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KEYWORDS Abstract

DSS-induced colitis; Background: Several inflammatory diseases, including colitis, are treated via probiotics but

dysbiosis; still the mechanism is not clear.

gut microbiota; Objective: This study aimed to restore normal functioning of the gut and ameliorate inflam-

L. plantarum HMX2; mation in dextran sulfate sodium (DSS)-induced colitis mice via the probiotic intervention of

P. acidilactici BCB1TH Pediococcus acidilactici (P. acidilactici) BCB1H and Lactiplantibacillus plantarum (L. planta-
rum) HMX2.

Material and Methods: L. plantarum HMX2 and P. acidilactici BCB1H showed a remarkable
reduction in the symptoms of DSS-induced colitis, including weight loss, shortening and dam-
age of the colon, decreased tight junction protein, and pro-inflammatory cytokines in the
blood of mice. Two treatment groups were administered with probiotic strains based on ani-
mal weight for a duration of 28 days; however, prior to this, DSS was induced.

Results: After consuming both probiotics, the levels of inflammatory markers, such as
tumour necrosis factor alpha (TNF-a) and interleukins (IL-1p) exhibited a noticeable decline,
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indicating a reduction in inflammation. The Disease Activity indices for both probiotic-treated
groups (P. acidilactici BCB1H- and L. plantarum HMX2-treated groups) were significantly
lower (1£0.45, 1+0.36, 3+0.08, 1+0.18, respectively) than that for the DSS-treated group. Both
these treatment strains significantly affected the markers of oxidative stress and inflamma-
tion (i.e., malondialdehyde [MDA], superoxide dismutase [SOD], and myeloperoxidase [MPQ],
compared to the intoxicated group. Similarly, the BCB1H- and HMX2-treated groups showed
partial recovery, with improved hepatocyte structure and reduced inflammatory cell infiltra-
tion, compared to the intoxicated group. Polymerase chain reaction results of gel analysis
showed crucial indicators that measure both colonic integrity and inflammation across four
experimental groups of colitis-induced mice. Pro-inflammatory cytokines (TNF-a and IL-1p),
E-cadherin, and MUC2 mucin served as evaluated markers across experimental groups.

Conclusion: Increased expression of these genes suggests that both probiotic strains success-
fully enhanced and restored normal functions of the gut and suppressed inflammation. This

could be attributed to the combined immunomodulatory action of probiotics.

© 2025 Codon Publications. Published by Codon Publications.

Introduction

Probiotics refer to live microorganisms that deliver health
advantages after administration of appropriate dosage.
These microorganisms serve as supplements to improve gut
health and performance and adjust the immune system’s
functions. The intestinal homeostasis operates through
three functions of specific probiotics, such as lactic acid
bacteria (LAB), Lactobacillus, Pediococcus acidilactici, and
Streptococcus.? These bacterial species maintain microbi-
ota stability and strengthen mucosal barriers while decreas-
ing inflammation. Scientific research has spotlighted
Lactiplantibacillus plantarum (L. plantarum), as it appears
in kimchi and yogurt and shows anti-inflammatory proper-
ties and generates antioxidants beside anticancer effects.
Through its role, intestinal barrier function becomes
stronger and microbiota imbalance in inflammatory bowel
disease (IBD) shows improvements.>® Lactobacillus spe-
cies have received scientific validation to be safe as pro-
biotics in human subjects and animal models if used to
improve intestinal health and the immune system control.’
Laboratory investigations demonstrate that Lactobacillus
casei, Lactobacillus paracasei, and Lactobacillus rhamnosus
represent the most well-studied probiotics, because these
strains exhibit safe behavior while maintaining gut flora
health.">" The effectiveness of probiotics depends on spe-
cific bacterial strains, even though Lplantarum HMX2 and
P. acidilactici BCB1H display treatment possibilities for IBD
symptoms, but researchers have not established their defi-
nite impact on colitis.”? Various studies have demonstrated
that L. plantarum differs due to its proven effects on intes-
tinal health in patients with intestinal barrier dysfunction
and gut microbiota dysbiosis. It is confirmed from previous
studies that intake of L. plantarum delivers significant ben-
efits to patients with intestinal diseases through its dual
ability to restore microbial equilibrium and by maintaining
intestinal barriers while managing the immune system’s
reactions.” Furthermore, animal studies using dextran sul-
fate sodium (DSS)-induced colitis models showed that L.
plantarum acts as a defense mechanism against gut inflam-
mation and helps to heal the colon.

Different studies have confirmed that the DSS-induced
colitis model represents human IBD through its ability to

replicate pathophysiological features, such as rise in epi-
thelial permeability breakdown of tight junction (TJ),
and elevated cytokine activity."" Studies report that
Lactobacillus reuteri (L. reuteri), Lactobacillus fermen-
tum (L. fermentum), and Lactobacillus gasseri (L. gasseri)
enhance gut barrier function and influence immune signal-
ing pathways, but scientists have yet to determine their
exact mechanisms of action.'?°

Together with L. plantarum, there exists another
promising probiotic called P. acidilactici, which demon-
strates its ability to strengthen gut barrier function and
reduce intestinal inflammatory responses. Two probiotics
L. plantarum and P. acidilactici demonstrate their poten-
tial to raise TJ protein expressions, including occludin,
claudin, and zonula occludens-1, which enhance intes-
tinal barrier strength and inhibit gut permeability. The
probiotics generate antioxidant effects to help counter
oxidative stress to epithelial cells, thereby promoting the
sustainability of homeostasis.?"?2 The persistent inflamma-
tory state of IBD affects the gastrointestinal (Gl) tract in
a continuous and recurring manner. Crohn’s disease (CD),
together with ulcerative colitis (UC), forms a major cate-
gory of IBD, resulting in notable decline in the patient’s
quality of life (QoL) through abdominal pain, diarrhea,
rectal bleeding, weight loss, and fatigue. The prevalence
of IBD has risen globally, particularly in regions where
Western diets are common. Factors such as genetic pre-
disposition, environmental influences, dietary habits, gut
microbiota imbalance (dysbiosis), and the immune system
dysfunction are thought to contribute to disease onset
and recurrence.?

