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ABSTRACT

Visceral pain is a major symptom of inflammatory bowel diseases (IBDs), requiring effective treatment strategies. Gut epithelium,
beyond maintaining barrier integrity and microbiota homeostasis, modulates neurosensorial circuitries, influencing visceral sensi-
tivity. Moringa oleifera constituents show beneficial properties that may counteract inflammation-induced epithelial dysfunction and
visceral hypersensitivity. Among these, we investigated moringin (MOR), the isothiocyanate derived from the myrosinase (MYR)-
mediated hydrolysis of glucomoringin (GMG). A three-stage experimental strategy was applied. First, murine colon organoids were
exposed to a pro-inflammatory cytokine cocktail (CKs; TNF-a, IL-16, IL-6; 10ngmL~7, 6h) to model epithelial inflammatory stress
and treated with MOR (2-30uM). Second, epithelial-neuronal communication was assessed by exposing primary dorsal root gan-
glion (DRG) neurons to conditioned media from inflamed organoids, with (CMCXs+MOR 30uM) or without (CMXS) MOR treatment.
Third, the therapeutic relevance of these findings was validated in vivo using a dextran sulfate sodium (DSS)-induced colitis model,
in which mice received oral administration of MYR-bioactivated GMG (GMG +MYR) at different doses (30-100mgkg1), followed
by behavioral and histological assessments. CKs-treated organoids showed cytotoxicity, increased superoxide dismutase activity,
and upregulation of Ccl2, Ccndl, Mki67, and Pyy. MOR 30uM co-treatment normalized oxidative stress and gene expression, al-
though cytotoxicity remained unaffected. CM®*S increased c-Fos and CGRP expression in DRG neurons, while CMCKs+MOR 30uM
prevented this response, indicating MOR modulation of epithelial inflammation-driven neuronal activation. In DSS-treated mice,
oral GMG (30-100mgkg~")+MYR dose-dependently reduced visceral hypersensitivity, pain-associated behavioral alterations, and
colonic damage. Overall, MOR/GMG +MYR showed gut-protective and analgesic effects under intestinal inflammation. Intestinal
organoids effectively model inflammation and therapeutic responses, potentially reducing animal use in IBD research.

Abbreviations: ATP, adenosine triphosphate; AWR, abdominal withdrawal reflex; CCL2, chemokine (C-C motif) ligand 2; CGRP, calcitonin gene-related peptide; CK,
cytokine; CM, conditioned media; CRD, colorectal distension; DAI, disease activity index; DAPI, 4/,6-diamidino-2-phenylindole; DMEM, Dulbecco’'s modified Eagle
medium; DRG, dorsal root ganglion; DSS, dextran sulfate sodium; EDTA, ethylenediaminetetraacetic acid; EGF, epidermal growth factor; FBS, fetal bovine serum;
GMG, glucomoringin; H&E, hematoxylin and eosin; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HPLC, high performance liquid chromatography;
IBD, inflammatory bowel disease; IL, interleukin; KEAP1, Kelch-like ECH-associated protein 1; LDH, lactate dehydrogenase; MLKL, mixed lineage kinase
domain-like pseudokinase; MOR, moringin; mTOR, mammalian target of rapamycin; MYR, myrosinase; NADPH, nicotinamide adenine dinucleotide phosphate;
NF-xB, nuclear factor-kappa B; NGF, nerve growth factor; NRF2, nuclear factor erythroid 2-related factor 2; PBS, phosphate-buffered saline; PCR, polymerase chain
reaction; PI3K, phosphatidylinositol-3-kinase; PYY, peptide YY; RIPA, radioimmunoprecipitation assay; RIPK, receptor interacting protein kinase; ROI, region of
interest; ROS, reactive oxygen species; SOD, superoxide dismutase; TNF, tumor necrosis factor; TRP, transient receptor potential.
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1 | Introduction

Chronic abdominal pain affects a large proportion of patients
with inflammatory bowel disease (IBD) and remains a major
unmet therapeutic need due to the absence of effective and
safe analgesic options (Hashash et al. 2024; Keefer et al. 2024).
At present, conventional and biological therapies can dampen
gut inflammation, but sedation of pain symptoms, particu-
larly those deriving from visceral sensitivity, is inconsistent
and often accompanied by unacceptable side effects (Klemm
and Moosavi 2024; van Gils et al. 2025). At the intestinal level,
inflammation-driven disruption of epithelial barrier integ-
rity, dysbiosis, immune activation, and altered neurosensory
signaling converge to drive visceral hypersensitivity in IBD
(Barbara et al. 2021; Ford et al. 2024). Importantly, the intes-
tinal epithelium is now recognized as an active regulator of
visceral nociception rather than a passive barrier. Beyond its
barrier and mucus/microbiome-interface functions, epithelial
cells directly communicate with sensory nerve fibers through
the release of cytokines (CKs), reactive oxygen species (ROS),
adenosine triphosphate (ATP), lipid mediators, and neuro-
trophic factors, thereby shaping sensory neuron excitability in
both healthy and inflammatory conditions (Najjar et al. 2021,
Bayrer et al. 2023; Ohara and Hsiao 2025). In inflamed states,
oxidative stress-related epithelial signaling, in particular, rep-
resents a key driver of neuronal hyperexcitability in chronic
visceral pain states (Lapointe and Altier 2011). Recent in vitro
evidence has further demonstrated that the epithelium-to-
neuron signaling regulating the excitability of dorsal root
ganglion (DRG) nociceptors is affected by post-inflammatory
epithelial dysfunction and dysbiosis, even in the absence of
overt immune activation (Margiotta et al. 2025). These find-
ings highlight epithelial stress responses as critical upstream
drivers of neuronal hypersensitivity and identify the epithe-
lium-neuron axis as a key, yet underexplored, therapeutic tar-
get for chronic visceral pain in IBD.

Phytochemicals derived from medicinal plants offer a promis-
ing strategy to modulate this complex axis due to their pleio-
tropic actions on epithelial integrity, oxidative stress and
inflammatory signaling. Moringa oleifera is a rich source of
4-(a-L-rhamnosyloxy)-benzyl glucosinolate (glucomoringin,
GMG), theprecursorofthebioactive4-(a-Lrhamnosyloxy)-benzyl
isothiocyanate (moringin, MOR) released upon hydrolysis cata-
lyzed by the enzyme myrosinase (f-thioglucoside glucohydro-
lase; EC 3.2.1.147, MYR) at neutral pH (Fahey, Wade, Stephenson,
Shi, et al. 2019). Isothiocyanates are well-characterized antiox-
idant, anti-inflammatory and neuroprotective agents (Rajan
et al. 2016; Jaja-Chimedza et al. 2017; Kim et al. 2017; Lucarini,
Micheli, Di Cesare Mannelli, et al. 2022; Razis et al. 2025). In
mice with dextran sulfate sodium (DSS)-induced ulcerative coli-
tis, oral MOR significantly improved body weight loss and his-
tological colon damage, upregulated tight junction and mucin
proteins, and modulated pathways critically involved in epithe-
lial stress responses during intestinal inflammation, including
NRF2/NF-xB and PI3K/AKT/mTOR (Zhang, Zhao, et al. 2024).
In addition to epithelial-protective effects, isothiocyanates from
M. oleifera have also been reported to modulate transient re-
ceptor potential (TRP) channels, including TRPA1 and TRPV1,
which play a central role in visceral nociception and sensory
neuron sensitization (Borgonovo et al. 2020). Furthermore, M.

oleifera extracts exhibit analgesic effects in different inflam-
matory pain models (Adedapo et al. 2015; Martinez-Gonzélez
et al. 2017; Palomino-Pacheco et al. 2024). However, despite
these converging lines of evidence, it remains unknown whether
MOR can attenuate visceral hypersensitivity by acting on the
inflamed intestinal epithelium and, consequently, interrupting
epithelial-derived pro-nociceptive signaling to sensory neurons.

