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Abstract: Gastrointestinal mucositis is a serious and dose-limiting toxic side effect of oncologic
treatment. Interruption of cancer treatment due to gastrointestinal mucositis leads to a significant
decrease in cure rates and consequently to the deterioration of a patient’s quality of life. Natural
polysaccharides show a variety of beneficial effects, including a gastroprotective effect. Treatment with
soluble dietary fiber (SDF) from yellow passion fruit (Passiflora edulis) biomass residues protected
the gastric and intestinal mucosa in models of gastrointestinal injury. In this study, we investigated
the protective therapeutic effect of SDF on 5-FU-induced mucositis in male and female mice. Oral
treatment of the animals with SDF did not prevent weight loss but reduced the disease activity index
and preserved normal intestinal function by alleviating diarrhea and altered gastrointestinal transit.
SDF preserved the length of the colon and histological damage caused by 5-FU. SDF significantly
restored the oxidative stress and inflammation in the intestine and the enlargement and swelling
of the spleen induced by 5-FU. In conclusion, SDF may be a promising adjuvant strategy for the
prevention and treatment of intestinal mucositis induced by 5-FU.

Keywords: agroindustrial by-products; agroindustrial residues; Passiflora edulis; intestinal damage;
intestinal injury; chemotherapy damage; 5-FU

1. Introduction

The gastrointestinal tract is a complex organ and the largest immunological interface
with the environment [1]. At the same time, it plays a fundamental role in the digestion
and absorption of nutrients, acts as a protective barrier, and coordinates the difficult task
of maintaining the basic characteristics of intestinal homeostasis to various microbial and
luminal dietary antigens [2,3]. Exposure to constant chemical, biological, and mechanical
stimuli triggers complex immune responses that are finely coordinated by epithelial and
non-epithelial cells, which act in an integrated manner to form protective barriers in the mu-
cosa [4]. However, damage to this barrier may occur and disrupt the homeostatic balance.
In this case, dysregulated immune responses trigger inflammation, which may be acute or
chronic pathological [5,6]. In this sense, various factors can break the protective barrier of
the mucosa, such as the antineoplastic drugs used during oncological treatment [7–9].
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As an antimetabolite chemotherapeutic agent, 5-FU is routinely used alone or in com-
bination to treat various neoplasms such as cervical cancer, esophageal cancer [10], and
colon cancer [11]. However, despite its therapeutic efficacy, the use of 5-FU is associated
with several serious and complex adverse effects [12–14], including inflammation of the
intestinal mucosa, also known as intestinal mucositis, which can occur in up to 100%
of patients depending on the therapeutic regimen used [15,16]. The disruption of DNA
synthesis caused by 5-FU leads to apoptotic cell death [17], especially in tissues with high
proliferative potential, as is the case with the crypt cells of the intestinal epithelium [18–20].
Damage is also associated with excessive production of reactive oxygen species (ROS), infil-
tration of neutrophils, and release of proinflammatory cytokines, which contribute critically
to the progression and severity of mucositis [21,22]. Importantly, intestinal mucositis is
accompanied by nausea, vomiting, diarrhea, and ulcerative lesions that can occur at any
site of the gastrointestinal tract [23,24].

Clinical management of intestinal mucositis is based on the patient’s symptoms [25].
Evidence-based guidelines for the management of mucositis have been available since 2004
and are published regularly by the Multinational Association of Supportive Care in Cancer
and the International Society of Oral Oncology (MASCC/ISOO) [26]. However, despite
continued research, intestinal mucositis remains a significant clinical challenge, especially
in severe cases [27,28], and the search for new prevention and/or treatment methods is
extremely important.

In this sense, polysaccharides derived from natural products are currently in a re-
markable scenario due to the diversity of their biological potential [29–40]. Moreover,
polysaccharides have been shown to improve the barrier function of the intestinal epithe-
lium in various chemical models of intestinal mucosal inflammation [41,42]. The protective
effect might be related to their antioxidant and anti-inflammatory activities [43–50], modu-
lation of immune and inflammatory responses [51,52], direct mucosal protection, regulation
of mucins and mucus secretion [41,53–55], and alteration of intestinal microbiota [56,57].
Polysaccharides are also abundant in plant by-products such as seeds, bagasse, and peel,
which are discarded by the ton during fruit processing and the production of juices and
soft drinks [58]. The peels of Passiflora edulis, popularly known as yellow passion fruit,
which are considered a by-product, are rich in bioactive compounds, including polysaccha-
rides. Tons of peels and seeds are discarded during the processing of yellow passion fruit,
accounting for about 50% of the fruit’s weight [59,60]. Passion fruit peel flour ingestion has
previously been shown to lower fasting blood glucose in type 2 diabetics [61] and in women
with hypercholesterolemia [62]. In animals, improvement in glucose parameters, reduction
in serum triglyceride levels, and increased fecal excretion of lipids were observed, which
was associated with protection against weight gain [63]. Insulin sensitivity was improved
in a high-fat-diet animal model [64], and glucose absorption was slowed in an in vitro
upper gastrointestinal tract model [65]. In an animal model of chemically induced ulcera-
tive colitis, supplementation with passion fruit peel flour improved disease parameters,
including reductions in diarrhea, rectal bleeding, and weight loss, in addition to reducing
inflammation [66,67]. Our research group has previously shown that a fraction of yellow
passion fruit peel, rich in polysaccharides (referred to here as SDF), has gastroprotective
effects against stomach ulcers [68]. In addition, SDF has been shown to reduce the severity
of experimental ulcerative colitis by regulating oxidative stress and inflammation and
strengthening the intestinal protective barrier [42].

In view of the above, the aim of our study was to investigate the protective and
curative effects of soluble dietary fiber (a polysaccharide fraction, here referred to as SDF)
from yellow passion fruit peel in a 5-FU-induced intestinal mucositis model in mice.
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2. Results
2.1. Effect of SDF on Weight Loss, DAI, and Colon Length
2.1.1. Female Mice

To analyze the effect of SDF on 5-FU-induced mucositis, parameters indicative of the
disease were examined throughout the experimental protocol. On day 10 (three days after
5-FU administration), significant weight loss was observed in the 5-FU group compared
with the control group, which persisted until day 12 (14.2%). Treatment with SDF (3, 10,
30, and 100 mg/kg) failed to prevent weight loss compared with the 5-FU group (day 12)
(Figure 1A). Although weight loss was not prevented, treatment with SDF (100 mg/kg)
prevented the development of DAI (median: 0.00) compared with animals in the 5-FU
group (median: 1.0) (Figure 1B). Treatment with 5-FU also reduced the length of the colon
(8.10 ± 0.31 cm) compared with the control group (9.45 ± 0.32 cm). On the other hand,
treatment with SDF (100 mg/kg) prevented colon shortening by 16% compared with the
5-FU group (Figure 1C).

It is important to note that the anti-mucositis effect was not observed at all doses
tested. Only the dose of 100 mg/kg (highest dose tested) promoted the visible beneficial
effect. Therefore, we decided to work with this dose in the following experiments.

2.1.2. Male Mice

As in the experiments with female mice, significant weight loss (median: −11.50) was
observed in male mice five days after induction of intestinal mucosal inflammation with
5-FU compared with the control group (median: 2.10). Treatment with SDF (3, 10, 30, and
100 mg/kg) did not prevent weight loss compared with the 5-FU group (Figure 1E).

Although weight loss was not prevented, treatment with SDF (100 mg/kg) significantly
prevented the increase in DAI (median: 0.00) compared with 5-FU (median: 2.00) (Figure 1F).
In addition, treatment with 5-FU reduced the length of the colon (5-FU: 7.93 ± 0.35 cm)
compared with the control group (10.82 ± 0.51 cm). Treatment with SDF (100 mg/kg)
prevented 23.70% shortening of the colon (SDF: 9.81 ± 0.18 cm) compared with the 5-FU
group (Figure 1G).

Although we did not observe an initial anti-mucositis effect at all doses tested, it is
evident that the dose of 100 mg/kg produced a beneficial effect in male mice. Therefore, we
decided to work only with the highest evaluated dose (100 mg/kg) in the next experiments.

2.2. Effect of SDF on Small Intestinal Motility
2.2.1. Female Mice

Animals in the 5-FU group showed a 30.96% increase in small intestinal motility com-
pared to the control group (median: 45.45%) (Figure 1D). Treatment with SDF (100 mg/kg)
prevented the increase in motility (median: 55.00%) compared to the 5-FU group (median:
65.83%).

2.2.2. Male Mice

Male animals with intestinal mucosal inflammation showed no significant difference
in small intestinal motility compared with the control group. However, treatment with
SDF decreased motility at all doses studied (47.79 ± 3.87, 46.96 ± 4.62, 48.99 ± 2.93, and
42.88 ± 1.21, respectively) compared to the 5-FU group (70.95 ± 2.92%) (Figure 1H).

2.3. Effect of SDF on the Weight of Spleen and Liver
2.3.1. Female Mice

In animals receiving 5-FU and treated with vehicle alone, spleen weight decreased by
56.09% (0.41 ± 0.02 g) compared with the control group (Figure 2A). However, treatment
with SDF (100 mg/kg) prevented the decrease in spleen weight (0.37 ± 0.03 g) compared
with the 5-FU group (0.23 ± 0.01 g). No significant difference was observed in liver weight
(Figure 2B).
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Figure 1. Effect of orally administered SDF on body weight loss, disease activity index, colon length, 
and intestinal motility in 5-FU-induced intestinal mucositis in female (A–D) and male (E–H) mice. 
* Difference from 5-FU group, # difference from control group to p < 0.05. 

Figure 1. Effect of orally administered SDF on body weight loss, disease activity index, colon length,
and intestinal motility in 5-FU-induced intestinal mucositis in female (A–D) and male (E–H) mice.
* Difference from 5-FU group, # difference from control group to p < 0.05.
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Figure 2. Effect of orally administered SDF on spleen and liver weights in 5-FU-induced intestinal
mucositis in female (A,B) and male (C,D) mice. * Difference from 5-FU group, # difference from
control group to p < 0.05.

2.3.2. Male Mice

Treatment with 5-FU caused a 50% decrease in spleen weight compared with the
control group (0.28 ± 0.01 g). However, treatment with SDF prevented the decrease in
spleen weight (0.26 ± 0.03 g) compared with the 5-FU group (0.14 ± 0.01 g) (Figure 2C).
No significant difference was observed in liver weight (Figure 2D).

2.4. Effect of SDF on Oxidative Stress Parameters
2.4.1. Female Mice

Treatment with 5-FU induced a decrease in duodenal GSH levels (61.52%) and GST
activity (68.48%) compared with the control group (359.2 ± 56.32 µg/mg protein
and 356.8 ± 25.85 nmol/min/mg protein). SDF prevented GSH depletion and decreased
GST activity (293.0 ± 23.36 µg/mg protein and 228.7 ± 30.96 nmol/min/mg
protein, respectively) compared with the 5-FU group (138.2 ± 23.76 µg/mg protein and
112.4 ± 17.66 nmol/min/mg protein, respectively).
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Treatment with 5-FU induced a decrease in the GSH level (61.75%) and GST ac-
tivity (56.28%) of colon tissue compared with the control group (11.87 ± 1.21 µg/mg
protein and 426.6 ± 43.55 nmol/min/mg protein, respectively). SDF prevented GSH de-
pletion (10.51 ± 1.17 µg/mg protein) but showed no significant difference in GST activity
(335.0 ± 17.42 nmol/min/mg protein) compared with the 5-FU group (7.33 ± 0.58 µg/mg
protein and 240.1 ± 22.25 nmol/min/mg protein, respectively) (Figure 3A–D).
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2.4.2. Male Mice

Treatment with 5-FU decreased duodenal GSH activity and GST levels compared with
the control group (248.9 ± 15.94 µg/mg protein and 221.4 ± 21.85 nmol/min/mg protein,
respectively). Oral treatment with SDF failed to prevent GSH degradation and GST activity
(193.5 ± 18.32 µg/mg protein and 141.5 ± 15.23 nmol/min/mg protein, respectively) com-
pared with the 5-FU group (154.8 ± 10.28 µg/mg protein and 97.02 ± 9.58 nmol/min/mg
protein, respectively) (Figure 3E,F).

Treatment with 5-FU induced a 53.11% decrease in GSH levels in colon tissue compared
with the control group (17.04 ± 0.60 µg/mg protein). Oral treatment with SDF showed
no significant differences in preventing GSH loss (11.98 ± 0.71 µg/mg protein) compared
with the 5-FU group (7.99 ± 0.82 µg/mg protein). We found no significant differences in
the dosage of GST in colon tissue (Figure 3H).

2.5. Effect of SDF on Inflammatory Parameters
2.5.1. Female Mice

In the 5-FU group, duodenal MPO and NAG activities were significantly increased by
1.96- and 5.5-fold compared with the corresponding control group (0.86 ± 0.10 µg/mg pro-
tein and 1.00 ± 0.05 µg/mg protein, respectively). Treatment with SDF reduced MPO and
NAG activities by 41.42% and 57.16% (0.99 ± 0.11 µg/mg protein and 2.39 ± 0.46 µg/mg
protein, respectively) compared with the 5-FU group (1.69 ± 0.24 µg/mg protein and
5.58 ± 0.99 µg/mg protein, respectively) (Figure 4A,B).

A 55% increase in MPO activity was observed in the colon tissue of the 5-FU group
compared with the corresponding control group (0.10 ± 0.01 µg/mg protein). Treatment
with SDF reduced MPO activity by 34% (0.15 ± 0.01 µg/mg) compared with the 5-FU
group (0.24 ± 0.02 µg/mg protein).

