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ARTICLE INFO ABSTRACT

Keywords: Ulcerative colitis is a common type of inflammatory bowel disease that affects millions of in-
Ukera_ﬁve colitis dividuals around the world. Traditional UC treatment has focused on suppressing immune re-
Diosmin sponses rather than treating the underlying causes of UC, which include oxidative stress,
Akkermansia muciniphila . . . . L. . . . .
Inflammation inflammation, and microbiota dysbiosis. Diosmin (DIO), a naturally occurring flavonoid, pos-

sesses antioxidant and anti-inflammatory properties. This study aimed to assess the efficacy of
DIO in treating dextran-sulfate sodium (DSS)-induced colitis, and to investigate some of its un-
derlying mechanisms, with an emphasis on Akkermansia muciniphila abundance, inflammatory
markers, and intestinal barrier function. C57BL/6 mice were given 4% (w/v) DSS to induce co-
litis. DSS-induced mice were administered DIO (100 and 200 mg/kg) or sulfasalazine orally for 7
days. Every day, the disease activity index (DAI) was determined by recording body weight,
diarrhea, and bloody stool. Changes in fecal A. muciniphila abundance, colonic MUC1 and MUC2
expression, as well as oxidative stress and inflammatory markers were all assessed. Histopatho-
logical changes, colonic PIK3PR3 and ZO-1 levels, and immunohistochemical examinations of
occludin and claudin-1, were investigated. DIO administration resulted in a dose-dependent
decrease in DAL as well as increase in A. muciniphila abundance and MUC2 expression while
decreasing MUC1 expression. DIO also dramatically reduced colonic oxidative stress and
inflammation by regulating the NF-xB and Nrf2 cascades, restored intestinal barrier integrity by
inhibiting PIK3R3 and inducing ZO-1, and improved occludin/claudin-1 gene expression and
immunostaining. This study provides the first evidence that DIO preserves intestinal barrier
integrity and increases A. muciniphila abundance in DSS-induced colitis. However, more research
is required to explore the impact of DIO on the overall composition and diversity of the gut
microbiota. Likewise, it will be important to fully understand the molecular mechanisms by
which A. muciniphila maintains intestinal barrier function and its potential use as an adjuvant in
the treatment of UC.
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1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) that causes stomach pain, intestinal inflammation, and bloody
diarrhea [1], all of which significantly reduce patients’ quality of life [2]. UC is becoming more common year after year, enhancing the
possibility of colorectal cancer [2]. UC pathogenesis is complex, with oxidative stress, intestinal mucosal damage, inflammation, and
microbial dysregulation all playing critical roles [3-5]. When the gut’s immune system is active, free radicals and pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-a and interleukin-6 (IL-6) are produced resulting in inflamed intestinal mucosa [6].
Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a genetic factor that improve cell homeostasis in UC by combating reactive oxygen
species (ROS) and inflammation [7]. While Heme oxygenase-1 (HO-1) is an antioxidant enzyme that elevates in response to oxidative
stress [8]. Hence, pharmacological Nrf2/HO-1 pathway activation could be a promising UC treatment option.

Surprisingly, abnormalities in the intestinal mucosal barrier function, which is a defining hallmark of UC, result in a defective
mucus layer or increased epithelial barrier permeability, allowing microbial invasion [9]. The intestinal mucosal barrier is formed by
epithelial cell tight junctions (TJs), which are composed of transmembrane proteins (occludins and claudins) and accessory proteins
(zonula occluden, ZO-1) that prevent spreading of pathogens and hazardous antigens across the epithelium [10]. Akkermansia
muciniphila (A. muciniphila) is a Verrucomicrobia gram-negative anaerobic bacteria that lowers pro-inflammatory cytokines production
and promotes gut flora normalization [11]. Furthermore, A. muciniphila secretes glycoside hydrolases, proteases, sulfate, and sialic
acid, which breakdowns mucin 1 (MUCL1), resulting in decreased colon inflammation [12]. Likewise, it stimulates mucin 2 (MUC2)
expression in intestinal epithelial cells, assisting in the maintenance of appropriate intestinal barrier function [13].

Corticosteroids, mesalamine, and immunosuppressive medicines, which are currently utilized to treat UC, are linked with serious
adverse effects and do not give long-term cures [14]. Natural products are promising alternatives to conventional therapy for the UC
treatment [15]. Flavonoids are polyphenolic substances having anti-inflammatory and antioxidant properties, with good safety and
few adverse effects [16]. Diosmin (DIO), a flavone glycoside, exhibits potent venoprotective [17], antioxidant and anti-inflammatory
properties [18]. However, only few studies have looked at the effect of DIO on UC [19,20], and they found that it suppressed
inflammation, apoptosis, and oxidative damage in colitis. However, no previous research has been undertaken to assess the modu-
latory effects of DIO on A. muciniphila abundance and intestinal barrier function alterations that occur during UC. Accordingly, the
purpose of this study is to evaluate the efficacy of DIO in alleviating experimentally induced colitis, with a focus on A. muciniphila
abundance, and intestinal barrier function. Our findings suggest that DIO therapy, by preserving the integrity of the intestinal barrier,
and increasing the abundance of A. muciniphila, could reduce colon damage and prevent the progression of UC in DSS-induced colitis
while maintaining gut health. DIO was also found to reduce oxidative stress and inflammation by modifying the Nrf2 and NF-xB
pathways.

2. Materials and methods
2.1. Chemicals and reagents

DIO (Dioven®, AMRIYA PHARM. CO., Cairo, Egypt, batch number: 2120001), sulfasalazine (SSZ, Colosalazine-EC®, The Arab
Company for gelatin and pharamaceutical products, Alexandria, Egypt, batch number: 622400588113) and dextran sulfate sodium
(DSS, CHEM-LAB, Zedelgem, Belgium with a molecular weight of 36,000-50,000 Da, CAS no. 26.4361710) were purchased. All the
analytical kits were provided from Biodiagnostic Company (Giza, Egypt).