The DSS-induced colitis mice model was used to study
UC because it develops features of UC biology, including
enhanced epithelial permeability with disrupted mucus layer
structures, elevated immuno-molecules, and impaired bar-
rier function.? The pathogenesis of IBD strongly depends on
gut microbiota because dysbiosis results in worsened intesti-
nal inflammation and heightened immune system reactions.
Dysbiosis causes modifications in epithelial cell functioning
and pro-inflammatory cytokine development that boost
risks of the disease. The scientific connection between UC
and dysbiosis is manifested but the specific nature of this
relationship needs further research.? The initial breakdown
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of epithelial tissue enables bacteria to enter the body and
activates immune responses, leading to severe tissue dam-
age and colitis.?® In addition to microbiota imbalance, oxida-
tive stress is a significant factor in UC. Reduced antioxidants
exacerbate intestinal inflammation by increasing pro-inflam-
matory molecules.”' Recent research has highlighted the
role of microRNAs (miRNAs), which are associated with the
gut microbiota and act as important regulators of intestinal
inflammation, immune responses, and mucosal barrier. It is
suggested that probiotics could influence miRNA expression,
potentially leading to immunomodulatory effects, bene-
ficial in treating IBD.3%3> IBD significantly impacts QoL due
to abdominal pain, bloody stools, diarrhea, and weight loss,
often leading to emotional distress.?** Conventional treat-
ments, such as steroids and amino salicylates, are used com-
monly, but their long-term use can result in adverse effects.
This has led to growing interest in safer and alternative
treatments such as probiotics.33 This study investigates
the anti-inflammatory and probiotic potential of selected L.
plantarum HMX2 and P. acidilactici BCB1H strains in a murine
DSS-induced colitis model. This research focuses on under-
standing how L. plantarum HMX2 and P. acidilactici BCB1H
modulate genes related to oxidative stress, inflammation,
and TJ proteins. Furthermore, the study evaluates how these
strains influence the gut microbiome and immune response,
particularly by examining the expression of five specific miR-
NAs associated with colitis.

Material and Methods

Mice grouping, housing, dosing, and establishing
DSS-induced colitis

The University of Lahore provided 32 male Albino mice of
the same age and weight (75-100 g). Ethical approval for
in vivo investigations in this study was granted by PCSIR
Laboratories Complex with Ref. No. LLC/PCSIR/24/332.
(letter No. 24-332).

The animals were kept in a pathogen-free animal facil-
ity having controlled environment, temperature (25+5°C),
humidity (60+£10%), and a 12-h light and dark cycle with
unfettered access to food and water. After that, these ani-
mals were bred for 7 days to get used to the new envi-
ronment. The animals were categorized into four distinct
groups i.e. control group (CN), intoxicated negative con-
trol DSS-induced colitis (IN), DSS-induced colitis and then
treated with P. acidilactici BCB1H (DSS+BCB1H), and DSS-
induced colitis and then treated with L. plantarum HMX2
(DSS+HMX2). Other than the CN group, the remaining three
groups were subjected to 3.0% DSS induction“®#' (molecular

weight: 36-50 kDa; Yeasen Biotechnology Co. Ltd, Shanghai,
China) for 8-14 days. Both DSS+BCB1H and DSS+HMX2 groups
received 0.2 mL of P. acidilactici BCB1H suspension (1x10°10
CFU/mL) and L. plantarum HMX2 suspension (1x10%' CFU/
mL) via oral gavage once daily from day 11 to day 34. All
experimental animal groups were evaluated through weigh-
ing them every day along with using a modified Disease
Activity Index (DAI) score to track their illness progression.
On the morning of day 35, all experimental animals were
euthanized.

Physical parameters and disease activity index

Physical parameters involved daily assessments by uti-
lizing a modified DIA scoring system (Table 1), alongside
evaluations of stool consistency, weight, and bleeding
outcomes in mice participating in DSS experiments. An
occult blood detection evaluated presence and absence of
blood in examined feces. The colon and other organs were
extracted from each animal for histopathological stud-
ies. Length of the colon was measured as the first step,
followed by proper storage of fecal contents at -20°C.

Collection of blood and other samples

After a 28-day experimental study period, mice were euth-
anized in a fasting state on day 35 at 10 am by adminis-
tering isoflurane anesthesia. The jugular vein in the neck
region of mice was incised using a sharp knife, and blood
was collected in sterile tubes for experimental analysis.
The blood was collected in tubes containing heparin, which
would serve as a material for cytokine and related parame-
ters, and then centrifuged to separate plasma. The plasma
was stored in separate portions for examination at a tem-
perature of -20°C."”

