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ABSTRACT

Ulcerative colitis is a chronic inflammatory bowel disease characterised by persistent inflammation of the colonic mucosa.
Symptoms include bloody diarrhoea and abdominal pain, which have a significant impact on quality of life. Current treatments
mainly alleviate symptoms and maintain remission, but natural therapeutic alternatives are still needed. To investigate the
therapeutic effect of pectic polysaccharides from the peel of Passiflora edulis on DSS-induced ulcerative colitis in mice, focus-
ing on colonic histoarchitecture, collagen remodelling, MUC-2 expression and immune cell distribution. Mice were assigned
to a control group, a group with DSS-induced colitis, or a group with HPE treatment (P. edulis homogalacturonan, 100 mg/kg).
Histomorphometric, histopathologic, and immunohistochemical analyses of the colonic wall, evaluation of collagen remodelling
and MUC-2 expression, quantification of immune cells and in silico tests were performed. DSS caused atrophy of the muscular
and submucosal layers, hypertrophy of the mucosa, increased crypt depth and decreased enterocyte height. HPE improved mus-
cular and submucosal thickness, partially restored enterocyte height, reduced crypt depth and collagen deposition and increased
intraepithelial lymphocytes. DSS significantly decreased MUC-2 expression in goblet cells, while HPE significantly restored it.
Pharmacokinetic and toxicological predictions indicated a favourable safety profile for HPE, and molecular docking analyses
suggested interactions with proteins involved in maintaining the integrity of the intestinal barrier. HPE effectively attenuated
DSS-induced colon damage and restored MUC-2 expression, contributing to epithelial barrier restoration and supporting its
therapeutic potential in ulcerative colitis.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2025 The Author(s). Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

Journal of Cellular and Molecular Medicine, 2025; 29:¢70910 1of 16
https://doi.org/10.1111/jcmm.70910


https://doi.org/10.1111/jcmm.70910
https://doi.org/10.1111/jcmm.70910
mailto:
https://orcid.org/0000-0003-0822-8440
mailto:marcelobiondaro@gmail.com
http://creativecommons.org/licenses/by/4.0/

1 | Introduction

Ulcerative colitis is a chronic inflammatory bowel disease char-
acterised by continuous inflammation restricted to the colon
and rectum [1], leading to progressive tissue damage and his-
toarchitectural remodelling. In contrast to Crohn's disease,
which affects segmentally and transmurally any region of the
gastrointestinal tract, ulcerative colitis affects the mucosa and
leads to recurrent episodes of bloody diarrhoea, abdominal pain,
tenesmus and weight loss [2]. The pathogenesis of ulcerative
colitis is multifactorial and includes genetic predisposition and
environmental factors [1], immunological dysfunction [3] and
dysbiosis [4].

Clinical treatment of ulcerative colitis includes the use of corti-
costeroids, aminosalicylates, immunosuppressants and biologic
drugs such as infliximab and vedolizumab, which are designed
to reduce inflammation. However, the efficacy of these treat-
ments is limited, with long-term remission rates of less than
50% [1]. In addition, their side effects and high costs increase
the need to explore new therapeutic approaches [5]. Alternative
therapies based on natural products are therefore becoming in-
creasingly important [6, 7]. Bioactive compounds extracted from
plants, such as polysaccharides, have shown anti-inflammatory
and antioxidant properties in experimental models of ulcerative
colitis, suggesting their potential as therapeutic adjuvants [7-11].

The morphological integrity of the colonic wall is essential for
the maintenance of intestinal homeostasis. Loss of integrity,
which is mainly characterised by increased intestinal perme-
ability, is in turn devastating [7, 12]. Typical morphological
changes in ulcerative colitis include muscle atrophy, collagen
remodelling and distortion of the intestinal crypts [9], which im-
pairs epithelial barrier function and allows translocation of mi-
crobial antigens, which in turn contributes to the maintenance
of inflammation [13, 14]. Goblet cells, a type of epithelial cell,
play a key role in this barrier by secreting the mucin MUC-2,
the main component of the mucus layer that separates the in-
testinal microbiota from the epithelium. Their reduction, which
is frequently observed in ulcerative colitis, leads to decreased
mucus production and further compromises the integrity of the
epithelium, favouring dysbiosis and inflammation [4, 8, 9, 11].
As a direct consequence, ulcerative colitis causes damage to the
enteric nervous system (ENS) [15], leading to motor [16] and sen-
sory disturbances [17].

An important feature of ulcerative colitis is the disruption of the
immune system, in which intraepithelial lymphocytes (IELs)
and mast cells are involved. IELs, which have cytoprotective
and immunoregulatory functions, are reduced in the inflamed
mucosa, while mast cells, which are responsible for the release
of inflammatory mediators, are increased and exacerbate the in-
flammation [18, 19]. The loss of regulatory IELs and the increase
of cytotoxic IELs, which are activated by pro-inflammatory cy-
tokines such as IL-23, play a central role in the pathogenesis of
inflammatory bowel disease [20]. Activated mast cells secrete
IL-6 and TNF-a, which promote the infiltration of eosinophils
and IELs and intensify the inflammatory process [19].

Furthermore, the interaction between mast cells, IELs and
enteric neurons suggests a direct link to the exacerbation of

inflammation and the perception of pain in ulcerative coli-
tis [21, 22]. This inflammatory cycle deregulates the synthesis
and degradation of the extracellular matrix (ECM), leading to
excessive accumulation of collagen in the intestinal wall. The
increase in collagen, in turn, contributes to the development of
fibrosis, impairs intestinal function and exacerbates the disease
[23, 24].

In the present study, we investigated the therapeutic effects of
pectin polysaccharides extracted from the peel of P. edulis . fla-
vicarpa (yellow passion fruit) in mice with dextran sulfate so-
dium (DSS)-induced ulcerative colitis. The main objective was
to evaluate the effects of the treatment on the maintenance of
intestinal wall integrity, including colon wall layers, collagen re-
modelling, goblet cell maintenance and MUC-2 expression and
the distribution of immune cells such as IELs and mast cells. By
exploiting these properties, we aim to contribute to the develop-
ment of new effective, safe and affordable therapeutic strategies
for the treatment of ulcerative colitis.

2 | Methods
2.1 | Ethical Aspects

Beforestarting the experiment, the protocol was submitted to and
approved by the Ethics Committee for Animal Experimentation
(CEUA) of the Pelé Pequeno Principe Research Institute,
Curitiba, PR, under approval number 055-2020. All proce-
dures followed the ethical principles of the Brazilian Society of
Laboratory Animal Science (SBCAL) and the ARRIVE (https://
arriveguidelines.org/) guidelines.