2.2. Animals

Male C57BL/6 mice (20-25 g) were acquired from Theodor Bilharz Research Institute (TBRI)’s animal house in Giza, Egypt.
Throughout the experiment, mice were accommodated at the animal house with free access to water and regular chow under
controlled circumstances at 25 °C, with a 12 h/12 h light/dark cycle and 50-60% humidity. All efforts were made to treat the mice
humanely, to adhere to ethical standards, and to utilize only the number of animals necessary to generate acceptable scientific results.
In addition, we attempted to standardize experimental conditions in our laboratory as much as possible at the beginning of experiment
design in order to minimize the effect of confounding factors and ensure that it had no effect on the research outcomes. This was
accomplished through a variety of means, including randomization and the use of mice of the same age, gender, and inbred genetic
strain. Mice are also kept in the same temperature and humidity-controlled conditions, in the same bedding cages, eating the same
food, drinking the same water, and being handled in the same way. Water was autoclaved, and drinking bottles, bedding, and cages
were sterilized on a regular basis to ensure that only normal opportunists and commensals were present. Lastly, randomly assigning
mice to different groups distributes known and unknown confounding variables equally, resulting in more reliable and accurate
results.

2.3. Colitis model and experimental protocol

Thirty mice were randomly assigned to five groups of six mice each. Normal mice in Group 1 were given the treatment vehicle (2%
Cremophore-El; Sigma-Aldrich, St. Louis, MO, USA) for 7 days. Group 2 received 4% (w/v) DSS in drinking water for 7 days [21], and
groups 3—5 included DSS-induced colitis mice that were orally treated with SSZ (200 mg/kg) [22] or DIO at dosages of 100 and 200
mg/kg, respectively [23] for 7 days. Body weight, bleeding, and stool character were recorded every day, and on day eight of the
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Table 1
Primer sequences for quantitative real-time PCR analysis.

Target gene(s) Amplicon length (bp) Primer sequence

NF-xB 78 Forward primer: 5-CTGGTGGACACATACAGGAAGAC-3'
Reverse primer: 5-ATAGGCACTGTCTTCTTTCACCTC-3'

TNF-o0 246 Forward primer: 5-~ACCCTCACACTCACAAACCA-3'
Reverse primer: 5-GGCAGAGAGGAGGTTGACTT-3'

IL-6 542 Forward primer: 5-CTGGTGACAACCACGGCCTTCCCTA-3'
Reverse primer: 5-ATGCTTAGGCATAACGCACTAGGTT-3'

HO-1 127 Forward primer: 5-TTCAGAAGGGCCAGGTGACC-3'
Reverse primer: 5-AAGTAGACAGGGGCGAAGACTGG-3'

Nrf2 225 Forward primer: 5-ATGATGGACTTGGAGCTGCC -3'
Reverse primer: 5-TTGTAACTGAGCGAAAAAGGCTTT-3'

Mucin 1 133 Forward primer: 5-ACCTACCATCCTATGAGCGAG-3'
Reverse primer: 5-GGTTTGTGTAAGAGAGGCTGC-3'

Mucin 2 70 Forward primer: 5-TGAAGACCTGCGGCTGTGT-3'
Reverse primer: 5-CAGTCGAACTCGAAGTGCTCC-3'

Occludin 138 Forward primer: 5-TCACTTTTCCTGCGGTGACT-3'
Reverse primer: 5-GGGAACGTGGCCGATATAATG-3'

Claudin-1 210 Forward primer: 5-ATGCAAAGATGTTTTGCCAC-3'
Reverse primer: 5-TACAAATTCCCATTGCAGCCC-3'

Beta actin 118 Forward primer: 5GGGAATGGGTCAGAAGGACT-3'
Reverse primer: 5-CTTCTCCATGTCGTCCCAGT-3'

A. muciniphila 329 Forward primer: 5-CAGCACGTGAAGGTGGGGAC-3'
Reverse primer: 5-CCTTGCGGTTGGCTTCAGAT-3'

Universal bacteria 118 Forward primer: 5GGGAATGGGTCAGAAGGACT-3'

Reverse primer: 5-CTTCTCCATGTCGTCCCAGT-3'

experiment, fecal samples were collected aseptically, mice were weighted, euthanized by quick decapitation under light anesthesia
with thiopental (50 mg/kg, i.p.), and the colon was dissected. The distance from the junction of the ileocecal canal and the anal border
was examined to assess the degree of morphometric inflammation. The distal colon was preserved in 4% formalin, submerged in
paraffin, and cut into 5 pm-thick sections. Another section of the colon was taken and washed with ice-cold saline before being dried,
weighed, and homogenized in ice-cold saline to provide a 10% homogenate for biochemical analysis, ELISA, and RNA extraction.

2.4. Disease activity index (DAID)

The DAI was computed as the sum of three parameters: body weight loss (0, < 1%; 1, 1-5%; 2, 5-10%; 3, 10-15%; 4 > 15%),
diarrhea (0, normal; 2, loose stools; 4, watery diarrhea), and blood in the stool (0, no bleeding; 2, slight bleeding; 4, extensive bleeding)
[24].

2.5. Assessment of colonic oxidative stress markers

Colon tissue homogenates were utilized to assess reduced glutathione (GSH), catalase (CAT), malondialdehyde (MDA), and nitric
oxide (NO) concentrations using commercial kits (Biodiagnostic, Giza, Egypt).

2.6. Assessment of colonic PIK3R3 and ZO-1 levels

Tissue contents for Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) and Zonula occludens-1 (ZO-1) were determined
using ELISA kits (Sunlong Biotech Co., LTD, China; CAT no: SL0896Mo, CAT no: SL0895Mo, respectively) and the results were
expressed as ng/mg protein.

