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Ulcerative colitis (UC), a persistent immune-mediated disorder lacking effective treatment, is distinguished by
gut microbiota dysbiosis, abnormal activation of the NLRP3 inflammasome pathway, and apoptosis. Despite
growing attention to these factors, understanding their significance in UC pathogenesis remains a challenge. The

;Ziizz;es present study explores the potential therapeutic impact of Bacillus clausii (Bc) spores in a murine UC model
Inflammasome pathway induced by drinking 4 % (w/v) dextran sulfate sodium (DSS) in C57BL/6 mice. Subsequently, the DSS-induced
Apoptosis mice were orally administered either Bc at varying concentrations (10° and 10'° Colony forming unit, GFU) or

sulfasalazine (SSZ) at a dosage of 200 mg/kg for 7 days. The disease-specific activity index (DAI) was calculated
daily utilizing parameters such as body weight, diarrhea, and bloody stool. Changes in fecal Firmicutes and
Bacteroidetes abundance, colonic TXNIP and NLRP3 contents, as well as colonic caspase-1, IL-1f, Bax, and Bcl-2
expression, were investigated. Additionally, markers related to oxidative stress and inflammation, histopatho-
logical changes and caspase-3 immunohistochemistry testing were conducted. DSS-treated mice had significantly
higher DAI scores compared to controls, indicating severe colitis. However, SSZ treatment or Bc (10° CFU)
dramatically lowered DAI scores, with the highest Bc dosage (10'° CFU) producing the greatest improvement.
Furthermore, Be (10'° CFU) substantially (p < 0.05) boosted fecal Firmicutes while decreased Bacteroidetes,
indicating reversal of gut dysbiosis. Bc effectively reduced colonic oxidative stress and inflammation by
replenishing GSH and catalase and modulating the NF-kB, Nrf2/HO-1, and TXNIP/NLRP3 pathways. Addition-
ally, Bc (10'° CFU) exhibited histologically almost normal mucosa, with maintained architecture and reduced
apoptosis, as seen by normalization of Bcl2 and Bax with decreased caspase-3. Collectively, these findings point
to the potential usefulness of Bc spores in preventing and treating DSS-induced colitis, positioning them as a
promising candidate for UC management.

1. Introduction

Inflammatory bowel disease (IBD) is considered as a growing global
health challenge due to the ongoing rise in case numbers every year [1].
IBDs encompass distinct conditions, including Crohn’s disease (CD) and
ulcerative colitis (UC) [2]. UC, defined as persistent inflammation of
colon mucosa, typically manifests in the third decade of life for both
genders [3]. The currently treatment approaches for UC involve the use
of steroids and immune suppressive agents [4]. However, these thera-
pies work by counteracting inflammatory cytokines, yet they do not
address the fundamental cause of UC [5]. Moreover, these treatments
result in a range of potential side effects, including renal toxicity,

hemolytic anemia, osteoporosis, insomnia, pancreatitis, bone marrow
repression, non-Hodgkin lymphoma, hepatosplenic T-cell lymphoma,
fatigue, diarrhea, nausea, and vomiting [6]. Long-term therapy for UC
patients exposes them to additional risks such as opportunistic infections
[7], cervical cancer [8], skin cancer [9], and reduced adherence to
vaccination protocols [10], limiting future therapeutic applicability. To
advance therapeutic impacts for UC, many therapeutic strategies were
developed to enhance UC treatment outcomes. Among them, a variety of
medicines have evolved, including alpha-4-integrin blocking drugs,
anti-CD3 antibodies, probiotic bacterial therapy, epidermal growth
factors, and others, with the promise of improved dosing and compli-
ance with conventional compounds [11]. Natural substances have also
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been used to protect, cure, prevent, and minimize colonic inflammation
[12]. These medicines provide comfort to 40 % of UC patients while
reducing hazardous side effects and ensuring clinical remissions [13]. In
addition, nanobiotechnology advancements have considerably
improved IBD therapy, particularly for chronic conditions such as UC.
Colon delivery, or specialized delivery of medication to the colon, has
gained popularity as an alternative treatment approach that might be
beneficial and enhance patients’ quality of life [14]. Although these
approaches have the potential to improve treatment outcomes and
reduce side effects for patients suffering from this challenging autoim-
mune condition, further research is needed to create new viable
therapies.

In the progression of UC, multiple apoptotic and oxidative stress
signaling molecules are involved in regulating the process [15]. The
generation of Bax and caspase-3 promotes apoptosis by upregulating the
NF-xB signaling pathway. This leads to inflammatory processes and
oxidative damage, compromising the intestinal mucosa’s structural
integrity [16]. Additionally, Bcl-2, initially identified in B-cell lym-
phoma, acts as a crucial suppressor gene involved in regulating
apoptosis [17]. Nuclear erythroid-related factor 2 (Nrf-2) provides a key
part in gene transcription that regulates cellular anti-inflammatory and
antioxidant mechanisms [18]. Nrf2 activates reactive oxygen species
(ROS)-scavenging enzymes that participate in active oxygen scavenging,
and stress-responsive proteins, heme oxygenase-1 (HO-1) [19].
Increased oxidative stress in the absence of Nrf-2 induces NF-kB-me-
diated cytokine expression, as NF-kB is more readily generated in an
oxidative environment [20]. These factors interact, leading to exagger-
ated inflammatory reactions, thereby contributing to colonic injury in
UC [21]. Furthermore, the inflammasome, a complex of multiple pro-
teins crucial to innate immunity, is implicated in triggering inflamma-
tory responses observed in UC [22]. Among the various inflammasome
subtypes, Nod-like receptor protein 3 (NLRP3) is an intricate protein
complex that activates caspase-1, leading to the development and
release of cytokines like interleukin (IL)-1p [23]. It is worth noting that
TXNIP is an upstream partner of NLRP3, and their interaction is essential
for downstream inflammasome activation [24].

