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ABSTRACT: Musa spp. AAA (green dwarf banana) fruit has many health benefits, including intestinal anti-inflammatory activity
associated with the presence of resistant starch. Resistant starch is an indigestible polysaccharide source of short-chain fatty acids
(SCFAs) after the colon fermentative process by gut microbiota. SCFAs are classified as metabolites of the gut microbiota
fermentative process, which have the potential to control intestinal inflammatory processes. This work investigated the intestinal
anti-inflammatory activity of dietary green fruits of Musa spp. AAA in the trinitrobenzenesulfonic acid (TNBS) model of intestinal
inflammation using three different experimental designs: acute, subchronic, and chronic inflammation with relapse. The results
revealed that 10% Musa dietary supplementation significantly attenuated the colonic damage induced by TNBS, as made evident by
both histological and biochemical evaluations. This beneficial effect was associated with colonic oxidative status improvement based
on Musa spp. AAA prevention of glutathione depletion and inhibition of myeloperoxidase activity. In addition, Musa effects were
associated with decreased pro-inflammatory cytokines (IL-1f3, TNF-@, IL-6, IL-17, and INF-y) and gut microbiota modulation,
increasing colonic SCFAs production. In conclusion, the intestinal anti-inflammatory activity exerted by Musa spp. AAA was related
to its antioxidant, immune, mucosal healing, and gut microbiota modulation properties.
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1. INTRODUCTION banana) fruit has many health benefits, including intestinal anti-
Inflammatory bowel disease (IBD) consists of Crohn’s disease inflammatory activity associated with the presence of resistant
(CD) and ulcerative colitis (UC), two relapsing, chronic starch.

intestinal inflammatory processes, which are part of a group of Our research group, over the years, has focused its research on
immune-mediated diseases with pharmacological treatment and modulating the gut microbiota using several prebiotics products,
without cure.' Although their presentation and location may including Typha angustifolia (narrow-leaf cattail), Musa spp.
differ, CD and UC can cause symptoms like diarrhea, rectal AAA (dwarf cavendish banana), and the edible Amazon fruits
bleeding, and abdominal pain.” In CD, lesions are transmural Euterpe oleracea (assay berry), Mauritia flexuosa (burity palm),

and discontinuous, appearing from the mouth to the anus, while
in UG, lesions are restricted to the mucosa, affecting the colon
and rectum with continuous lesions.””

Several aspects, including genetic predisposition and environ-
mental factors, such as stress, sleeping patterns, antibiotic use,
hygiene, diet, and smoking, are associated with the development

and Theobroma grandiflorum (cupuassu).” "' Among them, the
green fruit of the dwarf banana was one of the most promising
products with intestinal anti-inflammatory activity, modulating
oxidative stress and gut microbiota dysbiosis in acute intestinal
inflammation induced by the trinitrobenzenesulfonic acid

of IBD.>* IBD has higher rates in industrialized countries, and a (TNBS) model of intestinal inflammation.”” Based on this,
rapid increase in case numbers is happening in newly this study aimed to evaluate the Musa spp. AAA green fruit flour
industrialized areas such as South America and India.”* This in acute, subchronic, and chronic inflammation with relapse in
enhancement can be related to increased consumption of the TNBS model of intestinal inflammation, focusing on the
processed foods, sugars, and fats associated with unrestrained effects of prolonged consumption of this product, its

use of antibiotics, leading to dysbiosis, a disturbance of gut
microbiota abundance and diversity.” There are several ways to
beneficially modulate intestinal microbiota, including pro-
biotics, prebiotics, symbiotics, and more recently fecal micro-
biota transplantation.” Resistant starch is an indigestible
polysaccharide that after the colon fermentative process by gut
microbiota generates short-chain fatty acids (SCFAs), which are
classified as prebiotic products and have the potential to control
intestinal inflammatory processes. Musa spp. AAA (green dwarf

effectiveness in preventing intestinal inflammation and relapse,
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and its activity on the inflammatory mediators, oxidative stress,
and short-chain fatty acid production.

2. MATERIALS AND METHODS

2.1. Chemicals. All chemicals were supplied by Sigma-Aldrich and
were freshly prepared for each biochemical evaluation and gas
chromatography/mass spectrometry (GC/MS) analysis. The enriched
diet with 10% green dwarf Cavendish banana flour was manufactured at
Sao Paulo State University (UNESP), Sao Paulo, Brazil.

2.2. Green Dwarf Banana Flour Preparation. Organic green
dwarf cavendish banana (Musa spp. AAA) dehydrated and pulverized
fruits were provided by TROPDAN (Indstria e Comércio de Produtos
Alimentcios, Cajati, Sao Paulo, Brazil) and stored in the PhytoPharma-
Tec laboratory until use. The banana flour was added to the Nuvilab
CR-1 feed for rodents in the ratio of 10% by geometric dilution. Diets
were pelletized using pelletizer equipment (MA362 Model, Marconi
Ltd.,, Piracicaba, SP, Brazil) and stored at 4 °C. The ingredient
composition of the diets was calculated from the major nutrients of the
normal Nuvilab CR-1, considering the addition of 10% green fruits of
Musa spp. AAA (Table 1), which is appropriate for human
consumption.

Table 1. Ingredient Composition of the Diets Fed to Rats (g/
1000 g)

ingredients control diet 10% Musa diet
total protein 220.0 208.0
mineral mixture® 3.0 2.7
total fiber 70.0 63.0
vitamin mixture” 6.0 S4
lipids 40.0 36.0
amino acids® 19.0 17.1
corn starch 320.0 288.0
soybean meal 25.0 22.5
wheat bran 30.0 27.0
ash 9.0 8.1
Musa spp. AAA flour” 0.0 100.0

“Mineral mixture provided the following amounts (in mg/kg): Mg
(1.7), Mn (110.0), Co (2.0), Fe (180.0), Zn (10.0), Cu (30.0), Se
(0.2), Na (2.8), P (8.5), and Ca (13.0). "Vitamin mixture provided
the following amounts: vitamin A (25.500 Ul/kg), vitamin D5 (2.100
Ul/kg), vitamin E (60 Ul/kg), vitamin K (12.5 mg/kg), vitamin B,
(14.40 mg/kg), vitamin B, (11.0 mg/kg), vitamin B, (12.0 mg/kg),
vitamin By, (60 ug/kg), folic acid (6.0 mg/kg); choline (2.400 mg/
kg), biotin (0.26 mg/kg), niacin (600 mg/kg), thiamine (11.0 mg/
kg), and calcium pantothenate (112.0 mg/kg). “Amino acids: lysine
(14 g/kg), methionine (S g/kg) 9Green fruit of Musa spp. AAA
contains starch (73.6—79.4%), amylose (20.9—23.5%), protein
(2.61-2.99%), soluble fiber (2.29—2.49%), insoluble fiber (5.35—
5.39%), ash (3.44—3.56%), and traces of lipids.'”