2.2 | Passion Fruit (P. edulis) Peel Pectin

The extraction and characterisation of polysaccharides from
the peels of yellow passion fruit (P. edulis f. flavicarpa), as de-
scribed by Abboud et al. [25], involved several steps. In brief,
the peels were obtained from fruits acquired in the local market
(Curitiba-PR). After cleaning and separating the pulp, the peels
were cut, freeze-dried and ground into flour. The flour was de-
fatted with hexane, and the soluble dietary fibre was extracted
using the enzymatic-gravimetric method (AOAC 991.43) [25],
yielding the fraction HPE.

Neutral monosaccharides in the polysaccharide fraction were
analysed by gas chromatography-mass spectrometry (GC-MS)
after derivatization, while the content of uronic acid was quan-
tified by spectrophotometry [26]. High performance stereo-
exclusion chromatography (HPSEC), calibrated with dextran
standards, was used to determine the molecular weight and ho-
mogeneity of the polysaccharides. The chemical structure of the
isolated fraction was analysed by 'H, 13C and 2D-'H-13C HSQC
nuclear magnetic resonance (NMR) spectroscopy.

The polysaccharide fraction (HPE, homogalacturonan from P.
edulis) consisted predominantly of galacturonic acid (92%), indi-
cating the presence of highly methyl esterified homogalacturo-
nan (DE=70%), with minor amounts of arabinose, galactose
and glucose [25].
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2.3 | Animals

Female Swiss mice (20-30g) aged 4-5weeks were provided by
the Bioterium of the Carlos Chagas Institute, Fiocruz—Curitiba,
PR. The animals were housed in plastic cages with wood shav-
ings, with a maximum of 10 mice per cage. They were fed com-
mercial food and had ad libitum access to water at a temperature
of 25°C +£2°C and a 12-h light-dark cycle. The mice were accli-
matised for 1 week prior to the experiment, and the bedding was
changed every 3days [8].

2.4 | Induction and Evaluation of Ulcerative
Colitis

Acute ulcerative colitis was induced with 5% DSS (dextran so-
dium sulfate, molecular weight: 40,000, Cayman Chemical
Company) in drinking water and administered on five consecu-
tive days. On days 6, 7 and 8, the DSS was replaced with normal
water [8, 9] (Figure 1).

2.5 | Treatment and Disease Monitoring Protocol

Mice were randomly divided into three groups: (i) control
(treated with vehicle), (ii) DSS (treated with vehicle and ex-
posed to DSS) and (iii) HPE (treated with homogalacturonan
extracted from P. edulis, 100 mg/kg per day for 7days by ga-
vage and exposed to DSS). Dose selection was based on pre-
vious studies. On day 8, all mice were euthanized by deep
anaesthesia (lidocaine 4mg/kg and thiopental 100 mg/kg),
and colon samples were carefully collected, washed, and fixed
in 4% paraformaldehyde buffered with PBS (pH7.1) for 4h
[8, 25].

2.6 | Histological Processing

Segments (1cm) of colon were dehydrated in an ascending se-
ries of ethyl alcohol, diaphanized in xylene, and included in par-
affin to obtain semiserial transverse sections of 5um, stained
with haematoxylin and eosin (HE), Periodic Acid-Schiff (PAS),
Picro-Sirius Red or Toluidine Blue (0.1%) staining to evaluate the
histomorphometric, quantitative and histopathologic aspects of
the colon wall [9, 27].

DSS - Colitis
Experimental protocol

2.7 | Histomorphometric Evaluation

The thickness (um) of the muscle layer, the submucosa, the mu-
cosa and the width and depth of the crypts were determined
under 20x magnification in HE-stained sections. For each pa-
rameter, 64 measurements were performed over the entire cir-
cumference of the colon of at least 6 mice per group. Images at
60x magnification were used to measure the height and width
of 80 enterocytes. Histomorphometric analysis was performed
using Image-Pro Plus software (Media Cybernetics, USA) on
images taken with a digital camera (Nikon DS-Fi3 5.9 MP) con-
nected to an optical microscope (Nikon Eclipse TS2R) [9, 27]. In
addition, a qualitative histopathologic analysis was performed.

2.8 | Morphological Assessment
of the Myenteric Plexus

PAS-stained sections were used for histomorphometric eval-
uation of the myenteric plexus. Ten ganglia from each mouse
(six mice per group) were imaged using a microscope (Nikon
Eclipse TS2R) equipped with a high-resolution camera (Nikon
DS-Fi3 5.9 MP) and a 40X objective. The images were analyzed
by measuring the area of the ganglia using Image-Pro Plus soft-
ware (Media Cybernetics, MD, USA). The result was expressed
as the average area of the myenteric plexus ganglion profile in
um? [11, 28, 29].

2.9 | Evaluation of the Distribution
of Intraepithelial Lymphocytes

The intraepithelial lymphocytes (IELs) were counted directly
under the light microscope. Using the 40X objective, we counted
IELs in a range of 2560 colonic epithelial cells of each mouse (640
epithelial cells/quadrant/section of at least 5 mice per group). For
this purpose, we used HE-stained sections to count the IELs. The
number of TELs/100 epithelial cells was calculated [9, 28, 30].

2.10 | Evaluation of the Mast Cells

Toluidine blue stained sections were used to quantify mast cells
in the submucosa and mucosa of the colon. Mast cells were quan-
tified blindly using a trinocular inverted microscope (Nikon
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FIGURE1 | Induction of ulcerative colitis.
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Eclipse TS2R) with a 60X objective. Fifty random microscopic
fields of the submucosa were counted for each mouse, with a
minimum of five mice per group. The results were expressed as
the average number of mast cells per microscopic field [31, 32].

2.11 | Immunohistochemistry

The expression of MUC-2 in the goblet cells of the colon was anal-
ysed by immunohistochemistry using a commercial kit (Cat. No.:
E-IR-R217, Elabscience, China). Sections were deparaffinised,
subjected to antigen retrieval in 10mM citrate buffer (pH6.0),
and blocked with E-IR-R217C (3% H,0,) and non-immune serum
(E-IR-R217A, Normal Goat Blocking Buffer). They were then
incubated overnight with a rabbit polyclonal antibody against
MUC-2 (Cat. No.: E-AB-70212, 1:200; Elabscience, China) or
with antibody diluent alone as a negative control. After washing
with PBS (pH 7.4; 8 X 5min), sections were incubated with a sec-
ondary anti-mouse/rabbit IgG antibody with polyperoxidase and
visualised with 3,3’-diaminobenzidine (DAB). Nuclei were coun-
terstained with Mayer's haematoxylin, and sections were dehy-
drated, cleared in xylene, and mounted with Permount.