Unfortunately, UC presents complex pathogenesis, with one pre-
vailing theory attributing to an imbalance within the gut flora, leading
to frequent inflammatory responses [25]. The balance between Firmi-
cutes and Bacteroidetes, the most predominant gut microbiota phyla, is
linked to maintaining physiological equilibrium, and alterations in this
ratio can give rise to various pathological conditions. Notably, an
elevation in certain Bacteroidetes species with reduction in Firmicutes
phylum is linked to development of UC [5,26]. The Firmicutes phylum
comprises Gram-positive bacteria with rigid or semi-rigid cell walls,
primarily from the genera Bacillus, Clostridium, Enterococcus, Lactoba-
cillus, and Ruminococcus [27]. Conversely, the Bacteroidetes phylum en-
compasses approximately 7000 distinct species of Gram-negative
bacteria, predominantly from the genera Bacteroides, Alistipes, Para-
bacteroides, and Prevotella [28]. The gut microbiota is crucial for regu-
lating host homeostasis and immune function. Gut microbiota
disruption is a prominent cause of inflammatory bowel illness, partic-
ularly UC [29]. Consequently, there is a pressing requirement for a safe
therapeutic strategy with unique mechanisms that target inflammation
and address disturbances in gut microbiome composition to effectively
treat UC. Probiotic medication has been recommended to manage the
gut flora in UC patients. Probiotics are well-tolerated and have little
adverse effects, making them a promising therapy for UC patients [30].
However, further research is needed to fully understand the mechanisms
of action of probiotics for UC. Bacillus, a Gram-positive bacterium known
for its ability to form spores, is considered a crucial component of pro-
biotics. Its capacity to efficiently secrete enzymes, antibiotics, and
bioactive peptides, coupled with its adaptability to various fermentation
conditions, has gained widespread recognition in biotechnology [31].
One notable characteristic of Bacillus is its spore-forming ability, which
grants it high resistance and suitability for processing, storage, and
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survival in the gastrointestinal (GI) tract [32]. Bacillus clausii (Bc) has
significant probiotic potential for treating gastrointestinal problems,
promoting gut health, and boosting immune function. Bc supplemen-
tation, whether as a single or multi-strain probiotic, is typically well
tolerated with little adverse effects, even at higher dosages [33]. Bc has
been shown to reduce rotavirus/adenovirus excretion and stool fre-
quency in children with acute diarrhea [34], as well as improve gut
microbiota dysbiosis [35]. Furthermore, it has antimicrobial and
immunomodulatory properties [36] and modulates gene expression
linked to inflammatory processes, intestinal permeability, and cell dif-
ferentiation [37]. However, there has been limited literature on Bc
involvement in UC management, and its exact mechanisms are still
unclear. Therefore, our aim was to explore the protective potential of Bc
spores in a mouse model of DSS-induced colitis and identify the funda-
mental mechanism, encompassing oxidative stress, inflammation,
microbiota modulation, and apoptosis. This study aims to establish an
empirical basis for the investigation and utilization of Bacillus species in
the treatment of colitis. Our research found that Bc treatment, particu-
larly at high doses, protects against DSS-induced UC in C57BL/6 mice.
This is accomplished by hindering the TXNIP/NLRP3 inflammasome
activation-induced IL-1p generation and caspase-1 cleavage. Addition-
ally, Bc reverses gut microbial dysbiosis while increasing colonic anti-
oxidant functioning. Our findings suggest that gut dysbiosis and
TXNIP/NLRP3 might be viable therapeutic targets for UC, and they
provide theoretical support for the emergence of probiotic-based mi-
crobial products as a safe and effective supplementary therapy for UC.

2. Materials and methods
2.1. Chemicals and drugs

Bacillus clausii (Bc) spores (Enterogermina®, Sanofi S.P.A., Viale
Luigi Bodio, 37/b 20158 Milan, Italy; batch number: 0I117) were uti-
lized in the study. Sulfasalazine (SSZ, Colosalazine-EC®, The Arab
Company for gelatin and pharmaceutical products, Alexandria, Egypt,
batch number: 622400588113) was also employed. Dextran sulfate so-
dium (DSS) (CAS no. 26.4361710) was obtained from CHEM-LAB,
Zedelgem, Belgium.

2.2. Experimental animals

Male C57BL/6 mice (weight, 20-25 g; age, 6-8 weeks) were pro-
cured from Theodor Bilharz Research Institute (TBRI)’s animal facility
in Giza, Egypt. They were maintained in a pathogen-free environment
with a temperature of 24-25 °C and an approximate humid of 50 %-
60 %. All reasonable care was taken to ensure that the mice were treated
humanely, that ethical standard was followed, and that animals were
used as few times as possible to get scientifically relevant outcomes.

2.3. Induction of UC and experimental design

Thirty male mice (C57BL/6) were administered 4 % (w/v) DSS in
their water to drink for a period of seven days [38,39]. To assess the
impact of Bc spores on colitis, mice were distributed at random to five
groups of six each. These groups are: (I) Normal control mice, (II)
DSS-intoxicated mice, (III) Mice with induced colitis were treated via
oral gavage with SSZ (standard treatment) at a dosage of 200 mg/kg for
7 days [40,41], and (IV and V) DSS-induced colitis mice orally treated
with 10° and 10'° CFU of Be spores, respectively, for 7 days.

2.4. Collection of samples

On the eighth day of the trial, feces were gathered under aseptic
conditions. Mice were then weighed and euthanized using mild anes-
thesia induced by thiopental (50 mg/kg, i.p.). Following euthanasia, the
colon was removed, and the degree of morphometric inflammation was
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assessed by measuring the length between the ileocecal canal junction
and the anal boundary. The distal colon was preserved in 4 % formalin,
immersed in paraffin, and sectioned into 5 pm-thick slices for histolog-
ical and immunohistochemical examinations. To perform biochemical
testing, ELISA, and RNA extraction, another section of the colon was
taken, washed with ice-cold saline, dried, weighted, and homogenized
to obtain a 10 % homogenate.

