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A B S T R A C T   

Inflammatory bowel diseases (IBDs) are chronic intestinal disorders often characterized by a dysregulation of T 
cells, specifically T helper (Th) 1, 17 and T regulatory (Treg) repertoire. Increasing evidence demonstrates that 
dietary polyphenols from Mangifera indica L. extract (MIE, commonly known as mango) mitigate intestinal 
inflammation and splenic Th17/Treg ratio. In this study, we aimed to dissect the immunomodulatory and anti- 
inflammatory properties of MIE using a reverse translational approach, by initially using blood from an adult IBD 
inception cohort and then investigating the mechanism of action in a preclinical model of T cell-driven colitis. Of 
clinical relevance, MIE modulates TNF-α and IL-17 levels in LPS spiked sera from IBD patients as an ex vivo model 
of intestinal barrier breakdown. Preclinically, therapeutic administration of MIE significantly reduced colitis 
severity, pathogenic T-cell intestinal infiltrate and intestinal pro-inflammatory mediators (IL-6, IL-17A, TNF-α, 
IL-2, IL-22). Moreover, MIE reversed colitis-induced gut permeability and restored tight junction functionality 
and intestinal metabolites. Mechanistic insights revealed MIE had direct effects on blood vascular endothelial 
cells, blocking TNF-α/IFN-γ-induced up-regulation of COX-2 and the DP2 receptors. Collectively, we demonstrate 
the therapeutic potential of MIE to reverse the immunological perturbance during the onset of colitis and dampen 
the systemic inflammatory response, paving the way for its clinical use as nutraceutical and/or functional food.   
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1. Introduction 

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) 
and Crohn’s disease (CD), are chronic debilitating conditions with an 
increasing incidence and prevalence globally [1,2]. There are many 
factors thought to lead to the development of colitis, including persistent 
intestinal inflammation (related to age, gender, and genetics factors), 
diet, alterations in the function of gut microbiota and immune system 
homeostasis, all of which are interlinked [3]. Whilst the aetiology and 
pathogenesis are not yet fully known [4], it seems that persistent in-
testinal inflammation may result from a dysregulated immune response 
to mucosal antigens involving a variety of cells with pathogenic and 
regulatory properties [5]. Among them, T helper (Th) cells (mainly Th1 
and Th17) and regulatory T (Treg) cells play a crucial role in the 
perpetuation and maintenance of self-tolerance in IBD, respectively [6]. 

Despite the lack of specific dietary advice in IBD, more than 70% of 
sufferers note that inadequate nutrition significantly affects the course 
of the disease and increases the frequency and severity of symptoms [7]. 
Consequently, patients with UC often seek nutritional guidance to help 
improve their quality of life and contribute to symptom relief [7,8]. 
Unfortunately, studies to date do not provide a solid basis for creating 
strong evidence-based dietary recommendations [9]. Whether dietary 
supplements and/or nutraceuticals are effective against colonic 
inflammation and immune dysregulation remains an open area of active 
investigation [10]. Recently, a growing body of studies has indicated 
that phytochemicals derived from natural products are potent regulators 
of Th17/Treg repertoire and exert preferable protective benefits against 
colonic inflammation [11]. This “immunological hypothesis” has 
attracted increasing scientific evidence, and it may represent the 
“turning key” for IBD-related dietary recommendations and the ratio-
nale for the specific use of herbal-based preparation/formulation in 
disease onset and/or progression [12,13]. 

Recent research has demonstrated the relevance of Mangifera indica 
L. extract (here referred as MIE, and commonly known as mango) 
polyphenols (mainly the glucosylxanthone mangiferin) in the preven-
tion of chronic inflammatory diseases, including IBD [14,15]. Man-
giferin possesses prominent anti-inflammatory and immunomodulatory 
properties thanks to its capacity to decrease CD4+IL-17+ cells (Th17 
phenotype) maturation [16] and to promote the development of 
CD3+CD25− T cells into CD4+FOXP3+ cells (Treg phenotype) by sup-
pressing the mTOR activation pathway [17]. In parallel, studies on DSS- 

and TNBS-induced experimental colitis in mice revealed that an oral 
supplement with Mangifera indica L. and/or its active component(s) 
effectively ameliorates colonic inflammation through nuclear 
factor-kappa B (NF-κB) and MAPK signalling inhibition [18] and by the 
restoration of altered Th17/Treg cells physiological ratio [16,19]. In 
other disease settings, such as gouty arthritis, we have also shown the 
ability of MIE to ameliorate inflammation related to clinical and 
biochemical parameters [20]. 

