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A R T I C L E  I N F O
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A B S T R A C T

Inflammatory bowel disease (IBD), encompassing ulcerative colitis and Crohn’s disease, is characterized by 
chronic intestinal inflammation and immune dysregulation, driven mainly by Th1 and Th17 cells and sustained 
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Inflammatory bowel disease
Mangiferin
Mangifera indica L.
Nutraceuticals
Visceral hypersensitivity

by pro-inflammatory cyto-chemokines. This inflammatory milieu is associated with visceral pain, a key symptom 
affecting patient quality of life. Addressing both gut inflammation/immunity and visceral pain is crucial for 
improving IBD therapy. This study assessed the therapeutic potential of Mangifera indica L. extract (MIE), a 
mangiferin-rich formulation, in a DNBS-induced colitis model in rats. MIE treatment administered either 
simultaneously or post-DNBS induction, significantly reduced pathogenic Th1 and Th17 cell infiltration, along 
with pro-inflammatory cytokines (IL-1β, TNF-α) and chemokines (CXCL1, CXCL2), though histopathology 
showed no significant improvements in tissue healing. Additionally, MIE restored microbiota–derived short- 
chain fatty acids (acetate and butyrate) in colon and faecal samples. Importantly, MIE alleviated post- 
inflammatory visceral hypersensitivity, reducing the abdominal withdrawal reflex (AWR) to colorectal disten
sion (CRD), after either acute or repeated treatment. These findings suggest that MIE, in the context of nutra
ceuticals and functional foods, shows promise as a dual-action therapeutic strategy for complementary and/or 
adjuvant therapy in IBD.

1. Introduction

Immunological colitis refers to chronic inflammation of the colon 
caused by a dysregulation of the immune system. It is commonly asso
ciated with inflammatory bowel disease (IBD), including ulcerative co
litis (UC) and Crohn’s disease (CD). These disorders are characterized by 
an inappropriate immune response to gut microbiota and intestinal 
epithelial cells, leading to chronic relapsing intermittently inflammation 
and tissue damage. Symptoms such as abdominal pain, diarrhoea, 
weight loss, and fatigue significantly affect patients’ quality of life, often 
leading to psychological distress, including anxiety and depression [1]. 
Noteworthy, in one third of IBD patients, abdominal pain persists 
beyond flare-ups and optimal treatment of the intestinal disease. 
Moreover, due to its complex and multifactorial nature, 
post-inflammatory pain is refractory to classic pain-relieving drugs, 
hence the need for new therapeutic approaches [2].

Although the precise aetiology of immunological colitis is multifac
torial, the interaction between genetic predisposition, environmental 
factors, and immune system dysfunction plays a critical role in the dis
ease initiation and progression [3].

Recent studies have deepened our understanding of the mechanisms 
underlying inflammation in immunological colitis. Key immune cells, 
including T lymphocytes, macrophages, and dendritic cells contribute to 
the inflammatory cascade by secreting pro-inflammatory cytokines, 
including tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1, and 
IL-17 [4]. These cytokines recruit additional immune cells to the site of 
inflammation, perpetuating the cycle of immune activation and tissue 
destruction [5]. The chronic inflammatory environment also activates 
nociceptors (pain receptors) in the gut wall, contributing to abdominal 
pain, a key characteristic of colitis [6]. Pain in immunological colitis is 
not merely a result of tissue damage, but is also influenced by visceral 
hypersensitivity, a heightened sensitivity of the gut to normal physio
logical stimuli, such as distention or peristalsis [7]. This condition is 
thought to result from alterations in the gut-brain axis, which involves 
bidirectional communication between the gastrointestinal tract and the 
central nervous system (CNS) [8]. Neuroplastic changes in both gut and 
brain have been shown to enhance pain perception in IBD patients[9]. It 
is now well established that chronic inflammation in the gut leads to 
both peripheral and central pain sensitization, contributing to the 
severity and persistence of symptoms [10]. Moreover, psychological 
factors such as stress and anxiety can modulate pain perception, creating 
a vicious cycle where pain leads to more stress, which in turn worsens 
the clinical symptoms [10]. Understanding the interaction between 
these factors is critical for developing comprehensive treatment 
strategies.

Despite the clear link between inflammation and pain in immuno
logical colitis, much remains to be understood about the specific mo
lecular and cellular mechanisms driving these processes. While 
therapies targeting inflammation, such as TNF inhibitors and IL-12/IL- 
23 inhibitors, have been effective in controlling disease activity, their 
impact on pain management remains less clear [11]. Additionally, the 
role of gut microbiota in modulating both immune responses and pain 

sensitivity is an emerging area of interest. Recent preclinical and clinical 
studies suggest that alterations in the gut microbiome-host interaction 
may influence both the inflammatory process and pain experience 
associated with IBD [12]. Among the emerging nutraceuticals and 
functional foods, Mangifera indica L., commonly known as mango, has 
shown promising potential in the management of IBD due its 
anti-inflammatory and immunomodulatory activities [13]. Mango, 
particularly its polyphenolic compounds such as mangiferin, exhibits 
strong anti-inflammatory, antioxidant, and immunomodulatory prop
erties. Studies have demonstrated that a specific mango extract can 
reduce the expression of pro-inflammatory cytokines, such as TNF-α, 
IL-1β, and IL-6, which are central to the inflammatory process in IBD 
[14]. Furthermore, Mangifera indica has been shown to improve gut 
barrier function and modulate the gut microbiota, thereby reducing 
intestinal inflammation and promoting gut health. These properties 
suggest that mango could be a valuable addition to the therapeutic 
arsenal for IBD, particularly as an adjunct to conventional therapies. The 
integration of nutraceuticals and functional foods, such as Mangifera 
indica L., into the treatment regimen for IBD holds promise, offering 
complementary approaches that can help to manage symptoms, reduce 
inflammation, and improve gut health with fewer side effects when 
compared to long-term pharmacological treatments.

As a final objective and proof-of-concept of this study, we charac
terized three endemic Italian cultivars of Mangifera indica, designated as 
Keitt, Kent, and Palmer, by analyzing their primary and secondary 
metabolic profilings. Emphasis was placed on polyphenol content and, 
specifically, on the quantification of mangiferin. This targeted evalua
tion provides a foundation for the chemical and pharmacological 
translatability of our findings, highlighting the importance of local 
cultivar monitoring for agro-food quality control. Such an approach 
could foster the development of standardized nutraceuticals and/or 
novel foods, promoting their commercialization while ensuring adher
ence to high-quality standards.

2. Materials and methods

2.1. Reagents and chemicals

Mangifera indica L. extract (MIE, 90 % mangiferin, batch number: 
CMGD-C-A091434) was supplied and certified by L.C.M. Trading S.p.A. 
(Milan, Italy) (the technical datasheet specification is reported in Sup
plementary Fig. 1) and chemically characterized (Supplementary Fig. 2) 
in our previous study [15]. Bovine serum albumin (BSA), dimethyl 
sulfoxide (DMSO), 2,4-dinitrobenzenesulfonic acid (DNBS), KH2PO4, 
K2HPO4, NaN3 and TSP were purchased from Sigma-Aldrich Co. (now 
under Merck, Darmstadt, Germany). Isoflurane was purchased from 
VIRBAC S.r.l., Milan, Italy. Foetal bovine serum (FBS), 
phosphate-buffered saline (PBS) and RPMI-1640 cell medium were ob
tained from SIAL (Rome, Italy), while ACK Lysing Buffer from Gibco 
Invitrogen Compounds (Paisley, Scotland). For flow cytometry analysis, 
fixation and permeabilization buffer was purchased from ThermoFisher 
Scientific (Carlsbad, CA), while FACS buffer and conjugated antibodies 
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were from BioLegend (London, UK). Unless otherwise stated, all the 
other reagents were from BioCell (Milan, Italy).

2.2. Animals

For all the experiments described below, male Sprague–Dawley rats 
(Envigo, Varese, Italy), weighing approximately 220–250 g at the 
beginning of the experimental procedure, were used. Animals were 
housed in CeSAL (Centro Stabulazione Animali da Laboratorio, Uni
versity of Florence, Florence, Italy) and used at least 1 week after their 
arrival. Four rats were housed per cage (size 26 × 41 cm); animals were 
fed a standard laboratory diet and tap water ad libitum, and kept at 23 
◦C ± 1 ◦C with a 12 h light/dark cycle, light at 7 a.m. All animal ma
nipulations were carried out according to the Directive 2010/63/EU of 
the European Parliament and the European Union Council (22 
September 2010) on the protection of animals employed for scientific 
purposes. The ethical policy of the University of Florence complies with 
the Guide for the Care and Use of Laboratory Animals of the US National 
Institutes of Health (NIH Publication number 85–23, revised 1996, 
University of Florence assurance number: A5278–01). Formal approval 
to conduct the described experiments was obtained from the Animal 
Subjects Review Board of the University of Florence (Italy) and the 
Italian Ministry of Health (388/2021-PR). Experiments involving ani
mals have been reported according to ARRIVE guidelines. Experimental 
study groups were randomized, and their assessments were carried out 
by researchers blinded to the treatment groups. All efforts were made to 
minimize animal suffering and to reduce the number of animals 
employed.

2.3. DNBS-induced colitis model and experimental design

Colitis was induced in rats in conformity with the method described 
by Lucarini et al. [16]. During a brief period of anaesthesia with iso
flurane (2 %), 30 mg of DNBS (Merck Life Science, Milan, Italy) dis
solved in 0.25 ml of 50 % ethanol was intrarectally (i.r.) injected using a 
polyethylene PE-60 catheter inserted 8 cm proximal to the anus. Vehicle 
+ vehicle control rats received an intrarectal injection of saline solution 
(0.25 ml). The effect of acute administration of MIE [1, 10, 30, 
100 mg kg− 1 orally (p.o.)] or corresponding vehicle (DMSO/saline 1:3 
w/w as the minimum concentration required to enable solubilization 
and to devoid any anti-inflammatory activity per se [17] on visceral pain 
was assessed on Day 14 and 21, by using different subgroups of animals, 
according to the experimental setting shown in Fig. 1A. The route of 
administration, as well as the selected dosage(s) of MIE, were deter
mined based on current literature, including findings from our previous 
studies [13,15]. Two different experimental protocols of administration 
were adopted to evaluate the effect of repeated MIE treatment on the 
development and persistence of visceral pain in DNBS-treated rats. MIE 
treatment started concomitantly to DNBS injection (Day 0) and 
continued for 7 days or started 7 days after DNBS and continued for 14 
days, as described in the experimental scheme in Fig. 2A and C, 
respectively. Visceral pain assessments were performed on Day 7, 14, 
and 21 post DNBS injection, 24 h after the last treatment with MIE or 
vehicle. Once visceral pain assessments were completed, animals were 
sacrificed to collect faeces, colon and spleen tissues for further ex vivo 
analysis.