2.3. Animals and Experimental Design. Male Wistar rats
(weighing 180—200 g) were obtained from ANILAB (Paulinia, Sao
Paulo, Brazil) and housed in standard environmental conditions (21 +
2 °C, 60—70% humidity) with 12 h light/dark cycles and air filtration.
The animals had free access to water and food (Nuvilab). This study
was carried out according to the Guidelines of Animal Experimentation
and approved by the Animal Ethics Committee from UNESP (CEUA-
922). Intestinal inflammation was induced by the method originally
described.”® The animals were fasted overnight and anesthetized with
halothane. Under anesthesia, rats were given 10 mg of TNBS dissolved
in 0.25 mL of 50% ethanol (v/v) using a Teflon cannula inserted 8 cm
through the anus. Three different settings were as follows:

2.3.1. Acute Intestinal Inflammation. The rats were given a diet
containing 10% green dwarf banana flour for 35 days before and 2 days
after the induction of intestinal inflammation (Figure 1). The healthy
rat group received standard rodent feed and 0.25 mL of phosphate-
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buffered saline, whereas, in a TNBS-control group, the rats received
TNBS by intracolonic route and standard feed. The animal body
weights, the occurrence of diarrhea, and the total food intake were
recorded daily. Animals (n = 7 in each group) were killed 2 days after
inflammation induction by an overdose of halothane.

2.3.2. Subchronic Intestinal Inflammation. Rats were given a diet
containing 10% green dwarf banana flour for 35 days before and 7 days
after the induction of intestinal inflammation (Figure 1). The healthy
rat group received standard rodent feed and 0.25 mL of phosphate-
buffered saline, whereas the TNBS-control group rats received TNBS
by intracolonic route and standard feed. The animal body weights, the
occurrence of diarrhea, and the total food intake were recorded daily.
Animals (n = 7 in each group) were killed 7 days after inflammation
induction by an overdose of halothane.

2.3.3. Chronic Intestinal Inflammation with Relapse. Rats were
given a diet containing 10% green dwarf banana flour for 35 days before
and 16 days after the first induction of intestinal inflammation.
Intestinal inflammation was induced with 10 mg of TNBS ethanol as
previously described. A second dose of TNBS was given 14 days after
the first to mimic the common relapses in human IBD. The animals (n =
7 in each group) were killed 2 days after the second inflammation
induction (Figure 1). The healthy rat group received standard rodent
feed and 0.25 mL of phosphate-buffered saline, whereas, in a TNBS-
control group, the rats received two doses of TNBS by intracolonic
route and standard feed. The animals were killed 2 days after the second
TNBS administration.

The number of animals in each group was based on the previous
description.*”

2.4. Intestinal Inflammatory Process Assessment. Animal
body weights, diarrhea (detected by perianal fur soiling), and total food
intake for each group were recorded daily. Once the rats were killed, the
colon was removed aseptically and adhesions between the colon and
adjacent organs were noted. Then, the luminal contents were collected
for short-chain fatty acids analysis. After removal, colon samples were
weighed, and their length was measured under a constant load (2 g),
then opened longitudinally and scored for macroscopically visible
damage on a 0—10 scale as previously described.'* The colon was
longitudinally divided into different pieces for the determination of
myeloperoxidase (MPO) activity, total glutathione (GSH) content,
and cytokine (IL-1q, IL1-$, IL-6, IL-17, TNF-q, and INF-y) levels.

2.5. Biochemical Assays in Colonic Specimens. MPO activity
was measured according to the technique previously described"® with
some modifications.*” The results were expressed as MPO units per
gram of wet tissue. Total GSH content was quantified with the recycling
assay'® with some modifications.*” The results were expressed as nmol
per gram of wet tissue.”” Colonic samples for the determinations of IL-
la, IL-15, IL-6, IL-17, TNF-a, and INF-y were weighed, homogenized,
minced on an ice-cold plate, and resuspended in a centrifugation tube
containing 10 mM/L phosphate-buffered saline pH 7.4 (1:5 w/v). The
tubes were placed in a shaker submerged in a 37 °C water bath for 20
min and then centrifuged at 9000g for S min at 4 °C. The supernatants
were frozen at —80 °C until they were assayed. The cytokine levels were
quantified by a DuoSet ELISA Kit to measure the concentration of
natural and recombinant rat enzyme according to the manufacturer’s
instructions (R&D Systems, Inc., Minneapolis, MN). The results were
expressed as pg/mL.

2.6. SCFAs Determination in Fecal Samples. The internal fecal
samples were collected after animal death and stored in microtubes at
—80 °C. The extraction process and SCFA determination were based
on the previously described method.” Briefly, feces samples were
thawed at room temperature, suspended using 1 mL of phosphoric acid
0.5% for 100 mg of feces samples, homogenized with a Vortex (Vortex
MA, Marconi Ltd., Piracicaba, Sio Paulo, Brazil) for about 1 min, and
centrifuged for 10 min at 18,000g. Each milliliter of water supernatant
was extracted with 1 mL of ethyl acetate and centrifuged for 10 min at
17,950g. Before analysis, 1 mL of the organic phase was transferred into
a tube containing octanoic acid (Sigma-Aldrich) as an internal standard
at a final concentration of 755 pug/mL. Chromatographic analysis was
carried out using a gas chromatography—mass spectrometry Thermo
Scientific, model FOCUS equipped with an automatic liquid sampler
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Figure 1. Experimental designs of acute, subchronic, and chronic inflammation with relapse induced by TNBS in rats.
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Figure 2. Representative pictures of the colon from healthy, acute, subchronic, and chronic with relapse inflammation.

Table 2. Effects of Musa spp. AAA Flour Supplementation on the Macroscopic Parameters in TNBS-Induced Intestinal

Inflammation

experimental groups  macroscopic damage score (0—10)

. . b
extension of lesion (cm)

weight/length ratio (mg/ cm)b

adhesions to adjacent organs (%)

Acute Inflammation

healthy 0° 0° 83.24 + 5.77° 0

TNBS-control 9 (7-10) 5.18 + 035 14427 + 5.11 100

Musa spp. AAA 8 (6—10) 4.15 +0.31° 153.83 + 4.18 70

Subchronic Inflammation

healthy 0° 0° 80.52 + 7.62¢ 0

TNBS-control 4.5 (1-8) 127 £0.32 150.55 + 12.33 78.57

Musa spp. AAA 5 (1-7) 1.31 + 037 158.27 + 16.90 66.66
Chronic with Relapse Inflammation

healthy 0° 0° 89.81 + 4.29° 0

TNBS-control 7 (2-9) 3.40 + 0.30 157.92 + 6.02 100

Musa spp. AAA 7.5 (4-9) 3.47 £ 0.66 178.55 + 14.08 S0

“Score data are expressed as the median (range). "Extension of lesion and weight/length ratio are expressed as mean + SEM. p < 0.05 vs TNBS-

control group.

(Thermo-Triplus DUO, Thermo Fischer Scientific, Waltham, MA),
and coupled to a Thermo-ISQ 230ST mass detector. The gas
chromatography was fitted with a high-polarity, poly(ethylene glycol)
fused silica capillary TG-WASMS column (30 m, 0.25 mm i.d., 0.25 m
film thickness, Thermo Fisher Scientific), and helium was used as the
carrier gas. The injection was made in a split mode with an injection
volume of 1 mL and a split flow of 300 mL/min. The injector
temperature was 250 °C. The column temperature was initially 80 °C,
then increased to 120 °C at 50 °C/min, to 160 °C at 70 °C/min and
kept at this temperature for 50 s, to 180 °C at 70 °C/min and kept at
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this temperature for 1 min, and finally to 210 °C at 70 °C/min and kept
at this temperature for 1 min. The solvent delay was 3.5 min.
Identification of the SCFA was based on the retention time of standard
compounds (Sigma-Aldrich) and with the assistance of the NIST 08
library provided by the manufacturer and the NIST online (http://
chemdata.nist.gov) library. The peaks were quantified as the relative
abundance of the total ionic count, concerning the internal standard.
The concentration (ug/g of feces) of each SCFA was calculated using
the linear regression equations (R* > 0.99) from the corresponding
standard curves obtained with 12 different concentrations.

https://doi.org/10.1021/acsfoodscitech.5c00285
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Figure 3. Effects of Musa spp. AAA on the colonic myeloperoxidase activity and levels of glutathione, IL-18, IL-6, IL-17, TNF-q, and INF-y. Results
represent the mean + standard error of the mean. *p < 0.0S statistically significant compared to the TNBS-control group.