The current relevant literature demonstrates a protective role for 
mangiferin or Mangifera indica L. extract in experimental IBD, but these 
studies are limited to the observation of an association between 
mangiferin-induced modulations in gut immunoinflammatory state and 
the disease outcome. Notably, no single animal model completely re-
capitulates the clinical and histopathological characteristics of human 
IBD, considering that chronic gut inflammation, largely mediated by T 
lymphocytes and the presence of commensal enteric bacteria, are 
detrimental to the initiation and perpetuation of intestinal and/or 
colonic inflammation. These features are required to mimic the human 
disease [21]. Thus, conclusive evidence is lacking to connect the 
mechanism of action of mangiferin in clinically relevant models of IBD 
(in both preclinical and clinical assessments) and a full understanding of 
its anti-inflammatory and immunomodulatory properties. 

With this rationale, we explored the therapeutic potential of a 
Mangifera indica L. extract (MIE; at 90% purity of mangiferin) by taking a 
reverse translational approach, initially using blood from an adult IBD 
inception cohort and then investigating the mechanism of action in a 
preclinical model of T cell-driven colitis. Our investigation demonstrates 
the potent action of MIE in ameliorating inflammatory mediator release 
from lipopolysaccharides (LPS)-stimulated blood taken from CD, Irri-
table Bowel Syndrome (IBS) and UC patients and, preclinically, to 
reverse disease severity and intestinal inflammation. Mechanistically, 
we show MIE regulates the trafficking of the inflammatory infiltrate 
through the cyclooxygenase-2 (COX-2)-prostaglandin D2 receptor (DP)2 
signalling pathway in vitro and in vivo. Collectively, these data highlight 
Mangifera indica L. extract and its main active constituent mangiferin as 
a natural therapeutic agent [22] with the potential to treat a broad range 
of immune-mediated inflammatory diseases (IMIDs). 

Abbreviations 

BVEC blood vascular endothelial cells 
CD Crohn’s disease 
cLP colonic lamina propria 
COX-2 cyclooxygenase-2 
DMSO dymethyl sulfoxide 
DP prostaglandin D2 receptor 
EC endothelial cell 
EDTA ethylenediaminetetraacetic acid 
ELISA Enzyme-linked immunosorbent assay 
Enro/metro Enrofloxacin/Metronidazole 
FBS fetal bovine serum 
FITC fluorescein isothiocyanate 
GALT gut-associated lymphoid tissue 
HBSS Hanks’ balanced salt solution 
HDBECs human dermal blood endothelial cells 
HUVEC human umbilical vein-derived endothelial cells 
IBD inflammatory bowel disease 
IBS irritable bowel syndrome 
IFN-γ interferon-gamma 

IL interleukin 
IMIDs immune-mediated inflammatory diseases 
i.p. intraperitoneally 
LPS lipopolysaccharides 
LVEC lymphatic vascular endothelial cells 
MIE Mangifera indica L. extract 
mPGES microsomal prostaglandin E synthase 
NF-κB nuclear factor-kappa B 
NSAIDs nonsteroidal anti-inflammatory drugs 
PBLs peripheral blood lymphocytes 
PBMCs peripheral blood mononuclear cells 
PBS phosphate-buffered saline 
PG prostaglandin 
p.o. orally 
SCFA short-chain fatty acids 
Th T helper 
TNF-α tumor necrosis factor alpha 
Treg regulatory T cells 
UC ulcerative colitis 
ZO-1 zona occludens-1.  
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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) and chemically characterized in our previous study [20]. 
Dimethyl sulfoxide (DMSO), ethanol, fetal bovine serum (FBS), glutar-
aldehyde, histopaque®-1077, KH2PO4, K2HPO4, LPS from Escherichia 
coli (O55:B5, c.n.: L5418), TSP and NaN3 were purchased from Sig-
ma-Aldrich Co. (now under Merck, Darmstadt, Germany). ACK Lysing 
Buffer, Medium 199 and RPMI-1640 cell medium were obtained from 
Gibco Invitrogen Compounds (Paisley, Scotland). Enrofloxacin and 
metronidazole (Enro/Metro) were purchased by CliniSciences (Nan-
terre, France), while in vivo MAb anti-tumor necrosis factor alpha 
(TNF-α; c.n. XT3.11) from BIO X Cell (Lebanon, USA). For flow cytom-
etry analysis, fixation and permeabilization buffer were purchased from 
ThermoFisher Scientific (Carlsbad, CA), while FACS buffer and conju-
gated antibodies were from BioLegend (London, UK). For Western blot 
antibodies, rabbit polyclonal IgG claudin-2 was obtained from Biorbyt 
(Cambridge, UK), goat polyclonal IgG COX-2 and rabbit polyclonal IgG 
microsomal prostaglandin E synthase (mPGES)-1 from Novus Bi-
ologicals (Milan, Italy), rabbit polyclonal IgG occludin and rabbit 
polyclonal IgG zona occludens-1 (ZO-1) were obtained from Proteintech 
(Manchester, UK), rabbit polyclonal IgG DP1 from Elabscience (Milan, 
Italy), whereas rabbit polyclonal IgG DP2 and rabbit polyclonal 
anti-beta-actinfrom Origene (Maryland, US). HRP-conjugated IgG 