2.7. Quantitative RT- PCR analysis

Total RNA was isolated from colon tissues in an RNase-free environment using the RNeasy Mini kit (Qiagen) according to the
manufacturer’s instructions to examine the expression of NF-kB, TNF-a, IL-6, Nrf2, HO-1, MUC1, MUC2, occludin, and claudin-1. The
RNA amount and purity were determined using a Thermo Fisher Scientific NanoDrop 2000 spectrophotometer (Wilmington, DE, USA).
Thermo Scientific RevertAid First Strand cDNA Synthesis Kit was used to reverse-transcribe 1 pg of RNA. The PCR reactions were
carried out using a StepOne™ Real-Time PCR System using 10 pl 2 x PowerUp™ SYBR™ Green/ROX PCR Master Mix (Applied
Biosystems, ThermoFisher Scientific, USA). To determine the abundance of A. muciniphila in feces, bacterial DNA was isolated from
feces using the QIAamp DNA Stool Mini Kit (Qiagen Hidden, Germany) according to the manufacturer’s instructions. Five pl of isolated
DNA was utilized, along with 10 pl of 2x SYBR Green PCR Master Mix (Power Up™ SYBR™ Green Master Mix, Thermo Scientific, USA)
and 5 pmole of each primer. The primer sequences used are listed in Table 1. The comparative cycle threshold (Cp) (2724T) method
was used to calculate the relative expression [25]. All NF-xB, TNF-a, IL-6, Nrf2, HO-1, MUC1, MUC2, occludin, and claudin-1
expression levels were normalized to beta-actin as an invariant endogenous control. Meanwhile, the content of Fecal A. muciniphila
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Fig. 1. Effect of DIO on clinical manifestations in mice with DSS-induced colitis. Daily body weight variations (A), representative images of colon
length (B), quantitative analysis of colon length (G), and DAI recorded on the 8" day of the experiment (D). 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. * # * Significantly different from normal control,
DSS-induced colitis and DSS + DIO 100 mg/kg groups at p < 0.05, respectively. DSS: dextran sulfate sodium; DAL disease activity index; SSZ:
sulfasalazine; DIO: diosmin.

was calculated and normalized to the internal reference gene (universal bacterium).

2.8. Histopathological examination of colon tissue

Tissues from mice’s distal colon were fixed in 4% buffered formalin and embedded in paraffin before being cut into 5 pm slices and
stained with hematoxylin and eosin (H&E) according to conventional techniques. The sections were analyzed with a computerized
image analysis system (Axiovision version 4.8, Zeiss Germany) and captured at a final magnification of x200. The colon was examined
under a microscope for damage based on the degree of inflammation and the presence of edema and/or ulceration; 0, normal; 1, minor
inflammation; 2, minor inflammation with edema; 3, moderate inflammation with ulceration; and 4, severe inflammation with
ulceration.

2.9. Immunohistochemical examinations (IHC) for TNF-a, IL-6, occludin, and claudin-1

Deparaffinized paraffin slices were rehydrated and washed in Tris-buffered saline after being deparaffinized in xylene. Endogenous
peroxidase activity was inhibited by incubating for 5 min in 3% H30; in methanol. Non-specific binding sites were blocked for 20 min
with non-serum Protein Block (DAKO, Carpinteria, CA). Antigen retrieval for monoclonal anti-TNF-a, IL-6, occludin, and claudin-1
staining (Santa Cruz Biotechnology, USA) was accomplished by microwaving sections in citrate buffer (pH = 6) for 15 min.
Following a PBS wash, a secondary antibody (Agilent Dako, CA, USA) was administered for 60 min. 3,3-diaminobenzidine chromagen
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Fig. 2. Effect of DIO 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. * # - I Significantly different from normal control, DSS-induced colitis, DSS + SSZ and DSS + DIO 100 mg/kg groups at p < 0.05, respectively.
DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin; GSH: reduced glutathione; CAT: catalase; MDA: malondialdehyde; NO: nitric oxide;
Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1.

(Agilent Dako, CA, USA) was used to visualize the reaction. After that, the slides were counterstained with hematoxylin, mounted, and
examined. The percentages of cytoplasmic TNF-a, IL-6, occludin, and claudin-1 positively stained cells in 10 successive fields for each
mouse (x400) were measured.

2.10. Statistical analysis

The data are presented as Mean + SEM. All data were analyzed using the SPSS software (Version 16.0, Chicago, IL, USA). One-way
analysis of variance (ANOVA) was used to perform comparison between multiple groups. When differences were identified, the
Tukey’s post hoc test was used to describe specific differences between each pair of means with appropriate adjustment for multiple
testing, where it keeps experiment-wise alpha at the specified level (conventionally 0.05). In all analyses, the confidence interval was
set at 95%, and P values less than 0.05 were considered statistically significant.