Based on this unaddressed mechanistic gap, we hypothesized that
MOR/GMG+MYR could reduce colitis-associated visceral pain
by preserving epithelial homeostasis and dampening epithelium-
to-neuron sensitizing signals. To this aim, we implemented a
three-stage experimental strategy. First, mouse colonic crypts
were isolated and cultured into 3D epithelial organoids. A well-
defined CK cocktail of TNF-a, IL-1f, and IL-6 (10 ng mL™) was
then applied to induce controlled epithelial stress, mimicking key
aspects of inflammation-driven barrier dysfunction and inflam-
matory gene induction frequently observed in IBD epithelium
(d’Aldebert et al. 2020; Di Giorgio et al. 2023; Flood et al. 2024).
Organoids were concurrently co-treated with MOR (2-30uM)
to evaluate whether this phytochemical can modulate epithelial
stress responses, particularly oxidative and inflammatory path-
ways, in a human-relevant reductionist system. Secondarily, the
combination of colon organoids and primary DRG neurons was
used to evaluate the efficacy of MOR in counteracting neuronal
activation associated with epithelial inflammation. Finally, to val-
idate the in vitro observations in an intact physiological context,
we administered GMG+MYR orally (30-100mgkg~'+MYR)
across escalating doses in mice undergoing DSS-induced colitis,
a commonly used model of IBD featuring visceral pain and intes-
tinal barrier damage (Chassaing et al. 2014). Visceral sensitivity
was quantified using the abdominal withdrawal reflex (AWR) to
colorectal distension (CRD), while colonic tissue damage was as-
sessed histologically. This in vivo arm served to test the functional
and therapeutic relevance of the organoid screening results. The
overall aim of this combinatorial approach is twofold: (1) to sup-
port colon epithelial organoids as a reductionist platform for pre-
liminary efficacy screening of epithelium-targeting treatments in
IBD, thereby reducing reliance on animal models and (2) to estab-
lish a mechanistically informed pipeline linking in vitro organoid
discoveries with in vivo functional outcomes, aimed at developing
multitarget phytotherapeutics capable of protecting epithelial in-
tegrity and reducing visceral hypersensitivity in chronic intestinal
inflammation.

2 | Materials and Methods

2.1 | Glucomoringin, Moringin, and Myrosinase
Purification

2.1.1 | Glucomoringin Purification

GMG was isolated from M. oleifera seeds (cake powder PKM-2
provided by Indena India Pvt. Ltd.; Bangalore, India) and
purified in two sequential steps, by anion exchange and size
exclusion chromatography, according to a well-established
procedure available at our labs and already reported exten-
sively in a previous study (Galuppo, Giacoppo, Iori, De Nicola,
Bramanti et al. 2015). The purity was assessed by high per-
formance liquid chromatography (HPLC) analysis of the
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desulfo-derivative according to the EU standard procedure
(ISO 9167:2019; ISO 2019), yielding about 99% based on peak
area value and more than 95% on weight basis due to its
marked hygroscopic properties.

2.1.2 | Myrosinase Purification

MYR was purified as already reported (Galuppo, Giacoppo,
Tori, De Nicola, Bramanti et al. 2015) and stored at 4°C in
sterile saline solution at neutral pH until use. One MYR
unit was defined as the amount of enzyme able to hydrolyze
1 umol min~! of sinigrin (prop-2-enyl glucosinolate) at neutral
pH and 37°C.

2.1.3 | Moringin Isolation

GMG was hydrolyzed with MYR in 0.1M phosphate buffer
pH6.5 at 37°C. After monitoring the quantitative conversion of
pure GMG into MOR by HPLC, acetonitrile was added to the
mixture up to a final concentration of 20%, and afterward MOR
was purified by reverse-phase chromatography. Fractions con-
taining MOR were pooled together and freeze-dried yielding
pure MOR (Razis et al. 2025).

2.1.4 | Glucomoringin Bioactivation

Fresh GMG + MYR solutions were prepared for the in vivo study.
GMG was bioactivated with MYR enzyme immediately before
administration in mice. Purified GMG powder was dissolved
in PBS solution pH 7.2 and hydrolyzed with MYR (23.4UmL™)
at 37°C for 30min (100mgkg™ GMG+250uLkg™! MYR;
10mLkg™), yielding MOR quantitatively, as previously reported
(Galuppo, Giacoppo, Iori, De Nicola, Bramanti et al. 2015).

2.2 | Animals

Male C57BL6/N mice (6-8weeks old), weighing 25-30g, were
purchased from Charles River Laboratories (Lecco, Italy).
Animals were housed in groups of four in cages (26 x41cm)
at Ce.S.A.L. (Centro Stabulazione Animali da Laboratorio,
University of Florence) under controlled environmental condi-
tions (23°C £ 1°C; 12-h light/dark cycle, lights on at 07:00). Mice
had ad libitum access to tap water and a standard laboratory
diet (Teklad Global Diet #2018; 18.5% protein, 5.5% fat; Inotiv,
distributed by Mucedola, Milan, Italy). All experimental pro-
cedures were conducted in accordance with Guidance on the
operation of the Animals (Scientific Procedures) Act 1986 and
Directive 2010/63/EU of the European Parliament and Council
on the protection of animals used for scientific purposes, and
followed the guidelines of the International Association for the
Study of Pain (IASP). The ethical standards of the University
of Florence comply with the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised 1996;
Assurance No. A5278-01). The study was approved by the
Italian Ministry of Health (No. 17E9C.N.B5Z and 1046/2023-
PR) and by the Animal Subjects Review Board of the University
of Florence. All efforts were made to minimize animal suffering

and to reduce the number of animals used, in accordance with
the ARRIVE 2.0 guidelines (du Sert et al. 2020).

2.3 | Murine Colon Organoid Culture Protocol

Murine colonic organoids were generated based on the proto-
col described by Fan et al. (Fan et al. 2019), with minor mod-
ifications. Briefly, the colon was excised from male C57BL6/N
mice (6-8weeks old) and thoroughly rinsed in ice-cold PBS
supplemented with 100UmL™! penicillin and 100ugmL~!
streptomycin (Merck, Milan, Italy). To isolate intestinal crypts,
tissues were incubated in a non-enzymatic dissociation solution
containing 20mM EDTA in PBS for 35min at 37°C, followed
by vigorous vortexing to obtain four crypt-containing fractions.
Crypts were then embedded in Matrigel Growth Factor Reduced
Basement Membrane Matrix (Corning, #356231, Tewksbury,
MA, USA), supplemented with 50ngmL~ recombinant mu-
rine EGF, 500ngmL~! recombinant human R-Spondin-1,
100ngmL~! recombinant murine Noggin, 100ngmL~! recom-
binant murine Wnt-3a (all from Peprotech-Life Technologies,
Milan, Italy), N-2 and B-27 serum-free supplements (Gibco-
Life Technologies, Milan, Italy), and 1uM N-acetyl-L-cysteine
(Merck, Milan, Italy). Approximately 1000 crypts per well
were plated in 50 uL Matrigel domes into 24-well culture plates
(Corning, Tewksbury, MA, USA). After allowing the Matrigel to
polymerize for 30min at 37°C, wells were overlaid with organoid
culture medium consisting of Advanced DMEM/F-12 (Gibco-
Life Technologies, Milan, Italy) supplemented with 100U mL !
penicillin, 100ugmL~! streptomycin, 2mM GlutaMax supple-
ment (Gibco-Life Technologies, Milan, Italy), 10uM HEPES,
and the same combination of growth factors and supplements as
listed above. Medium was refreshed every 2-3 days.