Evaluation of MDA, MPO, and SOD

Malondialdehyde (MDA), myeloperoxidase (MPO), and super-
oxide dismutase (SOD) were evaluated by using locally pro-
cured test kits and by following manufacturer’s guidelines
(Nanjing Jiancheng Co. Ltd, Nanjing, China). Before being
divided into smaller sections, the extracted colonic tissues
from each rat were stored in ice-cold buffer at a ratio of
1:10 (w/v). The manufacturer’s specifications guided the
tissue homogenization procedure for colonic samples using
“IKA” (Staufen, Germany) equipment.

Table 1 The scoring scale standards.

Assigned scores Rectal bleeding Rectal prolapse Diarrhea Colonic bleeding
0 None None No signs No Signs

1 Red Mild Soft stools Red

2 Dark red Higher Very soft Dard red

3 Gross bleeding Extensive Watery stools Black
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Histopathological study of impairment of colon
and liver tissues

Collected colon and liver tissues were preserved after
washing with PBS in buffered formalin (neutral, 10%) for
histological examinations. Following the procedure outlined
by Bancroft and Gamble¥, the tissues were divided into
thin slices (1 mm) and processed using tissue cassettes in
ascending order in graded alcohols to dehydrate the tissue
sections. They were then cleared in xylene and stored in
paraffin wax to penetrate into tissues and induce support
for microtomy. Subsequently, the samples were affixed
onto glass slides and subjected to staining using haematox-
ylin and eosin (H&E) dye. After staining, tissue slides were
dehydrated in an ascending order of alcohol (70%, 100% two
steps), cleared in xylene (two steps), and mounted with
dibutylphthalate polystyrene xylene (DPX). Each slide was
covered with glass cover slip (24x50 mm; Marienfeld GmbH,
Germany) and observed using a high-power objective lens
microscope. Microscopic pictures were acquired for each
group at x40 magnification. Microscopic alterations were
assessed and compared with control and negative control
groups and those treated with probiotic and symbiotic ice
cream samples indicating observable, not observable, and
significant damage.

Indicators of inflammation and hepatoprotective
parameters

Sterilized tubes were used to collect plasma, which was
then evaluated for pro-inflammatory mediators, such as
IL-1p and TNF-a, using enzyme-linked-immunosorbent sero-
logic assay (ELISA) kits from MERK (Darmstadt, Germany)
using manufacturer’s directions. The data were expressed
as pg/mL of total proteins, and the assays were conducted
in triplicate.

Gene expression analysis

The process of gene expression analysis, from RNA
extraction to reverse transcription PCR (RT-PCR), was
conducted following the methodology described by Din
et al.®® Briefly, RNA was extracted from tissues and quan-
tified prior to converting into complementary DNA (cDNA)
according to the manufacturer’s instructions. Predesigned

Table 2 Primers used in the study.

primers and a PCR kit were used to identify four types of
gene expressions with the help of four primers by adher-
ing to the manufacturer’s protocol and as outlined by Din
et al.3® PCR reactions were performed using the PCR Master
Mix (Thermo Fisher Scientific, USA), incorporating 0.2 pM
of each forward and reverse primer along with approx-
imately 10 ng of cDNA template in a 30-pL reaction sys-
tem. The primers used for the amplification of the target
genes, such as IL-1p, TNF-a, MUC-2, and E-cadherin (E-cad),
were designed based on sequences retrieved from previous
studies and synthesized commercially. Primer sequences,
annealing temperatures, and expected amplicon sizes are
detailed in Table 2.

The thermal cycling conditions for PCR were optimized
based on specific annealing temperatures of primers. The
cycling parameters were as follows:

« Initial denaturation at 95°C for 5 min

o Denaturation at 95°C for 30 s

» Annealing at primer-specific temperature for 30 s
o Extension at 72°C for 45 s

« Final extension at 72°C for 7 min

» Repeated for 30 cycles

The amplified PCR products were mixed with a loading buf-
fer containing SYBR Green dye and subjected to electro-
phoresis with 2% agarose gel. However, the gel was run at
100 V for 45 min in 1X TAE buffer and subsequently visual-
ized under UV light using a gel documentation system (Bio-
Rad, USA). Gene expression levels were determined by the
presence and intensity of specific amplicon bands corre-
sponding to expected product sizes. The results were fur-
ther analyzed for relative expression levels by comparing
band intensities using the ImageJ software.

This method allowed for the identification of differ-
ential gene expressions in the context of inflammation
induced by DSS and its modulation by P. acidilactici BCB1H
and L. plantarum HMX2 strains, providing insights into their
regulatory effects on inflammatory cytokine profiles.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
ver. 13, with different statistical tests such as one-way
ANOVA. The data with P < 0.05 were considered statisti-
cally significant.