3. Results

3.1. Effect of DIO on body weight and DAI in DSS-induced colitis

The current investigation successfully established DSS-induced acute colitis in mice, as evidenced with characteristic colitis
manifestations that include bloody diarrhea, ulceration, weight loss, and colon shortening. During the experiment, the normal mice
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Fig. 3. Effect of DIO on colonic A. muciniphila abundance (A) and MUC1, MUC2 (B) expressions as well as PIK3R3 (C) and ZO-1 (D) contents 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. * # ¥ Significantly different from normal, DSS-induced colitis and DSS + DIO 100 mg/kg groups at p < 0.05, respectively. DSS:
dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin; A. muciniphila: Akkermansia muciniphila; MUC1: mucin 1; MUC2: mucin 2; PIK3R3:
Phosphoinositide-3-kinase regulatory subunit 3; ZO-1: zonula occlude.

showed a steady increase in body weight. DSS, on the other hand, significantly (p < 0.05) reduced body weights when compared to
normal control mice (Fig. 1A). When compared to DSS-induced mice, SSZ (200 mg/kg), DIO (100 mg/kg) or DIO (200 mg/kg)-treated
groups showed a considerable (p < 0.05) recovery of body weights (Fig. 1A). Furthermore, when compared to the normal control
group, DSS administration resulted in noticeable colon shortness as an indication of colon inflammation (Fig. 1B and C). When
compared to DSS-induced group, SSZ (200 mg/kg) or DIO (100 mg/kg) treatment dramatically improved colon shortening. In
particular, better recovery of colon shortening was observed after administration of DIO (200 mg/kg) (Fig. 1B and C). When mice were
administered DSS alone, they experienced a substantial increase in DAI scores (p < 0.05), an indicator of colitis severity, when
compared to normal control mice (Fig. 1D). Treatment with either SSZ (200 mg/kg) or DIO (100 mg/kg) significantly (p < 0.05)
reduced DAI scores when compared to DSS-induced group (Fig. 1D). However, DAI score improvement was superior in the group
treated with DIO (200 mg/kg).

3.2. Effect of DIO on colonic oxidative stress status in DSS-induced colitis

Fig. 2 (A-F) depicts the effect of DIO on the oxidative stress indicators, alongside the expression of Nrf2 and HO-1 in mice colon
tissue. Compared to the normal control group, DSS-induced colitis mice demonstrated a significant (p < 0.05) decline in colonic GSH
(Fig. 2A) and CAT (Fig. 2B) contents, as well as Nrf2 (Fig. 2E), and HO-1 (Fig. 2F) expression, along with a substantial (p < 0.05)
increase in MDA (Fig. 2C) and nitric oxide (NO) (Fig. 2D) contents, revealing a decrease in free radical scavenging and an increase in
oxidative stress. Mice treated with either SSZ (200 mg/kg) or DIO (100 mg/kg) showed considerable replenishment in colonic GSH and
CAT contents, as well as a significant improvement in Nrf2 and HO-1 expression, and a meaningful (p < 0.05) loss of colonic MDA and
NO contents compared to the DSS-induced colitis group, suggesting recovery of the ability to eliminate free radicals, particularly with
the higher dose of DIO (200 mg/kg).

3.3. Effect of DIO on fecal A. muciniphila abundance and intestinal barrier integrity in DSS-induced colitis

The abundance of fecal A. muciniphila was considerably (p < 0.05) decreased in the DSS-induced colitis group than in the normal
control group, suggesting microbiota dysbiosis (Fig. 3A), which coincides with an impressive (p < 0.05) increment in colonic MUC1
expression along with a significant (p < 0.05) depletion in MUC2 expression (Fig. 3B). Furthermore, the colon PIK3R3 content was
significantly (p < 0.05) increased (Fig. 3C), whereas the colon ZO-1 (Fig. 3D) content was significantly decreased, indicating intestinal
TJ disruption. In comparison to the DSS-induced colitis group, administering SSZ (200 mg/kg) or DIO (100 mg/kg) remarkably (p <
0.05) enhanced fecal A. muciniphila abundance, colon MUC2, and ZO-1 content, while significantly reducing MUC2 expression and
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Fig. 4. Effect of DIO 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 DIO at doses of 100 mg/kg (D), and 200 mg/kg (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; DIO: diosmin. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

Table 2

Effect of diosmin on colonic histopathological scoring of inflammation, edema, and ulceration.

Animal groups

Histopathological scoring

Inflammation Edema Ulceration
Normal control 2.00 + 0.68 0.00 + 0.00 0.00 + 0.00
DSS 51.67 + 3.07* 43.33 £ 1.67* 52.50 + 2.14*
DSS + SSZ 22.50 + 1.12+% 20.00 + 2.24** 23.17 + 1.01+*

DSS + DIO 100
DSS 4 DIO 200

30.00 + 3.65*%
14.33 + 1.48%

25.83 + 2.71**
10.00 + 1.29%7

26.67 + 1.67**
7.67 + 0.92%1

Values are presented as means of 6 mice + SEM. Statistical analysis was carried out using one-way ANOVA followed by Tukey’s post hoc test. **

# 1,

DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin.

i Significantly different from normal control, DSS-induced colitis, DSS + SSZ and DSS + DIO 100 mg/kg groups at p < 0.05, respectively.



M.B. Salem et al. Heliyon 10 (2024) e27527

Table 3

Effect of diosmin on colonic inflammatory markers (NF-kB, TNF-o and IL-6) and epithelial TJ proteins (occludin and claudin-1) gene expression.
Animal groups Inflammatory markers Epithelial TJ proteins

NF-xB TNF-a IL-6 Occludin Claudin-1

Normal control 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00 1.00 + 0.00
DSS 2.27 + 0.15% 4.49 + 0.29% 3.90 + 0.39% 0.26 + 0.03* 0.41 + 0.02*
DSS + SSZ 1.51 + 0.13** 2.70 + 0.31*% 2.19 + 0.04** 0.53 + 0.04** 0.71 + 0.03**
DSS + DIO 100 1.60 + 0.06%* 2.51 + 0.15*% 2.09 + 0.14*% 0.57 + 0.03*% 0.76 + 0.04*%
DSS -+ DIO 200 1.13 + 0.12% 1.92 + 0.22* 1.35 + 0.12%F 0.72 + 0.04*1 0.87 + 0.02*1