Fig. 1. Efficacy of MIE in alleviating persistent visceral pain resulting from DNBS-induced colitis in rats. Colitis was induced by the intrarectal injection of 
DNBS in rats. The effect of acute administration of MIE (p.o. 1–100 mg kg− 1) on visceral pain was assessed on Day 14 and 21 (B and C; post-inflammatory and 
remitting phases of colitis) according to the experimental setting shown in A. Visceral sensitivity was measured by scoring animals’ abdominal withdrawal response 
(AWR) in response to colorectal distension (CRD) (0.5–3 ml), 30 min after MIE or vehicle administration. The values represent the mean ± S.E.M. of each group, 
n = 4. The analysis of variance was performed by one-way ANOVA with Bonferroni’s significant difference procedure used for post-hoc comparisons. ^P ≤ 0.05 and 
^^P ≤ 0.01 vs vehicle group. *P ≤ 0.05 and **P ≤ 0.01 vs DNBS group.
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2.4. Assessment of visceral sensitivity by abdominal withdrawal response 
(AWR)

Visceral pain sensitivity to colorectal distension (CRD) was assessed 
via AWR measurement using a semi-quantitative score as previously 
described in conscious animals by Lucarini et al. [16]. Briefly, rats were 

anesthetized with isoflurane (2 %) and a lubricated latex balloon 
(length: 4.5 cm), attached to polyethylene tubing, assembled to an em
bolectomy catheter and connected to a syringe filled with water were 
inserted through the anus into the rectum and descending colon of rats. 
The tubing was taped to the tail to hold the balloon in place. Then rats 
were allowed to recover from the anaesthesia for 15 min. AWR 

Fig. 2. Therapeutic potential of MIE in counteracting visceral pain persistence after colitis remission. Colitis was induced by the intrarectal injection of 
DNBS in rats. In the first experimental setting (A), animals were administered daily with MIE (p.o. 10 mg kg− 1) from Day 0 (induction of colitis) to Day 6, rep
resenting the acute phase of inflammation induced by DNBS. Visceral pain was assessed in rats on Day 7, 24 h after the last treatment (B). In the second experimental 
setting (C), MIE (p.o. 10 mg kg− 1) was administered starting from Day 7 to Day 20, representing the remission phase of colitis. Visceral pain was assessed in rats on 
Day 7 (before starting the treatment D-i), on Day 14 and 21 (D-ii and D-iii; 24 h after the last treatment). Visceral sensitivity was measured by scoring animals’ 
abdominal withdrawal response (AWR) in response to colorectal distension (CRD) (0.5–3 ml). The values represent the mean ± S.E.M. of each group. First exper
imental setting: vehicle + vehicle, n = 6; DNBS + vehicle, n = 8; DNBS + MIE, n = 5. Second experimental setting: vehicle + vehicle, n = 6; DNBS + vehicle, n = 6; 
DNBS + MIE, n = 6. The analysis of variance was performed by one-way ANOVA with Bonferroni’s significant difference procedure used for post-hoc comparisons. 
^P ≤ 0.05 and ^^P ≤ 0.01 vs vehicle + vehicle group. *P ≤ 0.05 and **P ≤ 0.01 vs DNBS + vehicle group.
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measurement consisted of visual observation of animal responses to 
graded CRD (0.5, 1, 2, and 3 ml) by a blinded observer who assigned the 
following scores: No behavioural response to CRD (0); Immobile during 
CRD and occasional head clinching at stimulus onset (1); Mild 
contraction of the abdominal muscles, but the absence of abdomen 
lifting from the platform (2); Observed strong contraction of the 
abdominal muscles and lifting of the abdomen off the platform (3); 
Arching of the body and lifting of the pelvic structures and scrotum (4).

2.5. Isolation of colonic lamina propria (cLP) cells and splenocytes

cLP cells were isolated from colonic specimens according to previ
ously described protocols [13]. Briefly, colons were removed and 
flushed several times with ice-cold PBS to remove intestinal content 
opened longitudinally and cut into small segments. Tissues were then 
incubated three times with pre-warmed cell dissociation solution made 
with Hanks’ balanced salt solution (HBSS), FBS 5 %, ethyl
enediaminetetraacetic acid (EDTA) 2 mM, and HEPES 10 mM for 
30 min at 37 ◦C. Subsequently, to obtain cLP cells, colonic pieces were 
minced and treated with a digestion cocktail containing 1.5 mg ml− 1 

collagenase type IV (c.n.: C5138, Sigma-Aldrich Co.) and 0.1 mg ml− 1 

DNase I (c.n.: LS006342, Worthington-Biochem, New Jersey, USA) in 
RPMI 1640/10 % FBS for 45 min at 37 ◦C with continuous stirring 
[18–20]. cLP cells were then filtered through a cell strainer with a 70-μm 
nylon mesh (Biologix, Ohio, USA) and washed with RPMI 1640/10 % 
FBS, whereas splenocytes were isolated from the spleens in PBS and 
passed through a 40 μm-mesh-sized cell strainer (Corning, Arizona, 
USA) to obtain single cells after lysing of red blood cells by ACK buffer 
[21,22]. Collected cells (cLP and splenocytes) were washed in PBS for 
total cell count. Cell number was determined by TC20 automated cell 
counter (Bio-Rad, Milan, Italy) using Bio-Rad’s disposable slides, TC20 
trypan blue dye (0.4 % trypan blue dye w/v in 0.81 % sodium chloride 
and 0.06 % PBS) and a CCD camera to count cells based on the analyses 
of capture images. Isolated cLP cells were then analysed by flow 
cytometry analysis.

2.6. Flow cytometry analysis

Cells collected from digested colon tissues were washed in FACS 
buffer (PBS containing 1 % BSA and 0.02 % NaN2) and incubated with 
eBioscience™ Fixable Viability Dye eFluor 780 (Thermo Fisher Scien
tific; c.n.: 65-0865-14) before the staining with fluorescence-conjugated 
antibodies. Specifically, cLP cells were stained with the following anti
bodies (all from BioLegend, London, UK): anti-CD3 PE (1:200; clone 
1F4), anti-CD4 APC (1:200; clone W3/25), anti-CD8 FITC (1:200; clone 
OX-8) and anti-CD25 FITC (1:200; clone OX-39) for 60 min at 4 ◦C. After 
washing, cells were fixated, permeabilized, and stained intracellularly 
with anti-IL-17A PE (1:200; clone eBio17B7, eBioscience™), anti- 
interferon-gamma (IFN-γ PE; 1:200; clone DB-1) and anti-FOXP3 PE 
(1:200: clone 150D, both from BioLegend) antibodies. T helper (Th)1, 
Th17 and regulatory T cells (Treg) populations were defined as 
CD4+IFN-γ+, CD4+IL-17+ and CD4+CD25+FOXP3+ cells respectively, 
according to the flow cytometry procedure previously described [15]. 
Furthermore, for the characterization of neutrophils and monocytes, cLP 
cells were surface stained with the following conjugated antibodies: 
LY6B.2 (7/4) FITC (1:200; clone 7/4) and LY6G APC (1:200; clone 1A8). 
Neutrophils and monocytes were defined as LY6B.2 (7/4)+LY6Ghi and 
LY6B.2 (7/4)+LY6Glo populations respectively. At least 1 × 104 cells 
were analysed per sample, dead cells were excluded using cell viability 
marker, and positive and negative populations were determined based 
on the staining obtained with related IgG isotypes. Flow cytometry was 
performed on BriCyte E6 flow cytometer (Mindray Bio-Medical Elec
tronics, Nanshan, China) using MRFlow and FlowJo software operation 
[23]. Flow cytometry strategy for neutrophils, monocytes, Th1 and Th17 
subsets is reported in Supplementary Fig. 3A–D.

2.7. Faecal metabolome analysis by proton nuclear magnetic resonance 
(1H NMR) spectroscopy

Faecal samples (30 mg), collected on Day 21, from all experimental 
conditions were re-suspended in milliQ water, at a faecal weight to the 
water volume of ratio 1:2 and extracted by mixing with phosphate buffer 
prepared as described below. Briefly, 1.5 M solutions of KH2PO4 and 
K2HPO4 were prepared in milliQ water and mixed using magnetic stir
rers at room temperature (RT) until complete dissolution. The two so
lutions, KH2PO4 and K2HPO4 were mixed in a 1:4 (v/v) ratio. Then, TSP 
and NaN3 were added to the phosphate buffer at concentrations of 
1 mg ml− 1 and 0.13 mg ml− 1, respectively. The obtained solution was 
mixed using magnetic stirrers at RT for 10 min and stored overnight to 
ensure pH equilibration. 100 ml of this buffer was mixed with 900 ml of 
milliQ water to obtain the buffer used in this analysis [24]. After 
centrifugation (14,000g, at 37 ◦C) for 30 min, the supernatants were 
collected for 1H NMR measurements. A total of 65 μl of D2O was added 
to the faecal extracts, vortexed briefly and transferred into 5-mm NMR 
tubes. All 1H NMR spectra were acquired at 298 K on a Bruker Avance 
NEO 600 MHz spectrometer (Bruker Biospin Gmbh, Rheinstetten, Ger
many) equipped with a QCI cryo-probe set for 5 mm sample tubes and 
an autosampler (SampleJet). The 1H NMR spectra of faecal extracts were 
acquired with Topspin 4.1 (Bruker Biospin GmbH, Rheinstetten, Ger
many), using the ‘noesypr1d’ pulse sequence allowing for a quantitative 
evaluation even close to the water signal, which was presaturated at 
4.698 ppm. NMR samples were stabilized at 298 K for 300 s, inside the 
probe, before starting the experiment. An acquisition time of 2.62 s, a 
relaxation delay of 4 s, receiver gain of 101, 128 scans, 4 dummy scans 
and a spectral width of 12,500 Hz (20.8287 ppm) were employed. All 
samples were automatically tuned, matched, and shimmed. Prior to 
fourier transformation, the free induction decays were multiplied by an 
exponential function equivalent to a 0.3-Hz line-broadening factor. 
Then, the transformed spectra were automatically corrected for phase 
and baseline distortions and calibrated using TopSpin built-in process
ing tools. The assignment of the metabolites was achieved by (i) analysis 
of literature data [24,25]; (ii) comparison with the chemical shifts of the 
metabolites in the Human Metabolome Database (HMDB); (iii) peak 
fitting routine within the spectral database in Chenomx NMR Suite 8.4 
software package (Chenomx, AB, Canada) in its evaluation version.

2.8. Colon metabolome analysis by gas-chromatography coupled with 
mass spectroscopy (GC-MS)

Colon tissues from all experimental conditions, collected on Day 21, 
were submitted to a dual phase extraction procedure as reported else
where [26,27]. Briefly, a mixture of cold water and methanol was added 
to each sample. In particular, portions of colon (30 mg) were mixed with 
100 µl of cold water and 320 µl of cold methanol. Then, a homogenising 
step was needed to break up the tissues and let the partition of the 
metabolites in the extracting solvents. An ULTRA-TURRAX® tissue 
homogeniser (IKA® T10 basic) was employed for this purpose. After this 
step, 320 µl of cold chloroform was added to the homogenized colon 
samples, which were first briefly vortexed and then centrifuged at 4000g 
at 4 ◦C for 15 min. This procedure generated a two-phase extract: the 
aqueous upper phase containing hydrophilic metabolites, while apolar 
metabolites as lipid molecules moved in the organic lower phase. The 
upper and lower phases were separated and transferred into different 
tubes. Finally, solvents were completely removed from both fractions 
using a vacuum concentrator. Only the hydrophilic phase was consid
ered in this study and submitted to gas chromatography-mass spec
trometry (GC-MS) analysis. A total 60 µl of final metabolites extract 
from each sample was put in a glass insert, dried first in a SpeedVac 
Concentrator (Thermo Fisher Scientific Co., Waltham, MA), for 4 h, and 
then put in the lyophiliser, overnight. The glass inserts were sealed with 
airtight magnetic lids into GC-MS vials and derivatised by addition of 
60 µl of trimethylsilyl cyanide (TMSCN). Derivatisation and injection 
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were fully automated using a PAL autosampler with Robotic Tool 
Change system (CTC Analytics, Zwingen, Switzerland) integrated to the 
GC-MS-TOF (Pegasus BT, LECO Corporation, Saint Joseph, MI). The 
GC-MS consisted of an Agilent 7890B GC (Agilent Technologies, Santa 
Clara, CA) and a time-of-flight mass spectrometer (LECO Corporation, 
Saint Joseph, MI). After the addition of the derivatisation reagent, 
samples were transferred into the agitator of the AS and incubated at 40 
◦C for 40 min at 750 rpm. This procedure ensures precise derivatisation 
time and reproducible sample injections. Immediately after derivatisa
tion, 1 ml of the derivatised sample was injected in splitless mode into 
the injection port. The septum purge flow and purge flow were set to 25- 
and 15-ml min− 1, respectively. The injection port temperature was set to 
250 ◦C. GC separation was performed on a Rxi-5MS 5 % Phenyl 95 % 
Dimethylpolysiloxane column (30 m with I.D. 0.25 mm and film thick
ness 0.25 mm) (Restek, Bellefonte, PA). The initial temperature of the 
GC oven was set to 40 ◦C and held for 2 min, followed by heating at 12 
◦C min− 1 until 320 ◦C and kept for 8 min, making the total run time 
33.3 min [26]. Mass spectra were recorded in the range of 45–600 m/z 
with an acquisition rate of 10 spectra/s, and MS detector and ion source 
were switched off during the first 6.4 min of solvent delay time. The 
transfer line and ion source temperature were set to 280 and 250 ◦C, 
respectively. Helium (grade 6.0; SOL Group, Caserta, Italy) was used as 
carrier gas, at a constant flow rate of 1 ml min− 1. The mass spectrometer 
was tuned according to manufacturer’s recommendation using per
fluorotributylamine (PFTBA). The autosampler and GC-MS were 
controlled using vendor software PAL Sample Control (CTC Analytics, 
Zwingen, Switzerland) and ChromaTOF (LECO Corporation, Saint Jo
seph, MI), respectively. Two technical replicates were prepared for each 
sample (for a total of 18 samples); they were randomised prior to deri
vatisation and GC–MS analysis. In order to monitor the instrument 
performance, an alkane mixture standard sample (all even C10–C40 
alkanes in hexane) was employed. The raw GC TOF-MS data was pro
cessed by the ChromaTOF® Sync software version 1.1.5.1 (LECO Cor
poration, Saint Joseph, MI) that deconvolutes mass spectra and performs 
peak identification using NIST11 library (NIST, Gaithersburg, MD). The 
library search was set to return top 10 hits with EI-MS (electron ioni
zation mass spectrometry) match of > 80 % using normal-forward 
search and with a mass threshold of 20. Deconvoluted peaks were 
aligned across all samples considering a retention time shift allowance of 
80 % of all pooled control samples. In this way, final datasets consisting 
of 50 metabolites for colon samples were obtained. The identification 
computed by the ChromaTOF was classified according to the levels 
indicated by the metabolomics standards initiative (MSI), (i) level 1 if 
the peaks are confirmed using authentic standards, (ii) level 2 when the 
peaks are identified based on their EI-MS match ≥ 80 (%) and retention 
index (RI) match (± 30), and (iii) level 3 when the peaks are identified 
based on their EI-MS match ≥ 65 (%). In our case, no authentic stan
dards were employed and only metabolites identified at level 2 have 
been considered for further analysis.