Gene Sequence (5-3) Annealing temperature (°C) Product size
IL-18 FW: CTGAACTCAACTGTGAAATGC 55 155
RV: TGATGTGCTGCTGCGAGA
TNF-a FW: AGGGTCTGGGCCATAGAACT 60 578
RV: CCACCACGCTCTTCTGTCTAC
MUC-2 FW: ATGCCCACCTCCTCAAAGAC 56 101
RV: GTAGTTTCCGTTGGAACAGTGAA
E-Cad 1 FW: CAGGTCTCCTCATGGCTTTGC 60 175

RV: CTTCCGAAAAGAAGGCTGTCC
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Results and Discussion

Effect of P. acidilactici BCB1H and L. plantarum
HMX2 on physical parameters in DSS-induced
colitic mice

The impact of P. acidilactici BCB1H suspension (1x10%°
CFU/mL) and L. plantarum HMX2 suspension (1x10°'° CFU/
mL) was assessed on the body weight and DAI of mice
model of colitis produced by 3% DSS. As illustrated in
Table 3, mice in group CN exhibited robust growth, with a
consistent increase in body weight throughout the 35-day
trial duration. Body weights of mice in the IN, DSS+BCB1H,
and DSS+HMX2 groups were 82.57+1.49 g, 78.5+1.65 g, and
83.45+1.58 g, respectively, on day 10, reflecting a drop
from 105.14+1.02 g, 96.87+1.28 g, and 104.33+1.4 g, respec-
tively, before induction on day 7. After the initiation of
treatment on day 11 with BCB1H and HMX2 strains, over
the next five days (day 15), the CN group gained weight,
reaching 102.7¢1.56 g, while weight in the intoxicated
group dropped further to 80+1.37 g.

Meanwhile, the treated groups showed slight recov-
ery, with P. acidilactici-treated animals having a weight
of 81.25+1.69 g and L. plantarum-treated animals having a
weight of 87.53+1.8 g. Consequently, on day 20, the body
weight increased further, with the CN group attaining
a weight of 107.8+1.19 g, while weight in the intoxicated
group declined further to 78.5+1.28 g. However, the treated
groups exhibited significant recovery, with P. acidilactici
recovering a weight of 89.25+1.1 g and L. plantarum recov-
ering a weight of 95.87+1.35 g. This trend continued up to
day 25, with the CN group attaining a weight of 113.83+1.22
g, and weight in the intoxicated group dropping to its low-
est level of 76.52+1.4 g, and the respective treated groups
gaining weight further to 98.37+1.27 g and 101.6+1.3 g.
By day 30, the CN group had attained a weight of 120.0
g, and the intoxicated group showing minor improvement
at 77.25+1.31 g. The treated groups displayed weight gain,
with P. acidilactici at 108.25+1.23 g and L. plantarum at
107.51.27 g.

Finally, on day 35, the CN group attained the maximum
weight of 127.5+1.25 g while weight in the intoxicated group
stagnated at 76.75+1.06 g. Both treatment groups showed
substantial recovery, with P. acidilactici-treated group

attaining a weight of 115.5+1.34 g and L. plantarum-treated
group attaining a weight of 113.54+1.2 g. Overall, the CN
group exhibited steady growth, while gradual decrease in
the weight was observed in intoxicated (IN) group. The
treated groups, with the passage of time, demonstrated
effective mitigation of weight gain, which proved that the
use of P. acidilactici BCB1H and L. plantarum HMX2 had a
preventive function to avert weight loss.*#

Effects of probiotic treatment on DAl scores after
induced DSS

As shown in Table 4, DAI scores of the DSS group for rectal
bleeding, rectal collapse, diarrhea, and colonic bleeding
were significantly higher (3+0.20, 3+0.12, 3+0.18, 3+0.10,
respectively) than that of the CN group on day 8 of DSS
intoxication. The symptoms increased up to day 15 and
then remained stable relatively. The most common symp-
toms were rectal prolapse, rectal bleeding, diarrhea, and
colonic bleeding.

Effects of probiotics on rectal bleeding and

rectal collapse

The DAI index of probiotic-treated groups (P. acidilactici
BCB1H and L. plantarum HMX2) was significantly lower
(1£0.45, 1+0.36, 3+0.08, 1+0.18, respectively) than that of
the DSS-treated group as shown Table 4. In DSS-treated
group, we observed increase in rectal bleeding and rectal
collapse, which recovered significantly with above-men-
tioned probiotics.

Effects of probiotics on diarrhea and

colonic bleeding

The DAI index scores for diarrhea and colonic bleeding in
probiotic-treated groups (P. acidilactici BCB1H and L. plan-
tarum HMX2) were significantly lower (3+£0.04, 1:0.42,
3+0.02, 1£0.52, respectively), compared to the DAl index
of the DSS-treated group. Diarrhea and colonic bleeding
were successfully controlled after treatment with P. acid-
ilactici BCB1H and L. plantarum HMX2. The results showed
that probiotic treatment could have reduced the incidence
of rectal prolapse, rectal bleeding, diarrhea, and colonic
bleeding in intoxicated mice over 35 days of treatment.

Table 3 Comparison of body weight of different treatment groups.

Body weight in Control Intoxicated group P. acidilactici BCB1H group L. plantarum
grams/day (n=38) (n=38) (n=38) HMX2 group (n = 8)
1 75.5+1.18¢ 101+1.342 88.75+1.26° 100.83+1.2°

7 84.63+1.3¢ 105.14+1.022 96.87+1.28¢ 104.33+1.4°

10 93.29+1.422 82.57+1.49¢ 78.5+1.65¢ 84.45+1.58°

15 102.7+1.562 80+1.37¢¢ 81.25+1.12¢ 87.53+1.42°

20 107.8+1.192 78.5+1.28¢ 89.25+1.16¢ 95.87+1.35°

25 113.83+1.222 76.52+1.44 98.37+1.27¢ 101.6+1.3°

30 120+1.362 77.25+1.31¢ 108.25+1.23° 107.5+1.27b¢

35 127.5+1.252 76.75+1.06¢ 115.5+1.34° 113.54+1.2¢

Note: Different superscript alphabets within a row represent statistical differences (P < 0.05).
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No symptoms of diarrhea and colonic bleeding were
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Table 5 Effects of probiotic treatment on MDA, MPO, and SOD levels in DSS-induced colitis mice.