Values are presented as means of 6 mice + SEM. NF-kB, TNF-a and IL-6 gene expressions were detected using qRT-PCR. Statistical analysis was carried
out using one-way ANOVA followed by Tukey’s post hoc test. *» # ' * Significantly different from normal control, DSS-induced colitis, DSS + SSZ and
DSS + DIO 100 mg/kg groups at p < 0.05, respectively. DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin, NF-kB: nuclear factor kappa B;
IL-6: interleukine 6; TNF-o: tumor necrosis factor-alpha.
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Fig. 5. Effect of DIO on colonic TNF-a immunostaining changes (DAB, IHC, TNF-a, x400) 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 DIO at doses of 100 mg/kg (D), and 200 mg/kg (E), and (F)
% of TNF-o immunostaining. DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin; TNF-a: Tumor necrosis factor-alpha. Black arrows
indicated mucosal epithelial lining cells and red arrows indicated number of lamina propria mononuclear cell. 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. * * Significantly different from normal, DSS-
induced colitis, DSS + SSZ or DSS + DIO 100 mg/kg groups at p < 0.05, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 6. Effect of DIO on colonic IL-6 immunostaining changes (DAB, IHC, IL-6, x400) 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 DIO at doses of 100 mg/kg (D), and 200 mg/kg (E), and (F) % of
IL-6 immunostaining. DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin; IL-6: interleukin 6. Black arrows indicated mucosal epithelial
lining cells and red arrows indicated number of lamina propria mononuclear cell. 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. * # ¥ Significantly different from normal, DSS-induced colitis, DSS
+ SSZ or DSS + DIO-100 mg/kg groups at p < 0.05, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

PIK3R3 content, with DIO at 200 mg/kg showing superb improvement (Fig. 3A-D).

3.4. Effect of DIO on histopathological alterations in DSS-induced colitis

The histological examination is presented in Fig. 4, where colon sections from normal mice exhibited intact colonic architecture
with regular glandular arrangement and no obvious histological abnormalities (Fig. 4A). Nonetheless, the colonic mucosa in the DSS
group showed epithelial atrophy as a lack of glands and mucosal flattening, with ulcers (epithelial necrosis involving the entire
thickness of the mucosa), sudden complete loss of glands substituted by granulation tissue, acute and chronic inflammatory infiltrate
glands in lamina propria, glandular distortion, and erosion of epithelial mucosa (Fig. 4B). Treatment with SSZ (200 mg/kg) and DIO
(100 mg/kg) drastically lowered the extent and severity of colonic cell damage and restored the architect of colonic mucosa with
almost normal regular glandular arrangement, while their mucinous compartment was preserved with linear crypts and regular
glandular arrangement with mild inflammatory cell infiltrate (Fig. 4C and D). DIO treatment at 200 mg/kg revealed almost normal
mucosa, preserved colon architecture, and no inflammatory cell infiltrate (Fig. 4E).
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Fig. 7. Effect of DIO on colonic occludin immunostaining changes (DAB, IHC, occludin, x400) 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 DIO at doses of 100 mg/kg (D), and 200 mg/kg (E), and
(F) % of occludin immunostaing. DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin. Black arrows indicated epithelium appearance and
red arrows indicated edema and leucocytes infiltration. The values are presented as means of 6 mice + SEM. One-way ANOVA was used for sta-
tistical analysis, followed by Tukey’s post hoc test. ** * T Significantly different from normal control, DSS-induced colitis or DSS + SSZ groups at p <
0.05, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

In terms of histological grading of colon damage, DSS generated serious edematous inflammation in the colon, with a significantly
higher microscopic score (p < 0.05) of colonic injury than normal control mice. Table 2 shows that the mucosa was ulcerated,
edematous, and hemorrhagic. While, DIO (100 and 200 mg/kg/day) or SSZ (200 mg/kg/day) therapy greatly decreased (p < 0.05) the
severity of the gross lesions score when compared to the DSS-induced colitis group. In addition, the DIO-treated group (200 mg/kg/
day) showed the best protective effect.

3.5. Effect of DIO on inflammatory markers in DSS-induced colitis

The DSS group had significantly higher mRNA levels of NF-kB, TNF-a, and IL-6 (p < 0.05) compared to normal control mice,
indicating increased colon inflammation. Treatment with SSZ or DIO (100 mg/kg) significantly reduced NF-kB, TNF-q, and IL-6 gene
expressions (p < 0.05) compared to the DSS-induced colitis group. While, treatment with DIO at 200 mg/kg showed a substantial
decline in their expressions (p < 0.05) when compared to either SSZ or DIO (100 mg/kg) treated groups (Table 3), with normalization
of colonic NF-xB, TNF-a, and IL-6 gene expressions.
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Fig. 8. Effect of DIO on colonic claudin-1 immunostaining changes (DAB, IHC, Claudin-1, x400) 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 DIO at doses of 100 mg/kg (D), and 200 mg/
kg (E), and (F) % of claudin-1 immunostaining. DSS: dextran sulfate sodium; SSZ: sulfasalazine; DIO: diosmin. Black arrows indicated mucosal
epithelial lining cells and red arrows indicated number of lamina propria mononuclear cell. 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. ** # ! * Significantly different from normal control, DSS-induced
colitis, DSS + SSZ or DSS + DIO 100 mg/kg groups at p < 0.05, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Likewise, colon sections from normal control mice exhibited negative IHC expression of TNF-« and IL-6 in intestinal epithelial cells
or lamina propria (Figs. 5 and 6A). Meanwhile, colonic mucosa from DSS-induced colitis group displayed marked cytoplasmic
brownish IHC expression of TNF-a and IL-6 (75% and 65.83%, respectively) in the atrophic mucosal epithelial lining cells with a
moderate expression in lamina propria mononuclear cells (Figs. 5 and 6B, F). Treatment with either SSZ or DIO (100 mg/kg) showed
moderate IHC expressions of TNF-a (31.67% and 26.67%, respectively) (Fig. 5C, D, F) and IL-6 (26.67% and 18.33%, respectively)
(Fig. 6C, D, F) in intestinal epithelial cells and lamina propria mononuclear cells. Meanwhile, treatment with DIO at a dose of 200 mg/
kg resulted in excellent recovery of intestinal TNF-a and IL-6, with lower IHC expressions of TNF-a (8%) (Fig. 5 E, F) and IL-6 (7.83%)
(Fig. 6 E, F) in intestinal epithelial cells.