secondary antibodies were purchased from Dako (Copenhagen, 
Denmark). Unless otherwise stated, all the other reagents were from 
BioCell (Milan, Italy). 

2.2. Ethics approval 

Informed consent was provided according to the Declaration of 
Helsinki. This study was approved by the University of Birmingham 
Local Ethical Review Committee (ERN_18–0382; RG_21–009 and 
ERN_12–0079). An equal proportion of male and female donors were 
used with an age range between 19 and 60 (Table 1) [23]. 

2.3. Ex vivo whole blood assay 

Blood was collected from adult patients with UC (N = 10), CD (N =
11) and IBS (N = 9). Patients were recruited from the gastroenterology 
Department of Queen Elizabeth Hospital and Birmingham Heartlands 
Hospital (Birmingham, UK) and their diagnosis was established by 
standard clinical, endoscopic and histologic criteria [24]. All subjects 
were treatment-naïve, not receiving any form of medication (glucocor-
ticoid or nonsteroidal anti-inflammatory drugs, NSAIDs) at the time the 
blood was taken [25] (Table 1). Since patients are in the early stages of 
evaluation and diagnosis, the stage of disease or the status of remission 
has not been determined at the point of inclusion into this study. Whole 
blood culture and stimulation were performed as described by Papan-
dreou and coll., with small modifications [26]. Briefly, whole venous 
blood, collected into lithium heparin tubes, from patients with clinically 

Table 1 
Demographic, clinical and laboratory characteristics of IBD patients.   

UC (N = 10) CD (N = 11) IBS (N = 9) Transient infection (N =
1) 

Other GI (N = 4) 

Age (years)a 31.50 (26–43) 33 (24–43) 33 (20–41.5) 60 36 (25.75–44) 
Female; number (%) 5 (50) 9 (81.82) 7 (77.78) 0 (0) 2 (50) 
Ethnicity White; number (%) 9 (90) 7 (63.64) 5 (55.56) 1 (100) 3 (75) 
Symptom duration (months)a 5 (2–12) 10.5 (4.75–18) 6 (2–12) 1 5 (2–8) 
Weight (kg)a 70.50 (64.90–74.30) 67.70 (58.48–81.45) 72 (59.7–79.95) 87 79.55 

(73.40–85.70) 
Height (m)a 1.69 (1.63–1.75) 1.61 (1.56–1.69) 1.66 (1.59–1.69) 1.73 1.64 (1.63–1.65) 
BMI a 24.57 (22.44–25.55) 27.13 (21.89–31.80) 27.65 

(21.56–29.91) 
29.07 30.39 

(27.63–33.15) 
Smoker; number (%) 2 (20) 1 (9.09) 1 (11.11) 0 (0) 1 (25) 
FCAL at baseline (μg g¡1)b 1057 ± 876.10 1047 ± 838.30 652.80 ±

657.70 
174 ± 0 1067 ± 1093 

CRP (mg/l)a 2 (1.25–3) 6 (1–12) 1 (1–3) 24 4 (1–7) 
HBIa na 10 (6–11.75) na na na 
Partial Mayoa 4 (2.75–6) na na na na 
Endoscopic Mayoa 1 (1–2) na na na na 
SES-CDa na 7 (3.5–11) na na na 
Montreal Classification; Extent/Location (%) E1: 2 (20%) 

E2: 2 (20%) 
E3: 6 (60%) 

L1: 5 (45.4%) 
L2: 3 (27.3%) 
L3: 3 (27.3%) 

na na na 

Montreal Classification; Severity/Behaviour 
(%) 

S1: 7 (70%) 
S2: 3 (30%) 
S3: 0 

B1: 8 (72.7%) 
B2: 1 (9.1%) 
B3: 2 (18.2%)    