2.5. Evaluation of disease activity index (DAI)

The severity of intestinal disease was assessed by weight loss, stool
consistency, and rectal hemorrhage. Throughout the experimental
period, the mice were checked every day for weight changes, diarrhea,
and rectal bleeding. The disease activity index (DAI) is based on three
criteria: diarrhea (0, normal; 2, loose stools; 4, watery diarrhea); blood
in the stool (0, no bleeding; 2, minor bleeding; 4, major bleeding); and
body weight loss (0, <1 %; 1, 1-5 %; 2, 5-10 %,; 3, 10-15 %; 4, >15 %)
[42].

2.6. Measurement of colonic oxidative stress markers

The collected colon samples were washed using ice-cold saline. Next,
100 mg of colon tissues were homogenized in phosphate-buffered saline
(PBS) on ice. Colon tissue homogenates were tested for reduced gluta-
thione (GSH), catalase (CAT), malondialdehyde (MDA), and nitric oxide
(NO) levels using commercial kits (Bio-diagnostic, Giza, Egypt) by
employing the manufacturer’s protocol.

2.7. Engyme-linked immunosorbent assay (ELISA) for TXNIP and NLRP3

TXNIP and NLRP3 inflammatory proteins were measured in the
colon tissue homogenates using ELISA kits from Sunlong Biotech Co.,
LTD (CAT no: SL0886Mo for TXNIP, CAT no: SL0887Mo for NLRP3)
according to the manufacturer’s instructions. The results for TXNIP and
NLRP3 markers were presented as pg/mg protein.

2.8. RNA extraction and quantitative real-time PCR (qRT-PCR) analysis

Total RNA was isolated from colon tissues in an RNase-free setting
utilizing the RNeasy Mini kit (Qiagen) to examine the expression of Nrf2,
HO-1, cleaved caspase-1, IL-1p, NF-kB, Bax, and Bcl-2. PCR reactions
were performed using a StepOne™ Real-Time PCR System with 10 pl of
2 x PoweUp™ SYBR™ Green/ROX PCR Master Mix (Applied Bio-
systems, ThermoFisher Scientific, USA). To quantify the abundance of
Firmicutes and Bacteroidetes in fecal samples, bacterial DNA was
extracted using the QIAamp DNA Stool Mini Kit (Qiagen Hidden, Ger-
many). The primer sequences used are listed in Table 1. The comparative
cycle threshold (Ct) (2’AACT) method [43] was employed to determine
the relative expression. All Nrf2, HO-1, cleaved caspase-1, IL-1f, NF-kB,
Bax, and Bcl-2 expression levels were normalized to the housekeeping
pB-actin gene. Meanwhile, the content of fecal Firmicutes and Bacteroidetes
was normalized to the universal bacterium.

2.9. Macroscopic colonic damage scoring and histological analysis

Following the experiment, the colons were removed, placed on ice,
and cleaned of fat and mesentery. The colons were inspected under a
microscope (Axiovision version 4.8, Zeiss Germany) for signs of injury,
such as inflammation, edema, and/or ulceration. The grading approach
was as follows: 0 for normal, 1 for slight inflammation, 2 for mild
inflammation along with edema, 3 for moderately inflammation with
ulceration, and 4 for extreme inflammation with ulceration. For histo-
logical analysis, the distal and proximal colons were preserved in 4 %
neutral buffered formalin for 24 h before being rinsed with tap water,
dehydrated, cleaned in xylene, and immersed in paraffin. Five pm thick
sections were used for hematoxylin and eosin (H&E) staining and light
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Table 1
Primer sequences for quantitative real-time PCR analysis.

Target gene(s) Amplicon

length (bp)

Primer sequence

Nrf2 225 Forward primer: 5'-
ATGATGGACTTGGAGCTGCC-3'
Reverse primer: 5-
TTGTAACTGAGCGAAAAAGGCTTT-3'
Forward primer: 5'-
TTCAGAAGGGCCAGGTGACC—3'
Reverse primer: 5-
AAGTAGACAGGGGCGAAGACTGG-3’
Forward primer: 5'-
GCGAAGCATACTTTCAGTTTC-3'
Reverse primer: 5-
TCTCCTTCAGGACCTTGTCG-3'
Forward primer: 5'-
CTGGTGGACACATACAGGAAGAC-3’
Reverse primer: 5-
ATAGGCACTGTCTTCTTTCACCTC-3'
Forward primer: 5
GCTGCTACTCATTCACTGGCAA-3'
Reverse primer: 5'-
TGCTGCTGGTGATTCTCTTGTA-3'
Forward primer: 5'-
CCCGAGAGGTCTTTTTCC-3'
Reverse primer: 5'-
GCCTTGAGCACCAGTTTG-3'
Forward primer: 5'-
CCTGGCTGTCTCTGAAGACC—3'
Reverse primer: 5-
CTCACTTGTGGCCCAGGTAT-3'
Forward primer: 5'-
GGGAATGGGTCAGAAGGACT-3'
Reverse primer: 5-
CTTCTCCATGTCGTCCCAGT-3'
Forward primer: 5'-
GAGYATGTGGTTTAATTCGAAGCA-3'
Reverse primer: 5'-
AGCTGACGACAACCATGCAC-3'
Forward primer: 5'-
GAGAGGAAGGTCCCCCAC—3'
Reverse primer: 5-
CGCTACTTGGCTGGTTCAG—3'
Forward primer: 5'-
GGGAATGGGTCAGAAGGACT-3'
Reverse primer: 5-
CTTCTCCATGTCGTCCCAGT-3'

HO-1 127

Cleaved 198

caspase—1

NF-kp 78

IL—1p 72

Bax 109

Bel-2 84

Beta actin 118

Firmicutes 126

Bacteroidetes 136

Universal 118
bacteria

microscopy examination. Ten consecutive fields (x200 magnification)
from each mouse were evaluated to identify inflammatory regions, crypt
destruction, ulceration, and the presence of edema.