MUC-2 expression was quantified in 10 images per animal (six
animals per group) at 20x magnification. The intensity of stain-
ing was measured using ImageJ software and expressed as pixel
values per microscopic field [8].

2.12 | Evaluation of Collagen Remodelling

Sections were stained with Mallory trichrome to determine total
collagen and with Picro-Sirius red to determine type I and type III
collagen of the colonic wall. To quantify collagen types, 32 images
per mouse (from at least 5 mice per group) were captured using
a 20X objective and a high-resolution camera (Nikon DS-Fi3 5.9
MP) connected to the optical microscope (Nikon Eclipse TS2R)
and transferred to a microcomputer using image-pro plus soft-
ware (Media Cybernetics, MD, USA). Polarising filters (Olympus
U-POT Japan) were used to analyse the slides. Picro-Sirius red
staining shows that collagen I appears orange-red, while collagen
III is coloured green. The results were expressed as a percentage
of the amount of each collagen per area of the colonic wall [9].

2.13 | InSilico Predictions
2.13.1 | Pharmacokinetic and Toxicological Predictions

The predictions of pharmacokinetic and toxicological properties
(ADMET, absorption, distribution, metabolism and excretion)
were performed using the pkCSM web server (http://biosig.
unimelb.edu.au/pkcsm/) [33]. The structures of galacturonic
acid were converted to SMILES format to perform prediction
calculations for the pharmacokinetic profile.

2.13.2 | Molecular Docking

The software GaussView 5.0.81 and Gaussian 09w2 were
used to create 3D structural models. Geometric optimization

calculations were performed according to density functional
theory (DFT) using the hybrid function B3LYP and basis set
6-311G [34]. The ligand used was the monosaccharide galac-
turonic acid (a-D-GalpA). The 3D structures of all targets were
obtained from the Protein Data Bank (PDB) [35] with the codes
1XAW (crystal structure of the cytoplasmic distal C-terminal
domain of occludin) [36], 5Y2T (structure of the PPARgamma
ligand-binding domain-lobeglitazone complex) [37], 6BSC (crys-
tal structure of the mucin-1 SEA domain) [38] and 6TM6 (MUC2
CysD1 domain) [39]. The Autodock 4.2 package was used for all
docking procedures [40, 41]. The receptor was considered rigid,
and each ligand was considered flexible. The partial charges
according to Gasteiger were calculated after the addition of hy-
drogen atoms [42]. The non-polar hydrogen atoms of the protein
and the ligand were then combined. The region of the active site
was determined using the FTMap server, which identifies the re-
gions with the highest potential for ligand-receptor interactions
(ftmap.bu.edu/) [43]. The size of the cubic box was 40 x40 x40,
and the x, y and z coordinates used can be seen in Table 1.

The Lamarckian global genetic search algorithm (LGA) [44] and
the local search methods pseudo-Solis and Wets (LS) were used
for the docking search [45]. Each ligand was subjected to 100 in-
dependent docking simulation runs. Other docking parameters
were set to default values.

2.14 | Statistical Analysis

The D'Agostino-Pearson test was used to assess the distribution
of the data. For non-normally distributed data, statistical anal-
ysis was performed using the Kruskal-Wallis test followed by
the Dunn post hoc test, with results expressed as median and
interquartile range. Statistical significance was set at p <0.05.
All analyses were performed using GraphPad Prism software
(GraphPad Software). The specific statistical tests used in each
analysis are indicated in the figure legends (*p <0.05 compared
to the control group, *p <0.05 compared to the DSS group, n=6).

3 | Results

3.1 | Histomorphometric Analysis
of the Colon Wall

To assess the extent of damage caused by DSS-induced ulcer-

ative colitis and the therapeutic effect of homogalacturonan
(HPE) extracted from P. edulis in maintaining the integrity and

TABLE1 | Coordinates of the active sites obtained by FTMap.

Coordinates of the grid
centre (Angstrom)
Target X Y zZ
1XAW 8.409 1.194 12.643
5Y2T 8.755 -0.616 47.506
6BSC —16.428 7.088 6.842
6TM6 25.776 1.207 14.676
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histoarchitecture of the colon wall, we performed a detailed
histomorphometric analysis. The results showed that DSS-
induced ulcerative colitis caused significant morphological
changes in the colon wall, while treatment with HPE helped
to alleviate some of this damage and support tissue recovery.

DSS-induced ulcerative colitis caused significant atrophy of the
muscle layer in the mice compared to the control group, with
the median value decreasing from 132.1 um (104.6; 158.7) in the
control group to 43.1 um (22.2; 98.1) in the DSS group (p <0.05).
In contrast, HPE treatment resulted in a significant improve-
ment and promoted recovery and restoration of muscle layer
thickness, with a median of 114.5um (72.6; 167.5) in the HPE
group compared to the DSS group (p <0.05; Table 2).

As for the submucosa, mice with DSS-induced ulcerative coli-
tis showed significant atrophy in this layer compared to the
control group, with the median value decreasing from 23.4um
(14.9; 44.6) in the control group to 10.8 um (6.7; 19.1) in the DSS
group (p<0.05). On the other hand, HPE treatment led to a
significant hypertrophy of the submucosa with a median value
of 37.1um (20.8; 53.2) in the HPE group compared to the DSS
group (p <0.05; Table 2).

Analysis of the colonic mucosa revealed that DSS-induced ul-
cerative colitis caused significant hypertrophy of this layer com-
pared to the control group, with the median value increasing
from 158.8um (111.7; 215.5) in the control group to 271.3um
(203.7; 311.4) in the DSS group (p <0.05). Treatment with HPE
resulted in a decrease in colonic mucosal thickness, with a me-
dian value of 264.2 um (167.4; 354.7) in the HPE group compared
to the DSS group (p <0.05; Table 2).