Treatments utilised (initiated after 
sampling) 

5-ASA: 10 
Prednisolone: 2 
Immunomodulator: 1 
Biologics: 1 

5-ASA: 1 
Budesonide: 5 
Prednisolone: 
4 
Immunomodulator: 
2 
Biologics/small 
molecules: 
5 
Surgery: 
1 

– – – 

Categoring race and ethnicty = White, Asian and Black. 
a median (interquartile range). 
b mean ± SD; BMI=Body Mass Index; CD=Crohn’s disease; CRP = C- reactive protein; FCAL = faecal calprotectin; HBI=Harvey-Bradshaw Index; IBS = irritable 

bowel syndrome; na = not applicable; SES-CD=Simple Endoscopic Score for Crohn’s disease; UC=Ulcerative colitis; 5-ASA = 5-aminosalicylic acid; - = data not 
obtained from patients at time of presentation. 
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diagnosed IBS and IBD was placed in 96-well plates and pre-treated with 
MIE extract (0.03–10 μg ml− 1) or corresponding vehicle (DMSO at the 
highest concentration used in test wells, 0.25%) for 1 h before stimu-
lation with or without LPS (0.1 μg ml− 1) for 3 h at 37 

◦

C. The selected 
range of concentrations of MIE was based on our previous study [20]. 
After the incubation period, the culture plate was briefly centrifuged 
(300 g, 5 min at RT), and the sera obtained were assessed for the analysis 
of TNF-α and interleukin (IL)-17 levels according to the procedure pre-
viously described [23,26]. 

2.4. Animals 

All animal care and experimental procedures complied with report-
ing of in vivo experiments (ARRIVE) guidelines, international and na-
tional law and policies and were approved (Authorisation number: 533/ 
2021-PR) by the Italian Ministry of Health (EU Directive 2010/63/EU 
for animal experiments, and the Basel declaration including the 3Rs 
concept). Male BALB/c and immunodeficient RAG1 KO mice were 
purchased respectively from Charles River (Milan, Italy) and Jackson 
Laboratories (Bar Harbon, USA). Animals were housed under specific 
pathogen-free conditions in ventilated cages under controlled temper-
ature and humidity, on a 12 h light/dark cycle and allowed ad libitum 
access to standard laboratory chow diet and sterile water. Experimental 
study groups were randomized, and their assessments were carried out 
by researchers blinded to the treatment groups. 

2.5. T-cell transfer model of colitis 

Adoptive transfer of CD4+CD45RBhigh T cells (naïve T cells) from 
healthy donor mice (BALB/c) into RAG1 KO recipient mice induced 
colitis approximately 4–7 weeks following the T cell transfer. Histo-
pathological inspection of the colon from mice with active disease re-
veals similar pathology findings in IBD patients [21,27]. CD4+ T cell 
subsets were isolated from the spleen of BALB/c mice as described 
previously [28]. Briefly, a single-cell suspension was prepared, smashing 
spleens through a 40 μm cell strainer and lysing red blood cells with ACK 
buffer [29]. CD4+ T cells were first isolated using the anti-CD4 
(L3T4)-MACS system (Miltenyi Biotec, Germany) according to the 
manufacturer’s instructions. Enriched CD4+ T cells (96–97% pure) were 
then labelled with CD4 (1 μg ml− 1; clone RM4-5, c.n.: 17-0042-82), 
CD25 (1 μg ml− 1; clone 7D4, c.n.: 558642) and CD45RB (2.5 μg ml− 1; 
clone 16A, c.n.: 553100) antibodies (all from BD Biosciences) for 20 min 
at 4 ◦C. CD4+CD25− CD45RBhigh cells fraction was purified, under sterile 
conditions, using a FACS Aria Fusion cell sorter (BD Biosciences, Cali-
fornia, USA) [30,31]. The purity of cell isolates was confirmed by flow 
cytometry analysis. The CD45RBhigh and CD45RBlow populations were 
defined as the brightest staining 40–60%, and the dullest staining 
15–20% CD4+ T cells, respectively [28] (Supplementary Fig. 1). 
Thereafter, each recipient mouse was injected intraperitoneally (i.p.) 
with 0.5 × 106 naïve colitogenic T cells in 500 μl of sterile PBS [32,33] 
and the body weight was monitored three times weekly for 7 weeks, 
according to the procedures previously described [34]. RAG1 KO mice 
were administrated with MIE (10 mg kg− 1), anti-TNF-α MAb (25 mg 
kg− 1; clone XT3.11, rat IgG1, c.n.: BE0058), antibiotic mix Enro-
floxacin/Metronidazole (Enro/metro; 380/875 mg kg− 1, c.n.: HY-B0502 
and HY-B0318 respectively), and 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, [35]) from week 3, 
after adoptive transfer, to week 7. MIE, Enro/metro or vehicle were 
administered once daily orally (p.o.) by oral gavage, while anti-TNF-α 
was injected i.p. twice a week. The route, timing, and frequency of 
administration, as well as the selected dosages of MIE and tested com-
pounds, were selected according to updated literature [20,36]. Colons 
and spleens were harvested at the experimental endpoint (7 weeks), and 
length was measured and weighed [37]. Specifically, the colon was 
resected between the ileocecal junction and the proximal rectum, and its 