2.9. Metabolomics data processing and analysis

Metabolomics data from faeces and colon were processed indepen
dently and then combined to recover correlations. In particular, 1H NMR 
spectra from faecal samples were imported into MATLAB (R2021a; 
Mathworks, Natick, Massachusetts, USA), and spectral regions above 
10 ppm and below 0 ppm were removed because they contained only 
noise. To correct for spectral misalignment, an interval-based alignment 
step was carried out using the icoshift algorithm [28] and choosing the 
acetate singlet at 1.90 ppm as the reference signal. To reduce model 
complexity and enhance interpretability, the peak areas of well-resolved 
and confidently assigned resonances from 34 selected metabolites were 
manually integrated. This process generated a data matrix made of 9 
rows (samples) × 34 columns (metabolites) as listed in Supplementary 
Fig. 4. The resulting data matrix was imported into the PLS toolbox 
version 8.6.1 (Eigenvector Research, Manson, Washington, USA) within 

the MATLAB environment, normalized using Norm1, autoscaled, and 
subjected to principal component analysis (PCA). Similarly, 
colon-derived samples acquired via GC-MS were organized into a data 
matrix of 9 rows and 50 columns (Supplementary Fig. 5), normalized 
using Norm1, autoscaled, and analyzed by PCA.

Subsequently, a low-level data fusion [29] approach was applied by 
concatenating the faecal and colon data matrices, resulting in a fused 
matrix containing 9 rows (samples) and 84 columns (metabolites from 
both colon and faecal samples).

This combined matrix was then analyzed by PCA following two pre- 
processing steps: group scaling and autoscaling. Group scaling (via the 
gscale function in MATLAB) ensured equal contribution of each data 
block to the final model, independent of the number of variables. 
Autoscaling (also known as “unit variance scaling”) ensured that all 
variables had an equal wight in the model. Finally, PCA was performed, 
and scores and loadings plots were generated.

2.10. Preparation of colonic tissue homogenates

Portions of colons (1 cm) from all experimental conditions, collected 
on Day 7 and Day 21, were homogenized in ice-cold tris (hydrox
ymethyl)aminomethane hydrochloride (Tris-HCL) buffer (20 mM, pH 
7.4) containing 0.32-M sucrose, 1 mM EDTA, 1 mM ethylene glycol-bis 
(β-aminoethyl ether)-N,N,N’, N’ tetra acetic acid (EGTA), 1 mM phe
nylmethylsulphonyl fluoride (PMSF), 1 mM sodium orthovanadate, and 
one tablet of Complete™ Protease Inhibitor Cocktail (c.n.: 04 693 116 
001, Roche) per 50 ml of buffer, sonicated on ice and centrifuged 
(4500 g, at 4 ◦C) for 10 min. Total proteins within the supernatants were 
quantified using a Bradford protein assay (Bio-Rad) [30]. Supernatants 
from all experimental conditions were assayed for cytokines and che
mokines protein arrays, according to manufacturer’s directions.

2.11. Cytokines and chemokines protein array assays

For cytokines (c.n.: ARY006) and chemokines (c.n.: ARY020) protein 
arrays (both from R&D System), equal volumes (1.5 ml) of pulled colon 
tissues homogenates from all experimental conditions (on Day 7 and Day 
21) were incubated with the pre-coated proteome profiler array mem
branes according to the manufacturer’s instructions. Dot plots were 
visualized using an enhanced chemiluminescence detection kit and 
Image Quant 400 GE Healthcare software (GE Healthcare, Milan, Italy) 
and the resulting data were quantified using GS 800 imaging densi
tometer software (Biorad, Segrate, Italy) as previously described [15].

2.12. Histochemical and immunofluorescence analysis of colon

The evaluation of colon damage was performed as previously re
ported [31]. The colon length was measured after the explant of the 
tissue. For the histological analysis, the colon was fixed in 4 % para
formaldehyde for 24 h, dehydrated in alcohol, included in paraffin, and 
cut into 5 µm sections. Microscopic evaluations of colon damage 
(mucosal architecture loss, cellular infiltrate, muscle thickening, crypt 
abscess, and goblet cell depletion) were carried out on sections stained 
with haematoxylin/eosin (Bio-Optica, Milan, Italy). The infiltration of 
mast cells (MCs) and eosinophils was investigated on colon sections 
stained with GIEMSA (Bio-Optica, Milan, Italy). Digitalized images were 
collected by a Leica DMRB light microscope equipped with a DFC480 
digital camera (40–400 × magnification; Leica Microsystems, Wetzlar, 
Germany). The quantitative analysis was carried out by two blind in
vestigators with the software ImageJ. For each animal, the cellular 
density (cell number/respective arbitrary field) of 6 independent arbi
trary optical fields (0.1 mm2) collected from the submucosa of each 
animal was measured. The analysis was performed on 4 (Day 7) or 6 
(Day 21) animals per group. For the immunofluorescence analysis (Day 
21), the colon was cut into 20 µm slices and the immunolabeling was 
performed according to standard protocols [31]. Selected slices from 
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each animal, were incubated overnight at 4 ◦C with the following 
combination of primary antibodies, diluted in T-PBS/5 % BSA (Sig
ma-Aldrich, Milan, Italy):

1) rat anti-FoxP3 monoclonal antibody (FJK-16s), eFluor™ 570, 
eBioscience™(41-5773-82; Invitrogen-Thermo Fisher Scientific, Milan, 
Italy; 1:100) + rabbit anti-CD4 polyclonal antibody (PA5–87425; 
Invitrogen-Thermo Fisher Scientific, Milan, Italy; 1:100).

2) rabbit anti-panaxonal marker PGP9.5 (ab108986, Abcam, UK; 
1:500) + rat anti-FoxP3 monoclonal antibody (FJK-16s), eFluor™ 570, 
eBioscience™ (41-5773-82, Invitrogen-Thermo Fisher Scientific, Milan, 
Italy; 1:100).

2) rabbit anti-panaxonal marker PGP9.5 (ab108986, Abcam, UK; 
1:500) + chicken anti-glial fibrillary acidic protein polyclonal antibody 
(GFAP, PA1–10004; Invitrogen-Thermo Fisher Scientific, Milan, Italy; 
1:500).

The day after, slices were incubated for 2 h with secondary anti
bodies (1:500) labelled with Alexa Fluor 488, 568 or 647 (Invitrogen- 
Thermo Fisher Scientific, Milan, Italy), and then with DAPI to stain the 
nuclei. The slices were finally mounted with Fluoromount-G™ 
Mounting Medium (Thermo Fisher Scientific, Milan, Italy). Digitalized 
images were collected at 400×(mucosa) total magnification using a 
motorized Leica microscope DM6 B equipped with a DFC9000 GT 
camera, supported by a THUNDER Workstation 3D DCV and by the 
software LAS X (Leica Biosystems, Milan, Italy). Since, during set-upping 
(Supplementary Fig. 6C) all FoxP3 positive cells were CD4+, Treg cells 
were detected through FoxP3 labelling in the following analyses. Areas 
of interaction between Treg cells (FoxP3-positive cells) and nerve end
ings (PGP9.5-related immunolabeling) were investigated. All images 
report cell nuclei marked with DAPI (grey). The quantitative analysis of 
colon PGP9.5-related immunofluorescence intensity and the number of 
GFAP-positive cells was performed by collecting independent fields 
(400×; 6–10 for each animal) from mucosal layer, analysing selected 
ROI and normalizing the data to the area of mucosa analysed with the 
software FIJI (NIH, Bethesda, MD, USA). The analysis was performed on 
4–6 animals per group.

2.13. Bioactive compounds extraction

The bioactive compounds from different varieties of mango (Keitt, 
Kent and Palmer) of peel and pulp were extracted as previously reported 
[32]. Briefly 0.5 g of lyophilised sample was extracted with 5 ml of the 
EtOH:H2O mixture (80:20, v:v). The mixture was vortexed for 2 min and 
sonicated for 15 min. Subsequently, the solution was agitated for 30 min 
and subjected to centrifugation at 5000g for 5 min. The entire super
natant was collected, and the pellet was submitted to a second extraction 
using the same protocol. Finally, the two supernatants were combined, 
filtered through 0.2 μm filters and appropriately diluted by MeOH 
containing 0.1 % formic acid (FA) prior to analysis.