Analysis of the histoarchitecture of the intestinal crypt showed
that DSS-induced ulcerative colitis causes a distortion of the
depth (major axis) and width (minor axis) of the crypt. In mice
with DSS-induced ulcerative colitis, there was a significant in-
crease in crypt depth compared to the control group, with the
median value increasing from 85.4 um (63.1; 114.4) in the con-
trol group to 122.3 um (73.6; 159.4) in the DSS group (p <0.05).
In contrast, crypt width did not show significant change in the
DSS group (p>0.05). HPE treatment resulted in a significant

TABLE 2 |

decrease in the depth of the crypt with a median 0f 91.9 um (62.7;
119.0) in the HPE group compared to the DSS group (p <0.05).
In addition, HPE treatment significantly increased the width of
crypts in the colonic mucosa, with a median of 38.9 um (32.6;
43.8) in the HPE group compared to the DSS group, which had
a median of 34.8 um (27.4; 41.5) (p < 0.05; Table 2).

To assess the extent of damage caused by DSS-induced ulcer-
ative colitis and the therapeutic effect of HPE on the colonic ep-
ithelium of mice, we performed a histomorphometric analysis
of enterocytes. We found that both DSS-induced ulcerative coli-
tis and HPE treatment caused significant changes in the height
(major axis) and width (minor axis) of enterocytes.

There was a significant decrease in the height of enterocytes
in the mucosal epithelium of mice in the DSS group compared
to the control group, with the median decreasing from 19.9 um
(17.1; 23.1) in the control group to 16.2 um (12.7; 20.5) in the DSS
group (p <0.05). However, treatment with HPE resulted in a sig-
nificant increase in enterocyte height, with a median value of
18.1um (14.6; 21.1) in the HPE group compared to the DSS group
(p<0.05). In terms of enterocyte width, DSS-induced ulcerative
colitis led to a significant increase in this parameter, with the
median value increasing from 8.2um (6.5; 10.2) in the control
group to 10.4 um (8.5; 12.4) in the DSS group (p <0.05). However,
HPE treatment significantly decreased enterocyte width, with a
median of 9.3um (7.7; 11.2) in the HPE group compared to the
DSS group (p <0.05; Table 2).

3.2 | Qualitative Histopathological Analysis
of the Colon Wall

Qualitative histopathologic analysis revealed several changes
in the colon wall of mice with DSS-induced ulcerative colitis
(Figure 2A-1). Intense inflammation, disruption of the epithelial
barrier, hyperplasia and tissue remodelling were observed. The
main feature was the infiltration of inflammatory cells, mainly
neutrophils and lymphocytes, predominantly in the lamina pro-
pria. In some sections, involvement of the submucosa and muscle
layer was also seen (Figure 2B,E,H). The observed thickening of
the mucosa (Table 2) suggests that the infiltration led to edema

Histomorphometric analysis of the layers composing the colon wall in mice with DSS-induced ulcerative colitis (A).

Parameters (pum) Control

DSS HPE

Muscular Thickness 132.1 (104.6; 158.7)
Submucosa 23.4(14.9; 44.6)
Mucosa 158.8 (111.7; 215.5)
Crypts Depth 85.4(63.1; 114.4)
Width 34.7 (30.1; 39.2)
Enterocytes Height 19.9 (17.1; 23.1)
Width 8.2(6.5;10.2)

43.1(22.2;98.1)% 114.5 (72.6; 167.5)*

10.8 (6.7; 19.1)* 37.1(20.8; 53.2)*
271.3(203.7; 311.4)* 264.2 (167.4; 354.7)*
122.3 (73.6; 159.4)* 91.9 (62.7; 119.0)*
34.8(27.4; 41.5) 38.9 (32.6; 43.8)*
16.2 (12.7; 20.5)* 18.1 (14.6; 21.1)*

10.4 (8.5; 12.4)* 9.3 (7.7; 11.2)*

Note: Colitis was induced by administration of 5% DSS in drinking water for 5 consecutive days. Mice were treated orally with vehicle (control and DSS group: Water,
1mL/kg) or 100mg/kg of homogalacturonan extracted from P. edulis (HPE group) once daily for 7days. Control: Control group, which received only water without
DSS; DSS: DSS-induced ulcerative colitis group, treated with vehicle (water) only; HPE: DSS-induced ulcerative colitis group, treated with homogalacturonan extracted
from P. edulis. Results were expressed as median with interquartile range (P25; P75) and analysed using the Kruskal-Wallis test followed by the Dunn post hoc test.

#p<0.05 compared with control group, *p <0.05 compared with DSS group, n=6.
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FIGURE 2 | Representative photomicrographs of HE-stained colon sections from control (A, D, G), DSS (B, E, H), and HPE-treated mice (C, F, I).
Ulcerative colitis was induced by administration of 5% DSS in drinking water for 5 consecutive days. Mice were treated orally with vehicle (control and
DSS group: Water, 1 mL/kg) or 100mg/kg homogalacturonan from P. edulis (HPE group) once daily for 7days. Panels A-C were captured at 4x mag-
nification, D-F at 10X, and G-I at 40x. The images are representative fields at each magnification, not enlargements of the same microscopic field. (A)
The black arrow indicates a colonic fold representing normal colonic mucosa in the control group. (B) The black arrow indicates severely altered colonic

Contro

mucosa characterised by hyperplasia, distortion of intestinal crypts, ruptures and loss of epithelial surface, indicating loss of colonic histoarchitecture.
(C) The black arrow shows moderately altered colonic histoarchitecture with diffuse inflammatory infiltrate and increased submucosal thickness. (D, G)
The arrows indicate the white areas corresponding to the goblet cells (negative) in the unchanged colonic mucosa. (E, H) Black arrows indicate abscess
formation, arrowheads indicate epithelial rupture and erosions, and white arrows indicate diffuse inflammatory infiltrates in the lamina propria, sub-
mucosa and muscularis. (F, I) Arrows indicate ulcerations and epithelial erosions, while arrowheads show intense diffuse inflammatory infiltrates in the
lamina propria and submucosa, primarily consisting of neutrophils and lymphocytes. Note the absence of white areas corresponding to goblet cells, sug-
gesting their depletion. Calibration bars and the objective used for image acquisition are indicated in each image. Mus: Muscular; muc: Mucosa (A); sub:
Submucosa (C); mm: Muscularis mucosae (E); and the major axis (depth) and minor axis (width) of the intestinal crypts are represented by the bars (G).

and the formation of crypt abscesses, compromising the histoar-
chitecture. At greater magnification, changes suggestive of com-
promised epithelial integrity were noted, including flattening of
enterocytes, epithelial ruptures and erosions (Figure 2H,I). In
addition, hyperplasia, ulceration and a loss of intestinal crypt
architecture were observed, with a marked depletion of goblet
cells (Figure 2E). This depletion of goblet cells in the colon of
mice with ulcerative colitis was further confirmed by immuno-
histochemical analysis of MUC-2, as shown in Figure 5C,D. In
addition, disorganisation of the mucosa was noted, character-
ised by irregular, branched crypts and partial or complete loss of
crypts (Figure 2B,E,H). Although qualitatively, a noticeable im-
provement in the colonic wall morphology was observed in the
HPE-treated mice, suggesting attenuation of ulcerative colitis
lesions (Figure 2C,F,I). The increased MUC-2 expression shown
in Figure 5C,D supports these findings.