2.10. Immunohistochemical (IHC) analysis for caspase-3

The colon sections of the different groups were deparaffinized in
xylene, washed in Tris-buffered saline and then treated with 3 % H50, in
methanol for 5 min to block the endogenous peroxidase activity. Non-
specific binding sites were blocked using non-serum protein block
(DAKO, Carpinteria, CA) for 20 min. Following paraffin and endogenous
peroxidase removal, antigen retrieval for monoclonal anti-caspase-3
staining (Santa Cruz Biotechnology, USA) was achieved by micro-
waving sections in citrate buffer (pH=6) for 15 min. After washing with
PBS, a secondary antibody (Agilent Dako, CA, USA) was applied for
60 min. The reactivity was observed by visualizing immune-stained cells
with 3,3-diaminobenzidine chromogen (Agilent Dako, CA, USA). Sub-
sequently, the slides were counterstained with hematoxylin, mounted
and examined. The percentages of cytoplasmic caspase-3 positively
stained cells in ten consecutive fields for each mouse (x200 magnifica-
tion) were determined.
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2.11. Statistical analysis

The data is shown as Mean + SEM. To assess significant differences
in mean values between the analyzed groups, the one-way ANOVA test
was used, followed by Tukey’s post hoc test (SPSS, version 16.0, Chicago,
IL, USA). A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Bc amended DAI, colon length, and colon macroscopic changes in
DSS-induced colitis

This investigation properly produced severe colitis in mice using DSS
in drinking water, resulting in classic colitis symptoms such as bleeding
diarrhea, ulcers, decreased weight, and colon shrinkage (Fig. 1A-D).
Healthy mice gained weight consistently throughout the study, but DSS-
intoxicated mice lost weight much more than normal control mice.
Treatment with SSZ (200 mg/kg) or varying doses of Be (10° CFU or 10*°
CFU) led to notable recovery in body weight compared to the colitis
group, with the highest dosage of Bc (10'° CFU) demonstrating the most
significant improvement. DSS-intoxication caused evident colon short-
ening, suggesting colon inflammation; however, treatment with SSZ
(200 mg/kg) or Be (1 0° CFU or 100 CFU) considerably alleviated this
effect, with the highest concentration of Bc (10'° CFU) demonstrating
the greatest recovery in colon length. Moreover, DSS-treated mice
exhibited substantially elevated DAI scores compared to controls,
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27 —4—DSS+SSZ =8—-DSS+Bc (LD)
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indicative of severe colitis. However, SSZ administration or Bc (10°
CFU) significantly reduced DAI scores, with the highest dose of Bc (101°
CFU) yielding the greatest improvement.

3.2. Bc improved colonic oxidative stress/antioxidant-related markers in
DSS-induced colitis

To look into the possible effect of Bc upon oxidative stress indicators
and antioxidant-related biomarkers, this study examined the levels of
MDA, NO, GSH, and CAT, as well as Nrf2/HO-1 gene expressions across
the treated groups (Fig. 2). DSS-induced colitis mice exhibited a note-
worthy (p < 0.05) reduction in colonic GSH (Fig. 2A) and CAT (Fig. 2B),
coupled with diminished gene expressions of Nrf2 (Fig. 2E) and HO-1
(Fig. 2F), alongside a notable (p < 0.05) rise in colonic MDA (Fig. 2C)
and nitrosative stress (NO) (Fig. 2D), indicating an impairment in
antioxidant capacity and an elevation in oxidative damage. Treatment
with SSZ led to substantial and significant restoration of colonic GSH
and CAT contents, along with significant improvement in Nrf2 and HO-1
gene expressions compared to colitis group. Additionally, SSZ normal-
ized (p < 0.05) colonic MDA and NO, suggesting a recovery in the ability
to scavenge free radicals. Similarly, administration of Bc (10° CFU)
resulted in significant recovery of colonic GSH and CAT contents,
accompanied by improved Nrf2 and HO-1 gene expressions and a
noticeable decrease (p < 0.05) in colonic MDA and NO contents in
contrast to colitis group, pointing to enhanced free radical elimination.
Notably, these effects were more pronounced with the higher dose of Bc
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M.B. Salem et al.

(5] - wn =)}
"

bd
ab
a abc
2 -
1 -
0 - T r T r

DSS DSS+SSZ DSS+Bec DSS+Bc
(LD) (HD)

Colon GSH (mg/mg protein) >

Normal

1]II|[

DSS+SSZ DSS+Bc DSS+Bc
(LD) (HD)

Normal

Colon MDA (nmol/mg protein) @]

E 15 -
z b
s 1 -
=
= a
@ 0.5 -
St
i '
0 - . . . .

DSS DSS+SSZ DSS+Bc DSS+Bce
(LD) (HD)

Normal

Toxicology Reports 14 (2025) 101858

B 71
CRN
D
e 5 A
2
204 1
=)
=3
SRR
=
S1-
(=]
Q 0 -
Normal DSS+SSZ DSS+Bc DSS+Be
(LD)  (HD)
D 70 -
_ 60 -
£
YD
€ 50 -
=
5401
§ 30 -
© 20 1
Z
£ 10 -
s
o 04
Normal DSS+SSZ DSS+Bc DSS+Bc¢
(LD) (HD)
F
1.5 -
D
o0
=
<
£ 14
=
s
p—
S 05
] '
0 =

DSS+SSZ DSS+Bc DSS+Bc
(LD) (HD)

Normal

Fig. 2. Effect of Bc on colonic GSH (A), CAT (B), MDA (C) and NO (D) contents, as well as Nrf2 (E) and HO-1 (F) expression in mice with DSS-induced colitis. The

values are presented as means of 6 mice + SEM. One-way ANOVA was used for statistical analysis, followed by Tukey’s post hoc test.

b ¢ d gjgnificantly different

from normal control, DSS-induced colitis, DSS+SSZ and DSS+Bc (LD) groups at p < 0.05, respectively. DSS: dextran sulfate sodium; SSZ: sulfasalazine; Bc: Bacillus
clausii; LD: low dose, FD: full dose; GSH: reduced glutathione; CAT: catalase; MDA: malondialdehyde; NO: nitric oxide; Nrf2: Nuclear factor erythroid 2-related factor

2; HO-1: Heme oxygenase-1.
(10'° CFU).