For routine passaging, Matrigel domes were disrupted using
ice-cold PBS, and organoids were harvested by centrifugation at
200g for 5min at 4°C. This washing step was repeated twice. To
remove residual Matrigel, organoids were incubated with Cell
Recovery Solution (Corning, Tewksbury, MA, USA) for 30 min
at 4°C, followed by two additional centrifugation steps at 100g
for 5min in ice-cold PBS. Organoids were replated at a density of
approximately 750 per 50 uL Matrigel dome per well in 24-well
plates. Cultures were maintained in a humidified incubator at
37°C with 5% CO,. All experimental procedures involving or-
ganoids were carried out 7days after a passage step to ensure
consistency.

2.4 | Primary Murine Dorsal Root Ganglion (DRG)
Neuron Culture Protocol

Primary DRG neurons were isolated from male C57BL6/N
mice (6-8weeks old) following the protocol by Perner and
Sokol (2021), with slight modifications. In brief, the spinal col-
umn was excised and bisected longitudinally. DRGs were care-
fully dissected and collected in ice-cold DMEM, high glucose
(Merck, Milan, Italy) supplemented with 10% Fetal Bovine
Serum (FBS; Euroclone, Milan, Italy), 100UmL™" penicillin,
100pugmL~! streptomycin, and 2mM L-glutamine (all from
Merck, Milan, Italy). The ganglia were enzymatically dissoci-
ated by incubation in PBS containing 1.25mgmL~! Collagenase
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A and 2.5mgmL~! Dispase II (both from Merck, Milan, Italy)
for 30min at 37°C. Following digestion, mechanical dissoci-
ation was performed by triturating the tissue 10-20 times se-
quentially through needles of increasing gauge (18G, 23G, and
26G). Approximately 2.5%x10° DRG neurons were seeded per
well onto 13 mm glass coverslips pre-coated with 30 uL of lami-
nin (10 ugmL~Y; Merck, Milan, Italy), placed in 24-well culture
plates. Cells were maintained in Neurobasal-A medium (Gibco-
Life Technologies, Milan, Italy) supplemented with 100U mL"!
penicillin, 100ugmL™! streptomycin, 2mM GlutaMax supple-
ment, B-27 serum-free supplement (Gibco-Life Technologies,
Milan, Ttaly), and 50ngmL~! recombinant murine P-NGF
(Invitrogen-Life Technologies, Milan, Italy).

2.5 | Colon Organoid Treatments

Colon organoids were treated 7days after the passage for 3, 6,
or 24h with a mix of CKs consisting of 10ngmL~! recombinant
murine TNF-a, 10ng mL~! recombinant murine IL-1f and 10 ng
mL~! recombinant murine IL-6 (all from Peprotech-Thermo
Fisher Scientific, Italy) in organoid medium.

MOR was dissolved in dimethyl sulfoxide. Colon organoids
were treated 7days after the passage for 6h with MOR 2, 10, or
30uM in organoid medium. Control organoids received an equal
amount of vehicle.

2.6 | Preparation of Conditioned Media From
Organoids and DRG Neuron Treatments

After 6h of treatment with CKs and/or MOR, the organoid me-
dium was replaced with fresh organoid medium. After 18h of
conditioning, conditioned media (CM) from nontreated organ-
oids (CMCTR), CKs-treated organoids (CM®¥), and CKs+30uM
MOR-treated organoids (CMCKs+MOR30uM) were collected, cen-
trifuged at 200g for 5min, and transferred into new tubes. CM
were immediately used to treat DRG neurons for 48 h, 24 h after
their isolation.

2.7 | Protein Extraction From Murine Colon
Organoids

Matrigel domes were disrupted using ice-cold PBS, and or-
ganoids were harvested by centrifugation at 200g for 5min
at 4°C. This washing step was repeated twice. To remove re-
sidual Matrigel, organoids were incubated with Cell Recovery
Solution for 30 min at 4°C, followed by two additional centrif-
ugation steps at 200g for 5min in ice-cold PBS. Following the
final centrifugation, supernatants were carefully removed,
and organoid pellets were lysed in radioimmunoprecipitation
assay buffer. Subsequently, lysates were clarified by centrif-
ugation at 13,000g for 15min at 4°C to remove debris. The
resulting supernatant, containing total cellular protein, was
carefully collected and transferred into fresh microcentrifuge
tubes. Protein concentration was quantified by Bicinchoninic
Acid assay (Merck, Milan, Italy) according to the manufactur-
er's instructions.

2.8 | Superoxide Dismutase (SOD) Activity

SOD activity was determined in organoid lysates using SOD
Determination Kit (Merck, Milan, Italy) according to the manu-
facturer's protocol. The SOD activity levels were normalized to
cell protein concentrations. Three technical replicates for each
experiment were used.

2.9 | Lactate Dehydrogenase (LDH) Release
Activity

For toxicity evaluation, the release of LDH into the culture
media was determined using a Cytotoxicity Detection Kit
(Roche, Penzberg, Germany) according to the manufacturer's
protocol. The LDH levels were normalized to cell protein con-
centrations. Three technical replicates for each experiment
were used.

2.10 | RNA Isolation, Reverse Transcription,
and Quantitative Polymerase Chain Reaction
(qPCR)

Total RNA was isolated from organoids with RNeasy micro
kit (Qiagen, Milan, Italy) and 500 ng of RNA was used for ret-
rotranscription by using iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). qPCR was performed using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA,
USA) following the thermal profile suggested by the Kkit.
Validated mouse primers for Ccl2 (qMmuCEDO0003785), Pyy
(@MmuCEDO0001589), Mki67 (@QMmuCID0018717), Ccndl
(@MmuCID0023518), B2m (@MmuCID0040553), and Actb
(@MmuCEDO0027505) were purchased from Bio-Rad. The cal-
culation of differential expression of the transcripts was per-
formed by the 2724C€t formula and normalized on B2m and
Actb expression level.

2.11 | DRG Neurons Immunofluorescence
and Imaging

At the conclusion of the treatment, DRG neurons were rinsed
with PBS and fixed with 4% paraformaldehyde for 15min at
room temperature. Following fixation, neurons were washed
three times with PBS (5min each) and permeabilized using
0.3% Triton X-100 in PBS for 10min at room temperature.
Cells were then incubated for 30min in a blocking solution
composed of 0.5% bovine serum albumin and 0.3% Triton X-
100 in PBS. For immunostaining, DRG neurons were incu-
bated overnight at 4°C with the following primary antibodies
diluted in blocking solution: rabbit anti-mouse c-Fos (1:100;
BS-0469R, Lot AI08094815, RRID: AB_10858019; Bioss
Antibodies, Woburn, MA, USA) and goat anti-mouse CGRP
(1:500; PA1-85250, Lot XL3781521A, RRID: AB_2259435;
Invitrogen-Life Technologies, Milan, Italy). The next day, cells
were washed three times in PBS (5min each) and incubated in
the dark for 2h at room temperature with the secondary an-
tibody donkey anti-goat IgG Alexa Fluor 568 (1:500; A-11057,
RRID: AB_2534104; Invitrogen-Life Technologies, Milan,
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Italy), prepared in blocking solution. After another three PBS
washes, neurons were incubated for an additional 2h in the
dark at room temperature with goat anti-rabbit IgG Alexa
Fluor 488 (1:500; A-11034, RRID: AB_2576217; Invitrogen-
Life Technologies, Milan, Italy). Following final washes
(three times, 5min each with PBS), slides were mounted using
Fluoroshield mounting medium with DAPI (Merck, Milan,
Italy). Negative controls (without primary antibodies) were
included in each immunostaining experiment and processed
in parallel. Imaging was performed using a motorized Leica
DM6000 B microscope equipped with a DFC350FX digital
camera (Leica Microsystems, Mannheim, Germany). For quan-
titative analysis of c-Fos and CGRP expression, three X20 mag-
nification fields per slide were analyzed, with data collected
from an average of two to three independent slides per con-
dition. Representative images for the illustrative panel were
acquired at x40 magnification. Fluorescence quantification
was carried out using ImageJ software (Schneider et al. 2012).
Individual neurons were identified using the region of interest
(ROI) manager. Fluorescence intensity was measured for each
ROI, and background fluorescence was subtracted for each
channel. For each slide, the mean fluorescence intensity of all
ROIs was calculated. Final values are reported as the average
of means from two to three slides per experimental group.