2.7. Histological Evaluation. Representative whole gut specimens
were taken from a region of the inflamed colon corresponding to the
segment adjacent to the gross macroscopic damage and were fixed in
4% buffered formaldehyde. The samples were subjected to hematoxylin
and eosin staining for morphological analysis and PAS/Alcian Blue
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mucin analysis. After staining, images were subjected to analysis and
photomicrography with a Leica microscope using Leica Qwin Plus
versions 3.3 and 3.40.

2.8. Statistical Analyses. Parametric data are expressed as the
mean + S.E.M,, and the differences between means were tested for

https://doi.org/10.1021/acsfoodscitech.5c00285
ACS Food Sci. Technol. 2025, 5, 2776—2786

9¢0¢ isnbny €0 uo J18sn VIS ITNVd WNAVLSI A INN Ag 4pd "G820095S 4 /LT2.660TY /9222 /L /S /4pd -8 |2 111e/|yls e /Bio "soe 'sqnd//:d 313y wo i} papeo juwog


https://pubs.acs.org/doi/10.1021/acsfoodscitech.5c00285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.5c00285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.5c00285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.5c00285?fig=fig3&ref=pdf
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.5c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Food Science & Technology

pubs.acs.org/acsfoodscitech

35

* *
*
30 * - T
- = -
8
—_ 25 <
$
e S
o 20 o
® =
S =
2 =
Y 15 %
= 3
S 10 s
2 2
3 o
o a
< 5
0
> > >
S & & S & & S & &
I & R F & K I & R
F & F & F &
Q& N QD & NS &
Acute Subchronic Chronicrelapse

Total SCFAs ((yMolg feaces)

*
14
g1 *
g - I I
10
S
=3
=
3
z
8 6
=
2,
©
2
0
& & & & N
e,'*’\\ o“\\ QVYV e&\ o“\\ Qv?Y e,"’\\ o°\\ QY?Y.
S < R R < L E < BN
‘@r’ = \\é” P ‘\é P
< K Q KN Q X4
Acute Subchronic Chronicrelapse

70

* **
. e =
60 ——
50
40
30
20
10
0
D > D > D >
S & & S & & S & &
¥ L& K N ¥ & K
& & & & F &
l\\\ \3\0 4\\; Q‘\) 1\\\ \,\0
Acute Subchronic Chronicrelapse
120
* *k
10 *k *k ——1 X
80
=)
40
20
0
Ny Ny
S & & S & S & &
¥ &-‘9 t,QQ ¥ Q?-“Q ,\aQQ I &‘9 ‘b"Q
Q (,\o" QD \,9" "N \,9"
Acute Subchronic Chronicrelapse

Figure 4. Effects of Musa spp. AAA on the colonic acetic, propionic, butyric, and total short-chain fatty acid production. Results represent mean +
standard error of the mean. *p < 0.05; **p < 0.01 statistically significant compared to the TNBS-control group.

statistical significance using one-way analysis of variance (ANOVA)
and Dunnett’s posterior test. Nonparametric data (score) are expressed
as the median (range) and were analyzed with the Kruskal—Wallis test
and Dunn’s posterior test. Statistical significance was set at p < 0.0S.

3. RESULTS

3.1. Clinical Analysis. Intracolonic administration of TNBS
resulted in inflammation after 2 days, characterized by
hyperemia, diarrhea, focal adhesions to adjacent organs, and
severe necrosis of mucosa (Figure 2), extending from 3.5 to 7.7
cm with bowel wall thickening and an increase of colon weight/
length ratio (Table 2).

The inflammatory process was associated with reduced food
intake and weight gain (data not shown). In the subchronic
process, there was a normal and gradual recovery, as evidenced
by alower macroscopic damage score and extension of the lesion
(0.5-3.5 cm). On the other hand, after the second TNBS
instillation, there was a new increase in the macroscopic damage
score and lesion extension (1.8—4.7 cm), confirming the
inflammatory process relapse (Table 2). This new inflammation
is not as pronounced as acute inflammation due to tissue fibrosis.
Supplementation with 10% Musa spp. AAA flour significantly
decreased the extension of lesions in acute inflammation, with
no effects in subchronic inflammation and chronic inflammation
with relapse. Musa spp. AAA flour also reduced adhesions to
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adjacent organs in the acute, subchronic, and chronic intestinal
inflammation with relapse (Table 2).

3.2. Biochemical Evaluation. This TNBS-induced inflam-
matory process was associated with increased MPO activity in
acute and chronic inflammation with relapse settings compared
with healthy animals (Figure 3). The MPO activity increment
was associated with a GSH depletion in acute and chronic
inflammation with relapse and a gradual recovery in GSH levels
in chronic inflammation with relapse (Figure 3). Supplementa-
tion with Musa spp. AAA flour decreased MPO activity by 40%
in subchronic inflammation and by 64% in chronic inflammation
with relapse, compared to the respective TNBS-control group (p
< 0.05). Additionally, it prevented GSH depletion induced by
TNBS in the acute inflammation (Figure 3).

Intestinal inflammation induced by TNBS also promoted a
significant increase in IL-1f, IL-6, TNF-a, and INF-y colonic
levels (p < 0.05) in acute inflammation, and an increase in IL-6
and IL-17 levels in subchronic inflammation (Figure 3).
Moreover, TNBS significantly increased IL-1/ and IL-6 levels
(p < 0.05) in chronic inflammation with relapse (Figure 3). The
beneficial effects of 10% Musa spp. AAA flour were evidenced by
a significant decrease in 53% of the IL-1/ and 24% of the IL-6
colonic levels in the acute inflammation compared with the
TNBS-control group (p < 0.05). In the subchronic inflamma-
tion, Musa spp. AAA flour significantly reduced 30, 57, 55, and
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Figure 5. Hematoxylin/eosin (HE) and PAS/Alcian Blue (PAS/AB) photomicrographs of rat colon treated with Musa spp. AAA in the acute protocol
of intestinal inflammation induced by TNBS (5x). HE: In healthy rats, the mucosa (m) contains numerous straight tubular glands (black arrows) with
normal crypt, submucosa (sm), and luminal epithelium intact with typical morphology. In the TNBS-control group, the tubular glands (black arrows)
were reduced with a cluster of inflammatory cells in the submucosa reaching the mucosa (white arrows), and goblet cells are atypical; a disruption of the
epithelium (d). In the Musa spp. AAA-treated group, the colonic epithelium is in the recovery process with the restoration of tubular glands (black
arrows) containing goblet cells; the edema was reduced, but infiltration of inflammatory cells (white arrows) is still present in the mucosa (m). PAS/
AB: In the healthy group, there is a thin layer in the membrane, representing the membrane-bound mucin (black arrows) and a smooth blue staining in
the mucosa (m), indicating the presence of mucin in the goblet cells. In the TNBS-control group, there is a great mucin depletion in the mucosa (m)
and cell surface (white arrows) associated with low blue staining; cell infiltration (black arrows) is observed. In the Musa spp. AAA-treated group, there
is a thin blue layer indicating the membrane-bound mucin (black arrows) associated with the mucin in goblet cells in the mucosa (m) represented by
higher blue staining (white arrows).