We observed no significant differences in NAG dosage in the 5-FU group (1.18± 0.16 µg/mg
protein) for colon tissue compared with the control group (0.98 ± 0.06 µg/mg protein),
but SDF at a dosage of 100 mg/kg reduced NAG levels by 30.50% (0.82 ± 0.01 µg/mg)
compared with the 5-FU group (Figure 4C,D).

Animals receiving 5-FU had lower levels of IL -1β in the duodenum (171.8 ± 104.9 pg/mg
protein) than the control group (569.9 ± 98.69 pg/mg protein). Treatment with SDF
increased the IL -1β levels in the duodenum (1188 ± 506.9 pg/mg protein) compared with
the 5-FU group.

In addition, it was observed that treatment with 5-FU increased IL -1β levels in the colon
tissue (871.5 ± 118.4 pg/mg protein) compared with the control group (468.3 ± 67.87 pg/mg
protein). Treatment with SDF reduced IL -1β levels in the colon (619.7 ± 70.29 pg/mg
protein) compared with the 5-FU group (Figure 4E,F).

2.5.2. Male mice

Treatment with 5-FU resulted in increased MPO levels in the duodenum and colon
(3.01 ± 0.31 µg/mg protein and 0.62 ± 0.15 µg/mg protein, respectively) compared with
the control group (1.25 ± 0.18 µg/mg protein and 0.21 ± 0.03 µg/mg protein, respec-
tively). Treatment with SDF did not prevent this increase (1.54 ± 0.20 µg/mg protein and
0.47 ± 0.09 µg/mg protein, respectively). We found no significant differences in the dosage
of NAG in the two tissues analyzed (Figure 4G–J).

Under our experimental conditions, animals receiving 5-FU and treated with vehicle
had increased levels of IL-1β in the colon (313.5 ± 39.89 pg/mg protein) compared with the
control group (201.0 ± 22.97 pg/mg protein). Treatment with SDF was not able to reverse
this parameter. Although there is a tendency for change at the other dosages, no significant
difference was observed (Figure 4K,L).



Pharmaceuticals 2023, 16, 912 8 of 26
Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 29 
 

 

 
Figure 4. Effect of orally administered SDF on MPO and NAG activities and IL-1β levels in 5-FU-
induced intestinal mucositis in female (A–F) and male (G–L) mice. * Difference from 5-FU group, # 
difference from control group to p < 0.05. 

2.5.2. Male mice 
Treatment with 5-FU resulted in increased MPO levels in the duodenum and colon 

(3.01 ± 0.31 µg/mg protein and 0.62 ± 0.15 µg/mg protein, respectively) compared with the 
control group (1.25 ± 0.18 µg/mg protein and 0.21 ± 0.03 µg/mg protein, respectively). 
Treatment with SDF did not prevent this increase (1.54 ± 0.20 µg/mg protein and 0.47 ± 
0.09 µg/mg protein, respectively). We found no significant differences in the dosage of 
NAG in the two tissues analyzed (Figure 4G–J). 

Under our experimental conditions, animals receiving 5-FU and treated with vehicle 
had increased levels of IL-1β in the colon (313.5 ± 39.89 pg/mg protein) compared with the 
control group (201.0 ± 22.97 pg/mg protein). Treatment with SDF was not able to reverse 
this parameter. Although there is a tendency for change at the other dosages, no 
significant difference was observed (Figure 4K,L). 

2.6. Effect of SDF on Duodenum Histological Damage of Female and Male Mice 
Sections of duodenum from female and male mice stained with PAS and AB were 

quantified. Treatment with 5-FU resulted in a decrease in PAS staining (female: 9971 ± 
231.2 pixels/field; male: 8089 ± 257.0 pixels/field) compared with the control group 
(female: 16,098 ± 280.3; male: 21,338 ± 288.5). Treatment with SDF prevented the decrease 
compared with 5-FU group (female: 16,183 ± 171.5 pixels/field; male: 10,706 ± 175.5 
pixels/field). 

Treatment with 5-FU induced a decrease in AB staining in male (male: 14,934 ± 479.1 
pixels/field) but not in female mice (female: 21,648 ± 696.0 pixels/field) compared with the 
control group (female: 24,148 ± 526.4 pixels/field; male: 19,760 ± 2135 pixels/field). 

C
5-F

U 

SDF + 
5-F

U 

0.0

0.5

1.0

1.5

2.0

2.5
#

*

C
5-F

U 

SDF + 5-
FU 

C
5-F

U 

SDF + 
5-F

U C
5-F

U 

SDF + 
5-F

U 

C
5-F

U 

SDF + 
5-F

U 

0

500

1000

1500

2000

#

*

C
5-F

U 

SDF + 
5-F

U 

0

500

1000

1500

#

*

C
5-F

U

SDF + 
5-F

U 

C

5-F
U

SDF + 
5-F

U C

5-F
U

SDF + 
5-F

U 

C

5-F
U

SDF + 5-
FU 

0

500

1000

1500

C

5-F
U

SDF + 
5-F

U 

A B

C D

E F

G H

I J

K L

duodenum colon
female male

duodenum colon

Figure 4. Effect of orally administered SDF on MPO and NAG activities and IL-1β levels in 5-FU-
induced intestinal mucositis in female (A–F) and male (G–L) mice. * Difference from 5-FU group,
# difference from control group to p < 0.05.

2.6. Effect of SDF on Duodenum Histological Damage of Female and Male Mice

Sections of duodenum from female and male mice stained with PAS and AB were quantified.
Treatment with 5-FU resulted in a decrease in PAS staining (female: 9971± 231.2 pixels/field;
male: 8089 ± 257.0 pixels/field) compared with the control group (female: 16,098 ± 280.3;
male: 21,338 ± 288.5). Treatment with SDF prevented the decrease compared with 5-FU
group (female: 16,183 ± 171.5 pixels/field; male: 10,706 ± 175.5 pixels/field).

Treatment with 5-FU induced a decrease in AB staining in male (male:
14,934 ± 479.1 pixels/field) but not in female mice (female: 21,648 ± 696.0 pixels/field)
compared with the control group (female: 24,148 ± 526.4 pixels/field; male:
19,760 ± 2135 pixels/field). Treatment with SDF prevented the decrease (male:
25,125 ± 761.9 pixels/field) compared with the 5-FU group (Figure 5A–C).
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SDF group (male). Arrows: goblet cells.

Histomorphometric analysis showed atrophy of the muscular, submucosa, and mu-
cosa layers in the 5-FU group (female muscular layer: 58.13 ± 1.49 µm; male muscular
layer: 67.74 ± 2.09 µm), (female submucosa layer: 25.41 ± 0.81 µm; male submucosa
layer: 35.20 ± 1.33 µm), and (female mucosa layer: 157.8 ± 2.73 µm; male mucosa layer:
145.1 ± 2.42 µm) compared with the control group (female muscle layer: 37.61 ± 0.94 µm;
male muscle layer: 41.78 ± 1.13 µm), (female submucosal layer: 18.10 ± 0.49 µm; male
submucosal layer: 27.18 ± 1.86 µm), and (female mucosal layer: 133.8 ± 2.32 µm; male
mucosal layer: 128.2 ± 2.34 µm). Treatment with SDF improved muscle atrophy in male
mice (53.67 ± 1.61 µm) but not in female mice (58.96 ± 1.03 µm), submucosal atrophy in
female mice (31.79 ± 1.64 µm) and male mice (30.25 ± 1.26 µm) and prevented mucosal
atrophy in female mice (female: 130.4 ± 4.00 µm; male: 146.0 ± 2.50 µm) compared with
the 5-FU group (Figure 6A–C).
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1.10 µm; male: 39.68 ± 0.89 µm) (Figure 6F). The height of the villi was decreased in the 5-
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Figure 6. Effect of orally administered SDF on histomorphometry analysis of duodenum in 5-FU—
induced intestinal mucosal inflammation in female and male mice (H&E). * Difference from 5-FU
group, # difference from control group to p < 0.05. Images show (A) Muscular (µm); (B) Submu-
cosa (µm); (C) Mucosa (µm); (D) Villus-crypt ratio; (E) Crypts depth (µm); (F) Crypts width (µm);
(G) Villus height (µm); (H) Villus width (µm); (I–N) duodenum sections (100 µm) stained with H&E
(hematoxylin and eosin). C-F: Control group (female), 5-FU-F: 5-FU group (female), SDF-F: SDF
group (female), C-M: Control group (male), 5-FU-M: 5-FU group (male), SDF-M: SDF group (male).
Brackets: thickness of the tissue layers (mucosa and submucosa).

A decrease in villi and crypts was observed in females and males in the groups
receiving 5-FU (female: 2.60 ± 0.10 µm; male: 1.99 ± 0.05 µm) compared with the control
group (female: 3.87 ± 0.11 µm; male: 3.22 ± 0.12 µm). SDF prevented the decrease only
in the male mice (3.06 ± 0.10 µm) compared to the 5-FU group (Figure 6D). In addition,
a decrease in crypt depth was observed in the male 5-FU group (male: 89.98 ± 2.04 µm)
compared to the control group (male: 101.8 ± 2.02 µm). SDF treatment improved this
parameter (male: 74.17 ± 1.81 µm) compared to the 5-FU group. No statistical differences
were observed in females (Figure 6E).

Treatment with 5-FU also resulted in an increase in crypt width (female: 40.62 ± 0.91 µm;
males: 38.26 ± 0.66 µm) compared to the control groups (female: 35.28 ± 0.57 µm;
male: 35.24 ± 0.83 µm). Treatment with SDF did not prevent the change in crypt (fe-
male: 38.80 ± 1.10 µm; male: 39.68 ± 0.89 µm) (Figure 6F). The height of the villi was
decreased in the 5-FU group (female: 207.2 ± 6.99 µm; male: 171.2 ± 3.63 µm) com-
pared to the control group (female: 329.2 ± 8.45 µm; male: 315.1 ± 9.75 µm). Treat-
ment with SDF prevented this only in the male mice (female: 144.2 ± 7.65 µm; males:
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215.5 ± 4.66 µm) (Figure 6G,I). Villous width was increased only in females of the 5FU
group (female: 110.4 ± 2.42 µm; male: 78.87 ± 2.30 µm) compared with the control group
(female: 62.12 ± 1.59 µm; male: 78.24 ± 2.86 µm). In female mice treated with SDF, villi
width decreased (female: 76.83 ± 2.43 µm; male: 86.12 ± 1.94 µm) compared to the 5-FU
group (Figure 6H).

The duodenums of female and male animals receiving 5-FU showed increased infil-
tration of inflammatory cells (female: 2.42 ± 0.08; male: 2.42 ± 0.09) compared with the
control group (female: 1.11 ± 0.07; male: 1.08 ± 0.06), which was not reversed by oral
administration of SDF (female: 2.46± 0.14; male: 2.35± 0.10) (Figure 7A). Histoarchitecture
loss was increased in the 5-FU group (female: 2.58 ± 0.06; male: 2.41 ± 0.06) compared
with the control group (female: 1.14 ± 0.03; male: 1.16 ± 0.04), which was not reversed by
oral administration of SDF (female: 2.51 ± 0.07; male: 2.34 ± 0.10) (Figure 7B). In addition,
the crypititis score was increased in the 5-FU group (female: 2.46 ± 0.10; male: 2.47 ± 0.05)
compared with the control group (female: 1.09 ± 0.04; male: 1.13 ± 0.08), which was not re-
versed by oral administration of SDF (female: 2.43 ± 0.05; male: 2.47 ± 0.04) (Figure 7C,D).
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Paneth cells of female and male mice receiving 5-FU were decreased (female: 2.05 ± 
0.04; male: 1.94 ± 0.05) compared with the control group (female: 2.99 ± 0.04; male: 3.09 ± 
0.08). Oral treatment with SDF reversed this decrease (female: 2.49 ± 0.05; male: 2.40 ± 0.06) 
(Figure 8A). The number of granules per Paneth cell was also decreased in female and 
male mice receiving 5-FU (female: 9.53 ± 0.55; male: 8.90 ± 0.38) compared with the control 
group (female: 11.96 ± 0.78; male: 12.74 ± 0.62). Treatment with SDF did not reverse this 

Figure 7. Effect of orally administered SDF on duodenal histopathological analysis in 5-FU -induced
intestinal mucosal inflammation in female and male mice (H&E). # difference from control group
to p < 0.05. Images show (A) Inflammatory infiltrate (score); (B) loss of histoarchitecture (score);
(C) Cryptitis (score); (D–I) duodenum stained with H&E (hematoxylin and eosin) (100 µm). # different
from control group to p < 0.05. C-F: Control group (female), 5-FU-F: 5-FU group (female), SDF-F:
SDF group (female), C-M: Control group (male), 5-FU-M: 5-FU group (male), SDF-M: SDF group
(male). Arrows: loss of mucosal architecture, #: inflammatory infiltrate and abscess formation in
crypts (cryptitis).

Paneth cells of female and male mice receiving 5-FU were decreased (female: 2.05 ± 0.04;
male: 1.94 ± 0.05) compared with the control group (female: 2.99 ± 0.04; male: 3.09 ± 0.08).
Oral treatment with SDF reversed this decrease (female: 2.49 ± 0.05; male: 2.40 ± 0.06)
(Figure 8A). The number of granules per Paneth cell was also decreased in female and male
mice receiving 5-FU (female: 9.53 ± 0.55; male: 8.90 ± 0.38) compared with the control
group (female: 11.96 ± 0.78; male: 12.74 ± 0.62). Treatment with SDF did not reverse this
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decrease (female: 9.30 ± 0.55; male: 8.80 ± 0.36) (Figure 8B). The area of the crypt occupied
by Paneth cells was also decreased in mice receiving 5-FU (females: 561.2 ± 5.82; males:
520.2 ± 3.71) compared with the control group (female: 683.5 ± 3.77; male: 695.2 ± 10.02).
SDF reversed this parameter only in male mice (female: 508.5 ± 4.04; male: 567.9 ± 5.94)
(Figure 8C).