2.14. Ultra-high-performance liquid chromatography-Q-Orbitrap high- 
resolution mass spectrometry (UHPLC Q-Orbitrap HRMS analysis)

The quali-quantitative profile of bioactive compounds was per
formed using a UHPLC system (Dionex UltiMate 3000, Thermo Fisher 
Scientific, Waltham, MA, United States) equipped with a degassing 
system, an autosampler device and a quaternary UHPLC pump coupled 
with a high-resolution mass spectrometry (Q-Exactive). Chromato
graphic separation was carried out with a thermostated (T = 25 ◦C) 
Kinetex F5 (particle size 17 µm, 100× 2.1 mm) column (Phenomenex, 
Castel Maggiore, Italy). The mobile phases consisted of water (A) and 
methanol (B), both containing 0.1 % FA. The injection volume and flow 
rate were set to 5 µl and 0.4 ml min− 1, respectively. The gradient elution 
program was as follows: 0–0.5 min, 0 % B; 0.5–1.0 min, 70 % B; 
1.0–7.8 min, 100 % B; 7.8–8.3 min, 0 % B; 8.3–10 min, 0 % B. The total 
run time was 10 min. Mass spectrometry was performed on a Q-Exactive 
Orbitrap system equipped with an electrospray ionization (ESI) source 

operating in negative ion mode. Full ion MS and all-ion fragmentation 
(AIF) scan events were set. In full MS scan mode, the following condi
tions were fixed: scan range of 80–1200 m/z; resolution power of 70,000 
full width at half maximum; microscan set to 1; automatic gain control 
target of 1 × 106; maximum injection time of 200 ms; sheath gas flow 
rate of 35; auxiliary gas flow rate of 10; spray voltage set at 2.8 kV; 
capillary temperature maintained at 275 ◦C; S-lens RF level set to 50; 
and auxiliary gas heater temperature at 350 ◦C. In the AIF scan mode, 
the resolving power was configured as follows: scan range 80–1200 m/z, 
resolution power of 17,500 full width at half maximum; microscan set to 
1; automatic gain control target of 1 × 105; maximum injection time of 
200 ms; sheath gas flow rate of 35; auxiliary gas flow rate of 10; spray 
voltage set at 2.8 kV; capillary temperature set at 275 ◦C; S-lens RF level 
set to 50 and auxiliary gas heater temperature at 350 ◦C. Collision en
ergy (CE) was set within a range of 15–45 eV to achieve a representative 
product ion spectrum. Detection was achieved considering the exact 
mass with a mass error < 5 ppm. Data analysis was performed using 
Xcalibur software 3.1.66.19 (Xcalibur, Thermo Fisher Scientific, Wal
tham, MA, United States) [33].

2.15. Total phenolic content (TPC) assay

The Folin-Ciocalteu method was used for determining the TPC 
following the procedure reported by Castaldo et al. [34]. Briefly, 500 µl 
of deionized water and 125 µl of the Folin-Ciocalteu reagent 2 N were 
added to 125 µl of extract. The tube was mixed and incubated for 6 min 
in dark conditions. Then 1.25 ml of 7.5 % of sodium carbonate solution 
and 1 ml of deionized water were added. The reaction mixture was 
maintained in dark conditions for 90 min. Finally, the absorbance at 
760 nm was measured through a spectrophotometer system. Results 
were expressed as mg of gallic acid equivalents (GAE)/g of dry weight 
(DW) sample.

2.16. Statistical analysis

Statistical analysis complies with the international recommendations 
on experimental design and analysis in pharmacology and data sharing 
and presentation in preclinical pharmacology. Data are presented as 
mean ± S.D. Normality was tested prior to analysis with one or two-way 
ANOVA followed by Bonferroni’s or Dunnett’s for multiple comparisons, 
where P ≤ 0.05 was deemed significant. GraphPad Prism 8.4.3 (San 
Diego, CA, USA) software was used for analysis. Behavioural and his
tological results were expressed as mean ± S.E.M. The analysis of vari
ance was performed by one-way ANOVA with Bonferroni’s significant 
difference procedure used for post-hoc comparisons. P values of less 
than 0.05 were considered significant. Data were analyzed using the 
“Origin 9” software (OriginLab, Northampton, MA). For in vivo studies, 
animal weight was used for randomization and group allocation to 
reduce unwanted sources of variations by data normalization. In vivo 
study was carried out to generate groups of equal size (n = 5–6 of in
dependent values) using randomisation and blinded analysis [13].

3. Results

3.1. Efficacy of MIE in the management of visceral pain associated with 
DNBS-induced colitis in rats

To delve deeper into anti-hyperalgesic efficacy of MIE, we used an 
established model of colitis induced by intrarectal injection of DNBS in 
rats, which recapitulates IBD in terms of pathophysiology and response 
to drugs [16]. The acute pain-relieving effect of MIE was evaluated 14 
days and 21 days after DNBS injection, in the post-inflammatory and in 
the remission phase of colitis, according to the experimental scheme 
reported in Fig. 1A. Visceral pain was measured in animals by assigning 
a score to their AWR (0–4) to CRD (0.5–3 ml). Both 14 and 21 days after 
colitis induction, abdominal response to CRD in DNBS-treated animals 
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was significantly higher than in the control group receiving the vehicle 
(Figs. 1B and 1C, respectively). On day 14, the acute administration of 
MIE (1–100 mg kg− 1 p.o.) effectively alleviated visceral hypersensitivity 
in DNBS-treated rats in a dose-dependent manner. MIE at 10, 30, and 
100 mg kg− 1 substantially reduced the abdominal response of animals 
to CRD, though only the effect of the higher dose was significant for all 
the distending volumes applied to the colon. The effect of the lower dose 
of MIE (1 mg kg− 1) on visceral pain was not significant, though the AWR 
score in response to 0.5–1 ml was still lower than that of DNBS animals 
administered with the vehicle (Fig. 1B). On Day 21, the acute admin
istration of MIE 30 mg kg− 1 continued to effectively relieve visceral 
hypersensitivity in DNBS-treated rats, whereas vehicle injection had no 
effect (Fig. 1C). Taken together, these data guided our decision to test 
MIE at a dose of 10 mg kg− 1, in alignment with the dosing strategy 
adopted in our previous studies [13,15].

In a second experimental setup, we evaluated the efficacy of repeated 
MIE treatment in preventing the development of visceral pain associated 
with DNBS-induced colitis in rats. For this purpose, MIE (10 mg kg− 1) 
was administered daily, starting from DNBS induction (Day 0) and 
continuing the treatment for 7 consecutive days (during the acute in
flammatory phase of colitis induced by DNBS). Visceral sensitivity was 
assessed on Day 7, 24 h after the last MIE administration in rats 
(experimental scheme; Fig. 2A). No difference in the AWR to CRD was 
observed between the group DNBS + vehicle and the group DNBS +
MIE, the treatment was therefore ineffective in preventing the pain 
associated with colitis (Fig. 2B).

In the third experimental setup, we investigated the efficacy of the 
repeated treatment with MIE in counteracting the persistence of visceral 
pain in the remission phase of colitis caused by DNBS injection in rats. 
MIE (10 mg kg− 1) was administered daily in these animals, starting from 
Day 7 after the DNBS injection and continuing the treatment for 14 
consecutive days. Visceral sensitivity was assessed on Day 7 (before 
starting MIE treatment), 14 and 21 (24 h after the last MIE adminis
tration; experimental scheme; Fig. 2C). Before treatment initiation, no 
differences were observed between the DNBS-injected groups, both of 
which exhibited a significant increase in visceral sensitivity compared to 
vehicle-injected control (Fig. 2D-i). On Day 14 and 21 (after 7 and 14 
days of treatment, respectively; Figs. 2D-ii and 2D-iii), DNBS-treated 
animals administered with MIE showed a significant reduction in the 
AWR in response to CRD. Moreover, on Day 21, visceral sensitivity in the 
DNBS + MIE group matched that of the control group (vehicle +
vehicle), indicating a complete reversal of pain. (Fig. 2D-iii).

The anti-hyperalgesic effect of repeated treatment with MIE emerged 
to be independent of tissue healing. Indeed, we observed shortening of 
colon length, together with the increase in microscopic damage scores 
and in mast cell density detected histologically, indicating that inflam
matory damage to the colon of DNBS-treated animals [16], were not 
significantly modified by MIE treatment in either experimental para
digms (Supplementary Fig. 7).

Collectively, these results confirmed the therapeutic efficacy of MIE 
in the treatment of persistent visceral pain resulting from colon 
inflammation. It is important to note that the treatment was effective 
when administered in the post-inflammatory phase, but not in the acute 
phase of colitis. During the different phases (relapsing and remitting) of 
IBD [35] the immune response is altered. Since post-inflammatory or 
post-infection immune derangement have been reported to drive 
visceral pain persistence [36,37], MIE anti-hyperalgesic effects may rely 
on mechanisms which target specific changes occurring in the immune 
response and neuroimmune interaction between the acute phase of 
inflammation and remission. This hypothesis prompted us to further 
investigate the immune responses in both experimental paradigms.

3.2. MIE selectively modulates neutrophil and monocyte infiltration 
during the onset and progression of DNBS-induced colitis

Neutrophils and inflammatory monocytes are critical players in the 

early stages of inflammation, driving the initiation [38] and amplifica
tion of immune responses, particularly in conditions like IBD [39]. 
Tissue damage or disruption of epithelial barriers triggers the release of 
damage-associated molecular patterns (DAMPs) and pro-inflammatory 
cytokines, such as IL-1β and TNF-α. These molecules recruit neutro
phils to the site of injury via chemokine gradients, such as CXC motif 
chemokine ligand 1 (CXCL1) and CXC motif chemokine ligand 2 
(CXCL2) [38,40,41]. While this response is essential for pathogen 
clearance, excessive neutrophil activation can lead to further tissue 
damage, worsening mucosal injury and promoting continued inflam
mation. This cascade is further amplified by the recruitment of inflam
matory monocytes through monocyte chemoattractant proteins (MCPs), 
such as CCL2 [42].

This inflammatory environment is characterized by the continuous 
secretion of cytokines including TNF-α, IL-6, and IL-1β, which not only 
sustain neutrophil activity, but also perpetuate the inflammatory cycle 
through a feedback loop. Importantly, this environment fosters antigen 
presentation and facilitates crosstalk between the innate and adaptive 
immune systems. In the context of colitis, this translates to the infiltra
tion of CD4+ Th1 and CD4+ Th17 cells, which contribute to the sus
tained immune response and tissue damage [43]. This complex interplay 
between immune cells underscores the role of neutrophils and inflam
matory monocytes in driving the chronic inflammation seen in IBD.

Given the pivotal role of neutrophils and monocytes in driving 
inflammation, we characterized these innate immune subsets in cLP 
cells during DNBS-induced colitis in both the acute (7 days post-DNBS 
injection) and resolution (21 days post-DNBS injection) phases, as out
lined in the experimental plan shown in Fig. 3A (i and ii, respectively). A 
significant increase in both total cells of cLP (Fig. 3B-i) and spleen 
(Fig. 3B-ii) were detected in DNBS-injected animals on Day 7 time point 
(Fig. 3C and D). A similar profile was observed on Day 21, albeit with a 
lower absolute cell count in both compartments (Fig. 3E and F). MIE 
treatment significantly decreased total cLP cells during the resolution 
phase (21 days post-DNBS injection), with a trend toward reduction 
observed in the early phase of inflammation. Systemically, MIE mark
edly reduced the number of splenocytes on Day 7, with a less pro
nounced reduction observed on Day 21 (Fig. 3C–F), confirming the 
immunomodulatory effects of MIE were mirrored systemically, as pre
viously reported [13,15]. Subsequently, considering the colon as the 
primary site of inflammation and the observed modulation in total 
infiltrated cells, we performed a detailed phenotypic characterization of 
innate immune populations using flow cytometry analysis at both time 
points. Specifically, total cells were gated, followed by single cells and 
live cells (refer to flow cytometry strategy in Supplementary Fig. 3A and 
3C) to identify neutrophil (LY6B.2 (7/4)+/LY6Ghi) and monocyte 
(LY6B.2 (7/4)+/LY6Glo) subsets on Day 7 (Fig. 3G–I) and Day 21 
(Fig. 3J–L).