11



M.B. Salem et al. Heliyon 10 (2024) e27527
3.6. Effect of DIO on epithelial TJ proteins in DSS-induced colitis

The effects of DIO on TJ proteins occludin and claudin-1 were studied in colon tissues. DSS-induced UC showed decreased mRNA
expression (p < 0.05) of occludin and claudin-1 in colon tissues. Meanwhile, treatment with SSZ or DIO (100 mg/kg) increased their
expressions significantly as compared to the DSS-induced colitis group. Treatment with DIO (200 mg/kg) restored their gene
expression (Table 3). In terms of occludin IHC expression, colon sections from normal mucosa showed mild and scattered cytoplasmic
brownish expression (30.83%) in intestinal epithelial cells and mononuclear cells in the lamina propria (Fig. 7A and F). Colonic
mucosa from DSS-induced colitis group showed mild cytoplasmic brownish expression of occludin (8.33%) in atrophic mucosal
epithelial lining cells, with a low number in lamina propria mononuclear cells (Fig. 7B and F). Administration of either SZZ or DIO
(100 mg/kg) produced moderate occludin expression (57.50% and 78.33%, respectively) in intestinal epithelial cells and lamina
propria mononuclear cells (Fig. 7C and D). However, treatment with DIO (200 mg/kg) revealed a marked cytoplasmic brownish
expression of occludin (90%) in intestinal epithelial cells and lamina propria mononuclear cells, indicating better restoration of in-
testinal TJs (Fig. 7E and F). Concerning IHC expression of claudin-1, colon sections from normal mice revealed marked cytoplasmic
brownish expression (90%) in intestinal epithelial cells and lamina propria mononuclear cells (Fig. 8A and F). Colonic mucosa from the
DSS-induced colitis group exhibited mild cytoplasmic brownish expression of claudin-1 (10.84%) in the atrophic mucosal epithelial
lining cells with a moderate expression in lamina propria mononuclear cells (Fig. 8B and F). Treatment with SSZ or DIO (100 mg/kg)
resulted in moderate claudin-1 expressions (59.17% and 42.50%, respectively) in intestinal epithelial cells and mononuclear cell
lamina propria (Fig. 8C and D). However, DSS-induced mice showed improved restoration of intestinal claudin-1 after treatment with
DIO at 200 mg/kg, with claudin-1 expression (80.83%) in intestinal epithelial cells and lamina propria mononuclear cells (Fig. 8E and
F).

4. Discussion

UC is the most prevalent form of IBD, which affects millions of individuals worldwide. UC usually starts in adulthood and continues
throughout the individual’s life [26]. Previous medical approaches for treating UC symptoms have mostly focused on lowering
immunological responses [27], nonetheless they generally do not treat the underlying reasons, which include a damaged mucus layer
in the digestive tract and microbiota dysbiosis, resulting in a loss of intestinal barrier functions [28]. Therefore, it is critical to find a
safe therapeutic avenue that can modulate gut microbiota dysbiosis and restore intestinal barrier integrity to manage UC.

In the present study, drinking 4% (w/v) DSS successfully established colitis in mice, which mimics the pathological changes seen in
UC patients, such as severe diarrhea, loose stools, and apparent fecal blood, resulting in considerable weight loss, and inflammatory
cell infiltration [29,30]. Numerous investigations have shown that oral administration of DSS to mice can result in colitis that precisely
resembles the histological features and pathogenesis of UC in humans [21,31]. Herein, mice colon length decreased significantly after
drinking DSS, and this decrease was associated with severely inflamed, edematous and ulcerated colons. Furthermore, histological
examination of the whole colonic mucosa indicated degeneration, erosion, congestion, inflammatory cell infiltration, necrosis, and
goblet cell hyperplasia. Conversely, oral DIO administration restored the high DAI score by reversing the clinical symptoms of
DSS-induced colitis, as seen by reduced body weight loss, improved stool consistency, and decreased rectal bleeding. These findings are
congruent with those of Shalkami et al. [20], who reported that administering two doses of DIO to mice resulted in a dose-dependent
decrease in DAI and colon damage index scores. Furthermore, histological examinations revealed that DIO treatment restored colon
tissue integrity, as seen by decreased colon inflammation, diminished epithelial erosion, and increased colon length. Notably, DIO’s
ability to improve ulcer healing and decrease bloody diarrhea may be related to increased venous tone, decreased capillary perme-
ability, and inflammation reduction [32]. As a result, these findings suggest that DIO may have a protective role against experimentally
induced colitis.