Female and male mice in the control group had 34.8 and 35.1% cells per crypt, re-
spectively. Female and male mice in the 5-FU group had 33.9 and 31.8% cells per crypt,
respectively. Female and male mice in the SDF group had 30.1 and 33.5% cells per crypt,
respectively (Figure 8D,E).
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Figure 8. Effect of orally administered SDF on Paneth cells of duodenum in 5-FU-induced intestinal
mucosal inflammation in female and male mice (H&E). * Difference from 5-FU group, # difference
from control group to p < 0.05. Images show: (A) Paneth cells/crypt; (B) number of granules/Paneth
cells; (C) area with Paneth cells/crypt (µm2); (D) Paneth cells in crypt (relative percentage);
(E–J) small intestine sections stained with H&E (hematoxylin and eosin) (15 µm). C-F: Control
group (female), 5-FU-F: 5-FU group (female), SDF-F: SDF group (female), C-M: Control group (male),
5-FU-M: 5-FU group (male), SDF-M: SDF group (male). Arrows: Paneth cells.

2.7. Effect of SDF on Colon Histological Damage of Female and Male Mice

Colon sections from female and male mice were stained with PAS and AB and quantified.
Treatment with 5-FU resulted in a decrease in PAS staining (female: 61,890± 640.3 pixels/field;
male: 57,421 ± 1223 pixels/field) compared with the control group (female:
113,415 ± 4623 pixels/field; male: 110,887 ± 1529 pixels/field). Treatment with SDF pre-
vented this reduction (female: 92,099 ± 3486 pixels/field; male: 81,437 ± 1032 pixels/field).
Treatment with 5-FU resulted in a reduction in AB staining (female: 54,771 ± 531.4 pixels/field;
male: 47,808 ± 872.4 pixels/field) compared with the control group (female:
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67,437 ± 1404 pixels/field; male: 85,787± 1887 pixels/field). Treatment with SDF prevented
this decrease in male but not in female mice (female: 36,998 ± 1830; male: 66,255 ± 1847)
(Figure 9A–C).

Histomorphometric analysis showed atrophy of the submucosal layer in the group
treated with 5-FU (female: 67.35 ± 2.33 µm; male: 38.76 ± 1.37 µm) compared with the
control group (female: 34.14 ± 0.79; male: 25.50 ± 0.64 µm). SDF treatment improved
submucosal atrophy (female: 39.92 ± 1.60 µm; male: 45.42 ± 1.71 µm). Although the
muscle layer of male mice was improved by SDF treatment (females: 88.16 ± 2.34 µm), no
significant difference was observed between the 5-FU and SDF male groups (5-FU females:
90.47 ± 3.22 µm; 5-FU males: 87.61 ± 3.11 µm; SDF males: 111.0 ± 4.58).

Treatment with 5-FU induced mucosal atrophy in female mice (208.2 ± 6.27 µm)
compared to the control group (155.8 ± 3.49 µm). Treatment with SDF improved this
parameter in female mice (172.3 ± 6.39 µm). No significant difference was observed in
male mice (Figure 10A–C).

No differences in crypt width were observed in female and male mice receiving 5-FU
(female: 39.07± 0.82; male: 34.88± 0.70) compared with control groups (female: 39.99 ± 0.66;
male: 36.27 ± 0.55). SDF treatment (male: 39.58 ± 0.77) showed a significant increase in
male mice compared with the 5-FU group (Figure 10D).

In addition, a decrease in crypt depth (female: 84.72± 2.03 µm; male: 68.69 ± 1.58 µm)
was observed in the 5-FU group compared with the control group (female: 113.6 ± 2.91 µm;
male: 109.8 ± 2.78 µm). SDF treatment prevented this decrease in male but not in female
mice (female: 78.46 ± 1.68 µm; male: 87.45 ± 1.78 µm) compared to the 5-FU group
(Figure 10E,F).

Treatment with 5-FU induced increased infiltration of inflammatory cells (female:
1.89 ± 0.08 µm; male: 1.91 ± 0.09 µm) compared with the control group (female:
1.34 ± 0.07 µm; male: 1.19 ± 0.07 µm), which was not reversed by oral administration
of SDF (female: 2.02 ± 0.09 µm; male: 2.05 ± 0.08 µm) (Figure 11A). A loss of histoarchi-
tecture was observed in the 5-FU group (female: 1.90 ± 0.06; male: 1.89 ± 0.15) compared
with tfhe control group (female: 1.35 ± 0.08; male: 1.17 ± 0.07), which was not reversed
by oral administration of SDF (female: 2.21 ± 0.07; male: 2.09 ± 0.08) (Figure 11B). In
addition, the crypititis score was increased in the 5-FU group (female: 1.88 ± 0.07; male:
1.85 ± 0.08) compared with the control group (female: 1.32± 0.07; male: 1.13± 0.03), which
was not reversed by oral administration of SDF (female: 2.05 ± 0.10; male: 1.94 ± 0.13)
(Figure 11C,D).
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Figure 9. Effect of orally administered SDF on histological analysis of colon goblet cells in 5-FU induced
intestinal mucositis in female and male mice (PAS and Alcien Blue). * Difference from 5-FU group,
# difference from control group to p < 0.05. Images show (A) colon stained with PAS (pixel/field); (B) colon
stained with Alcian blue (pixel/field); (C–H) colon sections stained with PAS-AB (100 µm). C-F: Control
group (female), 5-FU-F: 5-FU group (female), SDF-F: SDF group (female), C-M: Control group (male),
5-FU-M: 5-FU group (male), SDF-M: SDF group (male). Arrows: goblet cells.
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Figure 10. Effect of orally administered SDF on colon histopathological analysis in 5-FU -induced
intestinal mucosal inflammation in female and male mice (H&E). * Difference from 5-FU group,
# difference from control group to p < 0.05. Images show: (A) Muscular (µm); (B) Submucosa (µm);
(C) Mucosa (µm); (D) Crypts width (µm); (E) Crypts depth (µm); (F) colon sections stained with H&E
(hematoxylin and eosin) (100 µm). C-F: Control group (female), 5-FU-F: 5-FU group (female), SDF-F:
SDF group (female), C-M: Con-trol group (male), 5-FU-M: 5-FU group (male), SDF-M: SDF group
(male). Brackets: thickness of the tissue layers (mucosa and submucosa).
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Figure 11. Effect of orally administered SDF on colon histopathological analysis in 5-FU-induced
intestinal mucosal inflammation in female and male mice (H&E). # difference from control group
to p < 0.05. Images show: (A) Inflammatory infiltrates (score); (B) Histoarchitecture loss (score);
(C) Cryptitis (score); (D) Sections of colon (100 µm) stained with H&E (hematoxylin and eosin). C-F:
Control group (female), 5-FU-F: 5-FU group (female), SDF-F: SDF group (female), C-M: Control group
(male), 5-FU-M: 5-FU group (male), SDF-M: SDF group (male). Arrows: loss of mucosal architecture,
#: inflammatory infiltrate and abscess formation in crypts (cryptitis).

3. Discussion

The development of new prevention or treatment strategies with minimal or no
adverse effects represents an ongoing effort to control intestinal mucosal inflammation
induced by oncologic treatment [24,69–71]. In our work, we describe the beneficial effects
of oral administration of soluble dietary fiber (SDF) from yellow passion fruit peel in the
5-FU-induced intestinal mucosal inflammation model in female and male mice.

The antimetabolite 5-FU is the most widely used antineoplastic chemotherapeutic
agent for the treatment of various solid tumors, including colon and gastric cancers [72–75].
However, its use leads to the development of serious adverse effects, including gastrointesti-
nal toxicity, routinely described as oral and intestinal mucositis [76]. Intestinal mucositis is
a debilitating complication associated with abdominal pain, vomiting, refractory diarrhea,
and tissue ulceration [77] and is a consequence of the cytotoxic effect of antineoplastic
chemotherapy on the epithelial gastrointestinal layer [78,79]. DNA damage, increased ROS
production, cell loss, decreased cell proliferation, and severe inflammation contribute to
the damage of the mucosal barrier [80]. Mimicking intestinal mucosal inflammation in
rodents, 5-FU (at doses ranging from 50 to 450 mg/kg) is intracellularly converted to active
metabolites that interfere with RNA synthesis and the action of thymidylate synthase,
leading to cell death [81–83]. In animal models used to study the toxic effects of 5-FU,
it is still possible to observe weight loss associated with a change in normal intestinal
motility followed by diarrhea [81,82,84]. In our study, all the changes described above were
observed. Although treatment with SDF did not prevent weight loss, it did prevent the
development of DAI and diarrhea. Similar results were observed by Huang et al. [77], who
used Glycyrrhiza polysaccharide in DSS-induced ulcerative colitis in mice. The authors
showed that Glycyrrhiza polysaccharide could not prevent DSS-induced weight loss. How-
ever, DAI was reduced, colon shortening was prevented, intestinal permeability and levels
of IL-1, IL-6, and TNF-α were reduced, and levels of IL -10 were increased. A study by
Galdino et al. [85], investigating the effects of fructo-oligosaccharide (FOS) pretreatment on
5-FU-induced inflammation of the intestinal mucosa, showed that the polysaccharide tested
could not significantly prevent 5-FU-induced weight loss. However, FOS supplementation
reduced the inflammatory infiltrate and intestinal permeability, preserved the intestinal
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mucosa, and increased catalase levels. Pretreatment was still able to maintain acetate and
butyrate production at physiological levels.

In addition to dysmotility, 5-FU is known to cause epithelial damage [83], as well
as structural and functional damage to the intestinal mucosa [86], which includes severe
inflammation, apoptosis, and decreased cellularity of the duodenum and colon [27,87].
Histopathological changes in the duodenum and colon, such as loss of normal architecture,
edema, damage to epithelial villi, abnormal structure of the crypt, vacuolization, and
inflammatory infiltrates, are also usually reported during the use of 5-FU [88]. In fact, in
addition to the above features, we also observed shortening of the colon. Treatment with
SDF prevented these changes at the highest dose studied. Similarly, other polysaccharides
isolated from natural products have been explored as options for the treatment of inflam-
mation of the intestinal mucosa. For example, oral administration of fucoidan isolated
from Acaudina molpadioides at a dose of 50 mg/kg improved the histological architecture
of the small intestine in male Balb/C mice after exposure to cyclophosphamide [89]. In
addition, an isolated polysaccharide from longan (Dimocarpus longan Lour) promoted
intestinal epithelial protection at doses ranging from 100 to 400 mg/kg in the same model
of intestinal inflammation [90], indicating the potential of polysaccharides as interesting
alternatives for epithelial protection during antineoplastic chemotherapy.

Several mechanisms ensure that the epithelial line is protected from harmful stim-
uli [91]. In addition to the very important role of the innate immune system, the intestinal
epithelium also has a protective mucus layer (the first layer of physical defense of the
intestine) that is composed of a complex of mucins and plays an essential role in pro-
tecting against digestive enzymes and preventing adhesion and invasion of pathogenic
microbes [92,93]. Disruption of its homeostasis, which involves a dynamic balance of
production, secretion, expansion, and proteolysis of mucus components [94], can promote
dysfunction of this protective barrier and increase susceptibility to lesion development [95].
Indeed, previous studies have shown that 5-FU negatively affects the dynamic mucus bar-
rier [96,97], significantly decreases the number of goblet cells and mucus secretion [98], and
negatively affects the expression of mucins [99]. Therefore, therapies that promote mucus
retention and increase mucus production and secretion could be interesting strategies for
the treatment of chemotherapy-induced intestinal inflammation. Similar to the results of
other authors who have shown that polysaccharides improve the mucus barrier [98,99], our
results are consistent with the previous statement. Treatment with SDF visibly increased
the intensity of staining in the colon of male and female animals.

The exact mechanism by which SDF exerts its beneficial effects is not yet entirely
clear. It has already been observed that SDF has a significant gastroprotective effect on
gastric ulcer induced in rats [68]. Based on our previous results, we can hypothesize
that the protection promoted by SDF may involve the maintenance of normal intestinal
motility, preservation of histological architecture, and stimulation of mucus production
and secretion. Indeed, polysaccharides isolated from natural products have been shown
to increase mucus secretion and mucin expression in models of intestinal inflammation
induced by chemotherapeutic agents [54,55,90] and ulcerative colitis [100,101]. In addition,
these compounds have been shown to reduce oxidative stress and inflammation. In
support of our hypothesis, we have previously shown that SDF (10, 30, or 100 mg/kg, p.o.)
prevented body weight loss and colon shortening and improved DAI oxidative stress and
inflammatory responses in a model of colitis induced by 5% sodium dextran sulfate (DSS);
moreover, SDF improved colon tissue [42].