length was measured [38]. The obtained samples were stored at − 80 
◦

C 
and used for further ex vivo analysis. 

2.6. Clinical observation 

All mice were observed for clinical signs and, at autopsy, the clinical 
score was assessed by three investigators who were blinded to the 
experimental conditions. Clinical score was assessed by the sum of three 
parameters as follows: hunching and wasting, 0 or 1; colon thickening 
and/or inflammation score (0, no colon thickening and/or no inflam-
mation; 1, mild thickening and/or local hyperemia without ulceration; 
2, moderate thickening and/or ulceration without hyperemia; 3, 
extensive thickening and/or one or more sites of ulceration and 
inflammation); and stool consistency score (0, normal beaded stool; 1, 
soft stool; 2, diarrhoea; 3, bloody stool) accordingly to previous studies 
[31,39]. 

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

Colonic epithelial cells were isolated from colonic specimens ac-
cording to previously described protocols [40,41]. Briefly, colons were 
removed and flushed several times with ice-cold PBS to remove intes-
tinal content opened longitudinally and cut into small segments. Tissues 
were then incubated three times with pre-warmed cell dissociation so-
lution made with Hanks’ balanced salt solution (HBSS), 5% FBS, eth-
ylenediaminetetraacetic acid (EDTA) 2 mM, and HEPES 10 mM for 30 
min at 37 

◦

C. After incubations, epithelial cells were dislodged by 
vigorous shaking, harvested by centrifugation (500 g, 5 min at 4 

◦

C) and 
analysed by Western blot for tight junction expression as described 
below [42]. Subsequently, to obtain colonic lamina propria (cLP) cells, 
colonic pieces were minced and treated with a digestion cocktail con-
taining 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 [32,43,44]. 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 phosphate-buffered saline (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 [45]. Collected cells 
(cLP and splenocytes) were washed in PBS for total cell count before 
flow cytometry analysis. Cell number was determined by TC20 auto-
mated 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% so-
dium chloride and 0.06% PBS) and a CCD camera to count cells based on 
the analyses of capture images [20,46]. 

2.8. Flow cytometry analysis 

Cells collected from digested colon tissues (cLP cells) and splenocytes 
were washed in FACS buffer (PBS containing 1% BSA and 0.02% NaN2) 
and directly stained with the following conjugated antibodies (all from 
BioLegend, London, UK): CD4 (1:200; clone GK1.5, c.n.: 100405) and 
CD25 (1:200; clone 3C7, c.n.: 101911) for 60 min at 4 

◦

C. After washing, 
cells were fixated, permeabilized, and stained intracellularly with 
interferon-gamma (IFN-γ; 1:200; clone XMG1.2, c.n.: 505807), IL-17A 
(1:200; clone TC11–18H10.1, c.n.: 506903) and FOXP3 antibody 
(1:200: clone MF-14, c.n.: 126403). Th1, Th17 and 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 [20,47,48]. At least 1 × 104 cells were analysed per sample, 
and positive and negative populations were determined based on the 
staining obtained with related IgG isotypes. Flow cytometry was per-
formed on BriCyte E6 flow cytometer (Mindray Bio-Medical Electronics, 
Nanshan, China) using MRFlow and FlowJo software operation [49,50]. 
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Flow cytometry strategy for cLP cells and splenocytes is reported in 
Supplementary Fig. 2 and Supplementary Fig. 3, respectively. 