3.3 | Morphological Analysis of the Enteric
Nervous System

To evaluate the extent of damage caused by DSS-induced ulcer-
ative colitis and the therapeutic effects of HPE on the enteric

nervous system of the colon of mice, we performed a histomor-
phometric analysis of the myenteric plexus ganglia. We found that
DSS-induced ulcerative colitis caused significant morphologic
changes in the myenteric plexus ganglia. There was a significant
reduction in the profile areas of the myenteric ganglia in the DSS
group compared to the control group, with the median decreasing
from 922.2um? (350.4; 1748.1) in the control group to 572.2um?
(407.5; 953.5) in the DSS group (p <0.05). On the other hand, HPE
treatment led to a significant increase in the profile areas of the
myenteric ganglion with a median of 2088.0um? (1305.0; 3177.0)
in the HPE group compared to the DSS group (p <0.05; Figure 3).

3.4 | Analysis of the Percentage of Collagen Type I
and III per Area

To investigate the dynamics of collagen remodelling in the ex-
tracellular matrix during DSS-induced ulcerative colitis and
the therapeutic effect of HPE in the colon wall of mice, we per-
formed a quantitative analysis of type I and III collagen fibres.
We found that both DSS-induced ulcerative colitis and HPE
treatment resulted in significant changes in collagen remodel-
ling (Figure 4A-C).
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FIGURE3 | Histomorphometric analysis of the profile areas of the myenteric plexus in the colon of mice with DSS-induced ulcerative colitis (A).
Ulcerative colitis was induced by administration of 5% DSS in drinking water for 5 consecutive days. Mice were treated orally with vehicle (control
and DSS group: Water, 1 mL/kg) or 100mg/kg homogalacturonan from P. edulis (HPE group) once daily for 7days. Results were presented as box-
and-whisker plots with minimum and maximum values, medians and interquartile range and analyzed using the Kruskal-Wallis test followed by
the Dunn post hoc test. # p <0.05 compared with control group, *p <0.05 compared with DSS group, n=6. (B) Representative PAS-stained photomi-
crographs of myenteric plexus ganglia (arrows) at 60x magnification from the muscular layer (inverted images shown for each group).
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FIGURE 4 | Dynamics of collagen remodelling in the extracellular matrix of the colon wall of mice with DSS-induced ulcerative colitis treated
with P. edulis homogalacturonan (HPE). (A) Type I collagen fibres (B) Type III collagen fibres. Ulcerative colitis was induced by administration of
5% DSS in drinking water for 5 consecutive days. Mice were treated orally with vehicle (control group and DSS: Water, 1 mL/kg) or 100mg/kg HPE
(HPE group) once daily for 7days. Results were presented as box-and-whisker plots with minimum and maximum values, medians and interquartile
range and analysed using the Kruskal-Wallis test followed by the Dunn post hoc test. # p <0.05 compared with control group, *p <0.05 compared
with DSS group, n=6. (C) Representative photomicrographs of the colon wall of mice showing type I (red and orange shading) and type III (green)
collagen fibres labelled with Picro Sirius Red.
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DSS-induced ulcerative colitis caused a significant increase in
the deposition of type I collagen fibres in the colon wall of
mice compared to the control group, with the median value
increasing from 7.4 (6.1; 9.1) in the control group to 10.5 (8.3;
17.1) in the DSS group (p <0.05). In contrast, HPE treatment
resulted in a significant decrease in type I collagen fibre depo-
sition, with a median value of 7.2 (5.9; 10.0) in the HPE group
compared to the DSS group (p <0.05; Figure 4A). Similarly, the
deposition of type III collagen fibres in the colon wall of mice
with DSS-induced ulcerative colitis was also significantly in-
creased compared to the control group, with the median value
increasing from 2.7 um (2.4; 3.1) in the control group to 4.0 um
(3.1; 4.7) in the DSS group (p <0.05). HPE treatment signifi-
cantly reduced the deposition of type III collagen, with a me-
dian of 3.2 um (2.4; 4.1) in the HPE group compared to the DSS
group (p <0.05; Figure 4B).

3.5 | Analysis of IEL, Mast Cell Distribution
and Goblet Cells Expressing MUC-2

To investigate the distribution of IELs, mast cells and goblet
cells expressing MUC-2 in mice with DSS-induced ulcerative
colitis, and the therapeutic effect of homogalacturonan (HPE)
extracted from P. edulis on the colonic mucosa, a detailed quan-
titative analysis was performed. DSS-induced ulcerative colitis
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markedly altered the distribution and expression of these cells,
while treatment with HPE partially restored the integrity of the
intestinal mucosa (Figure 5).

Quantitative analysis showed that DSS-induced ulcerative colitis
significantly reduced the number of IELs per 100 epithelial cells
compared to the control group, with the median value decreas-
ing from 13.0 (8.4; 16.6) in the control group to 7.3 (5.1; 10.75) in
the DSS group (p <0.05). In contrast, HPE treatment increased
the number of IELs, reaching a median of 9.9 (4.9; 16.1) per 100
epithelial cells compared to the DSS group (p <0.05; Figure 5A).

DSS-induced ulcerative colitis significantly increased the num-
ber of mast cells per microscopic field compared to the con-
trol group, with the median value increasing from 9 (5; 15) in
the control group to 11 (6.2; 19) in the DSS group (p <0.05). In
contrast, HPE treatment did not significantly change mast cell
numbers, presenting a median of 11.5 (7; 17) in the HPE group
compared to the DSS group (p > 0.05; Figure 5B).