2.12 | Visceral Pain Model and Treatment With
GMG + MYR

Experimental colitis was induced following previously de-
scribed methods with slight modifications (Simeoli et al. 2017;
Singh et al. 2020). Briefly, mice were given 2.5% (w:v) DSS
(AbMole BioScience, Houston, TX, USA) in tap water ad li-
bitum from Day 0 to Day 5. GMG was dissolved in PBS at
10mLkg™! and, after bioactivation with MYR (23.4UmL™)
at 37°C for 30min (100mgkg™ GMG+250uLkg™! MYR;
10mLkg™"), administered orally once daily from Day 0 to Day
7 in DSS-treated animals as a preventive treatment. The doses
of GMG (30 and 100 mgkg!) were selected based on previous
studies reporting the efficacy and safety of GMG-derived iso-
thiocyanates in experimental models of inflammation and
pain (Martinez-Gonzdlez et al. 2017; Kim, Jaja-Chimedza,
et al. 2018), as well as to explore a low-to-high dose range suit-
able for evaluating dose-dependent effects following oral ad-
ministration. Control mice received only the vehicle. Visceral
sensitivity was assessed by CRD using graded balloon vol-
umes, according to previously established protocols (Delprete
et al. 2023; Ciampi et al. 2025; Margiotta et al. 2025). This ap-
proach has been widely applied in preclinical models to eval-
uate inflammation-associated visceral hypersensitivity. Hot
plate and Paw Pressure tests were included as complementary
measures of secondary somatic hyperalgesia and generalized
nociceptive sensitization, which are frequently observed in
preclinical models of IBD and visceral hypersensitivity. In
addition, the Open Field test was employed to evaluate pain-
associated behavioral alterations and changes in locomotor
activity and exploratory behavior, which are commonly af-
fected in conditions of persistent inflammation and noci-
ceptive sensitization (Xia et al. 2022; Aghamiri et al. 2024;

Mohammadgholi-Beiki et al. 2024). Mice were grouped as fol-
lows: n=6 veh + veh; n=8 DSS+veh; n=8 DSS+ GMG 30 mg
kg'+ MYR; n=8 DSS+ GMG 100mg kg~! + MYR.

2.13 | Assessment of Visceral Sensitivity by
Abdominal Withdrawal Reflex (AWR)

CRD-induced visceral sensitivity was assessed by scoring the
AWR in conscious mice, using a validated semiquantitative
scale (Delprete et al. 2023). Mice were briefly anesthetized
with 2% isoflurane (VIRBAC S.r.l., Milan, Italy) and a lu-
bricated latex balloon attached to polyethylene tubing, con-
structed from a Fogarty 4F embolectomy catheter (Edwards
Lifesciences, Milan, Italy) and connected to a water-filled
syringe, was gently inserted into the rectum and distal colon
via the anus. The tubing was secured to the animal's tail to
ensure consistent positioning during testing. Following a 30-
min recovery period to allow full regaining of consciousness,
AWR responses to graded CRD volumes (50, 100, 150, and
200 uL) were recorded. Observers blinded to treatment condi-
tions evaluated behavioral responses using the following scor-
ing criteria: 0, no response; 1, stillness with occasional head
movement at stimulus onset; 2, visible contraction of abdomi-
nal muscles without lifting of the abdomen; 3, pronounced ab-
dominal contraction with elevation of the abdomen; 4, intense
response including body arching and lifting of pelvic region
and scrotum. A minimum interval of 3min was observed be-
tween successive distensions.

2.14 | Hot Plate Test

Thermal hyperalgesia was evaluated using a Hot Plate (Ugo
Basile, Varese, Italy) maintained at 50°C+1°C. Mice were
placed in a Plexiglas cylinder (diameter 10cm, height 15cm)
to limit movement, and latency to paw licking or shaking was
recorded. A 30-s cut-off was used to prevent injury (Lucarini
et al. 2025).

2.15 | Paw Pressure Test

Mechanical nociceptive threshold was assessed with an
Analgesimeter (Ugo Basile, Varese, Italy). Increasing mechan-
ical pressure was applied to the dorsal surface of the hind paw
until vocalization or withdrawal occurred. Thresholds were
reported in grams, with an arbitrary cut-off of 100g (Micheli
et al. 2021).

2.16 | Open Field Test

Pain-associated anxiety-like behaviors and locomotor activity
were assessed in an Open Field arena. Mice were placed at the
center and allowed to explore for 10min while video-tracking
recorded total distance traveled, center entries, and time spent
in the center versus corners. The arena was cleaned with 20%
ethanol between trials (D'’Amato et al. 2020).
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2.17 | Colitis Severity and Macroscopic
Colon Damage

The disease activity index (DAI) was used to evaluate colitis se-
verity based on weight loss, fecal blood, and stool consistency
(Simeoli et al. 2017; Singh et al. 2020):

- Weight loss: 0 (none); 1 (1%-3%); 2 (3%-6%); 3 (6%-9%);
4 (>9%).

- Fecal blood: 0 (normal); 2 (visible); 4 (rectal bleeding).

- Stool consistency: 0 (normal); 2 (loose); 4 (diarrhea).

After sacrifice, colons were harvested to measure wall thickness
and length, as indicative parameters of intestinal damage.

2.18 | Histological Analysis of Colon Damage

The presence of colon damage was investigated ex vivo in ac-
cordance with the methods used in previous studies (Lucarini
et al. 2021). For the histological analysis, the colon was fixed in
4% paraformaldehyde for 24 h, dehydrated in alcohol, included in
paraffin and cut into 5pm sections. The microscopic evaluations
of colon damage were carried out on three different hematoxylin
and eosin (H&E)-stained sections per animal by two blind inves-
tigators. The microscopic damage was scored in accordance with
the criteria reported previously (Lucarini et al. 2020): mucosal
architecture loss (0-3); goblet cell depletion (0, absent; 1, present);
crypt abscess (0, absent; 1, present); cellular infiltration (0-3); tu-
nica muscularis thickening (0-3). Representative digitalized im-
ages were collected by a Leica DMRB light microscope equipped
with a DFC480 digital camera (x4 and X10 objective, x40 and
%100 magnification; Leica Microsystems, Mannheim, Germany).

2.19 | Statistical Analysis

All experiments were conducted using randomized allocation
of samples and animals to experimental groups. Investigators
were blinded to treatment conditions during data acquisition
and analysis for all the experiments. Group sizes (n) are reported
in the corresponding figure legends and refer to biological rep-
licates. Results are expressed as mean+SEM. The analysis of
variance was performed by one-way ANOVA with Bonferroni's
sie54m’ gnificant difference procedure used for post hoc com-
parisons. Results from qPCR analysis are displayed as box
and whiskers plot (median, percentiles and percentiles+1.5
interquantile range), with analysis of variance performed by
Kruskal-Wallis test followed by Dunn's test for post hoc com-
parisons. p values <0.05 were considered significant. Data were
analyzed using OriginPro 10.1.5.132 software (OriginLab).