59% the colonic levels of IL-6, IL-17, TNF-a, and INF-y (p < inflammation (p < 0.05), with no effects on subchronic and

0.0S), respectively, with no effects in the chronic inflammation chronic inflammation with relapse (Figure 4).
with relapse (Figure 3). 3.4. Histological Analyses. Musa spp. AAA produced
3.3. Short-Chain Fatty Acid Determination. TNBS also protective effects on cell morphology and cytoarchitecture in
decreased acetic acid, butyric acid, and total SCFA production in acute, subchronic, and chronic inflammation with relapse
acute inflammation; however, it did not affect SCFA production protocols, showing clear mucosa healing. In acute inflammation,
in subchronic inflammation and chronic inflammation with the colonic epithelium showed a recovery process with the
relapse (Figure 4). On the other hand, when the animals were restoration of tubular glands, reduction of edema and cell
treated with Musa spp. AAA flour, there was a significant infiltration, and increased mucus production (Figure 5), while in
increase in the acetic, propionic, and total SCFAs in acute and subchronic inflammation, the recovery process was better
chronic inflammation with relapse (Figure 4). Musa spp. AAA observed, mainly increasing the membrane-bound mucin barrier
flour also increased butyric acid production in the acute (Figure 6). In the chronic inflammation with relapse protocol,
2781 https://doi.org/10.1021/acsfoodscitech.5c00285
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Figure 6. Hematoxylin/eosin (HE) and PAS/Alcian Blue (PAS/AB) photomicrographs of rat colon treated with Musa spp. AAA in the subchronic
protocol of intestinal inflammation induced by TNBS (5X). HE: Healthy animals with normal crypt and goblet cells (black arrow), mucosa (m),
submucosa (sm), and luminal epithelium are intact, presenting typical morphology. In the TNBS-control group, the tubular glands are reduced (white
arrows) with membrane disruption (black asterisk) and large edema (oe) in the submucosa (sm). In the Musa spp. AAA-treated group, the colonic
epithelium is recovered with regular tubular glands (black arrows) containing goblet cells, with no infiltration of inflammatory cells in the mucosa (m);
the submucosa (sm) is recovered with no edema. PAS/AB: The healthy group presents a thin blue layer in the membrane, representing the membrane-
bound mucin (black arrow) and smooth blue staining in the mucosa (m), indicating the presence of mucin in the goblet cells. In the TNBS-control
group, disruption of the membrane (black arrows) with less mucin in surrounding goblet cells can be noted and a gradual recovery of mucin within the
cells (white arrow). In the Musa spp. AAA-treated group, there is a recovery of the membrane-bound mucin barrier (black arrows), and in the mucosal
goblet cells mucins in the mucosa (m), indicating a recovery of the colonic area.

Musa spp. AAA, cell cytoarchitecture, and membrane-bound
mucin were like those of healthy animals (Figure 7).

4. DISCUSSION

The green Musa spp. AAA flour produced intestinal anti-
inflammatory activity in the TNBS model, modulating gut SCFA
production and reducing oxidative stress and colonic inflam-
matory cytokines. It had evident protective effects on colonic
cell morphology and function, representing a promising natural
ingredient with mucosa healing, anti-inflammatory, antioxidant,
immunomodulatory, and prebiotic properties.

Acute inflammation induced by TNBS instillation decreased
acetate, propionate, butyrate, and total SCFAs levels in the
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TNBS-control group, and besides, unripe fruits of Musa spp.
AAA prevented this depletion in acute protocol, as similarly
observed,” also prevented the SCFAs depletion in subchronic
and chronic inflammation with relapse, indicating a long-lasting
modulation of gut microbiota. SCFAs are metabolites that can
regulate epithelial and immune cells and participate in the
enteric nervous system and gut motility regulation, which is
interesting during IBD treatment.'® Green banana-resistant
starch from Musa paradisiaca has been reported to increase
SCFA levels in a model of DSS(dextran sulfate sodium)-induced
intestinal inflammation in C57BL/6 mice, suggesting that the
intestinal anti-inflammatory activity of Musa spp. AAA is related
to resistant starch presence.17
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Figure 7. Hematoxylin/eosin (HE) and PAS/Alcian Blue (PAS/AB) photomicrographs of rat colon treated with Musa spp. AAA in the chronic with
relapse protocol of intestinal inflammation induced by TNBS (5X). HE: In the healthy group, the luminal epithelium containing goblet cells (black
arrows) is intact, with typical morphology in the mucosa (m) and submucosa (sm). In the TNBS-control group, there is a disruption of the epithelium
(black arrow) with no normal goblet cells (white arrows) in the mucosa (m) and a large edema (oe) in the submucosa (sm). In the Musa spp. AAA-
treated group, the colon cytoarchitecture was recovered with minor inflammatory cell infiltration in the mucosa (m); the epithelium is intact, with a
restoration of tubular glands (black arrows) containing goblet cells, and submucosa (sm) recovery, which are like healthy animals. PAS/AB: The
healthy group shows mild blue staining, indicating the presence of mucins both in the mucosa (m) and on the cell surface (black arrows). The TNBS-
control group had no blue layer on the cell surface, and the goblet cells were damaged and depleted (black arrows). In the Musa spp. AAA-treated
group, there was a thick blue layer in the cell surface representing the membrane-bound mucin (black arrows) and mucosal goblet cell mucins still

present themselves in a reduced form (m).

IBD etiology is unclear, but several factors have been related
to its occurrence and development, such as dysregulated
immune response, dysfunctional intestinal barrier function,
and genetic and environmental aspects, mainly dysbiosis.">"®
Dysbiosis is a reduction in microbial diversity and abundance,
and/or a combination of the loss of beneficial bacteria and an
increase in pathogenic ones, affecting SCFA levels in the gut due
to both the disruptions in gut microbiota composition and the
reduction of dietary fibers and resistant starch fermentation.'”"”

The unripe bananas, including the genotype Musa spp. AAA,
contain 70—80% resistant starch, a fraction of starch that resists
breakdown in the small intestine and arrives intact in the large
intestine, where it is highly fermented by the gut microbiota,
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acting by its prebiotic properties.”’”** Based on its resistant
starch content, unripe banana flour is reported as a good and
low-cost food ingredient whose consumption is booming due to
its potential and physiological benefits to human health.”’
Besides resistant starch, unripe bananas are a good source of
fibers, vitamins, minerals, and bioactive compounds such as
phenolic compounds, and are classified as a functional food.”
The modulation of gut microbiota evidenced by the increase in
SCFA production corroborates the previously described action
of Musa spp. AAA in the acute phase of intestinal
inflammation.®” However, this increase was also evidenced in
acute, subchronic, and chronic inflammation with relapse,
showing a prolonged effect. The prebiotic properties of unripe
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bananas have been related to highly resistant starch content,
serving as a substrate for gut microbiota fermentation being used
as an energy source, and groducing the SCFAs as acetate,
propionate, and butyrate.””*” SCFAs are fatty acids with 2—6
carbon atoms produced spontaneously in the liver; however, the
main production route is by the gut microbiota fermentative
process of resistant starch and other fiber types.”**® Acetate is
usually the most abundant SCFA, followed by propionate and
butyrate, reaching relative molar ratios of approximately 60—
20—-20, depending on the available substrates, with higher
concentrations in the proximal colon.”*” Once produced,
SCFAs are absorbed by the colonic epithelial cells, contributing
significantly to the energy needs of these cells and supporting
their proper function and maintenance.”