We found that DNBS injection produced an intense infiltration of 
neutrophils and monocytes on Day 7 (Fig. 3G–I). During the resolution 
phase, both neutrophils and monocytes remained significantly higher 
compared to the vehicle group, but their total numbers had dramatically 
decreased (Fig. 3J–L). Specifically, neutrophil numbers were reduced by 
approximately 95 %, while monocyte levels decreased by around 70 %. 
These results are consistent with the role of neutrophils and monocytes 
as key players during the acute phase of inflammation, with their 
numbers decreasing as the immune response shifts towards resolution, 
allowing adaptive immunity to take over. MIE treatment significantly 
reduced the neutrophil population on Day 7 (Fig. 3G and H), with a 
continued but non-significant trend by Day 21 (Fig. 3J and K). Inter
estingly, a significant decrease in the monocytes population was 
observed only on Day 21 (Fig. 3J and L), parallel to the MIE effect on 
visceral hyperalgesia. Collectively, these data suggest that MIE exerts a 
differential immunomodulatory effect on innate immune cell pop
ulations, with a stronger impact on neutrophils during the acute phase 
and on monocytes during the resolution phase, highlighting its potential 
to modulate distinct phases of the inflammatory response.
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3.3. MIE modulates pathogenic Th1 and Th17 infiltration in the colonic 
lamina propria

Immune subsets of CD4+T-cells, such as Th1 and Th17, play a crucial 
role in the pathogenesis of IBD, where their infiltration into intestinal 
tissue serves as a common hallmark of the disease. These T-cells, with 
the ability to develop memory against previously encountered antigens, 
along with the altered microbiota and a dysregulated innate immune 
response, are key drivers of the chronic relapsing-remitting nature of 
IBD [43]. To investigate the immunomodulatory activity of MIE, we 
evaluated its impact on Th1 and Th17 cell populations from digested 
colon tissues using flow cytometry analysis. Total cells were gated, fol
lowed by single cells and live cells (see flow cytometry strategy in 
Supplementary Fig. 3B and 3D) to identify Th1 (CD4+/IFN-γ+) and Th17 
(CD4+/IL-17+) subsets on Day 7 (Fig. 4A–D) and Day 21 (Fig. 4E–H).

Notably, colitis induced a significant increase in both Th1 and Th17 
in cLP population on Day 7 (Fig. 4A–D), with comparable levels of 
infiltration observed for both subsets. By Day 21, the Th1 profile 
remained significantly elevated, while Th17 cells exhibited a significant 
reduction (Fig. 4E-H). Treatment with MIE significantly reduced both 
Th1 and Th17 populations at both time points. Specifically, a marked 
decrease was observed on Day 7 compared to untreated colitis 
(Fig. 4A–D), and this reduction persisted by Day 21, effectively attenu
ating the inflammatory response (Fig. 4E-H). The modulation of Th1/ 
Th17 balance was reflected by significant differences in the total CD4+

and cytotoxic CD8+ cells at the early phase of inflammation, with MIE 
notably reducing both subsets (Supplementary Fig. 8A-G). On Day 21, 
MIE treatment continued to reduce CD3+ and CD4+ cells 
(Supplementary Fig. 9A-G), contributing to the observed modulation of 
immune cell dynamics.

Our data demonstrated that DNBS-induced colitis serves as a Th1- 
mediated inflammatory model, as evidenced by the predominance of 
Th1 cells in the later stages of disease progression, where they continue 
to play a central role in sustaining chronic inflammation [44]. In 
contrast, the marked decline in Th17 cells may reflect regulatory 
mechanisms designed to limit tissue damage or a shift in immune re
sponses as the disease progresses. This variability could be attributed, in 
part, to temporally regulated cytokine responses [43], with early lesions 
exhibiting a predominantly Th1/Th17-like signature, while later stages 
tend to favour a more Th1-dominant response. Notably, the ability of 
MIE to downregulate both Th1 and Th17 populations underscores its 
potential as a promising nutraceutical approach, exerting a robust 
immunomodulatory effect that could help restore immune balance in 
the context of colitis.

3.4. MIE dampens the release of cyto-chemokines in colon tissue

Given the pivotal role of pro-inflammatory mediators in the patho
genesis of IBD [45–47], and to investigate their temporal dynamics, we 
next employed an ELISA Spot assay on colon tissues from Day 7 and Day 
21 to assess if MIE influences the expression of cytokines and chemo
kines during the onset and progression of colitis. As shown in Fig. 5, 
colon homogenates from DNBS group revealed a marked increase in 

pro-inflammatory cytokines (Fig. 5A–D) and chemokines (Fig. 5E-H) 
compared to the vehicle group, with distinct differences between Day 7 
and Day 21.

On Day 7 (Fig. 5A and B), there was a pronounced elevation in both 
cytokines and chemokines associated with acute inflammation and im
mune cell recruitment. Specifically, CC chemokines including JE 
(CCL2), MIP-1α (CCL3), and regulated on activation, normal T cell 
expressed and secreted (RANTES; CCL5) were significantly upregulated, 
indicating active recruitment of monocytes and inflammatory cells to 
the site of inflammation. Similarly, CXC chemokines, including KC 
(CXCL1), monokine induced by interferon-gamma (MIG; CXCL9), 
macrophage inflammatory protein-2 (MIP-2; CXCL2), and stromal 
derived growth factor-1 (SDF-1; CXCL12), exhibited substantial in
creases, reflecting a strong neutrophilic response. Additionally, pro- 
inflammatory cytokines IL-1β, TNF-α, IL-17, IL-23, IFN-γ, and immune 
activators complement component 5a (C5a), granulocyte colony stim
ulating factor (G-CSF), macrophage colony-stimulating factor (M-CSF), 
triggering receptor expressed on myeloid cells (TREM)-1 and IL-1ra 
were highly elevated, underscoring the activation of both innate im
mune responses and CD4+ T-cell subsets, particularly Th1 and Th17 
cells. These mediators are known to sensitize peripheral nociceptors, 
which can contribute to the visceral pain observed during the acute 
inflammatory phase of colitis. Despite the strong pro-inflammatory 
response, regulatory mediators such as IL-4, IL-13, IL-16, and tissue 
inhibitor of metalloproteinases-1 (TIMP-1) were modestly upregulated, 
suggesting an early, yet insufficient, attempt to counterbalance the in
flammatory response. By Day 21 (Fig. 5C and D), the cytokine profile 
shifted, showing a reduction in the intensity of inflammation. While pro- 
inflammatory mediators remained significantly elevated compared to 
the vehicle group, their levels were far lower than those on Day 7, 
indicating a decline in monocyte and neutrophil recruitment. However, 
certain mediators, including SDF-1, C5a, M-CSF, TREM-1, IL-16 and IL- 
1ra remained high. These factors may contribute to continued noci
ceptor sensitization and the persistence of Th1 cells, as previously 
observed in the phenotypical characterization [48]. Moreover, the 
exclusive expression of IL-2 on Day 21 (Figs. 5C and D) could suggest an 
expansion of Tregs, which rely on IL-2 for their survival and function in 
suppressing chronic inflammation and restoring immune tolerance [49]. 
However, IL-2 can also sustain Th1 cell persistence, highlighting its dual 
role in balancing immune regulation and pro-inflammatory responses 
[50].

For chemokines, 6Ckine (CCL21), Eotaxin (CCL11), monocyte che
moattractant protein-5 (MCP-5; CCL12), lipopolysaccharide-induced 
CXC chemokine (LIX; CXCL5), and Chemerin were also highly 
expressed on Day 21 (Fig. 5G and H), indicating the continued 
involvement of innate immunity in the inflammatory process, a finding 
that is further supported by the previous flow cytometry analysis. 
Finally, the significant upregulation of heat shock protein (HSP)60 on 
Day 21 (Fig. 5G and H) reflects its dual role in chronic inflammation and 
immune regulation. As a DAMP, HSP60 can activate nociceptors 
through toll-like receptors (TLRs) on sensory neurons, thereby contrib
uting to visceral pain [51]. Simultaneously, HSP60 supports the 
expansion and function of Tregs, promoting immune tolerance and 

Fig. 3. Therapeutic potential of MIE in alleviating DNBS-induced colitis. Animals were injected with DNBS to induce colitis and administered daily with MIE (p. 
o. 10 mg kg− 1) according to two experimental settings shown in A: i) from Day 0 (induction of colitis) to Day 6, representing the acute phase of inflammation, and ii) 
from Day 7 (post-model induction) to Day 20, representing the resolution phase. Visceral sensitivity and viscero-motor response were assessed at indicated time 
points (A). Colon samples were harvested and enzymatically digested (B-i), while spleens were smashed to obtain single-cell suspensions (B-ii). Total cell count was 
performed for both cLP and spleen-derived cells on Day 7 (C and D) and Day 21 (E and F). Subsequently, flow cytometry analysis was employed to determine 
neutrophil and monocyte subsets in the cLP. For this purpose, cells were gated in their totality and singlet, and stained with Fixable viability dye (flow cytometry 
strategy reported in Supplementary Fig. 3A and 3C) before the identification of neutrophil (LY6B.2 (7/4)+LY6Ghi) and monocyte (LY6B.2 (7/4)+LY6Glo) populations 
on Day 7 (G) and Day 21 (J). FACS pictures are presented as dot plot (pseudocolor), whereas % of positive cells are reported on the respective gates (purple for 
neutrophils and blue for monocytes). Histograms indicate the total positive populations (expressed as x106 and calculated from means of % of positive cells), in the 
different experimental conditions (Day 7: H and I; Day 21: K and L). Data are presented as means ± S.D. of n = 5–6 rats per experimental group. Statistical analysis 
was conducted using one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01, ###P ≤ 0.001, ####P ≤ 0.0001 vs vehicle + vehicle group; 
*P ≤ 0.05, **P ≤ 0.01 vs DNBS + vehicle group.
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potentially limiting further tissue damage [52]. This dual role un
derscores the complex interplay between immune responses and pain 
modulation in colitis. Importantly, treatment with MIE significantly 
modulated the expression of these cytokines and chemokines at both 
Day 7 and Day 21 (Fig. 5A–H), suggesting its potential to influence both 
the acute and chronic phases of inflammation, providing further evi
dence of its immunomodulatory properties. The complete panel of all 
cytokines and chemokines for Day 7 and 21 is shown in Supplementary 
Fig. 10A-H.

Our investigation into the temporal dynamics of pro-inflammatory 
mediators in DNBS-induced colitis revealed distinct cyto-chemokine 
expression profiles at acute (Day 7) and chronic (Day 21) phases. The 
initial phase was characterized by a pronounced elevation of pro- 
inflammatory cytokines and chemokines, indicating active immune 
cell recruitment and inflammation. By Day 21, although there was a 
general decline in these mediators, certain factors remained elevated, 
suggesting ongoing immune activity and potential nociceptor sensiti
zation. Notably, treatment with MIE significantly modulated the 
expression of these pro-inflammatory mediators at both time points, 
underscoring its potential as an immunomodulatory agent in both acute 
and chronic phases of colitis.

3.5. Effect of repeated treatment with MIE on neuroimmune interaction 
occurring within the mucosa of post-colitis rats

Building on the upregulation of key mediators of immune tolerance, 
we examined the phenotypic profile of Treg cells on Day 7 and Day 21 to 
explore their role in chronic inflammation and pain modulation in co
litis, considering their crucial function in maintaining immune homeo
stasis [53–56]. Total cells were gated, followed by single cells and live 
cells (refer to flow cytometry strategy in Supplementary Fig. 6A and B) 
to identify Treg (CD4+/CD25+/FOXP3+) subset on Day 7 (Fig. 6A and B) 
and Day 21 (Fig. 6C and D) in cLP cells. We observed a significant 
reduction in Treg cells on Day 7 in rats with colitis (Fig. 6A and B), 
indicating an early impairment of regulatory mechanisms in the acute 
phase of inflammation. This decline may be due to the highly 
pro-inflammatory environment, which could impair Treg survival or 
expansion. By Day 21, however, there was a notable increase in the 
absolute number of Treg cells (Fig. 6C and D), suggesting a compensa
tory response aimed at restoring immune tolerance and controlling 
chronic inflammation. This late-phase expansion of Tregs may be driven 
in part by the persistence of inflammatory stimuli that support their 
survival and function including IL-2 and HSP60. Notably, MIE did not 
modulate Treg cell numbers on either Day 7 or Day 21 (Fig. 6A–D). To 
determine whether MIE influenced Treg functionality rather than their 
abundance, we further investigated its effects on the interaction be
tween Treg cells and mucosal nerve endings.

Immunofluorescence analysis highlighted different areas of interac
tion between FoxP3-positive Treg cells, and nerve endings at the level of 
colonic mucosa in DNBS-treated animals remitting from colitis (Day 21). 
These areas of interaction were also present in MIE treated group, but 
they appeared to be sparser (Fig. 6E). Although further research is 
needed to prove this hypothesis, immune cells functionality and neu
roimmune interaction might represent other potential targets of MIE.