2.9. Determination of faecal water and calprotectin levels 

Fresh stools were collected at indicated time points (weeks 1–7 after 
T-cell transfer) into pre-tared 1.5 ml tubes and immediately sealed. After 
weighing, tubes were uncapped and completely desiccated by incuba-
tion in a dry oven at 60 

◦

C for 24 h. Tubes were then re-weighed, and 
faecal water was determined as the percentage of total water lost upon 
desiccation [42]. To provide samples for the calprotectin Elisa assay, 
dried stools were rehydrated with 5x the initial water volume and ho-
mogenized in extraction buffer (95% ethanol) for 25 min. After centri-
fugation (1100 g, at RT) for 10 min to insoluble pellet debris, the 
calprotectin content of the supernatant was measured by Elisa (c.n.: 
E-EL-M1143, Elabscience) [51]. 

2.10. Intestinal permeability assay 

Mice were denied access to food but allowed water for 3 h before 
gavage with 0.2 ml of PBS (pH 7.49) containing 22 mg ml− 1 perme-
ability tracer fluorescein isothiocyanate (FITC)-4 kDa dextran (c.n.: 
4013, Chondrex, Inc., Woodinville, USA) [52]. Blood samples were 
obtained by an intracardiac puncture after 3 h and centrifugated (1000 
g, at 4 

◦

C) for 20 min. For use as measurement, harvested sera (light 
protected), mixed with an equal volume of PBS, freshly prepared stan-
dards as well as blanks (PBS and diluted sera from untreated animals) 
were transferred to a black 96-well microplate. Analysis of the FITC-4 
kDa dextran was carried out with a fluorescence spectrophotometer 
(GloMax® Explorer microplate reader, Promega) using excitation 
wavelengths of 490 nm and emission wavelengths of 520 nm [53]. 

2.11. Metabolites extraction for NMR analysis 

Faecal samples (30 mg) 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 so-
lutions of KH2PO4 and K2HPO4 were prepared in milliQ water and mixed 
using magnetic stirrers at RT until complete dissolution. The two solu-
tions, KH2PO4 and K2HPO4 were mixed in a 1:4 (vol:vol) 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 [54]. After 
centrifugation (14000 g, at 37 

◦

C) for 30 min, the supernatants were 
collected for NMR measurements. 

2.11.1. NMR spectroscopy 
A total of 65 μL of D2O was added to the faecal extracts, vortexed 

briefly and transferred into 5-mm NMR tubes. All one-dimensional 1H 
NMR spectra were acquired at 298 K on a Bruker Avance NEO 600 MHz 
spectrometer (Bruker Biospin Gmbh, Rheinstetten, Germany) 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, Germany), using the 
‘noesygppr1d’ pulse sequence allowing for a quantitative evaluation 
even close to the water signal, which was presaturated at 4703 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, 32 scans, 4 dummy scans and a spectral 
width of 12500.0 Hz (208287 ppm) were employed. All samples were 
automatically tuned, matched, and shimmed. Prior to Fourier trans-
formation, 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 processing 
tools. The assignment of the metabolites was achieved by (i) analysis of 
literature data [54–56]; (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. 

2.11.2. NMR Data Reduction and Processing 
NMR spectra were then imported into MATLAB (R2015b; Math-

works, Natick, Massachusetts, USA) where the 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 [57] and choosing the ac-
etate singlet at 1.90 ppm as the reference signal. Then, to reduce the 
model complexity, the peak areas of the well-separated and safely 
assigned resonances of 22 selected metabolites were manually inte-
grated and submitted to the data analysis as a data matrix made of 12 
rows (samples) x 22 columns (metabolites). Such data matrix was then 
submitted to the PLS toolbox version 8.6.1 (Eigenvector Research, 
Manson, Washington, USA) under MATLAB environment to perform 
Principal Components Analysis (PCA). Prior to the analysis, data was 
normalized, according to the total area (1-Norm) and then autoscaled. 
Autoscaling employs both the standard deviation as a scaling factor thus 
giving all metabolites the same chance to affect the model and the 
mean-centring, which is needed to compute PCA. 

2.12. Preparation of colonic tissue homogenates 

Portions of colons (0.5 cm) were homogenized in ice-chilled Tris-HCl 
buffer (20 mM, pH 7.4) containing 0.32-M sucrose, 1 mM EDTA, 1 mM 
EGTA, 1 mM PMSF, 1 mM sodium orthovanadate, and one protease 
inhibitor tablet 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) [58]. Supernatants 
were assayed for prostaglandin (PG)E2 and PGD2 Elisa kits and PTGDR1 
(also referred as DP1) and PTGDR2 (also referred as DP2) Western blot 
analysis and quantified by Multiplex cytokine assay according to man-
ufacturer’s directions [59]. 