Oxidative stress and inflammation are important factors in the development of UC, as they cause intestinal tissue damage and
microbiota dysbiosis [33]. Furthermore, they are thought to be important triggers in the development of UC to colon cancer [34,35].
Free radical overproduction combines with fatty acids in intestinal cell membranes, leading to lipid peroxidation and depletion of
antioxidant enzymes such as GSH and CAT [36,37]. GSH is assumed to be a scavenger of free radicals or cellular oxidation blocker, and
its deficiency is associated with oxidative stress [38]. Furthermore, GSH and CAT depletion triggered a reactive oxygen metabolite
cascade, resulting in extensive lipid peroxidation and polyunsaturated lipid breakdown [39,40]. Increased oxidative stress was
detected in the colitis model in the present study, which was supported by elevated MDA content as well as decreased GSH content and
CAT activity in colon tissues, and these findings are compatible with those of Shahid et al. [41]. Furthermore, oxidative stress status
was induced by a decrease in colonic Nrf2 and HO-1 expression, which was coupled with the rise in colonic NO content. Excess NO
generation in UC enhances the generation of ROS and reactive nitrogenous species, resulting in colonic damage [42]. Nrf2 and NF-xB
play critical roles in the body’s reaction towards oxidative overload and inflammation [43]. Nrf2 deficiency enhances NF-xB
expression, resulting in increased generation of inflammatory cytokines like TNF-a and IL-6, whereas NF-kB can influence downstream
target gene expression by regulating Nrf2 transcription and activity [44]. Previous research has implicated the Nrf2/HO-1 and NF-xB
signaling pathways in the pathogenesis of various diseases including UC, and that their modulation by treatment abrogates these
diseases [41,45-48]. TNF-a and IL-6 are important inflammatory mediators involved in intestinal tract inflammation, and TNF-«
expression is linked to the development of UC, resulting in IL-6 production in response to immunological dysregulation [49,50].
Therefore, their inhibition is an important target in the regulation of UC development [51]. The current study found that inflammatory
markers such as NF-kB, TNF-a and IL-6 were considerably raised in the colon tissues of mice with DSS-induced colitis. These data
suggest that the colons of the colitis group were inflamed, which is corroborated by histological and immunohistochemical findings.
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Herein, administration of DIO, particularly at the high dose, revealed potent antioxidant, free radical-scavenging, and
anti-inflammatory activities, as evidenced by the prevention of GSH, CAT, Nrf2, and HO-1 depletion, with a substantial reduction in
colonic MDA and NO contents, NF-kB expression as well as TNF-a and IL-6 immunostaining and gene expression. The restoration of
antioxidant defense enzymes (GSH and CAT) and the reduction of oxidative stress (MDA and NO) with suppression of inflammatory
cytokines are strong indicators of DIO’s anti-UC effect. These results supports previous findings that DIO has powerful antioxidant and
anti-inflammatory properties in the treatment of experimentally induced colitis models [19,20]. Furthermore, the Nrf2/HO-1 signaling
pathway was dramatically inhibited in the DSS-induced colitis group and significantly upregulated in the treated groups, indicating
that the Nrf2/HO-1 signaling pathway plays a role in the relief of colitis pathogenesis [52]. The Nrf2/HO-1 pathway protects against
oxidative stress-induced damage by reactivating endogenous antioxidant enzymes such as GSH, CAT, and HO-1 [53]. Importantly, the
activation of the Nrf2 pathway may have played a role in the reduction in inflammatory responses in the DIO-treated groups. NF-kB is
typically found in the cytoplasm in inactive state by binding to the IkB inhibitory protein, and its activation is dependent on free
radical-induced oxidative stress. When ROS levels rise, NF-xB enters the nucleus and interacts with DNA, causing the expression of
several proinflammatory factors such as TNF-a and IL-6 [54]. According to Pan et al. [55], the loss of Nrf2 could lead to more
aggressive inflammation by inducing pro-inflammatory cytokines and NF-«xB. Thus, upregulating Nrf2 with DIO could inhibit NF-kB,
activating antioxidant defenses and limiting proinflammatory cytokine transmission. These findings are consistent with previous
studies [56,57]. Likewise, we suggest that DIO, particularly at high doses, reduced both inflammation and oxidative stress in murine
colitis by activating the Nrf2 pathway. Aside from that, further investigations are essential to examine the complete mechanisms by
which DIO alleviates UC. Recent studies suggested that Thymosin 4 (Tf4), a multifunctional and widely distributed peptide, plays a
pivotal role in several physiological and pathological processes in the body, including increasing angiogenesis and proliferation while
inhibiting apoptosis and inflammation [58]. TP4 acts as an endogenous iron chelator, influencing anti-oxidative processes related to
free iron ions and ROS production, its administration increases the expression of oxidative stress genes [58], and it could be used as a
new and early biomarker of cellular stress [59]. Tp4 is expressed in the human intestine and modulates the immune system [60], and it
is believed to be useful in the treatment of gastrointestinal disorders [61]. T4 modulates inflammatory cytokines and chemokines, and
has therapeutic benefits on liver injury and Crohn’s disease [62,63]. However, its role in treating UC has not been studied. Given its
rich biological activity, antioxidative and anti-inflammatory abilities, future study should focus on the role of this essential peptide in
the treatment of UC.

Pathogenic gut microbiota disruption causes an impaired intestinal barrier and promotes the onset of UC, where the gut microbiota
composition, diversity, and richness are altered in UC patients [64], thus, addressing gut microbiota can potentially be used to treat
UC. Aside from gut microbiota, the mucus layer not solely acts as a physical barrier but it additionally has potent antimicrobial
properties. A. muciniphila is a key player in the colonic mucus-associated microbiota that resides in the intestine’s mucus layer, a niche
close to host cells, and is required for mucus production in the human gut to maintain a healthy mucus layer and intestinal wall
thickness [65]. Our findings revealed that DSS reduced A. muciniphila abundance in the feces, which resulted in a decline in colonic
MUC2 expression and an increase in colonic MUC1 expression. These findings are consistent with those of [66], who reported mucus
layer thinning and inflammation aggravation in UC patients. Additionally, a prior study found that mice with DSS-induced colitis had
thinner mucus, whereas MUC2 deficient animals were more prone to both spontaneous UC and DSS-induced colitis [67], Moreover,
A. muciniphila abundance is reduced in UC patients, which is associated with higher inflammatory scores [68-70]. It is worth noting
that oral DIO administration restored normal A. muciniphila abundance and decreased the DSS-induced elevation of MUC1, with a
significant increase in colonic MUC2 expression, indicating increased intestinal mucosa thickness, modulating gut microbiota dys-
biosis, and thus reducing inflammation.