Moreover, MIE treatment was able to significantly reduce the num
ber of GFAP-positive enteric glial cells (EGCs) surrounding enteric 
nerves and infiltrating the mucosa of DNBS-treated animals (Fig. 7A–D). 

Enteric glia plays a key role in the crosswalk between sensory neurons 
and immune cells [57]. Several studies propose the involvement of 
enteric glia in the regulation of visceral sensitivity [58]. Notably, MIE 
treatment did not significantly alter Treg cell numbers at either time 
points. However, immunofluorescence analysis revealed that Treg cells 
are proximal to nerve endings within the colonic mucosa. At the same 
level, a decreased number of GFAP-positive EGCs was detected as a 
result of MIE treatment [59]. These findings suggest that MIE may 
modulate neuroimmune interactions and glial activity, contributing to 
its anti-inflammatory and analgesic effects in colitis.

3.6. MIE induces a unique metabolic state in both the colon and faeces on 
day 21

IBD is characterized by an altered microbial composition, often 
referred to as dysbiosis [60]. This imbalance in the gut microbiota 
contributes to the recurrence of inflammation and disrupts normal 
metabolic processes [61]. To gain deeper insights into the effect of MIE 
on metabolic profiles in this in vivo model, we conducted a metabolomic 
analysis on both colon and faeces on Day 21 time point. Specifically, 
aqueous extracts of faecal and colonic samples from the control (vehicle 
+ vehicle), DNBS (DNBS + vehicle), and MIE (DNBS + MIE) groups were 
analyzed using ¹H NMR and GC-MS, respectively. Each dataset was 
initially analyzed independently using PCA (Supplementary Fig. 11 and 
Supplementary Fig. 12 for ¹H NMR and GC-MS respectively). However, 
to explore potential correlations between colon and faecal metabolites 
and to obtain a more informative representation of samples distribution, 
we adopted a low-level data fusion approach. Thus, the fused data ma
trix was subsequently subjected to PCA. Examination of the PC1 vs PC2 
scores plot (Fig. 8A) reveals a clear separation along the diagonal axis 
between PC1 (29.7 % variance explained) and PC2 (18.2 % variance 
explained). Specifically, MIE group (DNBS + MIE; blue triangles) were 
distinctly separated from the control (vehicle + vehicle) and DNBS 
(DNBS + vehicle) groups, indicating two key findings. First, the overlap 
between the control (vehicle + vehicle) and DNBS (DNBS + vehicle) 
groups suggests that, by Day 21, the organism has largely recovered 
from the DNBS-induced inflammatory state, at least at the colonic and 
faecal metabolomic levels. Second, MIE (DNBS + MIE) group exhibits a 
unique metabolic fingerprint that differentiates it from both the control 
(vehicle + vehicle) and DNBS (DNBS + vehicle) groups.

To elucidate the metabolic basis of this separation, we examined the 
loadings plot (Fig. 8B). In this plot, metabolites derived from colon 
samples are highlighted in red, while those from faecal samples are 
shown in green. The interpretation of the loadings plot is guided by the 
spatial alignment of metabolites with the respective sample clusters in 
the scores plot. Specifically, metabolites that increase in MIE (DNBS +
MIE) group, compared to control (vehicle + vehicle) and DNBS (DNBS +
vehicle) groups, are in the lower-left quadrant of the loadings plot, 
corresponding to the positioning of MIE samples in the scores plot 
(Fig. 8A). Conversely, metabolites that increase in control (vehicle +
vehicle) and DNBS (DNBS + vehicle) groups, compared to MIE (DNBS +
MIE) group, are positioned in the upper-right quadrant of the loadings 
plot, mirroring the spatial distribution of these samples in the scores 
plot.

MIE treatment in the colon increases metabolites including lysine, 
ornithine, tyrosine, tryptophan, succinate, and citric acid, indicating 
enhanced amino acid metabolism, energy production, and 

Fig. 4. MIE modulation of Th1/Th17 cell dynamics in the colonic lamina propria. At the experimental end points (Day 7 and Day 21), isolated cLP cells from 
vehicle + vehicle, DNBS + vehicle and DNBS + MIE groups were analysed by flow cytometry analysis to determine Th1 and Th17 lymphocyte subsets. For this 
purpose, cells were gated in their totality and singlet, and stained with Fixable viability dye (flow cytometry strategy reported in Supplementary Fig. 3B and 3D) 
before the identification of CD4+IFN-γ+ (A and E, Th1 population) and CD4+IL-17+ (C and G, Th17 population). FACS pictures are presented as dot plot (pseu
docolor), whereas % of positive cells are reported on the respective gates. Histograms indicate the total positive populations (expressed as x106 and calculated from 
means of % of positive cells), in the different experimental conditions (Day 7: B and D; Day 21: F and H). Data are presented as means ± S.D. of n = 5–6 rats per 
experimental group. Statistical analysis was conducted using one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01, ####P ≤ 0.0001 vs 
vehicle + vehicle group; *P ≤ 0.05, **P ≤ 0.01 vs DNBS + vehicle group.
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mitochondrial activity, in line with tissue repair and inflammation res
olution. Conversely, several metabolites, including phenylalanine, glu
tamic acid ester, lactate, glycolic acid, mannitol, and oxalic acid, 
decrease, reflecting reduced glycolysis and oxidative stress. Addition
ally, reductions in glutamine, alanine, aspartate, and lipids like palmitic 
acid and stearic acid suggest a shift away from lipid metabolism and 
stress-induced amino acid turnover toward more efficient energy utili
zation. Decreases in oxoproline, hypoxanthine, and thymine indicate 
altered purine and pyrimidine metabolism, likely linked to improved 
inflammatory regulation [62]. Reduced levels of myo-inositol and 
ethanolamine further suggest changes in membrane remodeling and 
cellular signaling, supporting colonic recovery.

In faecal metabolites, MIE treatment led to an increase in galactose, 
acetate, and butyrate, indicating enhanced microbial fermentation and 
short-chain fatty acids (SCFAs) production, which are crucial for gut 
barrier integrity and inflammation resolution [63] though their 
involvement in visceral sensitivity regulation is still controversial [64]. 
Butyrate supports colonic epithelial health, gut barrier integrity and 
Treg differentiation, vital for immune homeostasis [65]. Simulta
neously, several metabolites, including succinate, tryptophan, formate 
and various amino acids, decrease, suggesting shifts in microbial sub
strate utilization and host absorption. Interestingly, tryptophan was 
elevated in the colon, but reduced in the faeces, implying enhanced host 
absorption and utilization, possibly for immune modulation and Treg 
expansion [66]. Tryptophan metabolism, leading to serotonin, kynur
enine, and indole derivatives, has a central role in microbiota-host 
crosstalk in painful gastrointestinal disease, such as irritable bowel 
syndrome (IBS) and IBD [67]. The decrease in amino acids like 
phenylalanine, aspartate, and alanine across both compartments sug
gests their increased metabolic use in inflammation resolution and tissue 
repair. The reduced faecal succinate and formate levels, key fermenta
tion intermediates, alongside increased acetate and butyrate, reflect a 
microbial shift toward beneficial SCFAs production. MIE coordinates 
host and microbial metabolism, as seen in the reduced phenylalanine 
and elevated tyrosine in the colon, indicating enhanced phenylalanine 
hydroxylation linked to inflammation regulation. Similarly, the 
decrease in faecal tryptophan, paired with increased colon levels, sug
gests its role in immune modulation and gut-brain axis signaling [68]. 
Tryptophan metabolism, essential for immune balance and influencing 
gut motility, pain perception, and Treg differentiation, may contribute 
to reducing visceral hypersensitivity in IBD. Additionally, reduced lipid 
and amino acid levels in both compartments suggest decreased inflam
matory lipid signaling and improved metabolic efficiency. It is notable 
that faecal and colon levels of histidine, the precursor to histamine, are 
affected by the treatment with MIE. Histamine produced by MCs, as well 
as by the intestinal microbiota, is indeed directly involved in visceral 
sensitivity regulation [37,69]. Also, MIE effects on the levels of adenine 

and hypoxanthine, metabolites involved in purine salvage, may attest to 
a protective effect on intestinal epithelial barrier [70], though further 
investigations are needed to confirm this hypothesis.

3.7. Comparative analysis of mangiferin content in endemic Mangifera 
indica cultivars and a standardized commercial extract

To conclude this study, we compared the mangiferin content of MIE, 
a standardized extract containing 90 % mangiferin, with the mangiferin 
content obtained from the peel and pulp of commercial mango varieties 
(Keitt, Kent, and Palmer) available on the market. By analyzing their 
primary and secondary metabolic profiles, with a particular focus on 
polyphenols and mangiferin quantification, we sought to assess the 
potential of these local cultivars as alternative sources of this bioactive 
compound. Several studies have investigated the mangiferin content in 
various parts of Mangifera indica (mango) across different cultivars. For 
instance, research on 11 Chinese mango cultivars found that mangiferin 
content varied significantly among different fruit tissues. The highest 
concentration was detected in the peel of the Lvpimang (LPM) cultivar, 
with 7.49 mg g− 1 DW, while the pulp generally contained much lower 
levels, often undetectable. Another study focusing on Ugandan mango 
leaf varieties classified them into groups based on TPC, mangiferin 
concentration, and antioxidant activity. Varieties in group A exhibited 
the highest levels of these parameters, suggesting a potential for 
selecting specific cultivars with superior health-promoting properties. 
Additionally, research comparing different fruit fractions (pulp, peel, 
and kernel) of two mango cultivars, Tommy Atkins and Keitt, revealed 
that all fractions are sources of health-promoting bioactive compounds. 
Regardless of cultivar, the pulp had the highest content of phytosterols 
(~150 mg/100 g DW), peels ranked first for pentacyclic triterpenes 
(from 14.2 to 17.7 mg/100 g DW), tocopherols, carotenoids, and chlo
rophylls, and kernels for phenolic compounds (from 421.6 to 
1464.8 mg/100 g DW), flavonoids, condensed tannins, as well as hy
drophilic and lipophilic antioxidant activities [71].