2.13. Multiplex cytokine assay 

The concentrations of Th-related cytokines from colon tissue ho-
mogenates were determined using the multi-LEGENDplex™ analyte 
flow assay kit (mouse Th Panel (12-plex), c.n.: 741043, Biolegend). 
Briefly, antibodies specific to the 12 analytes were conjugated to 12 
different fluorescence-encoded beads. The beads were mixed with the 
supernatants, incubated for 2 h at RT, washed, and incubated for 1 h 
with detection antibodies. Finally, streptavidin-PE was added and 
incubated for 30 min, and the beads were washed and acquired using 
BriCyte E6 flow cytometer (Mindray Bio-Medical Electronics). The re-
sults were analysed by using the Legendplex software (version 8.0) [59]. 

2.14. Primary human dermal blood endothelial cells 

Commercially sourced primary human dermal blood endothelial 
cells (HDBECs; PromoCell, Heidelberg, Germany) were cultured in 
endothelial cell growth medium MV. HDBECs were seeded into 12-well 
tissue culture plates after 4 passages at a seeding density yielding 
confluent monolayers. HDBEC monolayers were washed in endothelial 
cell growth medium MV warmed to 37 

◦

C and stimulated with TNF-α 
(100 U ml− 1, c.n.: 210-TA; R&D System, Abingdon, UK) and IFN-γ (10 
ng ml− 1, c.n.: 300-02, Peprotech, London, UK) in presence of MIE extract 
(1 μg ml− 1) or its corresponding vehicle (DMSO, 0.25%) for 24 h. Su-
pernatants were collected and measured to evaluate PGE2 and PGD2 
levels, whereas cells were analysed by Western blot as described below 
[23,60,61]. 
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2.15. Isolation of human peripheral blood lymphocytes (PBLs) 

Venous blood from healthy volunteers was collected into 10 ml 
EDTA-coated tubes. Peripheral blood mononuclear cells (PBMCs) were 
isolated by centrifugation of blood on histopaque 1077, and peripheral 
blood lymphocytes (PBLs) were prepared by panning human PBMCs on 
culture plastic to remove monocytes [62,63]. Isolated cells were 
washed, counted, and adjusted to a final concentration of 1 × 106/ml in 
Medium 199, supplemented with 0.15% BSA (Sigma-Aldrich; 
M199BSA). 

2.16. Static adhesion assay 

HDBEC were seeded and stimulated with TNF-α (100 U ml− 1, R&D 
System) and IFN-γ (10 ng ml− 1, Peprotech) in the presence of MIE 
extract (0.1–10 μg ml− 1) or its corresponding vehicle (DMSO, 0.25%) for 
24 h before the assay with lymphocytes. PBLs were isolated from healthy 
volunteers as described above prior to being added to activated HDBEC 
for 7 min at 37 

◦

C. Wells were washed twice with PBS to remove un-
bound cells and fixed with 2% glutaraldehyde for 10 min at RT. 
Glutaraldehyde was removed with several 1 ml washes of PBS (with 
Ca2+ and Mg2+). Images were taken at five different fields in the centre 
of each well using phase-contrast microscopy (IX71; Olympus, Tokyo, 
Japan). Images were analysed offline using Image-pro 7.0 software 
(Media Cybernetics, Rockville, MD, USA), with adherent cells being 
defined as phase bright round cells, whilst transmigrated cells were 
shape changed and phase dark. PBLs adhesion was expressed as the total 
number of cells per mm2, while transmigration was expressed as a 
percentage of transmigrated cells [23,64]. 

2.17. Western blot analysis 

Colonic epithelial cells, colonic tissues, and HDBEC cells were lysed 
and subjected to SDS-PAGE (10% gel) using standard protocols as pre-
viously described [65,66]. The proteins were transferred to nitrocellu-
lose membrane (0.2-μm nitrocellulose membrane, 
Trans-Blot®TurboTM, Transfer Pack, Bio-Rad Laboratories, Hercules, 
CA, USA, RRID: SCR_008426) in transfer buffer (25-mM Tris–HCl pH 7.4 
containing 192-mM glycine and 20% v/v methanol) at 400 mA for 2 h. 
Membranes were incubated for 2 h with non-fat dry milk (5% wt/v) in 
PBS supplemented with 0.1% (v/v) Tween 20 (PBS-T) at RT and then 
incubated at 4 