The formation of reactive oxygen species, followed by a state of drastic oxidative
stress, is observed in intestinal tissues after 5-FU application [102–106]. This stage is partic-
ularly important because it triggers a series of other events culminating in immunological
imbalance and activation of signaling factors such as nuclear transcription factor κB (NF-
κB), p53 (phosphoprotein 53), Wnt/β-catenin, caspase-1/3, Bcl-2, and related signaling
pathways [107]. Together, these events cause instability in gut barrier homeostasis [108],
leading to excessive neutrophil recruitment and infiltration and secretion of a variety of



Pharmaceuticals 2023, 16, 912 17 of 26

cytokines (e.g., IL -1β and TNF-α), resulting in tissue ulceration and damage [109]. Ac-
cordingly, the extent of oxidative stress and inflammatory cell infiltration is directly related
to the severity of mucositis. Thus, reducing neutrophil recruitment and maintaining the
balance between pro- and anti-inflammatory cytokines is essential for protective immunity
and for the prevention of lesions of the intestinal epithelium [110]. Animals treated with
5-FU showed a significant increase in MPO and NAG, indirect markers of infiltration of
polymorphonuclear and mononuclear cells (mainly neutrophils and macrophages). We also
observed a significant change in IL-1β levels. SDF significantly restored tissue damage, as
evidenced by decreased inflammation. In addition, it is worth noting that the enlargement
and swelling of the spleen induced by 5-FU, which is normally related to the extent of
inflammation of the intestinal mucosa [111], was significantly reduced by SDF. Overall, the
present study proved that SDF attenuated the intestinal inflammation induced by 5-FU.
The proposed pretreatment can reduce diarrhea, restore normal small intestinal motility,
and improve intestinal barrier function.

4. Materials and Methods
4.1. Soluble Dietary Fiber Extraction and Characterization

The extraction and characterization of soluble dietary fiber (referred to here as the SDF
fraction) from passion fruit peels has been described previously [68]. SDF consists of pectic
polysaccharide composed of galacturonic acid (92%), with minor amounts of arabinose
(3.0%), galactose (2.3%), glucose (1.8%), and trace amounts of rhamnose, mannose, and
xylose. NMR and HPSEC analyzes showed that the pectin in the SDF fraction is a highly
methyl esterified homogalacturonan (DE = 70%) with a relative Mw of 53 kDa.

4.2. Animals and Ethics Statement

Before the start of the experiments, all experimental protocols were submitted to
the Ethics Committee for the Use of Animals (CEUA) of the Instituto de Pesquisa Pelé
Pequeno Príncipe and approved under the number 047-2019. All persons involved in this
project were professionally trained. The procedures were performed in compliance with
all requirements, ethical principles, and all relevant requirements and laws. Female and
male Balb/C mice (20–30 g, 6–8 weeks old) were obtained from Fundação Oswaldo Cruz
(Fiocruz), Paraná, Brazil. Animals were housed in plastic boxes (maximum 12 animals per
cage, separate cages for females and males) covered with a layer of wood shavings and
environmental enrichment, and were acclimatized at least two weeks before the start of
the experiment at controlled temperature (23 ± 2 ◦C), humidity (60 ± 10%), and lighting
(light-dark cycle of 12 h, light at 6 am), with free access to water and food (Nuvilab CR -1,
Quimtia S/A, Brazil). The animals were also acclimated to the individuals involved in the
development of the experiments. Every two days, the boxes and environmental enrichment
were changed and the water and food were replaced. At the beginning of the experiments,
animals were randomized, paired by weight, and divided into experimental groups as
described below (n = 8–10 animals per group).

4.3. 5-FU Intestinal Mucositis Induction

After the acclimation period, animals were randomized, matched by body weight,
and divided into smaller groups: (i) control group (water, 0.1 mL/kg, p.o.); (ii) 5-FU group
(450 mg/kg of 5-FU [Fauldfluor®, Libbs], i.p., and 0.1 mL/kg water, p.o.); and (iii) SDF
group (3, 10, 30, or 100 mg/kg SDF p.o. and 450 mg/kg 5-FU, i.p.).

Animals were treated orally with vehicle (water, 0.1 mL/kg) or SDF (3, 10, 30 or
100 mg/kg) once daily at the same time for 7 consecutive days. On day 8, animals in the 5-
FU and SDF groups received a single injection of 5-FU (450 mg/kg (i.p.)). The experimental
protocol lasted until day 12, and treatment with vehicle or SDF was maintained until the
end of the protocol (Figure 12). On day 12, all animals were anesthetized and euthanized.
The duodenum, colon, and spleen were removed and stored in the freezer at −80 ◦C for
further analysis.
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Animals were monitored throughout the experimental period for systemic parameters
such as weight loss, stool consistency, and presence of blood in the stool. The diarrhea
score (disease activity index: DAI), a basic parameter characteristic of the development of
intestinal mucosal inflammation in mice, was evaluated using the scoring table proposed
by Kurita et al. [112] (Table 1).

Table 1. Score for the evaluation of feces consistency.

Feces Appearance Score

normal 0

slightly altered or damp 1

moist with little perianal dirt 2

moist with perianal dirt 3

4.4. Assessment of Intestinal Motility

After a 20-min oral administration of 0.5 mL of a colored marker consisting of 0.05%
phenol red diluted in 1.5% carboxymethylcellulose, the animals were euthanized and the
length of the small intestine of each animal and the distance traveled by the marker were
measured. The data obtained were used to determine intestinal motility.

4.5. Tissue Preparation for the Determination of Oxidative Stress and Inflammation Parameters

For determination of oxidative stress and inflammation parameters, the duodenum
and colon were homogenized in potassium phosphate buffer solution (PBS, Sigma-Aldrich,
P4417, MDL no. MFCD00131855), pH 7.4, and protease inhibitor (Sigma FASTTM, Sigma-
Aldrich, S8830-20TAB). The homogenate from duodenum and colon was used to measure
reduced glutathione (GSH) content. The tissue homogenate was then centrifuged (8900 rpm
for 20 min at 4 ◦C) to obtain the supernatant and pellet of the samples. The supernatant was
used to determine glutathione S-transferase (GST) activity, cytokine content (interleukin
1β, [Peprotech, 900-K47]), and protein content. The pellet was resuspended in phosphate
buffer containing hexadecyltrimethylamnium (HTAB, Sigma-Aldrich, CAS No. 57-09-0)
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and used to dose the activities of myeloperoxidase (MPO) and N-acetylglycoside (NAG).
Detailed methods are described below.

Protein concentration was determined by the Bradford method [60], using bovine
serum albumin (Inlab, CAS No. 9048-46-8) as a standard curve. The results were read in
the spectrophotometer at 540 nm.

4.6. Oxidative Stress
4.6.1. GSH Determination

GSH was measured according to the method of Sedlak et al. [113]. Aliquots of 50 µL
duodenum or colon homogenate were mixed with 50 µL trichloroacetic acid (ATC, 12.5%)
and centrifuged at 4 ◦C and 3000 rpm for 15 min. Then, in a 96-well plate, 10 µL of the
supernatant was added to 290 µL TRIS-HCl buffer (400 mM, pH 8.5) (Amresco, CAS No.
1185-53-1) and 10 µL 5,5′-dithiobis-(2-nitrobennomic acid) (DTNB, Sigma-Aldrich, CAS No.
69-78-3) 10 mM. GSH content was then measured in a spectrophotometer at 415 nm (Epoch
Microplate Spectrophotometer—BioTek Instruments). The results were interpolated with a
standard GSH curve (6.25–400 µg/mL) (Sigma-Aldrich, CAS No. 70-18-8). Results were
expressed as µg GSH/mg protein.

4.6.2. GST Determination

GST activity was determined according to the method proposed by Habig et al. [114]
with some modifications. The reaction to measure the activity of this enzyme was per-
formed by adding 200 µL of the reaction solution (0.1 M phosphate buffer, 1 mM 1-chloro-
2,4-dinitrobenzene CDNB [Sigma-Aldrich, CAS No. 97-00-7], and 1 mM GSH [Sigma-
Aldrich, CAS No. 70-18-8]) to 50 µL of the sample supernatant in a 96-well plate. The
reaction was then monitored for 180 s in a spectrophotometer (340 nm, Epoch Microplate
Spectrophotometer—BioTek Instruments). GST activity was calculated using the extinction
coefficient of 9.6/mM/cm for GSH and results were expressed in nmol/min/mg protein.

4.7. Inflammatory Parameters
4.7.1. Determination of MPO and NAG Activities

As mentioned previously, MPO and NAG activities were measured in pellets from
duodenum and colon samples. For this purpose, the sample pellet was resuspended in
80 mM potassium phosphate buffer (pH 5.4) containing hexadecyltrimethylammonium
bromide (HTAB) (Sigma-Aldrich, CAS No. 57-09-0). Briefly, the samples were centrifuged
and the supernatant was used to measure MPO and NAG activities.

For MPO measurement, 30 µL of the supernatant was added to 200 µL of a buffer
mixture containing phosphate buffer (0.08 and 0.22M) and 0.017% H2O2 (Labsynth, 35%
P.A.-A.C.S., CAS No. 7722--84-1) in a 96-well plate. The reaction was started with 18.4 mM
TMB (3,3′,5,5′-tetramethylbenzidine, Sigma-Aldrich, CAS No. 207738-08-7) and incubated
at 37 ◦C for 3 min. The reaction was stopped with 30 µL sodium acetate (Quimibras,
A.C.S., CAS No. 127-09-3) and read in a spectrophotometer at 620 nm (Epoch Microplate
Spectrophotometer—BioTek Instruments). Results were expressed as µg MPO/mg protein.

For the determination of NAG, 25 µL of supernatant was added to 25 µL NAG
solution (4-nitrophenyl-N-acetyl-β-D-glucosaminide, Sigma-Aldrich, CAS No. 3459-18-5)
and 100 µL citrate buffer (50 Mm, pH 4.5, Synth, CAS No. 6132-04-3). The reaction was
incubated at 37 ◦C for 60 min, stopped with 100 µL glycine buffer (200 Mm, pH 10.4,
Sigma-Aldrich, CAS No. 207300-76-3), and read in a spectrophotometer at 405 nm (Epoch
Microplate Spectrophotometer—BioTek Instruments).

4.7.2. Evaluation of IL-1β

Il-1β levels were determined by enzyme-linked immunosorbent assay (ELISA) accord-
ing to the manufacturer’s recommendations (Peprotech®). Absorbance was measured using
a spectrophotometer (Epoch Microplate Spectrophotometer—BioTek Instruments, Char-
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lotte, VT, USA). Results were interpolated with a standard linear curve for each cytokine
and expressed in pg/mg protein of each sample.

4.8. Histopathological Analysis

After the experimental protocol for inflammation of the intestinal mucosa was devel-
oped, samples were taken from the duodenum and colon to study the histopathological
changes. For this purpose, the collected tissues were incubated in buffered formalin (Neon,
CAS no. 50-00-0) for 16 h. They were then transferred to ethanol and ether solutions (Abba
Quimica, CAS No. 64-17-5 and CAS No. 60-29-7). For preparation of histology blocks,
specimens were embedded in paraffin wax (Reagen, CAS No. 8002-74-2). Histology slides
were prepared with 5 µm thick sections (rotary microtome, American Optical, 820–54637).
All slides were stained with H&E, Periodic Acid Schiff, and Alcian Blue (PAS + AB). For
histopathological analysis, images of the slides were captured using a digital camera
(Olympus® CX43RF, 3.0 megapixel) connected to an optical microscope (Olympus® EP50).

4.9. Histomorphometric Analysis

H&E-stained sections were used to measure the thickness of the muscular, submucosa,
and mucosa layers and the depth and width of the crypts in the duodenum and colon.
Height and width of villi were measured in the duodenum, with width determined by
the average of three measurements at the base, middle third, and tip of each villus. The
ratio of villi to crypts was determined by dividing villus height by crypt height. One
hundred measurements were made for each parameter studied, with 10 measurements
per parameter for each mouse and from 10 mice per group. For this purpose, 16 images
(4/quadrant/mouse from 10 mice per group) were acquired with a high-resolution camera
(Leipzig, HI -speed, 2.0 megapixels), connected to a light microscope (Leipzig Solstice 5Xi
eLED) with 10× objectives, and transferred to a microcomputer. Measurements were per-
formed using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA) [115,116].

4.10. Quantification of Goblet Cells

Sections stained with Periodic Acid-Schiff (neutral mucin-like glycoproteins) and
Alcian Blue (acidic mucin) were used to quantify goblet cells producing and releasing
neutral and acidic mucins, respectively. For mucin quantification, 10 images per mouse
from 10 mice per group were acquired with a 10× objective and a high-resolution camera
(Leipzig, HI -speed, 2.0 megapixel) connected to the light microscope (Leipzig Solstice 5Xi
eLED) and transferred to a microcomputer. ImageJ® software version 1.53k (Schneider
et al., 2012) [117] was used to quantify the mucins. The results were expressed in pixels per
microscopic field [116].

4.11. Quantitative and Histomorphometric Analysis of Paneth Cells

H&E-stained sections were used to quantify and measure Paneth cells. Paneth cells in
64 intestinal crypts of each mouse were quantified, in 10 mice per group. The eosinophil
granules present in 10 Paneth cells of each mouse from 10 mice per group were quantified.
The profile of the area occupied by Paneth cells in 64 intestinal crypts of each mouse was
measured in 10 mice per group. For this purpose, 20 images (five images/quadrant/mouse
of 10 mice per group) were acquired with a high-resolution camera (Leipzig, HI -speed,
2.0 megapixel) coupled to a light microscope (Leipzig Solstice 5Xi eLED) with objectives
of 40× or 100× and transferred to a microcomputer. The 100× images were used to
quantify the eosinophil granules of Paneth cells. Quantitative and histomorphometric
analyzes were performed using Image-Pro Plus software (Media Cybernetics, Rockville,
MD, USA) [115,118].