3.3. Bc suppressed the colonic inflammatory markers in DSS-induced
colitis

Colonic TXNIP and NLRP3 contents as well as colonic caspase-1, NF-
kB, IL-f gene expressions were dramatically elevated (p < 0.05) in colitis
group relative to normal control mice, indicating activation of inflam-
masome pathway. Treatment with either SSZ or Bc at a dose of (10°
CFU) significantly diminished colonic TXNIP and NLRP3 contents, as
well as caspase-1, NF-kB, and IL-§ gene expression. Yet, treatment with
Bc in its full dose normalized all inflammasome markers, reflecting
better anti-inflammatory activity (Fig. 3).

3.4. Bc modulated fecal Firmicutes and Bacteroidetes abundance in DSS-
induced colitis

In DSS-induced colitis mice, there was a notable drop (p < 0.05) in
the levels of fecal Firmicutes, accompanying an impressive increase in
fecal Bacteroidetes abundance in contrast to the control group, indicating
an imbalance in the gut microbiota (Fig. 4A & B). However, SZZ
administration or Bc (10° CFU) led to a considerable improvement
(p < 0.05) in fecal Firmicutes levels, while concurrently causing a
considerable decrease in fecal Bacteroidetes abundance compared to the
colitis group. Surprisingly, administering of Bc in a concentration of
10'° CFU demonstrated superior enhancement in fecal abundance of
Firmicutes with pronounced reduction in fecal Bacteroidetes abundance
relative to the lower dose (Fig. 4A-B).
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DSS+Bc (LD) at p < 0.05, respectively. DSS: dextran sulfate sodium; SSZ: sulfasalazine; Bc: Bacillus clausii; LD: low dose, FD: full dose.
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3.5. Bc reversed the histopathological changes in DSS-induced colitis

Colonic sections from normal mucosa exhibited intact architecture
characterized by regular-profiled glands, preserved goblet cells, and
maintained glandular/crypts ratio, as well as intact lamina propria and
muscle layer (Fig. 5A). Conversely, colonic sections from mice with DSS-
induced colitis displayed epithelial atrophy characterized by the
absence of glands and mucosal flattening. In addition, the mucosa was
infiltrated with acute and chronic inflammatory cells, and the glands in
the lamina propria were replaced by collagen and inflammatory cells
(Fig. 5B). On the other hand, colonic sections from the group treated
with SSZ showed maintained architecture of the colonic mucosa,
featuring glands with a regular profile and arrangement, along with
intact crypts. Additionally, there was a mild inflammatory infiltrate
observed in the lamina propria (Fig. 5C). Similarly, colonic sections from
mice given a low dosage of Bc spores (10° CFU) displayed nearly normal
mucosa with maintained architecture (Fig. 5D). Fortunately, colonic
sections from mice administered a higher dosage of Be spores (10'° CFU)
exhibited nearly normal mucosa, with preserved architecture (Fig. 5E).
Glands displayed a regular profile and arrangement, maintaining the
glands/crypts ratio. Additionally, both the lamina propria and muscle
layer remained intact without any significant abnormalities (Fig. 5E).

3.6. Bc diminished apoptosis in DSS-induced colitis

Sections of normal colonic mucosa exhibited negative expression of
caspase-3 neither in the intestinal epithelial cells nor in the lamina
propria (Fig. 6A). While the colonic mucosa of animals with colitis
revealed no expression of caspase-3 in the mucosal epithelial lining cells,
and cytoplasmic brownish moderate number of positively stained cells
(28 %) in lamina propria mononuclear cells (Fig. 6B & F-G). Addition-
ally, in DSS-induced colitis, significant increases in colonic Bax gene
expression by 2.11-fold, coupled with a reduction in colonic Bcl-2
expression by 3.85-fold, were observed compared with the normal
control group (Fig. 7). Colonic sections from SSZ-treated group showed
mild expression of caspase-3 (5.67 %) in the intestinal epithelial cells
and moderate number of positively stained cells (13.33 %) in the lamina
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propria mononuclear cells (Fig. 6C & F-G). Furthermore, treatment with
SSZ dramatically decreased colonic Bax gene expression, while an in-
crease in colonic Bcl-2 expression was observed compared to the colitis
group (Fig. 7). Colonic sections from the group treated with Bc spores at
a low dose of 10° CFU showed mild expression of caspase-3 (4.33 %) in
the intestinal epithelial cells and moderate expression (14 %) in the
lamina propria mononuclear cells (Fig. 6D & F-G). Colonic sections from
the group treated with Bc spores at a high dose of 10'° CFU showed mild
expression of caspase-3 (4.5 %) in the intestinal epithelial cells and mild
expression (8 %) in the lamina propria mononuclear cells (Fig. 6E-G).
Notably, treatment with Bc at a high dose resulted in the normalization
of colonic Bax and Bcl-2 gene expression (Fig. 7).