DSS-induced ulcerative colitis significantly reduced MUC-2
expression in the colonic goblet cells of the colon compared to
the control group (p <0.05). In contrast, HPE treatment signifi-
cantly increased MUC-2 expression compared to the DSS group
(p<0.05; Figure 5C). Representative photomicrographs high-
lighting MUC-2-positive goblet cells are shown in Figure 5D.
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FIGURE 5 | Distribution of intraepithelial lymphocytes (IELs) and mast cells in the colonic mucosa of mice with DSS-induced ulcerative colitis
treated with homogalacturonan from P. edulis (HPE). (A) Number of IELs per 100 epithelial cells. (B) Number of mast cells per microscopic field.
Ulcerative colitis was induced by administration of 5% DSS in drinking water for 5 consecutive days. Mice were treated orally with vehicle (control
and DSS group: Water, 1 mL/kg) or 100 mg/kg HPE (HPE group) once daily for 7days. Results were expressed as median with interquartile range and
analysed using the Kruskal-Wallis test followed by the Dunn post hoc test. # p<0.05 compared with control group, *p <0.05 compared with DSS
group, n==6. (D) Representative photomicrographs of colonic mucosa from mice with HE-stained IELs (arrows), toluidine blue-stained mast cells

(white arrows) and MUC-2 expression in goblet cells (arrowheads).
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3.6 | Pharmacokinetic and Toxicological
Predictions

The results in Table 3 show the absorption properties of galac-
turonic acid [33]. In terms of water solubility, HPE reached a
low value of —1.9molL~%. The Caco-2 cell permeability model
(lineage of heterogeneous cells of colorectal human epithelial
adenocarcinoma) was used as a parameter to predict the oral
absorption of HPE. The value obtained was considered low
(-0.217%x10~°cms). One of the most important parameters
for new compounds is the analysis of absorption in the human
intestine (AIH). HPE showed an absorption of 8.071%, which
means that it is not absorbed through the gastrointestinal tract.
HPE cannot be absorbed through human skin (—2.735cmh™!)
and does not bind to or inhibit the substrate of P-glycoprotein
[34, 46].

The distribution properties of galacturonic acid are shown in
Table 4. In terms of volume distribution at steady state (VDss),
HPE showed a reduced value (—0.471 Lkg™"). The unbound frac-
tion of the compound was measured by human blood (Fu), 0.779
[47]. The result of the blood-brain barrier (BBB) penetration
potential log BB —0.68 showed that HPE has a low potential to
cross the blood-brain barrier, with a value below 0.1 [48]. As for
penetration into the central nervous system (CNS), HPE showed
a result of log PS —4.028, indicating low penetration into the
CNS, as it is below the value of log PS —3.0.

The results of the metabolic properties of galacturonic acid are
presented in Table 5, which shows the interaction of HPE with
cytochrome P450 protein (CYP) families. The main enzymes
involved in metabolism were investigated, including CYP2D6,
CYP3A4,CYP1A2,CYP2C19 and CYP2C9. HPE does not bind
to the substrate and does not inhibit CYP2D6 and CYP3A4. It
also did not inhibit CYP1A2, CYP2C19 and CYP2C9 [49].

The excretion characteristics of the galacturonic acid results
are shown in Table 6. The HPE result for total clearance was
0.662mLminkg!. HPE does not bind to the renal OCT2 sub-
strate [50]. Table 7 shows the results of the toxicological prop-
erties of galacturonic acid (Table 7). HPE showed no prediction
for the AMES test (bacterial reverse mutation test); it showed a
high value (1.838 mgkgday?) for the maximum tolerated dose
(human) (reference value: high >0.477mgkgday~'). HPE was
not able to inhibit the human ether-a-go-go gene (hERG) I or II.

According to Archer, 1985, HPE had a low oral rat acute toxic-
ity (LD50—Tlethal dose, 50%): 1314 mgkg~! [51]. For oral chronic
toxicity in rats (LOAEL), HPE showed a result of log 4037 mgkg
bwday~!. In addition, HPE showed no hepatotoxicity or skin
sensitization. The HPE result for the toxicity of T. pyriformis was
0.285mgkg~' and thus non-toxic (reference value > 0.5 mgkg).
The HPE showed a low toxicity of Minnow (4.57 mM). According

TABLE 5 | Metabolic characteristics of galacturonic acid.

Model name Predicted value
CYP2D6 substrate No
CYP3A4 substrate No
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

TABLE 6 | Excretion characteristics of galacturonic acid.

Model name Predicted value
TABLE 3 | Absorption characteristics of galacturonic acid. Total clearance (log mL/min/kg) 0.662
Model name Predicted value Renal OCT2 substrate No
Water solubility (log mol/L) -1.9
Caco, permeability (log Papp in —-0.217 TABLE 7 | Toxicological properties of galacturonic acid.
10~cm/s)
Model name Predicted value
Intestinal absorption (human) (% 8.071
Absorbed) AMES toxicity No
Skin permeability —2.735 Max. tolerated dose (human) (log mg/ 1.838
. kg/day)
P-glycoprotein substrate No
hERG I inhibitor No
P-glycoprotein I inhibitor No
hERG II inhibitor No
Oral rat acute toxicity (LD50) 1.314
TABLE 4 | Distribution characteristics of galacturonic acid.
Oral rat chronic toxicity (LOAEL) (log 4.037
Model name Predicted value mg/kg_bw/day)
VDss (human) (log L/kg) -0.471 Hepatotoxicity No
Fraction unbound (human) (Fu) 0.779 Skin sensitisation No
BBB permeability (log BB) —-0.69 T. pyriformis toxicity 0.285
CNS permeability (log PS) —4.028 Minnow toxicity (log mM) 4.57
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to the reference, LD50 values below 0.5mM are considered high
acute toxicity [52].

3.7 | Molecular Docking

The results of the molecular docking of the monosaccharide a-
D-GalpA with 1XAW (occludin), 5Y2T (PPAR-y receptor), 6BSC
(mucin 1) and 6TM6 (mucin) are shown in Table 8.

The transmembrane protein 1XAW (occludin) and the ligand a-
D-GalpA showed a molecular affinity with a binding energy of
—5.01kcalmol™ and an inhibition constant of 213.78 uM. The
a-D-GalpA/1XAW complex also formed four hydrogen bonds
(LYS497, LYS501, LYS504 and TYR443) at the active site of
the protein and three interactions through hydrophobic bonds
(CYS500, GLN447 and LEU450) (Figure 7; Table 8).

The PPAR-y receptor (5Y2T) with the monosaccharide o-D-
GalpA showed a binding affinity of —3.46kcal-mol™ and an
inhibition constant of 2.91uM, and the results demonstrate
that the ligand interacts with the amino acids HIS323, HIS449,
TYR327 and TYR473 via hydrogen bonds and with CYS285,
GLN286, ILE326, LEU453, LEU465, LEU469, LYS367, PHE282,
PHE363 and SER289 by hydrophobic bonds (Figure 8; Table 8).