The dysbiosis process is associated with oxidative stress,
which boosts ROS generation and production of pro-
inflammatory cytokines." When a cell is exposed to excessive
ROS levels, the redox balance cannot be maintained, leading to
lipids, proteins, and DNA damage.’” In acute and subchronic
protocols, TNBS instillation decreased total GSH levels and
increased MPO activity, modulating the oxidative state in the
gut. In the subchronic protocol, there was a normal tissue
recovery and consequent reduction in inflammation and
neutrophil recruitment, as demonstrated by MPO activity
inhibition compared with the control group from the acute
protocol. The tripeptide GSH is the most important intracellular
antioxidant with a key role in mucosal protection against
oxidative stress, generally decreased in the mucosa of IBD
patients,”** and MPO is the most toxic enzyme found in
granules of neutrophils and monocytes generating reactive
intermediates, such as hypochlorous acid, increasing the
intestinal oxidative stress and inducing lipid peroxidation as
well as proteins and DNA damage."”” Diet supplementation
with Musa spp. AAA flour avoided GSH depletion in acute
inflammation, accompanied by a reduction of MPO activity in
subchronic and chronic inflammation with relapse protocols,
indicating its potential as an antioxidative agent. A combination
of acetate, propionate, and butyrate could regulate the
antioxidant system in skeletal muscle in vitro by upregulation
of GSH levels,” indicating that SCFAs produced after Musa spp.
AAA fermentation could be acting as a regulator of the
endogenous antioxidant system in the colon. Different banana
species have been reported as sources of several bioactive
compounds with high antioxidant properties, increasing
antioxidant defense enzymes and glutathione levels and
inhibiting myeloperoxidase activity.**

The intestinal anti-inflammatory activity of Musa spp. AAA
was also related to differential inhibition of several pro-
inflammatory cytokines, as evidenced by the reduction of IL-
15, IL-6 in acute inflammation, and IL-6, IL-17, TNF-q, and
INF-y in subchronic inflammation. In TNBS-induced intestinal
inflammation, IL-14 and TNF-a orchestrate the inflammatory
response within the lamina proprla“ In the colon, IL-1f
induces the differentiation of naive T cells, which produce IL-17
or IFN-y,° suggesting that inhibition of IL-1 by Musa spp.
AAA could represent a blockage in the perpetuation of the
inflammatory process. On the other hand, IL-6, a pleiotropic
cytokine, can bind to both the membrane-bound IL-6 receptor
and the soluble IL-6R receptor on target cells.””** During the
onset of inflammation, IL-6 acts on mesenchymal and epithelial
cells, inducing the recruitment of polymorphonuclear leukocytes
and macrophages and promoting mucosal healing.”” Studies in
experimental intestinal inflammation indicate suppression of
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chronic intestinal inflammation after treatment with an IL-6
receptor antibody associated with a reduction of pro-
inflammatory cytokine production and apoptosis,”® suggesting
that inhibitory action of IL-6 production leads to a decrease in
the other studied cytokines.

TNF-a is a pro-inflammatory cytokine produced by several
cell types, such as macrophages, T cells, dendritic cells, and
adipocytes. After binding to receptors, TNF-a induces pro-
inflammatory processes including neo-angiogenesis and activa-
tion of macrophages.’® Excessive TNF-a alters epithelial
1ntegr1ty and induces apoptosis, thus weakening barrier
function,”” while the overexpression of TNF-a aggravates
experimental colitis.’® Several anti-TNF-a agents have been
approved for IBD therapy, placing this pro-inflammatory
cytokine as 2 pharmacologrcal target to reduce intestinal
inflammation.”” On the other hand, IEN-y is a pro-inflammatory
cytokine primarily produced by mucosal T cells that contribute
to mucosal inflammation through several mechanisms, including
apoptosis, driving IBD-associated mucosal inflammation by
disrupting the vascular barrier through the adherent junction
protein VE-cadherins.*® This way, a decrease of IFN-y levels
promoted by Musa spp. AAA flour associated with lower TNF-a
production may have led to lower barrier disruption and lower
inflammatory cell infiltration in the mucosa and submucosa, as
evidenced by histological analysis.

Although the role of IL-17 in intestinal inflammation remains
controversial, this cytokine generally induces the recruitment of
immune cells, producing several pro-inflammatory cytokines,
such as TNF-q, IL-6, and IL-1/3.37 Reduction of IL-17 related to
a decrease in IL-6 and TNF indicates a great intestinal anti-
inflammatory potential of Musa spp. AAA flour, with a
consequent reduction of edema, goblet cell abundance,
cytoarchitecture recovery, and inflammation, as described in
histological analysis. A recent study demonstrated that the
goblet cell’s appearance is closely related to the mucosal healing
process in human IBD.*” Moreover, the reduced production of
pro-inflammatory cytokines promoted a decreased accumu-
lation of inflammatory cells, such as neutrophils, thus reducing
MPO secretion.

Based on the results described, the intestinal anti-inflamma-
tory property of Musa spp. AAA was closely related to an
increase in SCFA production, which was associated with the
inhibition of oxidative stress and pro-inflammatory cytokines.
SCFAs regulate immunity affecting neutrophil and macrophage
recruitment and inhibit NF-kB, one of the most important
transcription factors that regulate the transcription of TNF-a
and IL-18."°"** Moreover, SCFAs are known to trigger G
protein-coupled receptors (GPCRs) in immune cells, mostly
GPR41 and GPR43, which subsequently initiate an immune
response.*’ The GPR43 receptor reduces the level of NF-kB
through the S-arrestin 2 signaling pathway and the amount of
the two NF-kB subunits inhibiting the transcription of cytokines
asIL-1f and IL-6. *3 Furthermore, it has been found that SCFASs,
mainly propionate, reduce IL-17 and IL-22 production by
intestinal y6T cells, which protect the epithelial barrier,
corroborating data here demonstrated.**

Dietary supplementation with green dwarf banana (Musa spp.
AAA) fruit flour showed prebiotic intestinal anti-inflammatory
activity in the TNBS-induced intestinal inflammation model in
rats, acting as prebiotic products by stimulating a prolonged
production of SCFAs, mainly acetate and propionate, blocking
the production of important mediators of the intestinal
inflammatory process, such as IL-1f, IL-6, IL-17, TNF-a, and
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IFN-y, acting as mucosal healer as evidenced by reduced
inflammatory cell migration to the intestine, mucosal damage
and edema, increasing mucus production, and reducing colonic
oxidative stress. Therefore, green fruits of Musa spp. AAA can be
classified as a functional food with prebiotic, immunomodula-
tory, antioxidant, and anti-inflammatory properties. Our results
suggest that the consumption of functional food based on green
dwarf banana fruits in the diet could benefit intestinal
inflammation, particularly as a complementary product to the
medications used in IBD treatment.