4.12. Histopathological Evaluation

H&E-stained sections were used for histopathologic evaluation of the intestinal wall
of the duodenum and colon of mice. Histopathological findings were classified into three
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categories in accordance with previous studies: (i) presence and distribution of inflamma-
tory infiltrates in the submucosa or intestinal mucosa; (ii) loss of histoarchitecture of the
intestinal mucosa due to flattening of the mucosa (or villi in the duodenum), depletion of
goblet cells, epithelial erosion, ulceration, or abscess formation; and (iii) inflammatory infil-
trates in the intestinal crypts (cryptitis). Histopathologic findings were graded from 0 to 3
according to severity, with 0 being normal and 3 being marked. Ten microscopic fields from
each mouse (of 10 mice per group) were examined blindly with a light microscope (Leipzig
Solstice 5Xi eLED) at a 40× objective (and 100× if necessary to confirm structures) [42,115].

4.13. Statistical Analysis

All data were subjected to a normality test before the statistical test was performed.
Parametric data were expressed as mean values ± S.E.M. Data that did not have a normal
distribution were expressed as median and interquartile range. Difference between groups
was determined by analysis of variance ANOVA (one-way ANOVA or two-way ANOVA),
followed by Bonferroni test, or Kruskal–Wallis test, followed by Dunn test (depending on
data characteristics). Differences with p < 0.05 were considered statistically significant.

5. Conclusions

Finally, we present here results highlighting the potential of agroindustrial waste
products, especially yellow passion fruit peels. Although the mechanism of action of SDF
needs to be better explored, its beneficial effects on intestinal mucositis have been demon-
strated. Thus, we can conclude that the polysaccharides extracted from the agroindustrial
by-product of yellow passion fruit (Passiflora edulis) peel could be an interesting option
for the treatment of 5-FU-induced intestinal inflammation and that agroindustrial waste
products need to be valued for the use and incorporation of their bioactive compounds into
products for health benefits.
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2. Talapko, J.; Včev, A.; Meštrović, T.; Pustijanac, E.; Jukić, M.; Škrlec, I. Homeostasis and Dysbiosis of the Intestinal Microbiota:

Comparing Hallmarks of a Healthy State with Changes in Inflammatory Bowel Disease. Microorganisms 2022, 10, 2405. [CrossRef]
[PubMed]

3. Thoo, L.; Noti, M.; Krebs, P. Keep Calm: The Intestinal Barrier at the Interface of Peace and War. Cell Death Dis. 2019, 10, 849.
[CrossRef] [PubMed]

4. Santos, A.; Lo, Y.; Mah, A.; Kuo, C. The Intestinal Stem Cell Niche: Homeostasis and Adaptations. Trends Cell Biol. 2018, 28,
1062–1078. [CrossRef]

5. Garrett, W.S.; Gordon, J.I.; Glimcher, L.H. Homeostasis and Inflammation in the Intestine. Cell 2010, 140, 859–870. [CrossRef]
6. MacDonald, T.T.; Monteleone, I.; Fantini, M.C.; Monteleone, G. Regulation of Homeostasis and Inflammation in the Intestine.

Gastroenterology 2011, 140, 1768–1775. [CrossRef]
7. Touchefeu, Y.; Montassier, E.; Nieman, K.; Gastinne, T.; Potel, G.; Bruley Des Varannes, S.; Le Vacon, F.; De La Cochetière, M.F.

Systematic Review: The Role of the Gut Microbiota in Chemotherapy- or Radiation-Induced Gastrointestinal Mucositis—Current
Evidence and Potential Clinical Applications. Aliment. Pharmacol. Ther. 2014, 40, 409–421. [CrossRef] [PubMed]

8. Chen, G.; Han, Y.; Zhang, H.; Tu, W.; Zhang, S. Radiotherapy-Induced Digestive Injury: Diagnosis, Treatment and Mechanisms.
Front. Oncol. 2021, 11, 757973. [CrossRef]

9. Loman, B.R.; Jordan, K.R.; Haynes, B.; Bailey, M.T.; Pyter, L.M. Chemotherapy-Induced Neuroinflammation Is Associated with
Disrupted Colonic and Bacterial Homeostasis in Female Mice. Sci. Rep. 2019, 9, 16490. [CrossRef] [PubMed]

10. Sakai, M.; Sohda, M.; Saito, H.; Kuriyama, K.; Yoshida, T.; Kumakura, Y.; Hara, K.; Yokobori, T.; Miyazaki, T.; Murata, K.; et al.
Docetaxel, Cisplatin, and 5-Fluorouracil Combination Chemoradiotherapy for Patients with Cervical Esophageal Cancer: A
Single-Center Retrospective Study. Cancer Chemother. Pharmacol. 2019, 83, 1121–1126. [CrossRef]

11. Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, J.;
et al. Localised Colon Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2020, 31,
1291–1305. [CrossRef] [PubMed]

12. Putri, A.R. Metode Kemoterapi Terkini Berbasis Circadian Chronoteraphy Dalam Menurunkan Resistensi SeL SiHa Terhadap
5-Fluorourasil Pada Kanker Serviks. J. Agromed. 2019, 6, 370–378. [CrossRef]

13. Negarandeh, R.; Salehifar, E.; Saghafi, F.; Jalali, H.; Janbabaei, G.; Abdhaghighi, M.J.; Nosrati, A. Evaluation of Adverse Effects of
Chemotherapy Regimens of 5-Fluoropyrimidines Derivatives and Their Association with DPYD Polymorphisms in Colorectal
Cancer Patients. BMC Cancer 2020, 20, 560. [CrossRef] [PubMed]

14. Kadoyama, K.; Miki, I.; Tamura, T.; Brown, J.B.; Sakaeda, T.; Okuno, Y. Adverse Event Profiles of 5-Fluorouracil and Capecitabine:
Data Mining of the Public Version of the FDA Adverse Event Reporting System, AERS, and Reproducibility of Clinical Observa-
tions. Int. J. Med. Sci. 2012, 9, 33–39. [CrossRef]

15. Dahlgren, D.; Sjöblom, M.; Hellström, P.M.; Lennernäs, H. Chemotherapeutics-Induced Intestinal Mucositis: Pathophysiology
and Potential Treatment Strategies. Front. Pharmacol. 2021, 12, 681417. [CrossRef]

16. Kuiken, N.S.S.; Rings, E.H.H.M.; Tissing, W.J.E. Risk Analysis, Diagnosis and Management of Gastrointestinal Mucositis in
Pediatric Cancer Patients. Crit. Rev. Oncol. Hematol. 2015, 94, 87–97. [CrossRef]

17. Vodenkova, S.; Buchler, T.; Cervena, K.; Veskrnova, V.; Vodicka, P.; Vymetalkova, V. 5-Fluorouracil and Other Fluoropyrimidines
in Colorectal Cancer: Past, Present and Future. Pharmacol. Ther. 2020, 206, 107447. [CrossRef]

18. Keefe, D.M.K.; Gibson, R.J.; Hauer-Jensen, M. Gastrointestinal Mucositis. Semin. Oncol. Nurs. 2004, 20, 38–47. [CrossRef]
19. Delgado, M.E.; Grabinger, T.; Brunner, T. Cell Death at the Intestinal Epithelial Front Line. FEBS J. 2016, 283, 2701–2719. [CrossRef]
20. Chen, G.; Zeng, H.; Li, X.; Liu, J.; Li, Z.; Xu, R.; Ma, Y.; Liu, C.; Xue, B. Activation of G Protein Coupled Estrogen Receptor Prevents

Chemotherapy-Induced Intestinal Mucositis by Inhibiting the DNA Damage in Crypt Cell in an Extracellular Signal-Regulated
Kinase 1- and 2- Dependent Manner. Cell Death Dis. 2021, 12, 1034. [CrossRef]

21. Johnston, P.G.; Kaye, S. Capecitabine: A Novel Agent for the Treatment of Solid Tumors. Anticancer Drugs 2001, 12, 639–646.
[CrossRef] [PubMed]

22. Focaccetti, C.; Bruno, A.; Magnani, E.; Bartolini, D.; Principi, E.; Dallaglio, K.; Bucci, E.O.; Finzi, G.; Sessa, F.; Noonan, D.M.; et al.
Effects of 5-Fluorouracil on Morphology, Cell Cycle, Proliferation, Apoptosis, Autophagy and ROS Production in Endothelial
Cells and Cardiomyocytes. PLoS ONE 2015, 10, e0115686. [CrossRef] [PubMed]

23. Mayo, B.J.; Stringer, A.M.; Bowen, J.M.; Bateman, E.H.; Keefe, D.M. Irinotecan-Induced Mucositis: The Interactions and Potential
Role of GLP-2 Analogues. Cancer Chemother. Pharmacol. 2017, 79, 233–249. [CrossRef] [PubMed]

24. Sougiannis, A.T.; VanderVeen, B.N.; Davis, J.M.; Fan, D.; Murphy, E.A. Understanding Chemotherapy-Induced Intestinal
Mucositis and Strategies to Improve Gut Resilience. Am. J. Physiol. Gastrointest. Liver Physiol. 2021, 320, G712–G719. [CrossRef]
[PubMed]

25. Cinausero, M.; Aprile, G.; Ermacora, P.; Basile, D.; Vitale, M.G.; Fanotto, V.; Parisi, G.; Calvetti, L.; Sonis, S.T. New Frontiers in the
Pathobiology and Treatment of Cancer Regimen-Related Mucosal Injury. Front. Pharmacol. 2017, 8, 354. [CrossRef]

https://doi.org/10.2174/1389203717666160627083604
https://www.ncbi.nlm.nih.gov/pubmed/27356933
https://doi.org/10.3390/microorganisms10122405
https://www.ncbi.nlm.nih.gov/pubmed/36557658
https://doi.org/10.1038/s41419-019-2086-z
https://www.ncbi.nlm.nih.gov/pubmed/31699962
https://doi.org/10.1016/j.tcb.2018.08.001
https://doi.org/10.1016/j.cell.2010.01.023
https://doi.org/10.1053/j.gastro.2011.02.047
https://doi.org/10.1111/apt.12878
https://www.ncbi.nlm.nih.gov/pubmed/25040088
https://doi.org/10.3389/fonc.2021.757973
https://doi.org/10.1038/s41598-019-52893-0
https://www.ncbi.nlm.nih.gov/pubmed/31712703
https://doi.org/10.1007/s00280-019-03835-0
https://doi.org/10.1016/j.annonc.2020.06.022
https://www.ncbi.nlm.nih.gov/pubmed/32702383
https://doi.org/10.1177/17588359187801
https://doi.org/10.1186/s12885-020-06904-3
https://www.ncbi.nlm.nih.gov/pubmed/32546132
https://doi.org/10.7150/ijms.9.33
https://doi.org/10.3389/fphar.2021.681417
https://doi.org/10.1016/j.critrevonc.2014.12.009
https://doi.org/10.1016/j.pharmthera.2019.107447
https://doi.org/10.1053/j.soncn.2003.10.007
https://doi.org/10.1111/febs.13575
https://doi.org/10.1038/s41419-021-04325-z
https://doi.org/10.1097/00001813-200109000-00001
https://www.ncbi.nlm.nih.gov/pubmed/11604550
https://doi.org/10.1371/journal.pone.0115686
https://www.ncbi.nlm.nih.gov/pubmed/25671635
https://doi.org/10.1007/s00280-016-3165-9
https://www.ncbi.nlm.nih.gov/pubmed/27770239
https://doi.org/10.1152/ajpgi.00380.2020
https://www.ncbi.nlm.nih.gov/pubmed/33471628
https://doi.org/10.3389/fphar.2017.00354


Pharmaceuticals 2023, 16, 912 23 of 26

26. Elad, S.; Cheng, K.K.F.; Lalla, R.V.; Yarom, N.; Hong, C.; Logan, R.M.; Bowen, J.; Gibson, R.; Saunders, D.P.; Zadik, Y.; et al.
MASCC/ISOO Clinical Practice Guidelines for the Management of Mucositis Secondary to Cancer Therapy. Cancer 2020, 126,
4423–4431. [CrossRef]

27. Yeung, C.-Y.; Chan, W.-T.; Jiang, C.-B.; Cheng, M.-L.; Liu, C.-Y.; Chang, S.-W.; Chiang Chiau, J.-S.; Lee, H.-C. Amelioration of
Chemotherapy-Induced Intestinal Mucositis by Orally Administered Probiotics in a Mouse Model. PLoS ONE 2015, 10, e0138746.
[CrossRef]

28. Elad, S.; Yarom, N.; Zadik, Y.; Kuten-Shorrer, M.; Sonis, S.T. The Broadening Scope of Oral Mucositis and Oral Ulcerative Mucosal
Toxicities of Anticancer Therapies. CA. Cancer J. Clin. 2022, 72, 57–77. [CrossRef]

29. Ullah, S.; Khalil, A.A.; Shaukat, F.; Song, Y. Sources, Extraction and Biomedical Properties of Polysaccharides. Foods 2019, 8, 304.
[CrossRef]

30. Coqueiro, A.Y.; Pereira, J.R.R.; Galante, F. Peel flour of the Passiflora edulis f. flavicarpa Deg (yellow passion fruit): From
therapeutic potentials to side effects. Rev. Bras. Plantas Med. 2016, 18, 563–569. [CrossRef]

31. Anisha, B.S.; Biswas, R.; Chennazhi, K.P.; Jayakumar, R. Chitosan-Hyaluronic Acid/Nano Silver Composite Sponges for Drug
Resistant Bacteria Infected Diabetic Wounds. Int. J. Biol. Macromol. 2013, 62, 310–320. [CrossRef]