These studies highlight the variability in mangiferin content among 
different mango cultivars and plant parts, underscoring the importance 
of targeted analyses to identify potential sources of this bioactive com
pound. Accordingly, our results revealed a significant difference in 
mangiferin content between the peel and pulp across the analyzed cul
tivars. In particular, the highest concentration was detected in the peel 
of ripe Keitt mango, reaching a concentration of 278.6 mg/100 g, 
whereas the pulp of all cultivars exhibited markedly lower levels, with 
values below 1 mg/100 g (Fig. 9B, E and H). These findings are 
consistent with previous studies indicating that mango peel represents 
the primary reservoir of mangiferin, whereas the pulp generally contains 
only trace amounts. The higher accumulation of mangiferin in the peel 
may be attributed to its role in plant defense mechanisms, as 

Fig. 5. MIE modification of colonic cyto-chemokines release. Supernatants of colon tissue homogenates from vehicle + vehicle (a), DNBS + vehicle (b) and DNBS 
+ MIE (c) groups at the experimental end points (Day 7 and Day 21) were assayed using proteome profiler array kits, for the detection of cytokines (A–D) and 
chemokines (E-H). Densitometric analyses of cytokines (B and D) and chemokines (F and H) are presented as heatmaps with values expressed as INT/mm2 (B, F and 
D, H respectively for Day 7 and Day 21). Data are presented as median ± S.D. (colormap: double gradient) of n = 5–6 animals in each group pooled. Statistical 
analyses for Elisa Spot assays (detailed below) were performed by using two-way ANOVA followed by Dunnett’s for multiple comparisons. Cytokines Day 7. P ≤ 0.05 
vs vehicle + vehicle group: IL-13. P ≤ 0.01 vs vehicle + vehicle group: IL-4 and TIMP-1. P ≤ 0.001 vs vehicle + vehicle group: IL-16. P ≤ 0.0001 vs vehicle + vehicle 
group: JE, MIP1-α, RANTES, KC, MIG, MIP-2, SDF-1, C5a, GCS-F, IFN-γ, IL-1β, IL-17, IL-23, M-CSF, TNF-α, TREM-1 and IL-1ra. P ≤ 0.05 vs DNBS + vehicle group: IL- 
13 and TIMP-1. P ≤ 0.01 vs DNBS + vehicle group: MIG. P ≤ 0.001 vs DNBS + vehicle group: IL-16. P ≤ 0.0001 vs DNBS + vehicle group: JE, MIP1-α, RANTES, KC, 
MIP-2, C5a, GCS-F, IFN-γ, IL-1β, IL-17, IL-23, M-CSF, TNF-α, TREM-1 and IL-1ra. Cytokines Day 21. P ≤ 0.05 vs vehicle + vehicle group: Eotaxin, G-CSF, IFN-γ and IL- 
17. P ≤ 0.01 vs vehicle + vehicle group: IL-4, IL-13, TIMP-1 and TNF-α. P ≤ 0.001 vs vehicle + vehicle group: MIP-2. P ≤ 0.0001 vs vehicle + vehicle group: JE, 
RANTES, KC, MIG, SDF-1, C5a, IL-1β, IL-23, M-CSF, TREM-1, IL-1ra, IL-2 and IL-16. P ≤ 0.05 vs DNBS + vehicle group: IL-16, C5a and IL-23. P ≤ 0.01 vs DNBS 
+ vehicle group: MIP-2. P ≤ 0.001 vs DNBS + vehicle group: RANTES and SDF-1. P ≤ 0.0001 vs DNBS + vehicle group: KC, MIG, IL-1β and IL-1ra. Chemokines Day 7. 
P ≤ 0.05 vs vehicle + vehicle group: JE, MCP-5, KC and SDF-1. P ≤ 0.01 vs vehicle + vehicle group: RANTES. P ≤ 0.001 vs vehicle + vehicle group: LIX. P ≤ 0.0001 
vs vehicle + vehicle group: 6Ckine, MIP-2, C5a, Chemerin, IL-16 and Adipsin. P ≤ 0.05 vs DNBS + vehicle group: JE, MCP-5 and KC. P ≤ 0.01 vs DNBS + vehicle 
group: 6Ckine and RANTES. P ≤ 0.0001 vs DNBS + vehicle group: LIX, MIP-2, C5a, Chemerin, IL-16 and Adipsin. Chemokines Day 21. P ≤ 0.05 vs DNBS + vehicle 
group: Eotaxin and MCP-5. P ≤ 0.01 vs DNBS + vehicle group: KC, C5a and Chemerin. P ≤ 0.001 vs DNBS + vehicle group: RANTES. P ≤ 0.0001 vs DNBS + vehicle 
group: 6Ckine, JE, LIX, MIP-2, SDF-1 and HSP60. P ≤ 0.05 vs DNBS + vehicle group: 6Ckine, Eotaxin, JE and C5a. P ≤ 0.01 vs DNBS + vehicle group: MCP-5. 
P ≤ 0.001 vs DNBS + vehicle group: LIX. P ≤ 0.0001 vs DNBS + vehicle group: RANTES, MIP-2, SDF-1 and HSP60.
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Fig. 6. Modification of Treg dynamics within the mucosa of post-colitis rats and effect of MIE on the interaction between Treg cells and nerve endings. At 
the experimental end points (Day 7 and Day 21), isolated cLP cells from vehicle + vehicle, DNBS + vehicle and DNBS + MIE groups were analysed by flow cytometry 
analysis to determine Treg lymphocyte subsets. For this purpose, cells were gated in their totality and singlet and stained with Fixable viability dye (flow cytometry 
strategy reported in Supplementary Fig. 6A and B) before the identification of CD4+CD25+FOXP3+ cells (A and C, Treg population). FACS pictures are presented as 
dot plot (pseudocolor), whereas % of positive cells are reported on the respective gates. Histograms indicate the total positive populations (expressed as x106 and 
calculated from means of % of positive cells), in the different experimental conditions (Day 7: B; Day 21: D). Data are presented as means ± S.D. of n = 5–6 rats per 
experimental group. Statistical analysis was conducted using one-way ANOVA followed by Bonferroni’s for multiple comparisons. #P ≤ 0.05, ###P ≤ 0.001 vs vehicle 
+ vehicle group. On Day 21, the distribution of positive cells for FoxP3 (Treg cells; marked yellow), and PGP 9.5 (nerve endings) within the mucosa was assessed by 
immunofluorescence analysis on colon sections (E). Areas of interaction between Treg cells and nerve endings were indicated by circling in the representative images. 
All images report cell nuclei marked with DAPI (grey). Four to six images (40x magnification) from the mucosa of each animal were examined (vehicle + vehicle, 
n = 5; DNBS + vehicle, n = 4; DNBS + MIE, n = 6).
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Fig. 7. MIE influence on enteric glia infiltration within the mucosa of post-colitis rats. Colitis was induced by intrarectal injection of DNBS in rats. MIE (p.o. 
10 mg kg− 1) was administered starting from Day 7 to Day 20, representing the remission phase of colitis. On Day 21 animals were sacrificed to collect colon tissues 
according with the experimental scheme in A. The immunoreactivity of PGP9.5 (nerve endings: C) and the number of GFAP-positive cells (enteric glia; D) within the 
mucosa was assessed by immunofluorescence analysis on colon sections. Six to eight images (40x magnification) from the mucosa of each animal were analysed. 
Representative images were reported in B. The values represent the mean ± S.E.M. of each group (vehicle + vehicle, n = 5; DNBS + vehicle, n = 4; DNBS + MIE, 
n = 6. The analysis of variance) was performed by one-way ANOVA with Bonferroni’s significant difference procedure used for post-hoc comparisons. ^P ≤ 0.05 vs 
vehicle + vehicle group. *P ≤ 0.05 vs DNBS + vehicle group.
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polyphenols, including mangiferin, are known to contribute to protec
tion against environmental stressors, pathogens, and UV radiation. 
Additionally, the substantial variation in mangiferin content among 
different fruit parts and cultivars underscores the importance of select
ing specific varieties and fruit fractions for potential nutraceutical ap
plications. Furthermore, our analysis of phenolic acid content revealed 
that quinic acid was the most abundant compound detected. Once again, 
higher concentrations were observed in the peel compared to the pulp. 
In particular, the highest quinic acid content was found in the peel of 
unripe Palmer mango, reaching 94.3 mg/100 g (Fig. 9G). In contrast, 
the pulp of the different cultivars exhibited lower and more variable 
levels, ranging from 0.29 mg/100 g to 1.85 mg/100 g. Based on the 
quantitative polyphenol profile, the cultivar with the highest total 
phenolic content was found to be ripe Keitt mango, in which the peel 
contained up to 369.73 mg/100 g of total polyphenols (Fig. 9A and B).

In our study, we also evaluated the TPC and confirmed that the peel 
of ripe Keitt mango exhibited the highest polyphenol concentration, 
reaching 17.596 mg GAE/g. Once again, the peel displayed a signifi
cantly higher polyphenol content when compared to the pulp. The pulp 
samples, in fact, contained considerably lower levels of polyphenols, 
ranging from 0.84 mg GAE/g in Keitt pulp to 1.76 mg GAE/g in Palmer 
mango pulp (Fig. 9C, F and I). One of the most significant findings of this 
study is the predominant role of the mango peel, both ripe and unripe, in 
antioxidant and polyphenol content. Compared to the pulp, the peel is 
markedly richer in bioactive compounds, highlighting its potential value 
despite being commonly regarded as food waste.

Fruit ripening has a substantial impact on polyphenol concentration, 
particularly in the peel, where ripe mangoes exhibit higher levels of 
bioactive compounds and greater antioxidant activity than unripe ones. 
Conversely, in the pulp, an opposite trend is observed, with unripe fruits 
containing slightly higher concentrations of bioactive compounds than 
their ripe counterparts. This suggests that while ripening enhances the 
antioxidant properties of the peel, it leads to a decline in bioactive 
compound levels in the pulp.

4. Discussion

IBD, encompassing UC and CD, represents chronic inflammatory 
conditions of the gastrointestinal tract that lead to substantial morbidity 

and significantly impair patients’ quality of life. Characterized by re
lapsing and remitting inflammation, IBD is often accompanied by a 
debilitating symptomatology, which persist even during the remission 
phase of the disease. Chronic abdominal pain, together with gut dys
motility, is a hallmark symptom in IBD and results from complex 
mechanisms, including dysbiosis, peripheral and central sensitization 
triggered by inflammation, [72,73]. The multifaceted nature of visceral 
pain in IBD, sustained by immune and neuropathic mechanisms, makes 
it refractory to most pharmacological and non-pharmacological treat
ments. Moreover, several drugs, such as anti-inflammatory agents and 
pain-killers, often present limitations due to side effects and inadequate 
efficacy.

In this context, nutraceuticals and functional foods have garnered 
increasing attention as adjunctive therapeutic approaches [74]. Nutra
ceuticals, bioactive compounds derived from food sources, have shown 
promise in modulating inflammation, reducing oxidative stress, and 
alleviating visceral pain. Additionally, functional foods, such as pre
biotics, probiotics, and polyphenol-rich foods, offer the potential to 
restore gut microbiota balance, enhance intestinal barrier integrity, and 
reduce inflammation, collectively improving IBD symptoms and overall 
gastrointestinal health. Incorporating nutraceuticals into IBD manage
ment presents a more integrative therapeutic approach that addresses 
both the inflammatory and nociceptive aspects of the disease, poten
tially improving patient outcomes and quality of life.

Mangifera indica L. commonly known as mango, is a rich source of 
bioactive compounds, with mangiferin being one of the most prominent. 
This xanthone glycoside is mainly concentrated in the peel and pulp of 
the mango fruit, as well as in its leaves and bark, and exhibits significant 
anti-inflammatory and immunomodulatory properties [15,75,76]. Pre
vious studies in the field have shown that mango polyphenols can 
modulate key inflammatory pathways by the reduction of oxidative 
stress and the modulation of pro-inflammatory cytokines such as TNF-α, 
IL-6, and IL-1β in both in vitro and in vivo settings [77,78]. Building on 
our recent study, which demonstrated that Mangifera indica L. extract 
(MIE, pure at 90 % in mangiferin) reduced TNF-α and IL-17 levels in 
LPS-spiked sera from IBD patients and modulated the Th1/Th17/Treg 
repertoire in a T cell transfer model of colitis [13], we further expanded 
our investigation using an in vivo model of DNBS-induced colitis in rats. 
This experimental approach was chosen because the DNBS-induced 

Fig. 8. MIE alleviates alterations of microbiota–derived metabolites during DNBS-induced colitis. (A) PC1 vs PC2 score plot and (B) loading plot of the PCA 
model based on the combined data matrices from faecal and colon samples. Score plot legend: Control group (vehicle + vehicle; red diamonds), DNBS group (DNBS +
vehicle; green squares), and MIE group (DNBS + MIE; blue triangles). Loading plot legend: faecal metabolites (green squares) and colon metabolites (red diamonds).
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colitis model closely replicates key features of human IBD, in terms of 
both response to drugs and pathophysiology, including localized 
inflammation, systemic immune dysregulation, epithelial barrier 
disruption, persistent dysbiosis and visceral hypersensitivity [16].