4. Discussion

UC is a widespread persistent inflammatory illness that affects the
digestive system. It is distinguished by recurrent and extensive mucosal
inflammation that often originates in the rectum and continues to the
proximal portions of the colon [44]. Despite its high prevalence, UC
poses significant challenges for treatment due to its high resistance to
drugs and propensity for recurrence [45]. Moreover, prolonged
inflammation and increased disease severity may elevate the risk of
colon cancer in certain patients [46]. Several drugs such as 5-Aminosa-
licylic acid (5-ASA) remains the primary treatment for UC; however, its
mechanism of action is not fully understood. It appears to work locally,
exerting anti-inflammatory effects by inhibiting the synthesis of pros-
taglandins and leukotrienes in the colonic mucosa [47]. Despite this, the
relief from colonic inflammation is temporary, and symptom recurrence
is common [48]. Other treatments, such as tofacitinib, immunosup-
pressants, and biologics, have shown some clinical efficacy but are
limited by their long-term effectiveness and associated side effects [49].
Since the gut microbiota is crucial for maintaining host health and en-
ergy conservation, gut dysbiosis can contribute to the onset and pro-
gression of colitis [50]. Consequently, there is a pressing need for new
UC treatments that both restore gut microbiota balance and provide
sustained inflammation suppression.

During UC progresses, immune responses become dysregulated, and

Fig. 5. Effect of Bc on colon histological alterations (H & E; x200) in normal control (A), 4 % (w/v) DSS-induced colitis (B), DSS-induced colitis treated with SSZ
(200 mg/kg) (C), DSS-induced colitis treated with Bc at doses of 10° CFU (D), and 10*° CFU (E). Black arrows indicated mucosal epithelial lining cells, red arrows
indicated linear crypts, yellow arrows indicated lamina propria, and green arrows indicated muscle layer. DSS: dextran sulfate sodium; SSZ: sulfasalazine; Bc: Bacillus

clausii; HD: half dose, FD: full dose.
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Fig. 6. Effect of Bc spores on colonic caspase-3 immunostaining changes (DAB, IHC, x200) in normal control (A), 4 % (w/v) DSS-induced colitis (B), DSS-induced
colitis treated with SSZ (200 mg/kg) (C), DSS-induced colitis treated with low dose of Bc spores (10° CFU) (D), Be spores 10'° CFU (E), and % of caspase-3 epithelial
(F) and Lamina propria immunostaining (G). Black arrows indicated mucosal epithelial lining cells and red arrows indicated number of lamina propria. DSS: dextran
sulfate sodium; SSZ: sulfasalazine; Bc: Bacillus clausii. The values are presented as means of 6 mice + SEM. One-way ANOVA was used for statistical analysis, followed
by Tukey’s post hoc test. ® > 4 Significantly different from normal, DSS-induced colitis, or DSS+Bc (LD) groups at p < 0.05, respectively.

abnormal inflammatory signals can disrupt the epithelial barrier and
lead to dysbiosis of the intestinal flora [51]. Using probiotics to preserve
microbial balance can help prevent and treat disorders such as IBD.
Consequently, there is growing interest in modifying the dysbiotic gut
microbiota with probiotics as a potential strategy for reducing inflam-
mation and alleviating UC symptoms. Certain probiotics, such as Lac-
tobacilli, Bifidobacteria, and Bacillus strains, have been shown to have
positive benefits [52]. Notably, the spore-forming characteristic of Ba-
cillus confers strong resilience and makes them well suited for process-
ing, storage, and survival in the digestive system, proving their potential
as probiotics [32]. Moreover, Bc spores are of particular interest due to
their ability to withstand the low pH environment of the stomach, biliary
acids and varying temperatures while passing through the human GI
system, reducing permeability, and promoting a local immunological
response [53], offering them an extra benefit over other probiotics.
Bacillus species can prevent and cure gastrointestinal problems [54].
Bacillus probiotic Enterogermina, including Bc, has been shown to help

cure gastrointestinal illnesses [55]. Therefore, the goal of this study is to
ascertain the efficiency of Bc spores in ameliorating the DSS-induced
colitis and to understand the underlying mechanisms. In this study,
colitis was induced in mice by providing 4 % (w/v) DSS in drinking
water. This successfully replicated the pathological alterations observed
in patients with UC, including symptoms such as severe diarrhea, loose
stools, evident fecal blood, and substantial weight loss [56]. Addition-
ally, mice exposed to DSS exhibited a significant reduction in colon
length, indicative of severe inflammation, swelling, and ulceration in the
colon. The colonic mucosa showed numerous signs of injury, including
degeneration, erosion, congestion, inflammatory cell infiltration, ne-
crosis, and enhanced goblet cell activity. However, orally administering
Bc reversed the clinical symptoms induced by DSS-induced colitis. This
reversal was characterized by decreased weight loss, improved stool
uniformity, and less bleeding from the rectal area. Moreover, histolog-
ical analysis of colon tissue showed that Bc treatment restored the
integrity of colon tissues by reducing inflammation, diminishing
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epithelial erosion, and increasing colon length. These findings show that
Bc dramatically reduces colonic inflammation and protects mice from
DSS-induced colitis. These findings align with a previous study [57],
which reported significant remission of UC symptoms and improve-
ments in psychological indices following Bc treatment. Similarly,
another study demonstrated that Bacillus spp. mitigated DSS-induced
colitis in mice by reducing weight loss and bleeding while amelio-
rating colon histological changes and preserving colon length [58].