Although the present study demonstrated the effects of Musa
spp. AAA in the acute, subchronic, and chronic inflammation
with relapse induced by TNBS, acting as an antioxidant,
immunomodulatory, and prebiotic properties, further studies
are necessary using other experimental models like the DSS
model of intestinal inflammation in mice, and in vitro assays
including cell cultures, fermentation process, and antioxidant
methods for detailed evaluation of the mechanisms of action of
Musa spp. AAA as an intestinal anti-inflammatory product.
Moreover, preclinical and clinical studies of safety are necessary
before clinical trial evaluation of Musa spp. AAA.

B AUTHOR INFORMATION

Corresponding Author
Luiz C. Di Stasi — Laboratory of Phytomedicines, Pharmacology
and Biotechnology (PhytoPharmaTec), Department of
Biophysics and Pharmacology, Institute of Biosciences, Sao
Paulo State University (UNESP), Botucatu 18618-689,
Brazil; © orcid.org/0000-0002-7864-1073; Phone: +55 14
981333272; Email: luiz.stasi@unesp.br

Authors

$Gabriela R. Batista — Department of Internal Medicine,
Medical School, Sao Paulo State University (UNESP),
Botucatu 18618-687, Brazil

Ana E. V. Quaglio — Laboratory of Phytomedicines,
Pharmacology and Biotechnology (PhytoPharmaTec),
Department of Biophysics and Pharmacology, Institute of
Biosciences, Sao Paulo State University (UNESP), Botucatu
18618-689, Brazil

Luiz D. Almeida Junior — Laboratory of Phytomedicines,
Pharmacology and Biotechnology (PhytoPharmaTec),
Department of Biophysics and Pharmacology, Institute of
Biosciences, Sao Paulo State University (UNESP), Botucatu
18618-689, Brazil

Ligia Y. Sassaki — Department of Internal Medicine, Medical
School, Sdo Paulo State University (UNESP), Botucatu
18618-687, Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsfoodscitech.5c¢00285

Author Contributions

G.R.B.: Methodology, investigation. A.E.V.Q.: Methodology,
investigation writing—original draft, supervising, writing—
review and editing; data curation. L.D.d.A.J.: Methodology,
investigation. L.Y.S.: Supervision, writing—review and editing,
formal analysis, conceptualization. L.C.D.S.: Writing—review
and editing, supervision, project administration, funding
acquisition, resources, formal analysis, conceptualization.

Funding

The Article Processing Charge for the publication of this
research was funded by the Coordenacao de Aperfeicoamento

2785

de Pessoal de Nivel Superior (CAPES), Brazil (ROR identifier:
00x0ma614).

Notes

The authors declare no competing financial interest.
In Memorian.

B ACKNOWLEDGMENTS

The authors thank Tropdan (Indistria e Comércio de Produtos
Alimenticios, Cajati, Sao Paulo, Brazil) for providing organic
dehydrated and pulverized green dwarf banana fruits free of

charge.

Bl ABBREVIATIONS

CD&#x2013;Chron disease
GSH&#x2013;glutathione
IBD&#x2013;inflammatory bowel disease
MPO&#x2013;myeloperoxidase
SCFA&#x2013;short-chain fatty acids
TNBS&#x2013;trinitrobenzenesulfonic acid
UC&#x2013;ulcerative colitis

B REFERENCES

(1) Di Stasi, L. C. Coumarin derivatives in Inflammatory Bowel
Disease. Molecules 2021, 26, 422.

(2) Quaglio, A. E. V.; Grillo, T. G.; De Oliveira, E. C. S.; Di Stasi, L. C.;
Sassaki, L. Y. Gut microbiota, inflammatory bowel disease and
colorectal cancer. World J. Gastroenterol 2022, 28, 4053—4060.

(3) Saeid Seyedian, S.; Nokhostin, F.; Malamir, M. D. A review of the
diagnosis, prevention, and treatment methods of inflammatory bowel
disease. J. Med. Life 2019, 12, 113—122.

(4) Sahoo, D. K;; Heilmann, R. M.; Paital, B.; Patel, A.; Yadav, V. K,;
Wong, D.; Jergens, A. E. Oxidative stress, hormones, and effects of
natural antioxidants on intestinal inflammation in inflammatory bowel
disease. Front. Endocrinol. 2023, 14, No. 1217163.

(5) Gomaa, E. Z. Human gut microbiota/microbiome in health and
diseases: a review. Antonie van Leeuwenhoek 2020, 113, 2019—2040.

(6) Ghouri, Y. A; Tahan, V.; Shen, B. Secondary causes of
inflammatory bowel diseases. World J. Gastroenterol. 2020, 26, 3998—
4017.

(7) Witaicenis, A.; Fruet, A. C.; Salem, L.; Di Stasi, L. C. Dietary
Polydextrose prevents inflammatory bowel disease in trinitrobenzene-
sulfonic acid model of rat colitis. J. Med. Food 2010, 13, 1391—1396.

(8) Scarminio, V.; Fruet, A. C.; Witaicenis, A.; Rall, V. L.; Di Stasi, L.
C. Dietary intervention with green dwarf banana flour (Musa sp AAA)
prevents intestinal inflammation in a trinitrobenzenesulfonic acid
model of rat colitis. Nutr. Res. 2012, 32, 202—209.

(9) Almeida-Junior, L. D.; Curimbaba, T. F. S.; Chagas, A. S.; Quaglio,
A. E. V,; Di Stasi, L. C. Dietary intervention with green dwarf banana
flour (Musa sp. AAA) modulates oxidative stress and colonic SCFAs
production in the TNBS model of intestinal inflammation. J. Funct.
Foods 2017, 38, 497—504.

(10) Curimbaba, T. F. S.; Almeida-Junior, L. D.; Chagas, A. S,
Quaglio, A. E. V,; Herculano, A. M,; Di Stasi, L. C. Prebiotic,
antioxidant and anti-inflammatory properties of edible Amazon fruits.
Food Biosci. 2020, 36, No. 100599.

(11) Fruet, A. C.; Seito, L. N.; Rall, V. L,; Di Stasi, L. C. Dietary
intervention with narrow-leaved cattail rhizome flour (Typha
angustifolia L.) prevents intestinal inflammation in the trinitrobenze-
nesulphonic acid model of rat colitis. BMC Complement. Altern. Med.
2012, 12, 62.