Interestingly, A. muciniphila in the gut is positively associated with restoration of gut barrier function via mucus layer thickness
modulation [71]. The presence of A. muciniphila in the mucus layer, close to the epithelial layer, most likely has a significant impact on
the immune modulatory mechanisms developed by this bacterium. Because A. muciniphila levels are low in many inflammatory dis-
eases, its absence during inflammation may prevent immune suppression at the mucosal epithelial border [71]. The initial pathological
change that strengthens injury and inflammation is thought to be functional loss of epithelial cell barrier integrity, which results in the
migration of luminal antigens into the submucosa, exposing lamina propria immune cells to these antigens and eliciting an inflam-
matory response in the intestine [72]. One of A. muciniphila’s key mechanisms is based on its regulation of the host intestinal barrier via
promotion of TJ protein expression (ZO-1 and Claudin-1 mRNA) [73], thereby inhibiting the entry of intestinal bacteria-borne
endotoxin into the blood and relieving chronic inflammation in vivo [71]. Several studies have found that A. muciniphila could
improve intestinal barrier integrity [74]. As a result, we could hypothesize that increasing A. muciniphila abundance by DIO has a
significant impact on intestinal barrier function in DSS-induced colitis. To emphasize this point, the effect of DIO therapy on intestinal
barrier integrity was examined. It is worth noting that TJ proteins attached to the intestinal epithelial membrane provide a robust
protective system in the host [75]. TJs proteins, which consist of ZO-1, occludin, and claudin-1, regulate the permeability and the
functioning of the intestinal epithelial barrier, as well as immunological responses [76]. Alterations in TJ proteins damage the in-
testinal epithelial barrier, allowing bacteria in the bowel lumen to stimulate aberrant immunological reactions, with excessive bac-
terial antigen leakage from the mucosa eventually destroying the TJs [77,78]. As previously reported by Tang et al. [79], DSS-induced
colitis revealed a substantial rise in PIK3R3 as well as a noticeable reduction in ZO-1 content and immunostaining of occludin and
claudin-1, resulting in intestinal barrier dysfunction. DIO, on the other hand, decreased colonic PIK3R3 content while increasing
colonic ZO-1 content and immunostaining for occludin and claudin-1, implying that the intestinal epithelial barrier function was
maintained. According to Ibrahim et al. [75], damage to the ZO-1 dependent small intestinal barrier constitutes a starting point that
leads to resistance breakdown and the development of chronic inflammatory diseases. TNF-a destroys the intestinal barrier through
altering the form and functioning of the TJ [80]. Furthermore, PIK3R3 negatively regulated ZO-1 transcription via the NF-xB pathway
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Fig. 9. A schematic illustration of DIO’s mode of action in alleviating DSS-induced colitis.

[75]. Thus, we might speculate that DIO’s inhibitory impact on the NF-kB pathway contributes to the integrity of the intestinal
epithelial barrier, although the likely mechanism deserves further investigation. Notably, at a dosage of 100 mg/kg, DIO provided
anti-colitis protection similar to conventional therapy, SSZ. Meanwhile, DIO at 200 mg/kg was shown to be more effective than SSZ at
reducing DAI and histological alterations, oxidative stress, and inflammation while also preserving A. muciniphila abundance and
intestinal epithelial integrity.

Polyphenolic compounds, including flavonoids, have been proposed to reduce the risk of chronic diseases caused by oxidative stress
and inflammation. Flavonoids, a secondary metabolite of plants, are gaining popularity due to their great health advantages, safety,
nontoxicity, and tolerability [81]. DIO is a flavonoid found naturally in citrus species and plays an important function in human
nutrition and health [82]. The development of quick, accurate, and objective methods for estimating dietary intake markers, such as
flavonoids, could lead to a better understanding of the complex relationship between disease and dietary exposures [83]. Metab-
olomics, a comprehensive approach to identifying all metabolites and low-molecular-weight molecules in a biological specimen, is a
promising emerging technology that has the potential to inform precision medicine practice. There is a lot of advancement in this area,
because a numerous of progress has been made in the analytical and spectroscopic methods of identifying compounds (natural as well
as pollutants, and metabolites of all types) in a variety of tissues in recent years [84]. In medical and pharmacology studies, NMR has
become the “gold standard” platform technology. This technique provided the next step in a more detailed investigation of the issue
related to new potentially active or toxic compounds in various types of bio-material (such as a tissue) at the molecular level. We can
look into the direction of metabolomics, targeted and untargeted analyses [85], and its extensive potential to supplement comple-
mentary plant/animal material studies. Furthermore, there are recent advances in the methodology used in NMR-based metabolomics
studies, such as sensitivity and spectrum resolution [86]. Consideration of this new approach in the same topic of research in our future
work will help improve understanding of the relationship between flavonoids/flavanols and health outcomes.

5. Conclusion

The findings of this study revealed that DIO provided significant protection against DSS-induced colitis in mice. This was supported
by improved DAI, colon damage index scores, and histological findings. This appears to be due to the activation of the Nrf2/HO-1
antioxidant pathway and the downregulation of the NF-kB pathway. In addition, this is the first evidence suggesting that DIO
maintains intestinal barrier integrity and enhances A. muciniphila abundance in DSS-induced colitis (Fig. 9). Notably, DIO at 200 mg/
kg was more successful than SSZ at the same dosage. Overall, this study opens the door for future clinical trials using DIO as a safe
adjuvant in the treatment and prevention of colitis. However, more research into the effect of DIO on the overall composition and
diversity of the gut microbiota is needed before clinical therapy may be undertaken. In the future, it will be critical to thoroughly
understand the molecular mechanisms by which A. muciniphila maintains intestinal barrier integrity and its potential use as an
adjuvant in the treatment of UC.
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