SOD (units/g) MPO (units/g)

Group MDA (nmole/mg)
Control (n = 8) 1.06+0.32¢
Intoxicated group (n = 8) 2.96+0.412
P. acidilactici BCB1H group (n = 8) 1.575+0.30¢
L. plantarum HMX2 group 2.35+0.94°

16.8+2.07¢ 6.28+1.01¢¢
10.04+1.81¢ 14.08+1.632
23.875+5.52° 7.4625+1.24°
26.3+3.452 6.95+0.380¢

Note: Different superscript alphabets within a column represent statistical differences (P < 0.05).

plantarum HMX2 provided the strongest boost to antioxi-
dant defenses.

Effects on inflammatory cytokines

Figure 1 shows that mice in the intoxicated group produced
higher TNF-a and IL-1p levels, marking increased inflam-
matory activity. The cytokines signaling pathway con-
trols inflammatory signal transduction pathways that help
to reduce UC. These cytokines lead to intestinal inflam-
mation through the release of inflammatory mediators.52
Management of intestinal homeostasis depends on proper
pro-inflammatory cytokines regulation throughout the
colonic mucosal tissue. The production of abnormal pro-
inflammatory cytokines disrupts balance in patients with
IBD, specifically CD and UC.% Findings of the current study
showed meaningful evidence of inflammatory response
detection through gene expression examination of the
colon. Laboratory investigators determined the levels of
TNF and IL-1p present in blood serum. Pro-inflammatory
cytokines have been shown to cause damage to epithelial
TJs, leading to increased intestinal permeability.’*% The
BCB1H- and HMX2-treated groups had lower levels of TNF-a

90 ~

80 1

and IL-1B, indicating reduced inflammation that helped to
improve colitis-induced permeability disruption by sup-
pressing inflammatory cytokine production (Figure 1).
Active signaling pathways are triggered by toll-like recep-
tors (TLRs) that control the expression of inflammation and
immune response-related genes.>

The general microbial diversity found in IBD patients
remains lower than that exhibited in healthy people.5”
The research findings demonstrated that DSS treatment
resulted in a-diversity reduction, which is measured by
Chaot, observed and ACE indicators i.e. in the gut (colon),
the Chaot1 and ACE are observed indicators used to mea-
sure a-diversity (alpha-diversity), which is a measure of
the total number of species and the overall diversity of
the microbial community. Although probiotic treatment
did not restore a-diversity measurements to normal, it
managed to normalize a-diversity into ranges equivalent
to the CN group. Examination of B-diversity revealed dis-
tinct groups between control and DSS-treated subjects,
yet the probiotic-treated cohort had compositional simi-
larities to the CN group, rather than the DSS group. The
pathogenic bacterial genera within Proteobacteria, such as
Escherichia, Enterobacter, Vibrio, Yersinia, and Salmonella,
disrupt intestinal microbial composition in both colitis
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differences (P < 0.05).

Level of cytokines in different treatment groups. Different superscript alphabets in a column represent statistical
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models and IBD patients.® Among these, Escherichia (part
of Proteobacteria phylum and Enterobacteriaceae fam-
ily) are prominent pathogens that exacerbate intestinal
inflammation and contribute to bacterial dysbiosis in the
mucosa of mice with colitis.’®* The BCB1H- and HMX2-
treated groups had lower levels of TNF-a and IL-1B, indi-
cating reduced inflammation. Probiotic treatments (BCB1H
and HMX2) have anti-inflammatory effects, mitigating the
increased inflammation caused by toxic substances.

Microscopic and gross histopathological
comparison of colon

The histological examination of mice colon across all
experimental groups yielded the following findings. Colon
segments in the CN group (Figure 2A) displayed a histo-
logical structure that conformed to normal values. This
encompassed the mucosa (composed of Lamina muscularis
mucosa, Lamina epithelialis, and lamina propria), submu-
cosa, muscular coat (consisting of inner circular and outer
longitudinal muscle fibers), and serosa. In the DSS-induced
colitis group (Figure 2B), colon segment exhibited numerous
ulcerative regions in mucosal layers, accompanied by con-
siderable tissue damage. Furthermore, a significant inflam-
matory reaction accompanied by congestion was noted in
the blood vessels of both mucosal and submucosal layers.

Control

Intoxicated

BCB1H
treated

treated

The investigation disclosed significant cellular necrosis and
desquamation of both superficial and deep epithelial cells,
alongside the infiltration of leukocytes, specifically lym-
phocytes and a limited quantity of neutrophils. Intestinal
barrier dysfunction occurred when increased permeability
compromised TJ barrier.®¢' Colonic glands displayed local-
ized abnormalities and indicated an absence of secretory
function. Colon length was a representative marker for
evaluating colitis-induced mice models.®

The treatment groups receiving two different probi-
otic combinations following disease induction (Figures 2C
and 2D) presented with regular histological features of
mucosal and submucosal as well as muscular and serosal
layers of their colon sections (Figures 2C and 2D). Studies
revealed that every examined group presented recuper-
ated ulcerative lesions together with mucosal epithelium
regeneration. Focal hyperplastic changes alongside hyper-
chromatic nuclei occurred in the newly formed epithelial
cells because of regenerative signals. Area near the healed
ulcer presented heavy inflammation because plasma
cells and lymphocytes accumulated due to its proxim-
ity to the mucosa. A large amount of aggregated and/
or follicular-type lymphoid cells extensively invaded the
submucosa.