3 | Results

3.1 | Efficacy of MOR in Reducing CKs-Induced
Inflammatory Damage in Colon Organoids

Colon organoids were previously characterized (Margiotta
et al. 2025). We exposed colon organoids to a mix of CKs con-
sisting of TNF-a (10ngmL™), IL-18 (10ngmL~'), and IL-6

(10ngmL™) for 3, 6, and 24 h (Figure 1a). After 3h of treatment
with CKs, organoids displayed a slight increase in oxidative
stress levels (Figure 1b) and LDH release (Figure 1c). However,
the greatest increase in both parameters was observed after 6h
of CKs treatment, while after 24h, LDH release and oxidative
stress values dropped to control levels. Thus, the best time for
treating colon organoids with CKs was 6h, and further analy-
sis was carried out at this timepoint. Based on these results, the
possible toxicity of MOR on colon organoids was evaluated by
treating them with MOR 2-30uM for 6h (Figure 1d). LDH re-
lease assay showed no toxic effects for any of the three doses
used (Figure 1e).

Then, we assessed the ability of MOR 2, 10, and 30 M to coun-
teract the cytotoxicity increase induced by CKs in colon organ-
oids by treating them simultaneously with CKs and MOR for 6h
(Figure 2a). As shown in Figure 2b, no dose of MOR was able to
reduce the cytotoxicity associated with CKs treatment. Anyway,
MOR 30uM was able to fully revert the increased levels of ox-
idative stress in CKs-treated organoids (Figure 2c). Therefore,
MOR 30uM was tested to reduce the expression of genes related
to inflammatory processes in organoids exposed to CKs. gPCR
analysis showed that MOR 30uM significantly decreased the
expression of Ccl2, Pyy, Ccndl, and Mki67 that were strongly up-
regulated in the CKs group, restoring their expression to control
levels (Figure 2d-g).

3.2 | Efficacy of MOR in Reducing
Inflammation-Induced Rise of Pain-Related
Markers in DRG Neurons via Its Bioactivity on
Intestinal Epithelium

To further investigate the efficacy of MOR in fighting intestinal
inflammation and related visceral hypersensitivity, we tested
whether it could modulate neuronal response to inflamed
gut epithelium via its bioactivity on the epithelium itself. To
reproduce the intestinal epithelial-neuronal signaling, DRG
neurons were exposed for 48h to CM from CTR organoids
(CMCTR), CKs-treated organoids (CM®Xs), and CKs+MOR
30uM-treated organoids (CMCKs+MOR 30uM)y" 3¢ shown in
Figure 3a. Exposure to CM®Xs induced increased fluores-
cence intensity for c-Fos and CGRP in DRG neurons, while
CMCKs+MOR 30uM prevented such increment (Figure 3b-d).
These data suggest that the presence of MOR in conditions of
intestinal inflammation counteracts the rise of neuronal ac-
tivation and pain-related markers by reducing alterations of
the intestinal epithelium. The choice of c-Fos and CGRP as
readouts was based on their established roles as complemen-
tary markers of neuronal activation and nociceptive signaling,
respectively. c-Fos is a widely used immediate early gene rap-
idly induced by extracellular stimuli and neuronal activation
(Chung 2015), while CGRP is a neuropeptide selectively ex-
pressed by nociceptive sensory neurons (Iyengar et al. 2017)
and critically involved in visceral pain transmission (Schou
et al. 2017; Noor-Mohammadi et al. 2021). Notably, in a pre-
vious study from our group employing a comparable epithe-
lial-neuronal in vitro model, changes in c-Fos and CGRP
expression were shown to coincide with direct electrophysi-
ological measures of neuronal activation, including increased
neuronal excitability (Margiotta et al. 2025). This supports the
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FIGURE1 | Effects of CKs and MOR on colon organoids. (a) Mature organoids were treated with 10ng mL~" of TNF-a, IL-18, and IL-6 for 3, 6
and 24h. (b) SOD and (c) LDH release assays were performed to evaluate CKs cytotoxicity and pro-oxidant effects on colon organoids. Data are rep-
resented as mean + SEM of n =3-4 experiments. (d) Mature organoids were treated with MOR 2-30uM for 6 h. (¢) LDH release assay was performed
to evaluate MOR cytotoxicity on colon organoids. Data are represented as mean +SEM of n=2 experiments. *p <0.05, **p <0.01 versus CTR.

interpretation of these molecular markers as reliable indica-
tors of pain-related neuronal activation in response to gut-
derived inflammatory signals, even in the absence of direct
functional measurements in the present study.

3.3 | Efficacy of Bioactivated GMG in
Counteracting DSS-Induced Colitis and Pain
in Mice

In the in vivo study, we evaluated the analgesic and intestinal
protective effects of MYR-activated GMG, the glucosinolate pre-
cursor of MOR, in a murine DSS-induced colitis model. GMG
was pre-incubated with MYR to produce a fresh solution of MOR
isothiocyanate. Mice received daily oral doses of GMG+MYR
for 7days, beginning on Day O concurrently with DSS treat-
ment, as reported in the experimental scheme (Figure 4a). At
the end of the treatment, DAI components, weight loss, fecal

blood, and stool consistency were scored. Behavioral testing was
performed on Day 8, followed by sacrifice to assess intestinal
damage. Visceral hypersensitivity was measured by AWR to
CRD, while somatic hypersensitivity to mechanical and ther-
mal stimuli was assessed via Paw Pressure and Hot Plate tests.
Behavioral changes (mobility and exploration) were analyzed
using Open Field assays. GMG +MYR mitigated DSS-induced
weight loss (Figure 4b), improved stool consistency and reduced
rectal bleeding, leading to a significant decrease in DAI score
(Figure 4c¢).

DSS treatment significantly increased AWR scores across
all distension volumes compared to control (veh+veh),
while GMG+MYR treatment (30-100mgkg=+MYR) dose-
dependently reduced visceral hypersensitivity (Figure 5a); the
lowest dose was partially effective, while the highest dose fully
prevented DSS-induced abdominal pain, restoring AWR scores
to control levels. Concomitantly, GMG 100mgkg—'+MYR
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FIGURE 2 | Effects of MOR on colon organoids treated with CKs. (a) Mature organoids were treated with 10ng mL~! of TNF-a, IL-1f and IL-
6+MOR 2-30uM for 6h. (b) LDH release and (c) SOD assays were performed to evaluate MOR effects on cytotoxicity and oxidative stress induced
by CKs on colon organoids. Data are represented as mean +SEM of n=2-3 experiments. (d-g) qPCR was performed to evaluate MOR effects on the
upregulation of inflammation-related genes induced by CKs in colon organoids. Data are represented as box and whiskers of n =3 experiments (me-
dian, 25th and 75th percentiles, and 25th and 75th percentiles +1.5 interquantile range). *p <0.05 versus CTR; *p <0.05 versus CKs.

attenuated mechanical and thermal hyperalgesia (Paw Pressure,
Figure 5b; Hot Plate, Figure 5¢).

Moreover, mice given DSS+ GMG 100 mgkg~! +MYR exhibited
significantly improved behavior in the Open Field, as demon-
strated by the greater total distance traveled (Figure 6a) and
more entries in the center of arena (Figure 6b) than DSS + vehi-
cle, indicating reduced anxiety-like behavior and preserved ex-
ploratory drive. These results are well represented in Figure 6c,
showing the track and the heatmap of animals in the Open
Field test.