Both oxidative stress and inflammation are pivotal variables associ-
ated with the pathogenesis of UC, contributing to tissue damage and
dysbiosis of the intestinal microbiota [59]. The human defense system’s
ability to combat oxidative damage is linked to inflammation. During
inflammatory processes, immune cells that invade the gut generate and
release of ROS. The resulting oxidative stress damages the intestinal
mucosa, particularly due to the excessive production of ROS over-
whelming the tissue’s antioxidant defenses, thus perpetuating or wors-
ening mucosal inflammation. Thus, restoring the balance between
antioxidants and ROS is a natural way to develop new drugs for colitis
treatment. The Nrf2, a multifunctional regulator, is pivotal in mitigating
oxidative stress and inflammation. Nrf2 acts as a protective mediator by
controlling the activity of genes encoding antioxidant,
anti-inflammatory, and detoxifying proteins, thereby playing a crucial
role in cellular defense mechanisms [60]. Moreover, HO-1 has positive
benefits via guarding against cellular oxidative damage, controlling
apoptosis, and moderating inflammation [60,61]. Nrf2 boosts the
expression in various genes, including detoxification enzymes such as
GSH and CAT, which are involved in drug metabolism and the scav-
enging of ROS. Increased expression of these detoxification enzymes
enhances the cell’s defense against ROS, thereby shielding against
oxidative injury, inflammatory processes, and the death of cells [62]. In
the colitis model studied here, increased oxidative stress was observed,
supported by raised MDA levels and decreased GSH content and CAT
activity in colon tissues. These results are similar with a previous report
by Shahid et al. [63], who emphasized the importance of oxidative stress
in UC etiology. Administration of Bc reduces oxidative stress as evi-
denced by the avoidance of GSH, CAT, Nrf2, and HO-1 depletion, along
with a notable reduction in colonic MDA and NO contents. The recovery
of antioxidant defense capacity, alongside the suppression of inflam-
matory cytokines, strongly suggests the anti-UC efficacy of Bc. Similarly,
prior research stated that Bacillus intake substantially led to the
improvement of antioxidant enzymes and diminution of oxidative stress
and inflammatory indicators in UC rats by raising Nrf2 and HO-1 levels
[64].

Excessive ROS can activate the inflammasome pathway, particularly
through the TXNIP/NLRP3 axis [65,66]. TXNIP is an ubiquitously
expressed protein that interacts with thioredoxin and adversely controls

its production and activity [67]. A previous research used blood and
colon samples from individuals with IBD to show that TXNIP can
distinguish between IBD and non-IBD patients [68]. NLRP3 is a critical
sensor of microbial and danger signals, affecting the mucosal immune
response by boosting the maturation of pro-inflammatory cytokines,
including IL-1p [69]. The NLRP3 inflammasome is a critical component
of the inflammatory process that is activated by a variety of stimuli,
including ATP, microbial agonists, and pore-forming toxins [70]. It has
been further highlighted that the role of the NLRP3 inflammasome is not
only as an important mediator of host defense but also as an effective
regulator of homeostasis in the gut by controlling the integrity of in-
testinal epithelial cells, thus regulating the gut’s immune response to
microbiota [62]. NLRP3 is also required to prevent commensal bacterial
growth, which can damage the intestinal epithelium and exacerbate the
microbial inflammatory response in colitis [71]. Consequently, a better
understanding of molecular mechanisms and interactions between gut
microbiota and NLRP3 inflammasome activation may facilitate future
exploration of potential therapeutic targets for UC. The NLRP3 inflam-
masome multiprotein aggregate comprises NLRP3 and the effector
protein caspase-1. Caspase-1 transforms IL-1f and IL-18 into their active
variants. Furthermore, caspase-1 induces pyroptosis, which causes cell
lysis and the release of cytosol components towards the surrounding
environment [72]. This study demonstrated that the inflammasome
pathway was activated, as shown by increased colonic TXNIP and
NLRP3 levels, along with elevated gene expression of caspase-1 and
IL-1B. This activation, however, was significantly reversed with Bc
treatment, particularly at higher doses. Notably, the inhibition or defi-
ciency of the NLRP3 inflammasome complex which includes caspase-1,
IL-1B, and NLRP3, has been shown to mitigate inflammation and reduce
the pathophysiology of DSS-induced UC [73]. Furthermore, previous
research highlights a connection between TXNIP, NLRP3 expression,
and NF-xB activity [74-76]. Activated NF-kB translocates into the nu-
cleus, enhancing the production of pro-IL-1p, pro-IL-18, and inactive
NLRP3 [76], which in turn activates caspase-1. Active caspase-1 then
proteolytically cleaves the pro-forms of the cytokines, enabling release
of the mature cytokines to foster inflammation. Moreover, NF-«B serves
as a crucial controller of inflammatory conditions, natural immunity,
and tissue stability [77]. Excessive NF-kB activation may contribute to
the initiation and progression of colitis in animal models and IBD pa-
tients [78]. The current study revealed significant activation of NF-kB in
DSS-induced colitis in mice. Treatment with a low dose of SSZ or Bc
reduced NF-kB gene expression in the colon, while full-dose Bc therapy
restored colonic NF-kB gene expression. These results suggest that Bc
exerts anti-inflammatory effects in DSS-induced colitis by inhibiting the
NF-kB and TXNIP/NLRP3 inflammasome pathways. This aligns with
studies demonstrating that Bacillus species alleviate colitis symptoms in
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mice and exhibit anti-inflammatory properties via regulating the im-
mune system and suppressing the generation of pro-inflammatory cy-
tokines [79,80].