The data in Table 6 show the mean colon length (in
inches) for various experimental groups, highlighting the
effects of treatments on colon health.

Bottom of form

(A) (B)

(€)

©)

Figure 2 Effects of probiotics on the histological structure of the colon and the mucosa of the intestine: (A) control; (B) intoxicated
group, and (C and D) treatment groups after DSS-induced colitis. Histological sections were stained with H&E (magnification 40x).
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The CN group had the longest mean colon length, mea-
suring 7.6+0.25 inches, representing normal, healthy con-
ditions. In comparison, the intoxicated group displayed a
significantly shorter mean colon length of 5.5+0.3 inches,
indicating substantial colon damage or shrinkage due to
intoxication. Treatment with P. acidilactici BCB1H improved
the mean colon length to 6.7£0.34 inches, demonstrating
considerable recovery, although not to the level of the
CN group. Similarly, treatment with L. plantarum HMX2
resulted in a mean colon length of 6.9+0.42 inches, reflect-
ing slightly better recovery, compared to the BCB1H treat-
ment. Overall, both treatments showed protective effects
against intoxication-induced colon shortening, with L.
plantarum HMX2 offering slightly greater restoration than
P. acidilactici BCB1H. Figures 2C and 2D show the effects
of probiotics on colon length across various experimental
groups after DSS-induced colitis, with a ruler used for mea-
surement. In the CN group, the colon appeared to be of
normal length, indicating a healthy, unaffected state. In
contrast, the intoxicated group showed noticeable colon
shortening and irregularities, which were characteristic
of DSS-induced colitis because of inflammation and tissue
damage. The P. acidilactici BCB1H-treated group exhibited
partial restoration of colon length, reflecting some recov-
ery, compared to the intoxicated group. The L. plantarum
HMX2-treated group showed an even greater improvement,
with the colon length nearly restored to normal, suggest-
ing a stronger protective and reparative effect. Overall,
Figure 5 highlights the beneficial impact of probiotics,
particularly HMX2, in reducing colitis-related damage and

Table 6 Mean colon length (in inches) for various
experimental groups, highlighting the effects of treatments
on colon health.

Group name

Control (CN)
Intoxicated (IN)
BCB1H-treated group
HMX2-treated group

Colon length (inches)

7.6:0.45 (40%)
5.5:0.3 (10%)
6.7+0.34 (20%)
6.9:0.42 (30%)

promoting colon recovery. Figures 2A-D demonstrate his-
topathological alterations in colonic and intestinal mucosa
structure inside experimental DSS-induced colitis groups
that received probiotics therapy. H&E stain was used for
sections, which were examined under 40x magnification.
Samples from Control group presented normally structured
colon tissue alongside intact epithelial layers and orga-
nized crypts. The tissue surface displayed regular smooth
surfaces without indications of inflammatory damage. The
severe histological damage found in intoxicated group
included colon tissues exposed to DSS following alcohol
intoxication, destruction of epithelial layers combined with
irregular crypt structure along with visible tissue inflam-
mation through mucosal damage and invasive inflammatory
cells.

Histological structural recovery was substantial in ani-
mal taking probiotic treatment (BCB1H-treated group and
HMX2-treated group), compared to the untreated intox-
icated group. The BCB1H-treated group demonstrated
partial epithelial repair along with structured crypt orga-
nization, whereas group D showed nearly full restoration
of epithelial tissue together with normal crypt morphol-
ogy. Both groups demonstrated decreased inflammation,
but HMX2-treated group presented the most noticeable
improvement together with better tissue structural nor-
malization. The probiotic-treated groups (BCB1H-treated
group and HMX2-treated group) exhibited reduced infiltra-
tion of inflammatory cells, compared to the intoxicated
group, with fewer neutrophils and a more balanced pres-
ence of macrophages and lymphocytes, suggesting healing
and resolution of inflammation. IBD reduces the produc-
tion of short-chain fatty acids, such as butyrate. Butyrate-
producing bacteria are associated with increased intestinal
homeostasis and reduced inflammation.3¢°

Microscopic and gross histopathological
comparison of the liver

Figure 3 depicts histological sections of the liver stained
with H&E from four experimental groups, highlighting the
anti-inflammatory effects of probiotics after DSS-induced
damage. In the CN group, the liver showed a normal

Intoxicated

Control

BCB1H treated HMX2 treated

Top of Form

Figure 3 Different levels of liver damage reflecting treatment outcomes in experimental groups through histopathological tissue

examinations.
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histological structure with intact hepatocytes and well-or-
ganized sinusoids, indicating healthy, undamaged tissue.
Conversely, the intoxicated group displayed significant
liver damage, including disrupted hepatocyte architecture,
cellular swelling, and marked infiltration of inflammatory
cells, such as neutrophils and macrophages, indicative of
an active inflammatory response caused by DSS exposure.
The P. acidilactici BCB1H-treated group showed partial
recovery, with improved hepatocyte structure and reduced
inflammatory cell infiltration compared to the intoxicated
group. This suggests a slight restoration of liver integrity
and moderate anti-inflammatory effect because of pro-
biotic intervention. The HMX2-treated group showed the
most substantial improvement, with hepatocyte organiza-
tion largely restored and minimal inflammatory cell pres-
ence, closely resembling the CN group’s healthy tissue.
These findings concluded that L. plantarum HMX2 exerts
a stronger anti-inflammatory and hepatoprotective effect
compared to P. acidilactici BCB1H. The liver histology illus-
trated a potential for probiotics, particularly HMX2, in less-
ening inflammation and promoting recovery of tissue from
DSS-induced liver damage.