The mucin (6TM6) with the monosaccharide a-D-GalpA showed
a binding affinity of —3.22kcal-mol~! and an inhibition constant
of4.33 mM, and the results show that the ligand interacts with the
amino acids ARG1339, CYS1338, CYS1357, GLU1349, ILE1336
and LEU1348 via hydrogen bonds and ASP1358, GLU1337 and
SER1347 via hydrophobic bonds (Figure 9; Table 8).

4 | Discussion

In the present study, we demonstrated that DSS-induced ul-
cerative colitis causes significant morphologic changes in the
colonic wall, including changes in the thickness of the muscu-
lar, submucosal and mucosal layers, as well as changes in the

depth and width of the intestinal crypts, collagen accumula-
tion, morphological changes in the ganglia of the myenteric
plexus, and changes in the distribution of mast cells and
intraepithelial lymphocytes (IELs), as well as a marked re-
duction in MUC-2 expression in goblet cells. In addition, qual-
itative histopathologic analysis revealed several changes in
the colonic wall, including the presence of intense and diffuse
inflammatory infiltrates in the lamina propria and submu-
cosa. Epithelial flattening, ruptures, erosions and ulcerations
of the mucosa, depletion of goblet cells, distortion and loss of
intestinal crypts, and the formation of crypt abscesses were
also observed.

The experimental protocol used in this study, which includes
the induction of ulcerative colitis with DSS, a widely recognised
model [53], ensures that the observed harms result directly from
the chosen experimental model. Moreover, the effects observed
after treatment with P. edulis homogalacturonan (HPE), prop-
erly obtained, purified, characterised and administered by ga-
vage, guarantee the reproducibility of our results. Thus, we were
able to demonstrate that treatment with HPE was effective and
mitigated the damage caused, thereby promoting tissue recov-
ery and enhancing the therapeutic potential of natural products
in the treatment of ulcerative colitis.

Previous studies have shown the importance of maintaining the
structural integrity of the colonic wall and have demonstrated
the benefits of plant-derived polysaccharides in achieving this
objective [8-11, 54, 55]. Accordingly, the present study focuses
on evaluating the effects of HPE on alleviating the damage asso-
ciated with ulcerative colitis.

As mentioned above, HPE treatment improved all assessed mor-
phological parameters compared to the untreated group and
also restored the expression of MUC-2 in the goblet cells, which
was significantly reduced in DSS-induced colitis. However, the
mechanisms involved in the restoration of morphological pat-
terns cannot be fully elucidated on the basis of this study alone.
It can be concluded that HPE treatment restored the thickness
patterns of the muscle, submucosa and mucosa layers, as well as

TABLE 8 | Molecular affinity parameters of the compound a-D-GalpA with 1XAW, 5Y2T, 6BSC and 6TM6.

Complex AGy;n4 Amino acids that interact Amino acids that make

(ligand-protein) (kcalmol ) Ki (pM) through hydrogen bonds hydrophobic interactions

a-D-GalpA/6bsc —5.09 184.47 uM ARG1095, LEU1045, HIS1048, PHE1044,
LYS1093 and PHE1047 PHE1094 and SER1046

a-D-GalpA/1xaw —5.01 213.78 uM LYS497, LYS501, CYS500, GLN447 and LEU450
LYS504 and TYR443

a-D-GalpA/5y2t —3.46 2.91 uM HIS323, HIS449, CYS285, GLN286, ILE326, LEU453,
TYR327 and TYR473 LEU465, LEU469, LYS367,

PHE282, PHE363 and SER289
a-D-GalpA/6tm6 —3.22 4.33mM ARG1339, CYS1338, ASP1358, GLU1337 and

CYS1357, GLU1349, SER1347

ILE1336 and LEU1348

Note: The mucin 1 (6bsc) and the ligand a-D-GalpA showed the highest molecular affinity, with a binding energy of —5.09 kcalmol~! and an inhibition constant
of 184.47 uM. The a-D-GalpA/6BSC complex formed four hydrogen bonds (ARG1095, LEU1045, LYS1093 and PHE1047) at the active site of the protein and four

interactions through hydrophobic bonds (Figure 6; Table 8).
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FIGURE 6 | Molecular docking of the protein-ligand complex with the 6BSC protein and the a-D-GalpA ligand. (A) Three-dimensional structure
of the MUC1 SEA domain in complex with the ligand, highlighting its spatial arrangement. (B) Active site of the protein, indicating the specific re-
gion where the ligand was docked. (C) Two-dimensional representation of the molecular interactions established between the ligand and the binding
site residues, including hydrogen bonds and hydrophobic interactions.
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FIGURE 7 | Molecular docking of the protein-ligand complex with the 1XAW (occludin) protein and the a-D-GalpA ligand, (A) contact surface,
(B) hydrogen bonds at the active site, (C) 2D interactions.

the depth and width of the intestinal crypts and the height and The restoration of MUC-2 expression suggests a potential pro-
width of the enterocytes, making them more similar to those ob- tective effect on goblet cells, which are essential for maintain-
served in the control group. ing the mucus layer and the integrity of the epithelial barrier.
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FIGURE 8 | Molecular docking of the protein-ligand complex with the 5Y2T protein and the a-D-GalpA ligand, (A) contact surface, (B) hydrogen
bonds at the active site, (C) 2D interactions.

FIGURE9 | Molecular docking of the protein-ligand complex with the 6TM6 protein and the a-D-GalpA ligand, (A) contact surface, (B) hydrogen
bonds at the active site, (C) 2D interactions.

It has been demonstrated that treatment with polysaccha- morphological damage and protected goblet cells in experi-
rides extracted from jambu [13], guavira [9], tamarillo [11] mental models of ulcerative colitis. In addition, polysaccharides
and DIREN, an ethnic medicine from SHE [56], attenuated  from the peels of yellow passion fruit have been shown to reduce
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pro-inflammatory cytokines, preserve the mucus barrier, in-
crease anti-inflammatory cytokines and restore antioxidant lev-
els, thereby promoting inflammatory homeostasis [8, 11].

In some cases where an increase in the thickness of certain
morphological parameters has been observed, it is important to
consider that the migration of immune system cells may have
contributed to this thickening. An example of this is the sub-
mucosa, which showed a thickening accompanied by an intense
inflammatory infiltrate, as shown by histopathological analysis.
Following this reasoning and taking into account the inflamma-
tion induced by colitis and the recruitment of immune cells, the
thickening of parameters such as the mucosa may be associated
with the presence of edema and the formation of abscesses [57].