32. da Barud, H.S.; de Araújo Júnior, A.M.; Saska, S.; Mestieri, L.B.; Campos, J.A.D.B.; de Freitas, R.M.; Ferreira, N.U.; Nascimento,
A.P.; Miguel, F.G.; Vaz, M.M.; et al. Antimicrobial Brazilian Propolis (EPP-AF) Containing Biocellulose Membranes as Promising
Biomaterial for Skin Wound Healing. Evid.-Based Complement. Altern. Med. 2013, 2013, 703024. [CrossRef] [PubMed]

33. Liakos, I.; Rizzello, L.; Scurr, D.J.; Pompa, P.P.; Bayer, I.S.; Athanassiou, A. All-Natural Composite Wound Dressing Films of
Essential Oils Encapsulated in Sodium Alginate with Antimicrobial Properties. Int. J. Pharm. 2014, 463, 137–145. [CrossRef]
[PubMed]

34. Tahmouzi, S.; Ghodsi, M. Optimum Extraction of Polysaccharides from Motherwort Leaf and Its Antioxidant and Antimicrobial
Activities. Carbohydr. Polym. 2014, 112, 396–403. [CrossRef] [PubMed]

35. Shao, L.-L.; Xu, J.; Shi, M.-J.; Wang, X.-L.; Li, Y.-T.; Kong, L.-M.; Hider, R.C.; Zhou, T. Preparation, Antioxidant and Antimicrobial
Evaluation of Hydroxamated Degraded Polysaccharides from Enteromorpha Prolifera. Food Chem. 2017, 237, 481–487. [CrossRef]
[PubMed]

36. El-Batal, A.I.; Mosalam, F.M.; Ghorab, M.M.; Hanora, A.; Elbarbary, A.M. Antimicrobial, Antioxidant and Anticancer Activities of
Zinc Nanoparticles Prepared by Natural Polysaccharides and Gamma Radiation. Int. J. Biol. Macromol. 2018, 107, 2298–2311.
[CrossRef] [PubMed]

37. Li, L.; Thakur, K.; Liao, B.-Y.; Zhang, J.-G.; Wei, Z.-J. Antioxidant and Antimicrobial Potential of Polysaccharides Sequentially
Extracted from Polygonatum Cyrtonema Hua. Int. J. Biol. Macromol. 2018, 114, 317–323. [CrossRef] [PubMed]

38. Hasheminasab, F.S.; Hashemi, S.M.; Dehghan, A.; Sharififar, F.; Setayesh, M.; Sasanpour, P.; Tasbandi, M.; Raeiszadeh, M. Effects
of a Plantago Ovata-Based Herbal Compound in Prevention and Treatment of Oral Mucositis in Patients with Breast Cancer
Receiving Chemotherapy: A Double-Blind, Randomized, Controlled Crossover Trial. J. Integr. Med. 2020, 18, 214–221. [CrossRef]

39. Ji, Y.; Zhou, W.; Tan, W.; Chen, Z.; Lu, H.; You, Y.; Tian, C.; Zhou, X.; Zhou, L.; Luo, R.; et al. Protective Effect of Polysaccharides
Isolated from the Seeds of Cuscuta Chinensis Lam. on 5-Fluorouracil-Induced Intestinal Mucositis in Mice. Acta Cir. Bras. 2022,
37, e370204. [CrossRef]

40. Ferreira, A.S.; Macedo, C.; Silva, A.M.; Delerue-Matos, C.; Costa, P.; Rodrigues, F. Natural Products for the Prevention and
Treatment of Oral Mucositis-A Review. Int. J. Mol. Sci. 2022, 23, 4385. [CrossRef]

41. da Silva, K.S.; da Silveira, B.C.; Bueno, L.R.; da Silva, L.C.M.; Fonseca, L.d.S.; Fernandes, E.S.; Maria-Ferreira, D. Beneficial Effects
of Polysaccharides on the Epithelial Barrier Function in Intestinal Mucositis. Front. Physiol. 2021, 12, 714846. [CrossRef] [PubMed]

42. Bueno, L.R.; da Silva Soley, B.; Abboud, K.Y.; França, I.W.; da Silva, K.S.; de Oliveira, N.M.T.; Barros, J.S.; Gois, M.B.; Cordeiro,
L.M.C.; Maria-Ferreira, D. Protective Effect of Dietary Polysaccharides from Yellow Passion Fruit Peel on DSS-Induced Colitis in
Mice. Oxid. Med. Cell. Longev. 2022, 2022, 6298662. [CrossRef]

43. Paiva, A.A.d.O.; Castro, A.J.G.; Nascimento, M.S.; Will, L.S.E.P.; Santos, N.D.; Araújo, R.M.; Xavier, C.A.C.; Rocha, F.A.; Leite, E.L.
Antioxidant and Anti-Inflammatory Effect of Polysaccharides from Lobophora Variegata on Zymosan-Induced Arthritis in Rats.
Int. Immunopharmacol. 2011, 11, 1241–1250. [CrossRef]

44. Dore, C.M.P.G.; das C Faustino Alves, M.G.; Will, L.S.E.P.; Costa, T.G.; Sabry, D.A.; de Souza Rêgo, L.A.R.; Accardo, C.M.; Rocha,
H.A.O.; Filgueira, L.G.A.; Leite, E.L. A Sulfated Polysaccharide, Fucans, Isolated from Brown Algae Sargassum Vulgare with
Anticoagulant, Antithrombotic, Antioxidant and Anti-Inflammatory Effects. Carbohydr. Polym. 2013, 91, 467–475. [CrossRef]
[PubMed]

45. Huang, W.M.; Liang, Y.Q.; Tang, L.J.; Ding, Y.; Wang, X.H. Antioxidant and Anti-Inflammatory Effects of Astragalus Polysaccha-
ride on EA.Hy926 Cells. Exp. Ther. Med. 2013, 6, 199–203. [CrossRef] [PubMed]

46. Dore, C.M.P.G.; Alves, M.G.d.C.F.; Santos, M.D.G.L.; De Souza, L.A.R.; Baseia, I.G.; Leite, E.L. Antioxidant and Anti-Inflammatory
Properties of an Extract Rich in Polysaccharides of the Mushroom Polyporus Dermoporus. Antioxidants 2014, 3, 730–744.
[CrossRef]

47. Wang, Z.; Wang, Z.; Huang, W.; Suo, J.; Chen, X.; Ding, K.; Sun, Q.; Zhang, H. Antioxidant and Anti-Inflammatory Activities
of an Anti-Diabetic Polysaccharide Extracted from Gynostemma Pentaphyllum Herb. Int. J. Biol. Macromol. 2020, 145, 484–491.
[CrossRef]

https://doi.org/10.1002/cncr.33100
https://doi.org/10.1371/journal.pone.0138746
https://doi.org/10.3322/caac.21704
https://doi.org/10.3390/foods8080304
https://doi.org/10.1590/1983-084X/15_187
https://doi.org/10.1016/j.ijbiomac.2013.09.011
https://doi.org/10.1155/2013/703024
https://www.ncbi.nlm.nih.gov/pubmed/23840264
https://doi.org/10.1016/j.ijpharm.2013.10.046
https://www.ncbi.nlm.nih.gov/pubmed/24211443
https://doi.org/10.1016/j.carbpol.2014.06.024
https://www.ncbi.nlm.nih.gov/pubmed/25129759
https://doi.org/10.1016/j.foodchem.2017.05.119
https://www.ncbi.nlm.nih.gov/pubmed/28764023
https://doi.org/10.1016/j.ijbiomac.2017.10.121
https://www.ncbi.nlm.nih.gov/pubmed/29097216
https://doi.org/10.1016/j.ijbiomac.2018.03.121
https://www.ncbi.nlm.nih.gov/pubmed/29578016
https://doi.org/10.1016/j.joim.2020.02.008
https://doi.org/10.1590/acb370204
https://doi.org/10.3390/ijms23084385
https://doi.org/10.3389/fphys.2021.714846
https://www.ncbi.nlm.nih.gov/pubmed/34366901
https://doi.org/10.1155/2022/6298662
https://doi.org/10.1016/j.intimp.2011.04.003
https://doi.org/10.1016/j.carbpol.2012.07.075
https://www.ncbi.nlm.nih.gov/pubmed/23044157
https://doi.org/10.3892/etm.2013.1074
https://www.ncbi.nlm.nih.gov/pubmed/23935746
https://doi.org/10.3390/antiox3040730
https://doi.org/10.1016/j.ijbiomac.2019.12.213


Pharmaceuticals 2023, 16, 912 24 of 26

48. Zheng, Y.; Fan, J.; Chen, H.; Liu, E. Trametes Orientalis Polysaccharide Alleviates PM2.5-Induced Lung Injury in Mice through Its
Antioxidant and Anti-Inflammatory Activities. Food Funct. 2019, 10, 8005–8015. [CrossRef]

49. Hou, C.; Chen, L.; Yang, L.; Ji, X. An Insight into Anti-Inflammatory Effects of Natural Polysaccharides. Int. J. Biol. Macromol.
2020, 153, 248–255. [CrossRef]

50. Li, Y.-T.; Chen, B.-J.; Wu, W.-D.; Ge, K.; Wei, X.-Y.; Kong, L.-M.; Xie, Y.-Y.; Gu, J.-P.; Zhang, J.-C.; Zhou, T. Antioxidant and
Antimicrobial Evaluation of Carboxymethylated and Hydroxamated Degraded Polysaccharides from Sargassum Fusiforme. Int.
J. Biol. Macromol. 2018, 118, 1550–1557. [CrossRef]

51. Zhao, Y.; Yan, B.; Wang, Z.; Li, M.; Zhao, W. Natural Polysaccharides with Immunomodulatory Activities. Mini-Rev. Med. Chem.
2020, 20, 96–106. [CrossRef] [PubMed]

52. Kong, X.; Duan, W.; Li, D.; Tang, X.; Duan, Z. Effects of Polysaccharides From Auricularia Auricula on the Immuno-Stimulatory
Activity and Gut Microbiota in Immunosuppressed Mice Induced by Cyclophosphamide. Front. Immunol. 2020, 11, 595700.
[CrossRef] [PubMed]

53. Zuo, T.; Cao, L.; Li, X.; Zhang, Q.; Xue, C.; Tang, Q. The Squid Ink Polysaccharides Protect Tight Junctions and Adherens Junctions
from Chemotherapeutic Injury in the Small Intestinal Epithelium of Mice. Nutr. Cancer 2015, 67, 364–371. [CrossRef] [PubMed]

54. Zuo, T.; Cao, L.; Xue, C.; Tang, Q.-J. Dietary Squid Ink Polysaccharide Induces Goblet Cells to Protect Small Intestine from
Chemotherapy Induced Injury. Food Funct. 2015, 6, 981–986. [CrossRef] [PubMed]

55. Meldrum, O.W.; Yakubov, G.E.; Gartaula, G.; McGuckin, M.A.; Gidley, M.J. Mucoadhesive Functionality of Cell Wall Structures
from Fruits and Grains: Electrostatic and Polymer Network Interactions Mediated by Soluble Dietary Polysaccharides. Sci. Rep.
2017, 7, 15794. [CrossRef] [PubMed]

56. Tang, C.; Ding, R.; Sun, J.; Liu, J.; Kan, J.; Jin, C. The Impacts of Natural Polysaccharides on Intestinal Microbiota and Immune
Responses—A Review. Food Funct. 2019, 10, 2290–2312. [CrossRef]

57. Zhao, J.; Hu, Y.; Qian, C.; Hussain, M.; Liu, S.; Zhang, A.; He, R.; Sun, P. The Interaction between Mushroom Polysaccharides and
Gut Microbiota and Their Effect on Human Health: A Review. Biology 2023, 12, 122. [CrossRef]

58. Leyva-López, N.; Lizárraga-Velázquez, C.E.; Hernández, C.; Sánchez-Gutiérrez, E.Y. Exploitation of Agro-Industrial Waste as
Potential Source of Bioactive Compounds for Aquaculture. Foods 2020, 9, 843. [CrossRef]

59. López-Vargas, J.H.; Fernández-López, J.; Pérez-Álvarez, J.A.; Viuda-Martos, M. Chemical, physico-chemical, technological,
antibacterial and antioxidant properties of dietary fiber powder obtained from yellow passion fruit (Passiflora edulis var.
flavicarpa) co-products. Food Res. Int. 2013, 51, 756–763. [CrossRef]

60. Seixas, F.L.; Fukuda, D.L.; Turbiani, F.R.; Garcia, P.S.; Petkowicz, C.L.D.O.; Jagadevan, S.; Gimenes, M.L. Extraction of pectin from
passion fruit peel (Passiflora edulis f. flavicarpa) by microwave-induced heating. Food Hydrocoll. 2014, 38, 186–192. [CrossRef]

61. He, X.; Luan, F.; Yang, Y.; Wang, Z.; Zhao, Z.; Fang, J.; Wang, M.; Zuo, M.; Li, Y. Passiflora edulis: An Insight Into Current
Researches on Phytochemistry and Pharmacology. Front. Pharmacol. 2020, 11, 617. [CrossRef] [PubMed]

62. Ramos, A.T.; Cunha, M.A.L.; Sabaa-Srur, A.U.O.; Pires, V.C.F.; Cardoso, A.A.; Diniz, M.F.F.M.; Medeiros, C.C.M. Use of Passiflora
edulis f. flavicarpa on cholesterol reduction. Braz. J. Pharmacogn. 2007, 17, 592–597. [CrossRef]