3.4 | Protective Role of Bioactivated GMG on
Inflammatory Damage to Colon Induced by DSS

Colon tissue damage was evaluated macroscopically, by mea-
suring colon thickness and length (Figure 7a,b), and micro-
scopically, by histological analysis on H&E-stained slices
(Figures 7c,d and SI1). Macroscopic evaluation confirmed
GMG +MYR protective effect: both 30 and 100mgkg~" doses

significantly reduced colon wall thickening (Figure 7a) and pre-
vented colon shortening (Figure 7b) caused by DSS. Histological
examination of H&E-stained colonic sections from DSS-treated
mice revealed pronounced inflammatory damage. Key features
included diffuse submucosal edema, substantial infiltration of
inflammatory cells, thickening of the muscularis propria, and
extensive mucosal injury. Notably, there was crypt elongation
and degeneration, a marked reduction in goblet cell numbers
and the presence of ulcerative lesions, consistent with estab-
lished characteristics of DSS-induced colitis. Administration
of GMG+MYR at a dose of 100mgkg™" markedly attenuated
DSS-induced colonic injury. This treatment preserved muco-
sal architecture, reduced submucosal edema, and substantially
decreased inflammatory cell infiltration. In contrast, the lower
30mgkg! dose of GMG + MYR, while offering partial protec-
tion, did not fully restore normal colonic histology: notable
mucosal irregularities persisted. These findings suggest a dose-
dependent therapeutic efficacy of GMG +MYR in ameliorating
histopathological features of DSS-induced colitis (Figure 7c,d)
and reducing the extent of tissue damage, as shown in an over-
view of tissue damage (Figure S1).
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FIGURE 3 | Effects of MOR in preventing c-Fos and CGRP increase in DRG neurons exposed to conditioned media from inflamed intestinal or-
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4 | Discussion

In this work, we employed a multifaceted approach to prove the
efficacy of purified MOR and bioactivated GMG (GMG + MYR)
in counteracting intestinal epithelial damage and visceral hy-
persensitivity under inflammatory conditions typical of IBD.
Through a combined system consisting of colon organoids and
DRG neurons we proved the efficacy of MOR in both reduc-
ing intestinal epithelial stress and inflammation-induced rise
of neuronal activation and pain-related markers. Results were
validated in vivo, ensuring the analgesic and anti-inflammatory
effects of the bioactivated precursor GMG with MYR in a DSS-
induced colitis model.

Abdominal pain is a prevalent and debilitating symptom in
IBD patients, representing a major unmet clinical challenge

due to its complex pathophysiology and poor responsiveness to
conventional analgesics (Ford et al. 2024). Current therapeutic
strategies are therefore primarily directed at controlling mu-
cosal inflammation and preventing disease progression rather
than providing effective visceral analgesia (Barberio et al. 2023;
Massironi et al. 2024; Fudman et al. 2025). Alarmingly, a sub-
stantial proportion of patients (20%-50%) continue to experience
abdominal pain even during phases of clinical and endoscopic
remission (Trikola 2025), underscoring the persistent clinical
need for targeting analgesia in gastrointestinal disorders, be-
yond the primary disease.

Herbal medicine was found to be effective in managing abdom-
inal pain given the multiple mechanisms of action which work
synergistically to addressits complex pathophysiology (Lashgari
et al. 2024). Several studies reported that M. oleifera and its
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FIGURE 4 | Effect of bioactivated glucomoringin (GMG + MYR) supplementation on the disease activity index of DSS-treated mice. (a) Mice
received DSS 2.5% in drinking water starting at Day 0 for 5days and bioactivated GMG (30-100mgkg~' + MYR) was administered orally once daily
from Day 0 to Day 7 in DSS-treated animals. (b) Body weight was monitored every 2days starting at Day 0. (c) On Day 8, following behavioral tests,
DALI scores were assigned based on weight loss, stool consistency, and rectal bleeding. Data are represented as mean + SEM (6-8 mice per group).
*p <0.05, **p <0.01 versus veh +veh; *p <0.05 versus DSS +veh.
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FIGURE 5 | Antihyperalgesic efficacy of bioactivated glucomoringin (GMG +MYR) on visceral and somatic pain in DSS-treated mice. On Day
8, 24h after the last GMG +MYR dose, (a) AWR response to colorectal distension, (b) mechanical hyperalgesia via Paw Pressure test, and (c) ther-
mal hyperalgesia via Hot Plate test were assessed. Data are represented as mean + SEM (6-8 mice per group). *p <0.05, **p <0.01 versus veh +veh;
p<0.05, "p<0.01 versus DSS +veh.

phytoconstituents have shown a broad range of biological ac- described in murine intestinal organoids exposed to TNF-o
tivities, such as anti-microbial, anti-inflammatory, antioxidant, (Zhang, Cao, et al. 2024). Nevertheless, no one investigated its
neuroprotective and analgesic activities (Galuppo et al. 2013; efficacy against chronic visceral pain caused by colitis. It has
Galuppo, Giacoppo, Iori, De Nicola, Milardi, et al. 2015; Rajan been described that M. oleifera extracts significantly reduced
et al. 2016; Jaafaru et al. 2018; Pareek et al. 2023). Few stud- acetic acid-induced abdominal contortions in rodents (Adedapo

ies investigated M. oleifera efficacy against inflammatory et al. 2015; Palomino-Pacheco et al. 2024). However, the acetic
damage to the colon, revealing protective effects by regulating acid injection fails to meet established validity criteria for the
pro-inflammatory pathways (Zhang, Cao, et al. 2024; Zhang, abdominal pain model, as it mainly reflects acute peritoneal ir-
Zhao, et al. 2024) and modulating gut microbiota (Husien ritation rather than the multifactorial mechanisms underlying
et al. 2024). Anti-inflammatory activity of M. oleifera was also chronic visceral hypersensitivity (Ness 1999).
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FIGURE 6 | Effect of bioactivated glucomoringin (GMG+MYR) on pain-related behavioral changes in DSS-treated mice. On Day 8, 24h after
final GMG + MYR dose, Open Field test evaluated: (a) total distance traveled, (b) center entries, (c) representative Track and Heatmap. Data are rep-
resented as mean + SEM (6-8 mice per group). *p <0.05, **p <0.01 versus veh +veh; "p <0.05 versus DSS + veh.

Colon organoids are an innovative platform to study the role of
intestinal epithelium, providing improved reliability of results
compared to cell lines (Tian et al. 2023) and an advanced tool to
investigate the epithelium crosstalk with other cells in different
pathological conditions. This is particularly relevant in the con-
text of IBD, where the epithelial compartment plays a central role
in the onset and persistence of chronic inflammation (Martini
et al. 2017), as well as in the mechanisms underlying visceral
hypersensitivity (Najjar et al. 2020; Margiotta et al. 2023, 2025).
At the same time, they are an excellent screening system, being
a faster and easier study platform than animal models, also
considering the ethical complications of their use. Yet, the pos-
sibility to obtain them from human samples strengthens the
translational potential of preclinical results.