(12) Auriema, B. E.; Corréa, F. J. B.; Guimaraes, J. T.; Soares, P. T.;
Rosenthal, A.; Zonta, E.; Rosa, R. C. C.; Luchese, R. H.; Esmerino, E.
A.,; Mathias, S. P. Green banana biomass: physicochemical and
functional Properties and its potential as a fat replacer in a chicken
mortadella. LWT Food Sci. Technol. 2021, 140, No. 110686.

https://doi.org/10.1021/acsfoodscitech.5c00285
ACS Food Sci. Technol. 2025, 5, 2776—2786

9¢0¢ isnbny €0 uo J18sn VIS ITNVd WNAVLSI A INN Ag 4pd "G820095S 4 /LT2.660TY /9222 /L /S /4pd -8 |2 111e/|yls e /Bio "soe 'sqnd//:d 313y wo i} papeo juwog


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luiz+C.+Di+Stasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7864-1073
mailto:luiz.stasi@unesp.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriela+R.+Batista"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+E.+V.+Quaglio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luiz+D.+Almeida+Junior"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ligia+Y.+Sassaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.5c00285?ref=pdf
https://doi.org/10.3390/molecules26020422
https://doi.org/10.3390/molecules26020422
https://doi.org/10.3748/wjg.v28.i30.4053
https://doi.org/10.3748/wjg.v28.i30.4053
https://doi.org/10.25122/jml-2018-0075
https://doi.org/10.25122/jml-2018-0075
https://doi.org/10.25122/jml-2018-0075
https://doi.org/10.3389/fendo.2023.1217165
https://doi.org/10.3389/fendo.2023.1217165
https://doi.org/10.3389/fendo.2023.1217165
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.3748/wjg.v26.i28.3998
https://doi.org/10.3748/wjg.v26.i28.3998
https://doi.org/10.1089/jmf.2009.0275
https://doi.org/10.1089/jmf.2009.0275
https://doi.org/10.1089/jmf.2009.0275
https://doi.org/10.1016/j.nutres.2012.01.002
https://doi.org/10.1016/j.nutres.2012.01.002
https://doi.org/10.1016/j.nutres.2012.01.002
https://doi.org/10.1016/j.jff.2017.09.038
https://doi.org/10.1016/j.jff.2017.09.038
https://doi.org/10.1016/j.jff.2017.09.038
https://doi.org/10.1016/j.fbio.2020.100599
https://doi.org/10.1016/j.fbio.2020.100599
https://doi.org/10.1186/1472-6882-12-62
https://doi.org/10.1186/1472-6882-12-62
https://doi.org/10.1186/1472-6882-12-62
https://doi.org/10.1186/1472-6882-12-62
https://doi.org/10.1016/j.lwt.2020.110686
https://doi.org/10.1016/j.lwt.2020.110686
https://doi.org/10.1016/j.lwt.2020.110686
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.5c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Food Science & Technology

pubs.acs.org/acsfoodscitech

(13) Morris, G. P,; Becj, P. L; Herridge, M. S.; Depew, W. T,
Szewczuk, M. R.; Wallace, J. L. Hapten-induced model of chronic
inflammation and ulceration in the rat colon. Gastroenterology 1989, 96,
795—803.

(14) Bell, C. J; Gall, D. G.; Wallace, J. L. Disruption of colonic
electrolyte transport in experimental colitis. Am. J. Physiol. —
Gastrointest. Liver Physiol. 1995, 268, G622—G630.

(15) Krawisz, J. E.; Sharon, P.; Stenson, W. F. Quantitative assay for
acute intestinal inflammation based on myeloperoxidase activity.
Assessment of inflammation in rat and hamster models. Gastro-
enterology 1984, 87, 1344—1350.

(16) Anderson, M. E. Determination of glutathione and glutathione
disulfide in biological samples. Methods Enzymol. 1985, 113, 548—555.

(17) Soret, R.;; Chevalier, J.; De Coppet, P.; Poupeau, G.;
Derkinderen, P.; Segain, J. P.; Neunlist, M. Short-chain fatty acids
regulate the enteric neurons and control gastrointestinal motility in rats.
Gastroenterology 2010, 138, 1772—1782.

(18) Shinde, T.; Perera, A. P.; Vemuri, R.; Gondalia, S. V.; Beale, D. J.;
Karpe, A. V,; Shastri, S.; Basheer, W.; Southam, B.; Eri, R.; Stanley, R.
Synbiotic supplementation with prebiotic green banana resistant starch
and probiotic Bacillus coagulans spores ameliorates gut inflammation in
mouse model of intestinal inflammatory bowel diseases. Eur. J. Nutr.
2020, 59, 3669—3689.

(19) De Oliveira, E. C. S.; Quaglio, A. E. V.; Magro, D. O.; Di Stasi, L.
C.; Sassaki, L. Y. Intestinal Microbiota and miRNA in IBD: A Narrative
Review about Discoveries and Perspectives for the Future. Int. J. Mol.
Sci. 2023, 24, 7176.

(20) Zhang, P. Influence of Foods and Nutrition on the Gut
Microbiome and Implications for Intestinal Health. Int. J. Mol. Sci.
2022, 23, 9588.

(21) Leonel, M.; Bolfarini, A. C. B; Silva, M. J. R;; Souza, J. M. A,;
Leonel, S. Banana fruits with high content of resistant starch: effect of
genotypes and phosphorus fertilization. Int. J. Biol. Macromol. 2020,
150, 1020—1026.

(22) Burkhart, S.; Underhill, S.; Raneri, J. Realizing the potential of
neglected and underutilized bananas in improving diets for nutrition
and health outcomes in the Pacific Islands. Front. Sustainable Food Syst.
2022, 6, 805776.

(23) Li, P. H;; Wang, C. W.; Lu, W. C.; Chan, Y. J.; Wang, C. R. Effect
of resistant starch sources on the physical properties of dough on the
eating quality and glycemic index of salted noodles. Foods 2022, 11,
814.

(24) Munir, H.; Alam, H.; Nadeem, M. T.; Almalki, R. S.; Arshad, M.
S.; Suleria, H. A. R. Green banana resistant starch: A promising
potential as functional ingredient against certain maladies. Food Sci.
Nutr. 2024, 12, 3787-3795.

(25) Das, M.; Santra, S.; Chakraborty, M.; Rajan, N.;
Sarvanabhupathy, S.; Anusha; Biswas, P.; Banerjee, R. Resistant starch:
Insights into better health and metabolism. Biocatal. Agric. Biotechnol.
2024, 59, No. 103275.

(26) Falcomer, A. L; Riquette, R. F. R;; de Lima, B. R;; Ginani, V. C;
Zandonadi, R. P. Health benefits of green banana consumption: a
systematic review. Nutrients 2019, 11, 1222.

(27) Cook, S. L; Sellin, J. H. Short chain fatty acids in health and
disease. Alim. Pharmacol. Ther. 1998, 12, 499—507.

(28) Ribeiro, N. C. B. V.; Ramer-Tait, A. E.; Cazarin, C. B. B. Resistant
starch: a promising ingredient and health promoter. PharmaNutrition
2022, 21, No. 100304.

(29) Shin, Y.; Han, S.; Kwon, J.; Ju, S.; Choi, T. G.; Kang, L; Kim, S. S.
Roles of short-chain fatty acids in Inflammatory Bowel Disease.
Nutrients 2023, 15, 4466.

(30) Deleu, S.; Machiels, K.; Raes, J.; Verbeke, K.; Vermeire, S. Short
chain fatty acids and its producing organisms: an overlooked therapy for
IBD? eBioMedicine 2021, 66, No. 103293.

(31) Otten, B. M.J.; Sthijns, M. M. J. P. E.; Troost, F. J. A combination
of acetate, propionate, and butyrate increases glucose uptake in C2C12
myotubes. Nutrients 2023, 15, 946.

2786

(32) Sido, B.; Hack, V.; Hochlehnert, A; Lipps, H.; Herfarth, C;
Droge, W. Impairment of intestinal glutathione synthesis in patients
with inflammatory bowel disease. Gut 1998, 42, 485—492.

(33) Ardite, E.; Sans, M.; Panés, J.; Romero, F. J.; Piqué, J. M,;
Ferndndez-Checa, J. C. Replenishment of glutathione levels improves
mucosal function in experimental acute colitis. Lab. Invest. 2000, 80,
735—744.

