, the dominant bacteria
in the intestinal tract of the mice were mostly probiotics,
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such as Bacteroidales_S24-7(25.17%), Morganella (11.40%),
Erysipelatoclostridium (14.85%), Bacteroides (7.69%),
Bacteroides (7.69%), and Escherichia-Shigella (4.37%).
Furthermore, for the DSS+rifaximin+VD3 group, the dominant
bacteria included Bacteroides (24.56%), Escherichia-Shigella
(10.93%), and Erysipelato clostridium (6.05%).

Discussion

The gut microbiota exerts an important influence on the oc-
currence and development of IBD. Moreover, the inflammato-
ry process typical of the disease can also be affected by the
gut microbiota. Consequently, antimicrobial agents are used to
reconstruct intestinal homeostasis in the course of treatment.
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Nevertheless, as the duration of treatment with drugs increas-
es, there is increased risk of systemic adverse reactions due
to antibiotics, which may even lead to antibiotic resistance.
Rifaximin is a very safe antimicrobial drug that has very little
absorption after oral administration. It is a local-acting anti-
biotic without serious systemic drug adverse effects. VD3 is a
member of the Vitamin D family and is thought to affect IBD
by playing a crucial role in the immune regulation of cytokines
involved in the pathogenesis of IBD. However, how VD3 and
rifaximin react together in IBD patients remains unclear. We
therefore performed the present study to assess the effect of
VD3 on the therapeutic effects of rifaximin for DSS-induced
colitis as assessed by multiple aspects of fecal microbiota and
colon inflammation.

We used a well-established model of DSS-induced murine coli-
tis and ensured a safe, effective, and clinically relevant dose of
rifaximin and VD3. Subsequently, rifaximin and VD3 were in-
tragastric administrated to mice. We demonstrated that VD3
reduced the effect of rifaximin on the Disease Activity Index
(DAI) of DSS-induced mice. Moreover, histological colon chang-
es were also observed, in which DSS+rifaximin+VD3 group’s
colon injuries were milder than in the DSS group but more
serious than in the DSS+rifaximin group. Levels of TNF-o and
IL-6 in the DSS+rifaximin+VD3 group were significantly higher
than in the rifaximin-treated group. The western blotting re-
sults indicated that p-p65/p65 was downregulated in the rifax-
imin group and upregulated in the DSS+rifaximin+VD3 group.
These findings suggest that VD3 attenuates the protective ef-
fects of rifaximin for DSS-induced colonic inflammatory cells
infiltration. We further analyzed the intestinal flora structure
and composition of mice in each group. Our findings suggest
that VD3 altered rifaximin’s effects on microbial composition
in DSS-induced mice.

The intestinal microbiota has a strong influence on chron-
ic inflammatory diseases such as UC and CD [25,26]. A study
of patients with IBD showed a significant correlation be-
tween microbiota composition and disease severity, and it
is important to recognize the relationship between dysbiosis
and IBD [27]. It is a complex and dynamic relationship rath-
er than one of simple cause and effect [28]. Even within the
same family, the causes of IBD can differ among family mem-
bers, given that the gut microbiota composition of the fami-
ly members differ. This suggests that microbial dysbiosis pri-
marily pertains to the patients’ own disease state rather than
genetic or environmental factors [26]. Faecalibacterium praus-
nitzii and Akkermansia are dramatically decreased in IBD pa-
tients [23]. Conversely, compared to healthy individuals, intes-
tinal flora in the Proteobacteria phylum such as Escherichia
coli and Enterobacteriaceae are generally more abundant in
IBD patients [29,30].
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Treatment with rifaximin can attenuated the imbalance of
these microbiota [31]. Rifaximin can restore the unbalance of
fecal microbiota in DSS-induced colitis mice [32,33]. In addi-
tion, rifaximin is a poorly absorbed semi-synthetic rifamycin
antibiotic and gut-specific human PXR agonist [34]. It can ben-
efit intestinal health by stimulating beneficial bacteria and in-
hibiting pathogenic bacteria, which helps maintain a balance
of enteric microorganisms [35,36]. It has been previously rec-
ognized that probiotics and antibiotics can clinically improve
acute DSS-induced colitis because they modulate the com-
mensal microbiota [37]. The intestinal mucosa could be con-
sidered as a physical and metabolic barrier. Once damaged,
the submucosa is exposed to many luminal antigens such as
bacteria or food, which can stimulate the innate immune re-
sponse to produce a vast pool of cytokines [38].

Furthermore, it has been observed in many studies that in-
testinal barrier dysfunction is reversed in experimental coli-
tis. In mice treated with rifaximin, the barrier restoration of
the colon was enhanced and it had no connection with inflam-
matory status [39]. Furthermore, in another study using a rat
model to investigate the intestinal hyperalgesia, the muco-
sal inflammation was obviously ameliorated by rifaximin. It
also reconstructed the intestinal barrier function and relieved
the visceral hyperalgesia originated from chronic stress [40].
Additionally, studies suggest that rifaximin, an PXR agonist,
has therapeutic efficacy in treatment of inflammatory intes-
tinal pathologies by enhancing intestinal epithelial metabolic
capacity and attenuating NF kappa B-dependent inflammato-
ry responses [41,42]. Our results show that rifaximin inhib-
its inflammation by suppressing NF kappa B-mediated p-P65
and p65 expression. These findings suggest that PXR signaling
plays a key role in intestinal homeostasis. It was also demon-
strated that PXR signaling plays a protective role in prevent-
ing the occurrence of IBD. Similarly, other studies suggested
that the PXR activation caused by rifaximin can suppress the
inflammatory response in IECs by instantly inhibiting NF kappa
B-dependent cytokine/chemokine production [43]. Additionally,
it has been reported that the number of Bacteroidetes in pa-
tients with active IBD was much higher than that of patients
in IBD remission [44,45]. The rifaximin treatment group had a
significantly lower proportion of Bacteroidetes, but VD3 even
caused more severe intestinal disorders. The lack of differ-
ence in Bacteroidetes between the control group and the DSS
group may be because this analysis was based only on the ge-
nus level of Bacteroidetes and did not analyze its quantity and
composition, which can be further explored in future studies.

VD3 deficiency is very common in patients with IBD [44,45]. In
IBD patients, there are several factors contributing to VD3 de-
ficiency, some of which are closely associated with the under-
lying inflammatory disease, while the others are the same as
in people without IBD. For most IBD patients, to a large extent,
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the increased risk of surgery in CD, and hospitalizations in CD
and UC patients, all can lead directly to VD3 deficiency [46].
It appears that VD3 has an important effect on all aspects of
the body [47]. In addition, activation of the small intestine ep-
ithelium and/or osteoblasts can maintain the homoeostasis of
calcium in the patients’ body, which can greatly benefit their
health. [48]. Furthermore, VD3 has been verified to play a cru-
cial role in innate immunity and adaptive immunity, [49], and
it can also influence the severity of inflammation in IBD [50].

Other questions have also emerged from our study. First, how
other gut flora are influenced since the composition of intesti-
nal flora in the DSS+rifaximin+Vitamin D3 group has not been
explored. Moreover, further investigation for the metabolism
of rifaximin and vitamin D3 is needed to determine the safe
interval between administration of the 2 drugs in IBD patients.
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