In this view, we used a dual in vivo and in vitro approach to
demonstrate the value of complex in vitro models for identify-
ing a promising epithelial-targeting mechanism and screening
new therapies for visceral pain conditions beyond the treat-
ment of inflammatory disease. Since IL-183, IL-6, and TNF-a
are the major CKs involved in intestinal inflammation in
IBD conditions (Strober and Fuss 2011; Adak and Khan 2018;
Aebisher et al. 2025), to establish the in vitro model of colonic

inflammation we exposed murine colon organoids to 10ng mL™!
of IL-1f3, IL-6, and TNF-a up to 24h. This CKs mixture was
already used to induce an inflammatory damage to intestinal
organoids (d'Aldebert et al. 2020; Xing et al. 2023) but with dif-
ferent exposure times or concentrations. In particular, we iden-
tified 6h of exposure as the highest peak of damage in terms
of oxidative stress and cytotoxicity. Starting from the evidence
that MOR (2-30 uM) incubation for 6 h did not affect organoids'
viability, we assessed its efficacy in counteracting CKs damage.
Although MOR (2-30uM) was not able to effectively mitigate
cytotoxicity caused by CKs as measured by LDH release, the
highest concentration markedly attenuated oxidative damage
to colon organoids, confirming the antioxidant potential of this
compound. CKs and ROS are tightly interconnected, each in-
fluencing the other and jointly contributing to the pathogenesis
of various diseases, such as IBD (Sun et al. 2024). Specifically,
TNF-a, IL-1§3, and IL-6 trigger signaling cascades that promote
ROS generation via enzymes such as NADPH oxidase and mito-
chondrial pathways (Lambeth 2004; Bhol et al. 2024). ROS, in
turn, can activate transcription factors such as NF-xB, thereby
sustaining additional CK production, inflammation, and apop-
tosis (Bhol et al. 2024). Noteworthy, NF-xB pathways and sub-
sequent cell injury can also be directly activated by CKs (Guo
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FIGURE 7 | Protective effect of bioactivated glucomoringin (GMG +MYR) on DSS-induced colonic damage. Animals were sacrificed after com-
pleting behavioral tests and tissues collected for histological analysis. (a) Colon thickness and (b) length were measured on freshly harvested colon,
while (c) microscopic damage was assessed on H&E-stained sections. (d) Representative images of H&E-stained sections are shown to highlight
inflammatory cell infiltration, crypt architecture, goblet cell depletion, and epithelial integrity (x100 magnification; scale bar: 200 um). Data are
represented as mean + SEM (6-8 mice per group). **p <0.01 versus veh + veh; *p <0.05, **p <0.01 versus DSS + veh.

et al. 2024). Thus, the observed dissociation between antiox-
idant effects and the lack of protection against CKs-induced
LDH release could hypothetically reflect a selective modulation
of NF-xB signaling, whereby MOR attenuates ROS-driven NF-
xB activation but does not interfere with CK-mediated activa-
tion. Pro-inflammatory CKs, particularly TNF-a, are known
to activate epithelial cell death programs such as extrinsic
apoptosis via caspase-8 activation, as well as regulate necrotic
pathways including necroptosis mediated by RIPK1/RIPK3/
MLKL signaling (Vandenabeele et al. 2010; Pasparakis and
Vandenabeele 2015). These forms of CK-driven cell death have
been implicated in intestinal epithelial damage during colitis
and may hypothetically not be readily reversible by antioxidant
interventions alone (Akanyibah et al. 2024). It is therefore plau-
sible that, at the selected experimental timepoint, a subpopula-
tion of epithelial cells undergoes irreversible damage following
CK challenge and is no longer functionally recoverable, despite
effective attenuation of intracellular oxidative stress in the re-
maining viable cells. In particular, intestinal stem cells and
Paneth cells have been identified as highly CK-sensitive popula-
tions whose loss can disproportionately contribute to epithelial

damage and barrier dysfunction during intestinal inflamma-
tion (Giinther et al. 2011; Saito et al. 2021). It is therefore con-
ceivable that the LDH release observed in our organoid model
originates predominantly from a subpopulation of severely com-
promised epithelial cells that are intrinsically more susceptible
to CK-induced cell death and thus less amenable to rescue by
antioxidant interventions. In contrast, MOR may preferentially
preserve redox homeostasis and functional integrity in more
resilient epithelial populations, resulting in a measurable re-
duction of oxidative stress without a complete prevention of CK-
induced cytotoxicity at the organoid level. This finding is in line
with previous evidence attesting MOR regulation of NRF2 and
NF-xB pathways in response to lipopolysaccharide-driven sep-
sis and inflammation (Sailaja et al. 2021). NRF2/KEAP1 path-
way is a major regulator of the antioxidant defense systems of
cells, modulating the expression of a plethora of genes related
to redox balance (Wang et al. 2024). NRF2/KEAP1 and NF-xB
regulation is shared with other naturally occurring isothiocya-
nates, such as sulforaphane (4R ;-(methylsulfinyl)butyl isothio-
cyanate) (Shah et al. 2024) and erucin (4-(methylsulfanyl)butyl
isothiocyanate) (Wagner et al. 2015), that are found to be
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effective in different forms of chronic pain (Lucarini, Micheli,
Di Cesare Mannelli, et al. 2022). Importantly, such selective ep-
ithelial protection may still be sufficient to modulate epithelial-
neuronal signaling and contribute to the attenuation of visceral
hypersensitivity.

MOR 30uM was also found to be effective in reducing the gene
expression of key factors involved in inflammation, such as Ccl2,
Pyy, Cendl, and Mki67, significantly increased after the exposure
of colon organoids to CKs. Noteworthy, chemokine (C-C motif)
ligand 2 (CCL2) is a chemokine released by gut epithelium that
attracts macrophages and monocytes to the inflamed intesti-
nal mucosa, thereby promoting intestinal inflammation (Singh
et al. 2021). Elevated levels of CCL2 were observed in mucosa
and sera of IBD patients (Reinecker et al. 1995; Singh et al. 2016),
and targeting this pathway showed therapeutic potential by re-
ducing immune cell infiltration (Hachiya et al. 2021). Peptide
YY (PYY), produced by enteroendocrine cells, mainly affects
appetite and digestion (El-Salhy et al. 2020). We interpret the
increase of Pyy expression in CKs-treated organoids as a com-
pensatory mechanism aimed at limiting inflammation-induced
damage. This observation comes from experimental data show-
ing that PY'Y expression is elevated in the colonic mucosa of ani-
mals with experimental colitis, where exogenous administration
of PYY has been reported to exert protective effects against mu-
cosal injury (Li et al. 2022). By contrast, IBD patients displayed
a reduced density of PYY-positive enteroendocrine cells in the
colon (El-Salhy et al. 2013), suggesting that the regulation of
PYY during inflammation may be context- and stage-dependent,
with an initial upregulation that could be lost during chronic
disease. The normalization of PYY expression upon MOR treat-
ment in our system suggests that this compound modulates
inflammation-driven enteroendocrine responses, contributing
to the maintenance of epithelial homeostasis. Organoids also
underwent an upregulation of Ccndl and Mki67 following CKs
exposure, providing evidence that inflammatory stimuli foster
epithelial proliferation and trigger cell cycle activation (Kondo
et al. 2021; Khoramjoo et al. 2022; Mobbs et al. 2024; Zhang,
Cao, et al. 2024). Notably, MOR treatment restored the expres-
sion of both markers toward baseline, further indicating its ca-
pacity to modulate inflammation-induced epithelial responses.

The ability of MOR to protect the intestinal epithelium against
inflammation was reflected in preventing the rise of pain-
related markers in DRG neurons exposed to epithelial-derived
factors. Neurons cultured with CM®Xs showed increased c-Fos
and CGRP production compared to those cultured with CMC¢TR
or CMCKs+MOR 30uM " Thyug MOR, acting as a brake on the pro-
excitatory signaling traveling from the epithelium to neurons
under inflammatory conditions, showed indirect neuromodula-
tory effects. While the use of epithelial CM allowed us to isolate
and demonstrate the contribution of epithelium-derived soluble
factors to sensory neuron modulation, this approach does not
capture potential contact-dependent signaling between epithe-
lial cells and neurons, which could be further explored in future
studies using direct co-culture or microphysiological models.
Moreover, although the present study does not include direct
functional assessments of neuronal activity, the interpretation of
increased c-Fos and CGRP expression as markers of pain-related
neuronal activation is supported by previous evidence. In particu-
lar, we have recently demonstrated that gut-derived inflammatory

signals capable of inducing c-Fos and CGRP upregulation in DRG
neurons also produce parallel increases in neuronal excitabil-
ity assessed by electrophysiological recordings in a comparable
in vitro system (Margiotta et al. 2025). These findings strengthen
the mechanistic link between epithelial inflammation, neuronal
activation, and visceral pain signaling, and support the validity of
the molecular readouts used in the current work.