(34) Chami, B.; Martin, N. J. J.; Dennis, J. M,; Witting, P. K.
Myeloperoxidase in the inflamed colon: A novel target for treating
inflammatory bowel disease. Arch. Biochem. Biophys. 2018, 645, 61—71.

(35) Ferrari, C. K. B. Antioxidant and anti-atherosclerotic potential of
Banana (Musa spp): a review of biological mechanisms for prevention
and protection against atherosclerosis. Avicenna J. Phytomed. 2018, 13,
240-254.

(36) Aggeletopoulou, L; Kalafateli, M.; Tsounis, E. P.; Triantos, C.
Exploring the role of IL-14 in inflammatory bowel disease pathogenesis.
Front. Med. 2024, 11, No. 1307394.

(37) Coccia, M.; Harrison, O. J.; Schiering, C.; Asquith, M. J.; Becher,
B.; Powrie, F; Maloy, K. J. IL-1# mediates chronic intestinal
inflammation by promoting the accumulation of IL-17A secreting
innate lymphoid cells and CD4(+) Th17 cells. J. Exp. Med. 2012, 209,
1595—1609.

(38) Friedrich, M.; Pohin, M.; Powrie, F. Cytokine networks in the
pathophysiology of Inflammatory Bowel Disease. Immunity 2019, S0,
992—1006.

(39) Neurath, M. F. Strategies for targeting cytokines in inflammatory
bowel disease. Nat. Rev. Immunol. 2024, 24, 559—576.

(40) Takabayashi, K. Endocytoscopic evaluation of goblet appearance
may lead to a new concept of histo-endoscopic mucosal healing in
patients with ulcerative colitis. Dig. Endosc. 2022, 34, 1040—1041.

(41) Asarat, M.; Apostolopoulos, V.; Vasiljevic, T.; Donkor, O. Short-
chain fatty acids regulate cytokines and Th17/Treg cells in human
peripheral blood mononuclear cells in vitro. Immunol. Invest. 2016, 45,
205—-222.

(42) Li, M,; van Esch, B. C. A. M;; Wagenaar, G. T. M,; Garssen, ] ;
Folkerts, G.; Henricks, P. A. J. Pro- and anti-inflammatory effects of
short chain fatty acids on immune and endothelial cells. Eur. J.
Pharmacol. 2018, 831, 52—59.

(43) Liu, X. F,; Shao, J. H; Liao, Y. T.; Wang, L. N; Jia, Y.; Dong, P. ] ;
Liu, Z. Z; He, D. D,; Li, C.; Zhang, X. Regulation of short-chain fatty
acids in the immune system. Front. Immunol. 2023, 14, No. 1186892.

(44) Lee, S. U,; In, H. J.; Kwon, M. S,; Park, B. O.; Jo, M.; Kim, M. O.;
Cho, S;; Lee, S.; Lee, H. J.; Kwak, Y. S.; Kim, S. #-Arrestin 2 mediates G
protein-coupled receptor 43 signals to nuclear factor-kB. Biol. Pharm.
Bull. 2013, 36, 1754—1759.

https://doi.org/10.1021/acsfoodscitech.5c00285
ACS Food Sci. Technol. 2025, 5, 2776—2786

9¢0¢ isnbny €0 uo J18sn VIS ITNVd WNAVLSI A INN Ag 4pd "G820095S 4 /LT2.660TY /9222 /L /S /4pd -8 |2 111e/|yls e /Bio "soe 'sqnd//:d 313y wo i} papeo juwog


https://doi.org/10.1016/S0016-5085(89)80079-4
https://doi.org/10.1016/S0016-5085(89)80079-4
https://doi.org/10.1152/ajpgi.1995.268.4.G622
https://doi.org/10.1152/ajpgi.1995.268.4.G622
https://doi.org/10.1016/0016-5085(84)90202-6
https://doi.org/10.1016/0016-5085(84)90202-6
https://doi.org/10.1016/0016-5085(84)90202-6
https://doi.org/10.1016/S0076-6879(85)13073-9
https://doi.org/10.1016/S0076-6879(85)13073-9
https://doi.org/10.1053/j.gastro.2010.01.053
https://doi.org/10.1053/j.gastro.2010.01.053
https://doi.org/10.1007/s00394-020-02200-9
https://doi.org/10.1007/s00394-020-02200-9
https://doi.org/10.1007/s00394-020-02200-9
https://doi.org/10.3390/ijms24087176
https://doi.org/10.3390/ijms24087176
https://doi.org/10.3390/ijms23179588
https://doi.org/10.3390/ijms23179588
https://doi.org/10.1016/j.ijbiomac.2019.10.217
https://doi.org/10.1016/j.ijbiomac.2019.10.217
https://doi.org/10.3389/fsufs.2022.805776
https://doi.org/10.3389/fsufs.2022.805776
https://doi.org/10.3389/fsufs.2022.805776
https://doi.org/10.3390/foods11060814
https://doi.org/10.3390/foods11060814
https://doi.org/10.3390/foods11060814
https://doi.org/10.1002/fsn3.4063
https://doi.org/10.1002/fsn3.4063
https://doi.org/10.1016/j.bcab.2024.103275
https://doi.org/10.1016/j.bcab.2024.103275
https://doi.org/10.3390/nu11061222
https://doi.org/10.3390/nu11061222
https://doi.org/10.1046/j.1365-2036.1998.00337.x
https://doi.org/10.1046/j.1365-2036.1998.00337.x
https://doi.org/10.1016/j.phanu.2022.100304
https://doi.org/10.1016/j.phanu.2022.100304
https://doi.org/10.3390/nu15204466
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.3390/nu15040946
https://doi.org/10.3390/nu15040946
https://doi.org/10.3390/nu15040946
https://doi.org/10.1136/gut.42.4.485
https://doi.org/10.1136/gut.42.4.485
https://doi.org/10.1038/labinvest.3780077
https://doi.org/10.1038/labinvest.3780077
https://doi.org/10.1016/j.abb.2018.03.012
https://doi.org/10.1016/j.abb.2018.03.012
https://doi.org/10.22038/AJP.2022.20616
https://doi.org/10.22038/AJP.2022.20616
https://doi.org/10.22038/AJP.2022.20616
https://doi.org/10.3389/fmed.2024.1307394
https://doi.org/10.1084/jem.20111453
https://doi.org/10.1084/jem.20111453
https://doi.org/10.1084/jem.20111453
https://doi.org/10.1016/j.immuni.2019.03.017
https://doi.org/10.1016/j.immuni.2019.03.017
https://doi.org/10.1038/s41577-024-01008-6
https://doi.org/10.1038/s41577-024-01008-6
https://doi.org/10.1111/den.14267
https://doi.org/10.1111/den.14267
https://doi.org/10.1111/den.14267
https://doi.org/10.3109/08820139.2015.1122613
https://doi.org/10.3109/08820139.2015.1122613
https://doi.org/10.3109/08820139.2015.1122613
https://doi.org/10.1016/j.ejphar.2018.05.003
https://doi.org/10.1016/j.ejphar.2018.05.003
https://doi.org/10.3389/fimmu.2023.1186892
https://doi.org/10.3389/fimmu.2023.1186892
https://doi.org/10.1248/bpb.b13-00312
https://doi.org/10.1248/bpb.b13-00312
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.5c00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