63. Macagnan, F.T.; Santos, L.R.d.; Roberto, B.S.; de Moura, F.A.; Bizzani, M.; da Silva, L.P. Biological Properties of Apple Pomace,
Orange Bagasse and Passion Fruit Peel as Alternative Sources of Dietary Fibre. Bioact. Carbohydr. Diet. Fibre 2015, 6, 1–6.
[CrossRef]

64. Lima, G.C.; Vuolo, M.M.; Batista, Â.G.; Dragano, N.R.; Solon, C.; Maróstica Junior, M.R. Passiflora edulis peel intake improves
insulin sensitivity, increasing incretins and hypothalamic satietogenic neuropeptide in rats on a high-fat diet. Nutrition 2016, 32,
863–870. [CrossRef] [PubMed]

65. Bussolo de Souza, C.; Jonathan, M.; Isay Saad, S.M.; Schols, H.A.; Venema, K. Characterization and in Vitro Digestibility of
By-Products from Brazilian Food Industry: Cassava Bagasse, Orange Bagasse and Passion Fruit Peel. Bioact. Carbohydr. Diet. Fibre
2018, 16, 90–99. [CrossRef]

66. Cazarin, C.B.; da Silva, J.K.; Colomeu, T.C.; Batista, Â.G.; Vilella, C.A.; Ferreira, A.L.; Junior, S.B.; Fukuda, K.; Augusto, F.; de
Meirelles, L.R.; et al. Passiflora Edulis Peel Intake and Ulcerative Colitis: Approaches for Prevention and Treatment. Exp. Biol.
Med. 2014, 239, 542–551. [CrossRef] [PubMed]

67. Cazarin, C.B.B.; Rodriguez-Nogales, A.; Algieri, F.; Utrilla, M.P.; Rodríguez-Cabezas, M.E.; Garrido-Mesa, J.; Guerra-Hernández,
E.; Braga, P.A.C.; Reyes, F.G.R.; Maróstica, M.R.; et al. Intestinal anti-inflammatory effects of Passiflora edulis peel in the dextran
sodium sulphate model of mouse colitis. J. Funct. Foods 2016, 26, 565–576. [CrossRef]

68. Abboud, K.Y.; da Luz, B.B.; Dallazen, J.L.; Werner, M.F.d.P.; Cazarin, C.B.B.; Maróstica Junior, M.R.; Iacomini, M.; Cordeiro,
L.M.C. Gastroprotective Effect of Soluble Dietary Fibres from Yellow Passion Fruit (Passiflora Edulis f. Flavicarpa) Peel against
Ethanol-Induced Ulcer in Rats. J. Funct. Foods 2019, 54, 552–558. [CrossRef]

69. Keefe, D.M.; Schubert, M.M.; Elting, L.S.; Sonis, S.T.; Epstein, J.B.; Raber-Durlacher, J.E.; Migliorati, C.A.; McGuire, D.B.; Hutchins,
R.D.; Peterson, D.E.; et al. Updated Clinical Practice Guidelines for the Prevention and Treatment of Mucositis. Cancer 2007, 109,
820–831. [CrossRef]

70. Thomsen, M.; Vitetta, L. Adjunctive Treatments for the Prevention of Chemotherapy- and Radiotherapy-Induced Mucositis.
Integr. Cancer Ther. 2018, 17, 1027–1047. [CrossRef]

71. Liu, J.-H.; Hsieh, C.-H.; Liu, C.-Y.; Chang, C.-W.; Chen, Y.-J.; Tsai, T.-H. Anti-Inflammatory Effects of Radix Aucklandiae Herbal
Preparation Ameliorate Intestinal Mucositis Induced by 5-Fluorouracil in Mice. J. Ethnopharmacol. 2021, 271, 113912. [CrossRef]

https://doi.org/10.1039/C9FO01777A
https://doi.org/10.1016/j.ijbiomac.2020.02.315
https://doi.org/10.1016/j.ijbiomac.2018.06.196
https://doi.org/10.2174/1389557519666190913151632
https://www.ncbi.nlm.nih.gov/pubmed/31518223
https://doi.org/10.3389/fimmu.2020.595700
https://www.ncbi.nlm.nih.gov/pubmed/33240285
https://doi.org/10.1080/01635581.2015.989369
https://www.ncbi.nlm.nih.gov/pubmed/25587665
https://doi.org/10.1039/C4FO01191K
https://www.ncbi.nlm.nih.gov/pubmed/25671677
https://doi.org/10.1038/s41598-017-16090-1
https://www.ncbi.nlm.nih.gov/pubmed/29150632
https://doi.org/10.1039/C8FO01946K
https://doi.org/10.3390/biology12010122
https://doi.org/10.3390/foods9070843
https://doi.org/10.1016/j.foodres.2013.01.055
https://doi.org/10.1016/j.foodhyd.2013.12.001
https://doi.org/10.3389/fphar.2020.00617
https://www.ncbi.nlm.nih.gov/pubmed/32508631
https://doi.org/10.1590/S0102-695X2007000400019
https://doi.org/10.1016/j.bcdf.2015.04.001
https://doi.org/10.1016/j.nut.2016.01.014
https://www.ncbi.nlm.nih.gov/pubmed/27138107
https://doi.org/10.1016/j.bcdf.2018.08.001
https://doi.org/10.1177/1535370214525306
https://www.ncbi.nlm.nih.gov/pubmed/24623393
https://doi.org/10.1016/j.jff.2016.08.020
https://doi.org/10.1016/j.jff.2019.02.003
https://doi.org/10.1002/cncr.22484
https://doi.org/10.1177/1534735418794885
https://doi.org/10.1016/j.jep.2021.113912


Pharmaceuticals 2023, 16, 912 25 of 26

72. Graham, J.S.; Cassidy, J. Adjuvant Therapy in Colon Cancer. Expert Rev. Anticancer Ther. 2012, 12, 99–109. [CrossRef]
73. Sethy, C.; Kundu, C.N. 5-Fluorouracil (5-FU) Resistance and the New Strategy to Enhance the Sensitivity against Cancer:

Implication of DNA Repair Inhibition. Biomed. Pharmacother. 2021, 137, 111285. [CrossRef] [PubMed]
74. Mafi, A.; Rezaee, M.; Hedayati, N.; Hogan, S.D.; Reiter, R.J.; Aarabi, M.-H.; Asemi, Z. Melatonin and 5-Fluorouracil Combination

Chemotherapy: Opportunities and Efficacy in Cancer Therapy. Cell Commun. Signal. 2023, 21, 33. [CrossRef] [PubMed]
75. Ciaffaglione, V.; Modica, M.N.; Pittalà, V.; Romeo, G.; Salerno, L.; Intagliata, S. Mutual Prodrugs of 5-Fluorouracil: From a Classic

Chemotherapeutic Agent to Novel Potential Anticancer Drugs. ChemMedChem 2021, 16, 3496–3512. [CrossRef]
76. Kim, S.H.; Chun, H.J.; Choi, H.S.; Kim, E.S.; Keum, B.; Seo, Y.S.; Jeen, Y.T.; Lee, H.S.; Um, S.H.; Kim, C.D. Ursodeoxycholic Acid

Attenuates 5-Fluorouracil-Induced Mucositis in a Rat Model. Oncol. Lett. 2018, 16, 2585–2590. [CrossRef]
77. Huang, J.; Hwang, A.Y.M.; Jia, Y.; Kim, B.; Iskandar, M.; Mohammed, A.I.; Cirillo, N. Experimental Chemotherapy-Induced

Mucositis: A Scoping Review Guiding the Design of Suitable Preclinical Models. Int. J. Mol. Sci. 2022, 23, 15434. [CrossRef]
78. Smith, P.; Lavery, A.; Turkington, R.C. An Overview of Acute Gastrointestinal Side Effects of Systemic Anti-Cancer Therapy and

Their Management. Best Pract. Res. Clin. Gastroenterol. 2020, 48–49, 101691. [CrossRef]
79. McQuade, R.M.; Stojanovska, V.; Abalo, R.; Bornstein, J.C.; Nurgali, K. Chemotherapy-Induced Constipation and Diarrhea:

Pathophysiology, Current and Emerging Treatments. Front. Pharmacol. 2016, 7, 414. [CrossRef]
80. Van Vliet, M.J.; Harmsen, H.J.M.; De Bont, E.S.J.M.; Tissing, W.J.E. The Role of Intestinal Microbiota in the Development and

Severity of Chemotherapy-Induced Mucositis. PLoS Pathog. 2010, 6, e1000879. [CrossRef] [PubMed]
81. Araújo, C.V.; Lazzarotto, C.R.; Aquino, C.C.; Figueiredo, I.L.; Costa, T.B.; Alves, L.A.d.O.; Ribeiro, R.A.; Bertolini, L.R.; Lima,

A.a.M.; Brito, G.a.C.; et al. Alanyl-Glutamine Attenuates 5-Fluorouracil-Induced Intestinal Mucositis in Apolipoprotein E-
Deficient Mice. Braz. J. Med. Biol. Res. Rev. Bras. Pesqui. Med. E Biol. 2015, 48, 493–501. [CrossRef]

82. Pereira, V.B.M.; Melo, A.T.; Assis-Júnior, E.M.; Wong, D.V.T.; Brito, G.A.C.; Almeida, P.R.C.; Ribeiro, R.A.; Lima-Júnior, R.C.P.
A New Animal Model of Intestinal Mucositis Induced by the Combination of Irinotecan and 5-Fluorouracil in Mice. Cancer
Chemother. Pharmacol. 2016, 77, 323–332. [CrossRef]

83. Costa, D.V.S.; Bon-Frauches, A.C.; Silva, A.M.H.P.; Lima-Júnior, R.C.P.; Martins, C.S.; Leitão, R.F.C.; Freitas, G.B.; Castelucci, P.;
Bolick, D.T.; Guerrant, R.L.; et al. 5-Fluorouracil Induces Enteric Neuron Death and Glial Activation During Intestinal Mucositis
via a S100B-RAGE-NFκB-Dependent Pathway. Sci. Rep. 2019, 9, 665. [CrossRef]

84. Sangild, P.T.; Shen, R.L.; Pontoppidan, P.; Rathe, M. Animal Models of Chemotherapy-Induced Mucositis: Translational Relevance
and Challenges. Am. J. Physiol.-Gastrointest. Liver Physiol. 2018, 314, G231–G246. [CrossRef]

85. Galdino, F.M.P.; Andrade, M.E.R.; Barros, P.A.V.d.; Generoso, S.d.V.; Alvarez-Leite, J.I.; Almeida-Leite, C.M.d.; Peluzio, M.d.C.G.;
Fernandes, S.O.A.; Cardoso, V.N. Pretreatment and Treatment with Fructo-Oligosaccharides Attenuate Intestinal Mucositis
Induced by 5-FU in Mice. J. Funct. Foods 2018, 49, 485–492. [CrossRef]

86. Lee, C.S.; Ryan, E.J.; Doherty, G.A. Gastro-Intestinal Toxicity of Chemotherapeutics in Colorectal Cancer: The Role of Inflammation.
World J. Gastroenterol. 2014, 20, 3751–3761. [CrossRef] [PubMed]

87. Justino, P.F.C.; Melo, L.F.M.; Nogueira, A.F.; Costa, J.V.G.; Silva, L.M.N.; Santos, C.M.; Mendes, W.O.; Costa, M.R.; Franco, A.X.;
Lima, A.A.; et al. Treatment with Saccharomyces Boulardii Reduces the Inflammation and Dysfunction of the Gastrointestinal
Tract in 5-Fluorouracil-Induced Intestinal Mucositis in Mice. Br. J. Nutr. 2014, 111, 1611–1621. [CrossRef]

88. De Miranda, J.A.L.; Martins, C.d.S.; Fideles, L.d.S.; Barbosa, M.L.L.; Barreto, J.E.F.; Pimenta, H.B.; Freitas, F.O.R.; Pimentel, P.V.d.S.;
Teixeira, C.S.; Scafuri, A.G.; et al. Troxerutin Prevents 5-Fluorouracil Induced Morphological Changes in the Intestinal Mucosa:
Role of Cyclooxygenase-2 Pathway. Pharmaceuticals 2020, 13, 10. [CrossRef] [PubMed]

89. Zuo, T.; Li, X.; Chang, Y.; Duan, G.; Yu, L.; Zheng, R.; Xue, C.; Tang, Q. Dietary Fucoidan of Acaudina Molpadioides and Its
Enzymatically Degraded Fragments Could Prevent Intestinal Mucositis Induced by Chemotherapy in Mice. Food Funct. 2015, 6,
415–422. [CrossRef]

90. Bai, Y.; Huang, F.; Zhang, R.; Dong, L.; Jia, X.; Liu, L.; Yi, Y.; Zhang, M. Longan Pulp Polysaccharides Relieve Intestinal Injury In
Vivo and In Vitro by Promoting Tight Junction Expression. Carbohydr. Polym. 2020, 229, 115475. [CrossRef]

91. Kelly, J.R.; Kennedy, P.J.; Cryan, J.F.; Dinan, T.G.; Clarke, G.; Hyland, N.P. Breaking down the Barriers: The Gut Microbiome,
Intestinal Permeability and Stress-Related Psychiatric Disorders. Front. Cell. Neurosci. 2015, 9, 392. [CrossRef] [PubMed]

92. Paone, P.; Cani, P.D. Mucus Barrier, Mucins and Gut Microbiota: The Expected Slimy Partners? Gut 2020, 69, 2232–2243. [CrossRef]
93. Ali, A.; Tan, H.; Kaiko, G.E. Role of the Intestinal Epithelium and Its Interaction With the Microbiota in Food Allergy. Front.