Implications of gene expression by RT-qPCR
analysis of treated groups and comparison of gel
electrophoresis

Quantitative real-time gPCR analysis of miRNA expres-
sion profiles in mice subjected to DSS-induced colitis and
treated with probiotics are presented in Figures 4A-E.
The objective was to assess the modulation of key colonic
miRNAs involved in inflammation and immune regulation
because of probiotic interventions. The expression of
miR-143 (Figure 4A) was markedly suppressed in the DSS-
induced IN group, compared to the CN group, reflecting
its potential role in preserving mucosal integrity under
physiological conditions. Restoration of its levels following
both probiotic treatments, particularly with L. plantarum
HMX2, suggested a beneficial anti-inflammatory effect and
potential mucosal healing activity. miR-150 (Figure 4B),
which plays a pivotal role in immune regulation, showed
a notable increase in the DSS-induced (IN) group, indic-
ative of immune system dysregulation induced by DSS.
Administration of both P. acidilactici and L. plantarum sig-
nificantly reduced miR-150 expression, demonstrating the
probiotics’ capacity to attenuate the heightened immune
response associated with colitis. miR-223 (Figure 4C) was
significantly upregulated in DSS-treated mice (IN), in align-
ment with its known function in promoting neutrophil acti-
vation and inflammation. Interestingly, treatment with P.
acidilactici (BCB1H) led to a more substantial downregula-
tion of miR-223 than that with L. plantarum, highlighting
a potentially stronger immunomodulatory action of BCB1H.

Similarly, miR-155 (Figure 4D), a well-established pro-in-
flammatory miRNA, exhibited elevated expression in the
DSS-induced (IN) group, reinforcing its central role in colitis
pathology. Both probiotic strains were able to mitigate this
increase, with a particularly marked reduction observed in
the BCB1H group, supporting its role in dampening inflam-
matory pathways. In contrast, miR-375 (Figure 4E) displayed
minimal fluctuation across all groups, indicating that this

miRNA may not be directly involved in DSS-induced inflam-
mation or that its expression is not responsive to probiotic
intervention. These findings reinforced the utility of the
DSS-induced colitis model in simulating IBD by producing
dysregulated miRNA expression profiles that mirror clinical
observations. Moreover, the observed restoration of miRNA
balance through probiotic administration—especially with
P. acidilactici—provided compelling evidence of their
therapeutic potential. Altogether, these miRNAs not only
contribute to the understanding of molecular mechanisms
underlying colitis but also emerge as promising biomarkers
and therapeutic targets for IBD intervention strategies. The
gel electrophoresis analysis in Figures 5 presents examina-
tion results of crucial indicators that measure both colonic
integrity and inflammation across four experimental groups
of DSS-induced colitis mice. Pro-inflammatory cytokines
(TNF-a and IL-1p), E-cad, and MUC2 mucin served as evalu-
ated markers across all experimental groups.

Results in Figure 5A indicate an increased expression of
MUC2 in the groups treated with P. acidilactici BCB1H and
L. plantarum HMX2, compared to the intoxicated negative
control (IN). This increased expression suggests that both
probiotic strains successfully enhanced the production
of colonic mucin, a critical component of mucus barrier.
The restoration of MUC2 levels is indicative of the strains’
potential in mitigating the deterioration of mucus barrier
typically observed in UC. These probiotics may indirectly
reduce susceptibility to inflammation by fortifying mucus
barrier and by enhancing protection against luminal anti-
gens and pathogens. The RT-gPCR analysis revealed a sig-
nificant downregulation of IL-1f and IL-6 transcription in
probiotic-treated groups (L. plantarum HMX2 and P. acid-
ilactici BCB1H), thus aligning with their proposed anti-in-
flammatory roles. However, the expression of TNF-a did
not show significant changes across the groups. This sub-
tle effect on TNF-a might suggest strain-specific or local-
ized regulation of this cytokine, highlighting the complex
interplay between probiotics and inflammatory mediators.
Similarly, E-cad, a key marker of epithelial integrity, was
significantly downregulated in the intoxicated negative
control group, indicating epithelial damage because of
DSS-induced colitis. However, its expression levels were
restored in the probiotic-treated groups, suggesting the
potential role of P. acidilactici and L. plantarum in rein-
forcing epithelial cell-cell adhesion and reducing epi-
thelial barrier dysfunction. The results underlined the
potential of both P. acidilactici BCB1H and L. plantarum
HMX2 in repairing colonic damage in DSS-induced colitis.
Their administration not only upregulated protective mark-
ers such as MUC2 and E-cad but also downregulated key
pro-inflammatory cytokines, with the exception of TNF-a.
The enhancement of mucus barrier and epithelial integrity
probably contributes to their anti-inflammatory effects,
making these strains promising candidates for therapeutic
intervention in UC.