Several authors have reported morphologic changes in the co-
lonic wall in experimental models of DSS-induced colitis, in-
cluding atrophy of the muscular layer and loss of intestinal
motility, reduced length and changes in the histoarchitecture of
the colonic mucosa and epithelium [8, 9, 13, 16, 56].

DSS-induced ulcerative colitis led to a flattening of the entero-
cytes, characterised by a reduction in height and an increase
in width. This change indicates a loss of epithelial barrier in-
tegrity, as the distance between the intestinal lumen and the
lamina propria was reduced. This finding was also confirmed
in the qualitative histopathologic analysis. The decreased dis-
tance associated with the reduction in goblet cells, as demon-
strated in the histopathologic analysis and further confirmed by
the immunohistochemical analysis of MUC-2, may facilitate the
translocation of microorganisms from the lumen, increasing the
risk of inflammation and intestinal dysfunction. The decrease
in goblet cells was associated with lower expression of MUC-2,
which impairs the protective mucosal barrier and may exacer-
bate mucosal injury. The loss of epithelial integrity increased the
susceptibility of the mucosa to damage and facilitated bacterial
translocation, thereby exacerbating the inflammatory process
and disrupting intestinal homeostasis [3, 4, 58]. In this study,
treatment with HPE showed a protective effect and promoted
partial restoration of enterocyte height and reduction in width,
which enhances the restoration of the mucus layer and protec-
tion of the epithelium.

An important morphological parameter analysed in this study
was the area of the enteric nervous system (ENS) ganglia, which
is essential for intestinal motility and inflammation regulation
[59]. Recent studies have shown that ulcerative colitis models
exhibit significant changes in the ENS that negatively affect in-
testinal motility and lead to motor dysfunction such as diarrhoea
[15, 16]. In our study, we observed that the reduction in the area
of myenteric ganglia induced by ulcerative colitis was reversed
by treatment with HPE. Interestingly, the ganglia area in the
treated group not only recovered but also exceeded the average
values of the healthy control group. This finding suggests a pos-
sible neuroprotective effect of HPE, possibly stimulating neu-
ronal synthesis and contributing to tissue repair. However, this
hypothesis still requires further investigation to be confirmed.
It is noteworthy that these results contrast with those of Braga
et al. [11], who showed that treatment with DSS resulted in a
significant increase in the profile area of myenteric ganglia com-
pared to controls, while the administration of polysaccharides

from tamarillo pulp effectively reduced this parameter. These
divergent results may be due to differences in the structural
composition and biological activity of the polysaccharides used,
as well as variations in the experimental models, treatment reg-
imens, or the extent of extracellular matrix remodelling, which
was also observed in our study.

In ulcerative colitis, there is a significant increase in the deposi-
tion of type I and type III collagen, which leads to fibrosis of the
intestinal wall, impaired motility and increased tissue rigidity
[16, 23, 24]. The altered dynamics of collagen fibre remodelling
are also associated with increased peripheral sensitization of
sensory neurons, which contributes to the visceral pain char-
acteristic of ulcerative colitis [17]. In this study, a significant
increase in type I and III collagen deposition was observed in
DSS-induced ulcerative colitis in mice. However, it remains un-
clear whether this represents the early stages of fibrosis develop-
ment. Treatment with HPE reduced the deposition of type I and
type III collagen, indicating a possible antifibrotic effect that
needs to be further investigated. Recent studies have shown that
polysaccharides can modulate the deposition of collagen fibres,
attenuate colonic fibrosis and reduce inflammation [9, 13, 56].

In the present study, qualitative analysis showed the presence
of an intense inflammatory infiltrate consisting predominantly
of neutrophils and lymphocytes. Quantitative analysis showed
a reduction in the number of IELs and an increase in mast
cells in untreated mice that had colitis. Treatment with HPE,
on the other hand, led to a significant increase in the propor-
tion of IELs without affecting the distribution of mast cells. The
observed reduction in IELs is directly related to damage to the
colonic epithelium, as evidenced by the presence of erosions on
the epithelial surface. The loss of the epithelial surface leads to
a reduction in epithelial cells and thus a decrease in IELs. As
the treatment mitigated the damage, the restoration of epithelial
integrity allowed the migration of these immune cells, which
play a crucial role in the inflammatory response associated with
ulcerative colitis. IELs and mast cells play a central role in the
immunopathology of ulcerative colitis [18] and the observed res-
toration of MUC-2 expression suggests that HPE also contrib-
uted to the restoration of goblet cell secretory barrier function,
which is essential for mucosal homeostasis [9, 11].

To further verify the mechanism of HPE, we performed a phar-
macokinetic analysis and investigated the possible molecular
mechanism by in silico analysis. HPE shows low absorbability
through the gastrointestinal tract or human skin and does not
bind or inhibit the substrate of P-glycoprotein. In addition, it
does not cross the blood-brain barrier and CNS and does not
inhibit cytochrome P450 protein families, suggesting that it is
non-toxic. Importantly, HPE has a high maximum tolerated
dose value in humans and has low acute oral toxicity in rats,
no hepatotoxicity, or skin sensitization. The ligand a-D-GalpA
showed molecular affinity to occludin 1XAW), PPAR-y recep-
tor enzyme (5Y2T) and mucin (6TM6), with the highest molecu-
lar affinity to mucin 1 (6BSC). The literature indicates that those
polysaccharides from natural sources have intricate structural
complexity and diverse biological activities [60]. This complex-
ity suggests that their bioactive effects may result from dynamic
interactions with a variety of proteins. In this context, we pro-
pose that the beneficial effects of HPE may be mediated, at least
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in part, by its interaction with the identified proteins. However,
elucidation of the precise molecular mechanisms underlying
these interactions requires further in-depth studies.

In conclusion, our results show that HPE treatment was effective
in attenuating most of the damage caused by DSS-induced ulcer-
ative colitis, as evidenced by the improvements in the morpholog-
ical parameters assessed and the restoration of MUC-2 expression
in goblet cells. These results support the potential of polysac-
charides as a promising approach for the treatment of ulcerative
colitis, with the potential to reduce associated complications and
enhance the therapeutic use of natural products. Despite the lim-
itations of this study, such as the fixed HPE dosage and the lack of
detailed analysis of the underlying mechanisms, it provides valu-
able morphological evidence for the effect of plant-derived poly-
saccharides and emphasises the importance of exploring safe and
effective natural therapies for ulcerative colitis.
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