The human gut microbiota plays a critical role in immune regulation,
with long-term implications for overall health. Zhang et al. [81], had
highlighted the significant impact of microbiome dysregulation on the
development of colitis. Both colitis patients and mouse models exhibit
alterations in the diversity and composition of the intestinal micro-
biome. When the intestinal microbiota is out of balance, the body’s
immunity is weakened, the intestinal defense and immunoregulatory
systems are compromised, and the relative pathogenic factors are
elevated, which can lead to intestinal mucosal invasion or worsen
existing conditions [54]. Consequently, modulating the gut microbiota’s
composition has gained attention as a promising therapeutic strategy for
preventing and managing UC. Utilizing probiotics to address dysbiosis
presents an alternative to conventional pharmacological interventions
[82]. In the current research, DSS disrupts colonic integrity by
increasing gut permeability and altering the resident microbiota’s
composition, which results in a decrease in fecal Firmicutes abundance
and an increase in Bacteroidetes abundance. Firmicutes with
anti-inflammatory properties have been shown to slow the course of
IBD. On the other hand, pro-inflammatory Bacteroidetes can exacerbate
IBD by affecting the synthesis of cytokines. This might be because some
delicate families of microbes are eliminated from the intestinal canal
when inflammatory reactions are irritated, which promotes the survival
of the species that modifies the inflammatory course [83]. Previous
research has shown that DSS-treated mice often display dysbiosis in their
gut microbiota, characterized by a decrease in symbiotic and commensal
bacteria and/or an increase in pathogenic bacteria [84]. These findings
align with earlier studies demonstrating that DSS induction leads to
increased abundance of colitogenic strains such as Bacteroidaceae [85],
and that these strains are highly prevalent in individuals with UC [86].
Notably, treatment with Bc reversed the DSS-induced alterations in the
relative abundances of Firmicutes and Bacteroidetes. This reversal of gut
dysbiosis may be considered the primary mechanism underlying the
amelioration of colitis in mice. Previous studies have confirmed the role
of Bacillus spp. in improving gut dysbiosis. For instance, Bacillus cereus
has been shown to enhance intestinal barrier function and modify the
gut microbiota to alleviate colitis symptoms in rats [87]. Bacillus subtilis
and Bc spores reduce inflammation while also promoting gut barrier
function and overall gastrointestinal health [88]. In mice, Bc improved
mild DSS-induced colitis, lowering colonic inflammation scores and
altering the gut microbiota composition [89]. Bacillus subtilis may alle-
viate the severity of colitis by regulating inflammatory cytokines,
enhancing tight junction proteins, and reshaping the gut microbiota
[90].

The process of apoptosis in intestinal epithelial cells has been
recognized as an early event in the onset of UC, which playing a pivotal
role in disease progression. Targeted apoptosis has emerged as a po-
tential novel strategy for UC treatment [16]. Various apoptotic signaling
molecules are implicated in UC development. Bcl-2, initially identified
in B-cell lymphoma, acts as a crucial anti-apoptotic gene [91]. Upon
stimulation by apoptotic signals, pro-apoptotic proteins like Bax induce
alterations in the permeability of the external mitochondrial barrier,
resulting in the expulsion of cytochrome ¢ from mitochondria, thereby
activating the effector protein; caspase-3 to initiate downstream
apoptotic signals and induce cell apoptosis [92]. Moreover, it was
demonstrated that inhibition of the NF-kB pathway in UC rats could
mitigate cell apoptosis, reduce inflammatory infiltration, and effectively
alleviate colonic inflammatory damage [93]. In the present study,
apoptosis was activated in DSS-induced colitis mice, as evidenced by
enhanced intestinal mucosa caspase-3 immunostaining, along with
elevated colonic expressions of Bax and NF-kB genes, and reduced
expression of the anti-apoptotic colonic Bcl-2 gene. These findings were
consistent with Giris et al. [17] who revealed heightened Bax expression
and reduced Bcl-2 expression in UC model rats. Treatment with Bc at low
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dose reduced colon apoptosis, as indicated by decreased caspase-3 im-
munostaining, Bax and NF-xB gene expressions, and increased Bcl-2
gene expression. Remarkably, a high dosage of Bc can reverse
apoptosis by restoring normal gene expression for Bcl-2, Bax, and NF-kB,
as well as lowering colonic caspase-3 immunostaining.

Unfortunately, there is little clinical research on the therapeutic ef-
fects of probiotics in UC, with the majority conducted on animals.
Validating animal experimental findings for clinical use takes more time
[94]. The efficacy of Bc and probiotics in general varies according on
bacterial species, dose, and form. There is an urgent need, therefore, for
mechanistic research employing cutting-edge technologies to investi-
gate the properties, modes of action, and influence on the general
composition and diversity of the gut microbiome in GI illnesses before
clinical therapy may be adopted. In addition, the combination of genetic
engineering with probiotics for the treatment of UC has a bright future in
terms of increasing probiotic efficacy [94]. Optimizing the therapeutic
use of Be-containing probiotics will need a deeper understanding of the
processes that underpin reported health effects.

5. Conclusion

To summarize, Bc has been shown to diminish colon inflammation
and associated pathological symptoms in DSS-induced UC. Bc suppresses
NF-kB, apoptosis and TXNIP/NLRP3 inflammasome signaling pathways,
resulting in reduced caspase-1 cleavage and IL-1p production. It also
maintains the antioxidant/oxidant balance, which helps to safeguard the
structural integrity of the intestinal mucosa. Crucially, Bc was shown to
correct DSS-induced dysbiosis as well as the relative abundances of
Firmicutes and Bacteroidetes, highlighting that restoring gut microbiota
balance may be the key mechanism driving colitis amelioration in mice
(Fig. 8).

These findings offer new insights into Bc’s anti-UC action and inspire
scientists to conduct future research into Bc’s influence on the gut
microbiota in health and disease models in order to explore other
therapeutic uses for this probiotic. Furthermore, the extent to which Bc
reduces the unfavorable effects of current therapy regimens, as well as
its synergistic benefits, should be explored. However, one of our study’s
limitations is that we only used two dosages of Bc, which may be
insufficient for clinical trials or dose-response analysis. Furthermore,
more research is needed to understand how NLRP3 inflammasome
pathway inhibition efficiently heals and manages UC, as well as how Bc
regulates the NLRP3 inflammasome-related proteins, intestinal mucosal
integrity, and gut microbiota homeostasis. Due to a paucity of relevant
clinical research, more clinical studies on B. clausii are required to better
identify the ideal dosage and duration of treatment, as well as the
optimal use of Bc. Overall, the findings of this study suggest that Bc
treatment could serve as a feasible alternative therapeutic avenue for
treating UC and potentially mitigating associated symptoms.
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