Figures 5A,B display gel electrophoresis results from
PCR amplifications to assess the gene expression of two
markers: TNF-a and E-cad. Panel A shows the expression
of the TNF-a gene, which is associated with inflammation.
The lanes represent different experimental groups: IN
(intoxicated negative control), CN (control), HMX2 (treated
with L. plantarum HMX2), and BCB1H (treated with P.



Therapeutic potential of probiotics to restore normal gut functions and suppress inflammation in DSS-induced 201

(A) miR-143 (B) miR-150
*p<0.05 *p<0.05
1.8 2.0
1.6 1.8
1.2 :
5 10 5 12
£ £10
- 0.8 2038
506 £ 0.6
0.4 0.4
0 0
CN (Control)  IN (DSS- BCB1H (DSS+ HMX2 (DSS+ CN (Control)  IN (DSS- BCB1H (DSS+ HMX2 (DSS+
Induced) P. acidilactici) L. plantarum) Induced) P. acidilactici) L. plantarum)
= Mean = Mean
(C) 0.05 miR-375
*n<
16 P
14
3 1.2
©
21.0
]
£08
206
%04
0.2
0
CN (Control)  IN (DSS- BCB1H (DSS+ HMX2 (DSS+
Induced) P. acidilactici) L. plantarum)
=Mean
(D) miR-155 (E) 0.001 miR-223
*k <
*p<0.05 p<v-
3.0
25 25
8, 2 20
g 20 o
215 215
o °
ke 5 1.0
£ 10 g
0.5 0.5
0 0
CN (Control)  IN (DSS- BCB1H (DSS+ HMX2 (DSS+ CN (Control) IN (DSS- BCB1H (DSS+ HMX2 (DSS+
Induced) P. aC|d|Iact|C|) L. plantarum) Induced) P. acidilactici) L. plantarum)
=Mean
» Mean

Figure 4 RT-gPCR analysis of miRNA expression profiles in mice subjected to DSS-induced colitis and treated with probiotic
strains. The relative fold expressions of (A) miR-143, (B) miR-150, (C) miR-223, (D) miR-155, and (E) miR-375 were determined across
four experimental groups of control (CN), DSS-induced colitis (IN), DSS+P acidilactici BCB1H (BCB1H), and DSS+L. plantarum HMX2
(HMX2). The data were subjected to statistical analysis, and miRNA levels were normalized to endogenous controls and expressed
as meanzSD (n = 8/group). The data were subjected to analysis of variance (ANOVA) to determine statistical significance. The
degree of significance was indicated by notations ‘P=0.05, “P=0.001, and “P=0.0001, while the absence of any notation indicated

lack of statistical significance.

acidilactici BCB1H). The presence of bands indicates the
expression of TNF-a, with the intensity of the bands poten-
tially correlating with the level of cytokine production.
Panel B examines the expression of E-cad, a protein crucial
for maintaining epithelial integrity. The bands in this panel
reflect how both probiotics (HMX2 and BCB1H) could influ-
ence E-cad expression, which would help to restore epithe-
lial barrier function in DSS-induced colitis. The 1-kb plus
DNA ladder on the left serves as a reference for determin-
ing the size of PCR products.

Gel electrophoresis results from PCR amplification
of the MUC2 and IL-1p genes are depicted in components
(Figures 5C and 5D). It evaluates gene expression related
to DSS-induced colitis and probiotic treatments. The MUC2
gene expression data can be viewed in image C, as it is
vital for upholding the protective intestinal mucus barrier.
Different experimental groups tested within Figures 5C and
5D include intoxicated negative control, control, HMX2,
and BCB1H. The presence of bands demonstrates MUC2
production, thus showing how probiotics affect operations
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BCB1H

Figure 5 Gel electrophoresis through PCR amplifications to assess the gene expression of two markers (A) TNF-a and (B)

E-cadherin (E-cad), and the genes (C) MUC2 and (D) IL-18.

of intestinal barrier. Band intensities indicate the amount
of genetic material produced by the cells. The gel image
(Figure 5D) showed the amplified levels of IL-1p, an inflam-
matory cytokine. The bands in this panel demonstrate
the levels of the IL-1p gene expression to determine gut
inflammatory responses. The IL-13 gene expression pat-
terns increased with high measures of inflammation but
decreased with probiotic-mediated anti-inflammatory
effects. By analyzing DNA products through the reference
100 bp plus DNA ladder, scientists are able to determine
their sizes. The study proved the understanding of how
probiotics affect MUC2 expression while controlling inflam-
matory responses through /L-1p to demonstrate their poten-
tial therapeutic effects on gut inflammation and intestinal
health support.

Conclusion

The human immune system and its immunological responses
are significantly influenced by gut microbiota, a complex
community of billions of bacteria residing in the Gl tract.
Gut microbiota plays a crucial role in defending against
pathogens and is closely associated with various inflamma-
tory diseases, including IBD. Current treatments of IBD are
often ineffective or come with undesirable adverse effects;
hence, no definitive cure is available. Therefore, the search
for a more effective therapeutic approach remains criti-
cal. While probiotics have shown promise in managing IBD,
their effects on composition of gut microbiome and immu-
nomodulatory mechanisms in murine colitis models are

underexplored. This study investigated, for the first time,
the therapeutic potential of selected L. plantarum HMX2
and P. acidilactici BCB1H strains and evaluated their impact
on gut microbiome dysbiosis, inflammatory cytokines, oxi-
dative stress, intestinal integrity, and liver histopathology,
implicating that both these probiotics helped to restore
normal state in mice.
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