Immunol. 2020, 11, 604054. [CrossRef] [PubMed]
94. Wells, J.M.; Brummer, R.J.; Derrien, M.; MacDonald, T.T.; Troost, F.; Cani, P.D.; Theodorou, V.; Dekker, J.; Méheust, A.; De Vos,

W.M.; et al. Homeostasis of the Gut Barrier and Potential Biomarkers. Am. J. Physiol.-Gastrointest. Liver Physiol. 2017, 312,
G171–G193. [CrossRef]

95. Belkaid, Y.; Hand, T.W. Role of the Microbiota in Immunity and Inflammation. Cell 2014, 157, 121–141. [CrossRef] [PubMed]
96. Saegusa, Y.; Ichikawa, T.; Iwai, T.; Goso, Y.; Okayasu, I.; Ikezawa, T.; Shikama, N.; Saigenji, K.; Ishihara, K. Changes in the Mucus

Barrier of the Rat during 5-Fluorouracil-Induced Gastrointestinal Mucositis. Scand. J. Gastroenterol. 2008, 43, 59–65. [CrossRef]
97. Song, M.-K.; Park, M.-Y.; Sung, M.-K. 5-Fluorouracil-Induced Changes of Intestinal Integrity Biomarkers in BALB/c Mice.

J. Cancer Prev. 2013, 18, 322. [CrossRef]

https://doi.org/10.1586/era.11.189
https://doi.org/10.1016/j.biopha.2021.111285
https://www.ncbi.nlm.nih.gov/pubmed/33485118
https://doi.org/10.1186/s12964-023-01047-x
https://www.ncbi.nlm.nih.gov/pubmed/36759799
https://doi.org/10.1002/cmdc.202100473
https://doi.org/10.3892/ol.2018.8893
https://doi.org/10.3390/ijms232315434
https://doi.org/10.1016/j.bpg.2020.101691
https://doi.org/10.3389/fphar.2016.00414
https://doi.org/10.1371/journal.ppat.1000879
https://www.ncbi.nlm.nih.gov/pubmed/20523891
https://doi.org/10.1590/1414-431x20144360
https://doi.org/10.1007/s00280-015-2938-x
https://doi.org/10.1038/s41598-018-36878-z
https://doi.org/10.1152/ajpgi.00204.2017
https://doi.org/10.1016/j.jff.2018.09.012
https://doi.org/10.3748/wjg.v20.i14.3751
https://www.ncbi.nlm.nih.gov/pubmed/24744571
https://doi.org/10.1017/S0007114513004248
https://doi.org/10.3390/ph13010010
https://www.ncbi.nlm.nih.gov/pubmed/31936203
https://doi.org/10.1039/C4FO00567H
https://doi.org/10.1016/j.carbpol.2019.115475
https://doi.org/10.3389/fncel.2015.00392
https://www.ncbi.nlm.nih.gov/pubmed/26528128
https://doi.org/10.1136/gutjnl-2020-322260
https://doi.org/10.3389/fimmu.2020.604054
https://www.ncbi.nlm.nih.gov/pubmed/33365031
https://doi.org/10.1152/ajpgi.00048.2015
https://doi.org/10.1016/j.cell.2014.03.011
https://www.ncbi.nlm.nih.gov/pubmed/24679531
https://doi.org/10.1080/00365520701579662
https://doi.org/10.15430/JCP.2013.18.4.322


Pharmaceuticals 2023, 16, 912 26 of 26

98. Stringer, A.; Gibson, R.; Logan, R.; Bowen, J.; Yeoh, A.; Hamilton, J.; Keefe, D. Gastrointestinal Microflora and Mucins May Play
a Critical Role in the Development of 5-Fluorouracil-Induced Gastrointestinal Mucositis. Exp. Biol. Med. 2009, 234, 430–441.
[CrossRef]

99. Rakha, E.A.; Boyce, R.W.G.; Abd El-Rehim, D.; Kurien, T.; Green, A.R.; Paish, E.C.; Robertson, J.F.R.; Ellis, I.O. Expression of
Mucins (MUC1, MUC2, MUC3, MUC4, MUC5AC and MUC6) and Their Prognostic Significance in Human Breast Cancer. Mod.
Pathol. 2005, 18, 1295–1304. [CrossRef]

100. Xiao, H.; Li, H.; Wen, Y.; Jiang, D.; Zhu, S.; He, X.; Xiong, Q.; Gao, J.; Hou, S.; Huang, S.; et al. Tremella Fuciformis Polysaccharides
Ameliorated Ulcerative Colitis via Inhibiting Inflammation and Enhancing Intestinal Epithelial Barrier Function. Int. J. Biol.
Macromol. 2021, 180, 633–642. [CrossRef]

101. Maria-Ferreira, D.; Nascimento, A.M.; Cipriani, T.R.; Santana-Filho, A.P.; Watanabe, P.d.S.; Sant’Ana, D.d.M.G.; Luciano, F.B.;
Bocate, K.C.P.; van den Wijngaard, R.M.; Werner, M.F.d.P.; et al. Rhamnogalacturonan, a Chemically-Defined Polysaccharide,
Improves Intestinal Barrier Function in DSS-Induced Colitis in Mice and Human Caco-2 Cells. Sci. Rep. 2018, 8, 12261. [CrossRef]

102. Yoshino, F.; Yoshida, A.; Nakajima, A.; Wada-Takahashi, S.; Takahashi, S.; Lee, M.C. Alteration of the Redox State with Reactive
Oxygen Species for 5-Fluorouracil-Induced Oral Mucositis in Hamsters. PLoS ONE 2013, 8, e82834. [CrossRef]

103. Bhattacharyya, A.; Chattopadhyay, R.; Mitra, S.; Crowe, S.E. Oxidative Stress: An Essential Factor in the Pathogenesis of
Gastrointestinal Mucosal Diseases. Physiol. Rev. 2014, 94, 329–354. [CrossRef]

104. Kim, E.-K.; Jang, M.; Song, M.-J.; Kim, D.; Kim, Y.; Jang, H.H. Redox-Mediated Mechanism of Chemoresistance in Cancer Cells.
Antioxidants 2019, 8, 471. [CrossRef]

105. Wen, L.; Yang, S.; Li, P.; Chen, R.; Wang, Q.; Kaspo, B.; Fan, H.; Hu, J. IASPP-Mediated ROS Inhibition Drives 5-Fu Resistance
Dependent on Nrf2 Antioxidative Signaling Pathway in Gastric Adenocarcinoma. Dig. Dis. Sci. 2020, 65, 2873–2883. [CrossRef]

106. Li, D.; Song, C.; Zhang, J.; Zhao, X. ROS and Iron Homeostasis Dependent Ferroptosis Play a Vital Role in 5-Fluorouracil Induced
Cardiotoxicity in Vitro and in Vivo. Toxicology 2022, 468, 153113. [CrossRef]

107. Bowen, J.M.; Gibson, R.J.; Cummins, A.G.; Keefe, D.M.K. Intestinal Mucositis: The Role of the Bcl-2 Family, P53 and Caspases in
Chemotherapy-Induced Damage. Support. Care Cancer 2006, 14, 713–731. [CrossRef]

108. Sonis, S.T. The Pathobiology of Mucositis. Nat. Rev. Cancer 2004, 4, 277–284. [CrossRef] [PubMed]
109. Guabiraba, R.; Besnard, A.G.; Menezes, G.B.; Secher, T.; Jabir, M.S.; Amaral, S.S.; Braun, H.; Lima-Junior, R.C.P.; Ribeiro, R.A.;

Cunha, F.Q.; et al. IL-33 Targeting Attenuates Intestinal Mucositis and Enhances Effective Tumor Chemotherapy in Mice. Mucosal
Immunol. 2014, 7, 1079–1093. [CrossRef] [PubMed]

110. Soares, P.M.G.; Mota, J.M.S.C.; Souza, E.P.; Justino, P.F.C.; Franco, A.X.; Cunha, F.Q.; Ribeiro, R.A.; Souza, M.H.L.P. Inflammatory
Intestinal Damage Induced by 5-Fluorouracil Requires IL-4. Cytokine 2013, 61, 46–49. [CrossRef] [PubMed]

111. Williamson, G.; Clifford, M.N. Role of the Small Intestine, Colon and Microbiota in Determining the Metabolic Fate of Polyphenols.
Biochem. Pharmacol. 2017, 139, 24–39. [CrossRef]

112. Kurita, A.; Kado, S.; Kaneda, N.; Onoue, M.; Hashimoto, S.; Yokokura, T. Modified Irinotecan Hydrochloride (CPT-11) Ad-
ministration Schedule Improves Induction of Delayed-Onset Diarrhea in Rats. Cancer Chemother. Pharmacol. 2000, 46, 211–220.
[CrossRef]

113. Sedlak, J.; Lindsay, R.H. Estimation of Total, Protein-Bound, and Nonprotein Sulfhydryl Groups in Tissue with Ellman’s Reagent.
Anal. Biochem. 1968, 25, 192–205. [CrossRef]

114. Habig, W.H.; Pabst, M.J.; Jakoby, W.B. Glutathione S-Transferases. J. Biol. Chem. 1974, 249, 7130–7139. [CrossRef]
115. Cordeiro, G.S.; Góis, M.B.; Santos, L.S.; Espírito-Santo, D.A.; Silva, R.T.; Pereira, M.U.; Santos, J.N.; Conceição-Machado, M.E.P.;

Deiró, T.C.B.J.; Barreto-Medeiros, J.M. Perinatal and Post-Weaning Exposure to a High-Fat Diet Causes Histomorphometric,
Neuroplastic, and Histopathological Changes in the Rat Ileum. J. Dev. Orig. Health Dis. 2023, 14, 231–241. [CrossRef]

116. Wzorek França Dos Santos, I.; Sauruk da Silva, K.; Regis Bueno, L.; Suzane Schneider, V.; Silva Schiebel, C.; Mulinari Turin
de Oliveira, N.; Cristine Malaquias da Silva, L.; Soares Fernandes, E.; Biondaro Gois, M.; Mach Cortes Cordeiro, L.; et al.
Polysaccharide Fraction from Campomanesia Adamantium and Campomanesia Pubescens Attenuates 5-Fluorouracil-Induced
Intestinal Mucosal Inflammation in Mice. Nutr. Cancer 2023, 75, 1382–1398. [CrossRef] [PubMed]

117. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

118. Lee, J.-C.; Lee, H.-Y.; Kim, T.K.; Kim, M.-S.; Park, Y.M.; Kim, J.; Park, K.; Kweon, M.-N.; Kim, S.-H.; Bae, J.-W.; et al. Obesogenic
Diet-Induced Gut Barrier Dysfunction and Pathobiont Expansion Aggravate Experimental Colitis. PLoS ONE 2017, 12, e0187515.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3181/0810-RM-301
https://doi.org/10.1038/modpathol.3800445
https://doi.org/10.1016/j.ijbiomac.2021.03.083
https://doi.org/10.1038/s41598-018-30526-2
https://doi.org/10.1371/journal.pone.0082834
https://doi.org/10.1152/physrev.00040.2012
https://doi.org/10.3390/antiox8100471
https://doi.org/10.1007/s10620-019-06022-6
https://doi.org/10.1016/j.tox.2022.153113
https://doi.org/10.1007/s00520-005-0004-7
https://doi.org/10.1038/nrc1318
https://www.ncbi.nlm.nih.gov/pubmed/15057287
https://doi.org/10.1038/mi.2013.124
https://www.ncbi.nlm.nih.gov/pubmed/24424522
https://doi.org/10.1016/j.cyto.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23107827
https://doi.org/10.1016/j.bcp.2017.03.012
https://doi.org/10.1007/s002800000151
https://doi.org/10.1016/0003-2697(68)90092-4
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1017/S2040174422000514
https://doi.org/10.1080/01635581.2023.2191382
https://www.ncbi.nlm.nih.gov/pubmed/36974004
https://doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1371/journal.pone.0187515
https://www.ncbi.nlm.nih.gov/pubmed/29107964

	Introduction 
	Results 
	Effect of SDF on Weight Loss, DAI, and Colon Length 
	Female Mice 
	Male Mice 

	Effect of SDF on Small Intestinal Motility 
	Female Mice 
	Male Mice 

	Effect of SDF on the Weight of Spleen and Liver 
	Female Mice 
	Male Mice 

	Effect of SDF on Oxidative Stress Parameters 
	Female Mice 
	Male Mice 

	Effect of SDF on Inflammatory Parameters 
	Female Mice 
	Male mice 

	Effect of SDF on Duodenum Histological Damage of Female and Male Mice 
	Effect of SDF on Colon Histological Damage of Female and Male Mice 

	Discussion 
	Materials and Methods 
	Soluble Dietary Fiber Extraction and Characterization 
	Animals and Ethics Statement 
	5-FU Intestinal Mucositis Induction 
	Assessment of Intestinal Motility 
	Tissue Preparation for the Determination of Oxidative Stress and Inflammation Parameters 
	Oxidative Stress 
	GSH Determination 
	GST Determination 

	Inflammatory Parameters 
	Determination of MPO and NAG Activities 
	Evaluation of IL-1 

	Histopathological Analysis 
	Histomorphometric Analysis 
	Quantification of Goblet Cells 
	Quantitative and Histomorphometric Analysis of Paneth Cells 
	Histopathological Evaluation 
	Statistical Analysis 

	Conclusions 
	References