To validate in vitro results, both protection on gut epithelium
and anti-hyperalgesic effect exerted by M. oleifera chemical
tags were further investigated in the mouse model of visceral
pain associated with DSS-induced colitis. In this case, we used
the MOR precursor GMG due to its higher solubility in water.
GMG was preactivated with MYR to improve the bioavailabil-
ity of MOR, a bioactivation approach already reported for GMG
and other glucosinolates such as thiofunctionalyzed glucoeru-
cin (4-(methylsulfanyl)butyl glucosinolate) and glucoraphanin
(4R ¢-(methylsulfinyl)butyl glucosinolate) (Wagner et al. 2015;
Fahey, Wade, Stephenson, Panjwani, et al. 2019; Lucarini,
Micheli, Pagnotta, et al. 2022; Razis et al. 2025). We demon-
strated that oral daily treatment with hydrolyzed GMG + MYR
(30-100mgkg'+MYR)  exerts  dose-dependent  anti-
hyperalgesic effects in mice. The use of multiple pain endpoints
reflects the complex interplay between persistent peripheral vis-
ceral inflammation and centrally mediated cross-sensitization,
whereby sustained nociceptive input from the inflamed gut
promotes referred somatic hypersensitivity and broader alter-
ations in nociceptive processing. This concept is supported by
preclinical literature showing that inflammatory bowel pathol-
ogy can be associated with both visceral hypersensitivity and al-
tered somatic nociception (Xia et al. 2022; Aghamiri et al. 2024;
Mohammadgholi-Beiki et al. 2024). In this context, the present
findings not only corroborate the efficacy of GMG +MYR across
multiple pain-related readouts, but also open the way for future
studies employing additional paradigms, such as assessments of
spontaneous pain or complementary tests of anxiety-related be-
havior, to further refine and extend the evaluation of compound
effects on pain-associated behaviors.

Moreover, the improvements in DAT and histological integrity
of the colon confirm that MOR/GMG +MYR can protect from
inflammatory damage to the colon, consistent with results com-
ing from the in vitro model. This is in line with a recent work
showing MOR efficacy against colitis (Zhang, Zhao, et al. 2024).
Similarly, other isothiocyanate compounds, such as allyl iso-
thiocyanate, have been shown to ameliorate DSS-induced colitis
severity by influencing barrier integrity and reducing inflam-
mation (Kim, Choi, et al. 2018). Our results extend these reports
by demonstrating that MOR/GMG+MYR exert multifaceted
protective actions, not only by attenuating inflammation and
preserving epithelial integrity, but also by modulating neuro-
sensory pathways implicated in visceral hypersensitivity and
related behavioral alterations, which are frequent readouts of
pain and possibly anxiety-like states (Bushnell et al. 2013; De La
Rosa et al. 2024). Moreover, beyond strengthening the current
literature on the topic, these findings establish a solid founda-
tion for advancing alternatives to animal studies in the preclin-
ical screening of novel therapies for colitis-associated pain. By
capturing key aspects of epithelium-neuron interactions, our
in vitro approach provides a mechanistically informed frame-
work to anticipate the therapeutic efficacy of interventions
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targeting pain onset following inflammatory insult. This work
builds on a recently published strategy to investigate dysbiosis-
related visceral hypersensitivity in vitro (Margiotta et al. 2025)
further underscoring the value of this approach both for advanc-
ing pathophysiological insights and for facilitating drug screen-
ing. While additional pharmacokinetic and toxicological studies
are necessary to establish the efficacy, safety profile, and opti-
mal dosage regimen of the investigated compound in patients,
the 100mg kg™! dose administered in mice lies within a range
commonly used in preclinical studies and may support future
dose-scaling considerations.

Furthermore, although molecular analyses of colonic and neu-
ronal tissues were not performed in the in vivo experiments, the
consistency between the mechanistic effects observed in vitro
and the functional, behavioral, and histopathological outcomes
detected in vivo supports the proposed epithelial-protective
and neuromodulatory mechanism of action of GMG + MYR. In
particular, the reduction of oxidative stress and inflammatory
signaling in intestinal organoids, together with the attenua-
tion of epithelial-driven expression of neuronal activation and
pain-related markers, parallels the marked protection against
colonic damage and visceral hypersensitivity observed in the
DSS model. Future investigations incorporating tissue-specific
molecular readouts in vivo will be valuable to further dissect the
cellular pathways underlying these effects.

Importantly, it should be considered that MOR may exert its bene-
ficial effects on pain and pain-related comorbidities through mech-
anisms extending beyond the protection of the gut epithelium
and the modulation of the epithelial-neuronal crosstalk. Indeed,
this compound could directly influence pain pathways, acting at
multiple levels to regulate nociceptive processing. Supporting this
hypothesis, MOR has already been reported as effective in neu-
ropathic pain (Giacoppo et al. 2017), suggesting that its analgesic
activity is not restricted to visceral hypersensitivity and inflam-
matory conditions. Such evidence points to a broader pharma-
cological profile, in which the compound may simultaneously
target inflammatory cascades, oxidative stress, and neuronal
excitability, ultimately contributing to its multimodal protective
and analgesic actions. A limitation of this study is the exclusive
use of male mice. Given known sex differences in pain perception
and inflammatory responses, future studies will be required to
determine whether MOR/GMG +MYR exerts comparable effects
in female animals. Furthermore, no validated pharmacological
positive control was included, as there are currently no univer-
sally accepted therapies that selectively and reliably target visceral
pain mechanisms in IBD. Inclusion of available agents would not
have been mechanistically comparable to the epithelium-centered
approach of the present study. Future studies may benefit from
incorporating emerging, mechanism-specific modulators of epi-
thelial-neuronal communication as they become available.

5 | Conclusion

In conclusion, this study demonstrates that MOR and its bio-
activated precursor GMG+MYR exert multifaceted pro-
tective effects in experimental colitis, ranging from the
preservation of intestinal epithelial homeostasis to the attenu-
ation of inflammation-associated visceral pain. By integrating

a reductionist in vitro epithelial-neuronal model with in vivo
functional and histopathological validation, our work highlights
the relevance of epithelial-driven mechanisms in shaping pain
outcomes under inflammatory conditions.

Importantly, this combinatorial strategy supports the use of
advanced organoid-based platforms as valuable tools to inform
and guide preclinical drug discovery, while reducing reliance
on animal experimentation. Together, these findings provide a
robust framework for the development and mechanistic evalu-
ation of multitarget interventions aimed at mitigating intestinal
inflammation and its associated pain symptomatology.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Protective effect of bioac-
tivated glucomoringin (GMG + MYR) on DSS-induced colonic damage.
Representative images of H&E-stained sections (x40 magnification;
scale bar: 500 um) are shown to allow the visualization of the entire co-
lonic section and ensure a representative overview of tissue damage.
For each image, the respective inserts (x100 magnification; scale bar:
200pum) highlight inflammatory cell infiltration, crypt architecture,
goblet cell depletion, and epithelial integrity.
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