Our study provides compelling evidence for the therapeutic efficacy 
of MIE in modulating visceral pain associated with IBD, particularly 
focusing on its immune-modulatory effects. MIE demonstrated both 
symptomatic and curative efficacy against post-inflammatory visceral 
hypersensitivity resulting from DNBS-induced colitis. These effects were 
largely immune-mediated, rather than dependent on tissue repair pro
cesses, as evidenced by histological analysis showing persistent in
flammatory damage in the colon despite reduced pain [35]. This 
suggests that MIE may represent a novel approach for managing chronic 
pain in IBD, especially during remission phases when pain persistence is 
likely driven by immune dysfunctionality among other concomitant is
sues. Our findings further illuminate MIE’s ability to modulate both 
innate and adaptive immune responses during the acute and chronic 
phases of colitis. The involvement of neutrophils and monocytes in 
initiating and sustaining inflammation in IBD is well established [38]. 
During the acute phase of DNBS-induced colitis (Day 7), a marked in
crease in the infiltration of neutrophils and monocytes was observed, a 
hallmark of early immune response. Treatment with MIE significantly 
reduced the infiltration of these immune cells, particularly during the 
resolution phase (Day 21), demonstrating its potential to modulate the 
immune response and promote immune tolerance. Additionally, T-cell 
subsets, particularly Th1 and Th17 cells, play crucial roles in the chronic 
inflammation observed in IBD, contributing to disease relapses [44]. Our 
study revealed that MIE treatment significantly reduced the populations 
of both Th1 and Th17 cells, suggesting its potential to restore immune 
homeostasis and reduce chronic inflammation. This was further sup
ported by a reduction in CD4+ and cytotoxic CD8+ T cells, indicating a 
broader influence on immune dynamics. The downregulation of Th1 and 
Th17 responses underscores MIE’s ability to mitigate chronic inflam
mation and enhance immune regulation in IBD [13].

We also assessed the broader inflammatory milieu by measuring key 
cytokines and chemokines in colon tissues at both acute (Day 7) and 
chronic (Day 21) stages of colitis. In the acute phase, there was a marked 
elevation of pro-inflammatory cytokines (IL-1β, TNF-α, IL-17, IFN-γ) and 
chemokines (CCL2, CXCL1), indicating active immune cell recruitment 
and intense inflammation [79]. While the inflammatory response had 
diminished on Day 21, certain mediators, such as SDF-1, TREM-1 and 
C5a, remained elevated, pointing to continued immune activity and 
possible nociceptor sensitization. MIE treatment significantly modulated 
the expression of these mediators, suggesting its potential to influence 
both the acute and chronic phases of inflammation. MIE’s 
anti-hyperalgesic effects, particularly during the remission phase of 
colitis, offer a distinct therapeutic advantage in managing IBD-related 
pain. Despite the ongoing inflammatory damage in the colon, MIE 
significantly reduced visceral hypersensitivity, highlighting its 
immune-mediated mechanism of pain relief [80].

We further examined the role of Treg cells in regulating chronic 
inflammation and pain modulation in colitis. Tregs are essential for 
maintaining immune tolerance and regulating immune responses [49]. 
Our analysis revealed a significant reduction in Treg cell numbers during 
the acute phase of colitis (Day 7), likely due to the pro-inflammatory 
environment that impairs Treg function. However, on Day 21, there 
was a notable increase in Treg cell numbers, suggesting a compensatory 

mechanism to restore immune homeostasis. Interestingly, MIE treat
ment did not directly modulate Treg abundance, suggesting that its 
therapeutic effects may arise from the functional modulation of Tregs or 
their interactions with other immune cells [81]. Furthermore, immu
nofluorescence analysis showed that Treg cells were in proximity to 
nerve endings within the colonic mucosa. MIE treatment reduced the 
density of these interactions, suggesting that the treatment may influ
ence the crosstalk between immune components and the nervous sys
tem, contributing to its anti-inflammatory and anti-hyperalgesic effects 
[82].

Noteworthy, MIE effects were associated with the modulation of 
EGCs infiltration within the mucosa. EGCs are potentially involved in 
several immunological disorders of the gut, including IBD, celiac dis
ease, and autoimmune enteropathy. EGCs could directly sense invading 
pathogens and release pro-inflammatory cytokines such as IL-1β and IL- 
6. Also, enteric glia can facilitate the recruitment of lymphocytes or 
monocytes. Further research is warranted to elucidate the precise 
mechanisms underlying the crosstalk between enteric glia and immune 
cell subtypes, and to explore the therapeutic potential of MIE in IBDs.

In addition to its immune-modulatory effects, MIE also impacted gut 
microbial composition and metabolic pathways. Dysbiosis, or microbial 
imbalance, is frequently observed in IBD and is a significant contributor 
to inflammation and disease recurrence [83]. Moreover, gut dysbiosis 
has been demonstrated to be a driver of pain chronicity in the 
DNBS-model of colitis [12]. Metabolomic analysis of colon and faecal 
samples revealed distinct metabolic shifts in the MIE-treated group, 
highlighting alterations in both host metabolism and gut microbial ac
tivity. MIE treatment promoted the production of metabolites such as 
lysine, ornithine, tryptophan, succinate, and citric acid, indicative of 
enhanced amino acid metabolism and mitochondrial activity, both of 
which are associated with inflammation resolution [84]. Additionally, 
increased levels of SCFAs like butyrate and acetate in the faeces suggest 
that MIE promotes microbial fermentation and gut barrier integrity, 
both essential for resolving inflammation. The altered tryptophan 
metabolism observed in both the colon and faeces also suggests a po
tential mechanism for immune modulation and Treg expansion and pain 
regulation.

Of note, this study highlights the untapped potential of mango peel, 
traditionally considered waste, as a valuable source of bioactive com
pounds with substantial nutraceutical applications. Our analysis dem
onstrates that mango peel, particularly from ripe Keitt mangoes, 
contains significantly higher concentrations of bioactive compounds 
such as mangiferin and polyphenols compared to the pulp. This suggests 
that mango peel could be harnessed as a sustainable, natural resource for 
bioactive ingredients with therapeutic potential [85]. The targeted 
metabolomic approach applied in this study not only provides a robust 
chemical fingerprint of these cultivars but also establishes a crucial 
foundation for the potential pharmacological and nutraceutical trans
latability of our findings. Given the increasing interest in plant-derived 
bioactives for functional food development and therapeutic applica
tions, our results underline the necessity of implementing rigorous 
agrifood quality control measures for local cultivars.

5. Conclusion and study limitation

Managing chronic pain in patients with IBD remains a significant 
challenge. IBD is driven by immune dysregulation, primarily involving 

Fig. 9. Comparative analysis of mangiferin content in endemic Mangifera indica cultivars and a standardized commercial extract. The figure illustrates the 
phenolic acid content (left column, A, D and G), flavonoid content (middle column, B, E and H), and total phenolic content (TPC) (right column, C, F and I) in the 
pulp and peel of three mango varieties (Keitt, Kent, and Palmer) at different ripening stages. Analyses were conducted using UHPLC Q-Orbitrap HRMS for the quali- 
quantitative determination of bioactive compounds. Quinic acid, a key phenolic acid, is most abundant in the peel of ripe Keitt mango (A) and unripe Palmer mango 
(G). Flavonoids, such as quercetin 3-O-galactoside, are highly concentrated in the peel of unripe Kent mango (E) and ripe Palmer mango (H). Similarly, mangiferin 
levels are highest in the peel of ripe Keitt mango (B) and unripe Palmer mango (H). The TPC, measured using the Folin-Ciocalteu test, is significantly higher in the 
peel compared to the pulp across all mango varieties (C, F, I). These results highlight the peel as a rich source of bioactive compounds, offering potential for use in 
functional foods or nutraceuticals.
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Th1 and Th17 cells, and sustained by pro-inflammatory cytokines and 
chemokines. This inflammatory milieu often results in persistent visceral 
pain, which can continue even after intestinal damage has healed and is 
frequently resistant to conventional anti-inflammatory treatments. Our 
study investigated the potential therapeutic effects of Mangifera indica L. 
extract (MIE), rich in mangiferin, on both gut inflammation and visceral 
pain in a DNBS-induced rat model of colitis. Our findings demonstrated 
that acute MIE administration effectively and dose-dependently allevi
ated post-inflammatory visceral pain in DNBS-treated rats. Moreover, 
repeated MIE administration prevented the persistence of pain during 
the remission phase. MIE also significantly reduced Th1 and Th17 cell 
infiltration, monocyte influx, and levels of key pro-inflammatory cyto
kines (IL-1β, TNF-α) and chemokines (CXCL1, CXCL2). While the his
topathological analysis did not reveal significant tissue healing, MIE 
modulated interactions between Treg cells and nerve endings in the 
colonic mucosa, leading to a reduction in surrounding glial cells. 
Additionally, MIE administration was associated with the restoration of 
SCFAs (acetate and butyrate) in faecal samples.

These findings suggest that MIE holds promise as a dual-action 
therapeutic approach, potentially serving as a complementary or adju
vant therapy for IBD by targeting both inflammatory pathways and 
chronic visceral pain, the latter is still an unmet need in clinical practise 
[86]. However, several limitations must be considered. First, our study 
was conducted in a DNBS-induced colitis rat model, which, although 
sharing key pathological features with human IBD, does not fully 
replicate its complexity, including genetic susceptibility and environ
mental triggers. The differences between rodent and human immune 
responses may limit direct clinical translation. Another limitation to the 
generalisability of our findings is the lack of consideration for gender 
and sex-related factors, which may influence both disease progression 
and treatment response. Second, the specific molecular mechanisms 
underlying MIE effects remain incompletely understood. A plethora of 
mechanisms have been proposed to be responsible for pain-relieving 
properties of mangiferin in other pathological conditions, including 
modulation of opioid, purine and α2 adrenergic receptors signalling and 
several proteins involved in sensitivity regulation have been predicted to 
bind mangiferin [87,88]. While our study demonstrated immune mod
ulation and SCFAs restoration, additional research is needed to clarify 
the precise signaling pathways mainly involved in MIE anti-hyperalgesic 
effects. To this end, it is necessary to further clarify the relationship 
between post-inflammatory immune derangement and the persistence 
of pain. However, considering the complex nature of pain associated 
with IBD, which displays inflammatory, neuropathic and microbial 
components [16], it is reasonable to think that MIE efficacy on pain is 
the result of multiple mechanisms. Third, the bioavailability and phar
macokinetics of MIE in humans require further investigation. While our 
results suggest beneficial effects in rodents, the absorption, metabolism, 
and optimal dosing in human subjects remain unknown. Variability in 
gut microbiota composition may also influence MIE’s therapeutic effi
cacy. Fourth, potential side effects or long-term safety concerns were not 
addressed in this study. Although MIE appeared well-tolerated in our 
animal model, possible adverse effects in humans, particularly with 
prolonged use, need to be evaluated in clinical trials. Finally, while our 
study focused on MIE anti-inflammatory and analgesic properties, its 
interactions with existing IBD treatments remain unexplored. Future 
research should assess whether MIE could enhance or interfere with 
standard therapies such as biologics, immunosuppressants, or dietary 
interventions.

In conclusion, while our findings support the therapeutic potential of 
MIE in IBD, including pain management, further clinical studies are 
essential to confirm its efficacy, safety, and long-term benefits in human 
patients. Additionally, this study highlights the potential for future 
research into the optimization of cultivation practices aimed at maxi
mizing the bioactive compound yield, thereby reinforcing the role of 
endemic Mangifera indica cultivars as promising candidates for nutra
ceuticals and/or functional food innovation and sustainable agricultural 

exploitation.
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[58] V. Grubǐsić, J.L. McClain, D.E. Fried, I. Grants, P. Rajasekhar, E. Csizmadia, O. 
A. Ajijola, R.E. Watson, D.P. Poole, S.C. Robson, F.L. Christofi, B.D. Gulbransen, 
Enteric glia modulate macrophage phenotype and visceral sensitivity following 
inflammation, Cell Rep. 32 (10) (2020) 108100.

[59] F. Progatzky, M. Shapiro, S.H. Chng, B. Garcia-Cassani, C.H. Classon, S. Sevgi, 
A. Laddach, A.C. Bon-Frauches, R. Lasrado, M. Rahim, E.M. Amaniti, S. Boeing, 
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