◦

C with the appropriately diluted primary antibodies 
overnight: rabbit polyclonal claudin-2 (1:1000; c.n.: ORB214855), rab-
bit polyclonal occludin (1:1000; c.n.: 13409-1-AP), rabbit polyclonal 
ZO-1 (1:1000; c.n.: 21773-1-AP) (for colonic epithelial cell lysates), goat 
polyclonal COX-2 (1 μg ml− 1; c.n.: AF4198), rabbit polyclonal mPGES-1 
(1:1000; c.n.: H00009536-D01P), rabbit polyclonal DP1 (1:1000; c.n.: 
E-AB-65975) and rabbit polyclonal DP2 (1 μg ml− 1; c.n.: TA306387) (for 
both colon and HDBEC lysates). After lavages with PBS-T, blots were 
incubated with a 1:3000 dilution of related horseradish 
peroxidase-conjugated secondary antibody for 2 h at RT and finally 
washed 3 times with PBS-T. Protein bands were detected by using the 
enhanced chemiluminescence method (Clarity™ Western ECL Sub-
strate, BioRad Laboratories, Hercules, CA, USA) and Image Quant 400 
GE Healthcare software (GE Healthcare, Italy). Bands were quantified 
using the GS 800 imaging densitometer software (Biorad, Italy) and 
normalized with respective actin (1:1000; c.n.: TA890010) [23,67,68]. 
Uncropped and triplicate original western blots for colonic epithelial 
cells, HDBEC cells, and colonic tissues are presented in Supplementary 
Fig. 4, Supplementary Fig. 5, and Supplementary Fig. 6, respectively. 

2.18. Elisa assay 

Enzyme-linked immunosorbent assay (ELISA) for PGE2 (c.n.: 
KGE004B, R&D Systems) and PGD2 (c.n.: E-EL-0066; Elabscience) was 
carried out on colon tissue homogenates and supernatants from human 

HDBEC cells. TNF-α (c.n.: DY210) and IL-17 (c.n.: DY317) levels in 
serum from IBD patients were quantified by commercially available kits 
(both from R&D System) according to the procedure described by Raucci 
and coll [46]. Briefly, 100 μl of supernatants, diluted standards, quality 
controls, and dilution buffer (blank) were applied on a plate with the 
monoclonal antibody for 2 h. After washing, 100 μl of biotin-labelled 
antibody was added, and incubation continued for 1 h. The plate was 
washed, and 100 μl of the streptavidin-HRP conjugate was added, and 
the plate was incubated for a further 30 min period in the dark. The 
addition of 100 μl of the substrate and stop solution represented the last 
steps before the reading of absorbance (measured at 450 nm) on a 
microplate reader (Multiskan™ GO Microplate Spectrophotometer; 
Thermo Scientific™). Antigen levels in the samples were determined 
using a standard curve and expressed as pg ml− 1 [69,70]. 

2.19. Docking simulations 

Molecular docking of mangiferin into the X-ray structures of DP2 
(PDB code: 6D27 [71] was carried out using the Glide 5.5 program. 
Maestro v. 12.7.156 (Maestro, Schrödinger, LLC, New York, NY, 2021) 
was employed as the graphical user interface, and the most probable 
binding mode of mangiferin was rendered by the Pymol software 
package (Schrödinger, L. & DeLano, W., 2020. PyMOL, Available at: 
http://www.pymol.org/pymol). 

2.19.1. Ligand and protein setup 
As for the mangiferin structure: the molecule was built and prepared 

through the LigPrep (LigPrep, Schrödinger, LLC, New York, NY, 2021) 
module of Maestro, employing the OPLS2005 force field. Epik (Epik, 
Schrödinger, LLC, New York, NY, 2021) is used to evaluate the ligands’ 
pKa at neutral pH and so to properly describe its protonation state. Then, 
the obtained ligand is optimized at the molecular mechanics level 
through the MacroModel (MacroModel, Schrödinger, LLC, New York, 
NY, 2021) program included in the Schrödinger suite of programs. The 
target protein was prepared using the protein preparation wizard in 
Maestro 9.0.211. Water molecules were removed, hydrogen atoms were 
added, and minimization was performed until the rmsd of all heavy 
atoms was within 0.3 Å of the crystallographic positions. The binding 
pocket was identified by placing a 20 Å cube around the co-crystallized 
ligand. The obtained protein was then processed through the Protein 
Preparation Wizard of the graphical user interface Maestro and the 
OPLS-2005 [72] force field. 

2.19.2. Docking setting 
Molecular docking calculations were performed with the aid of Glide 

5.5 in SP mode [73,74], using Glidescore for ligand ranking, letting all 
the other parameters as default. Sampling of nitrogen atoms inversions 
(when not belonging to cycles) and of different ring conformations were 
allowed, while non-planar amide conformations were penalized. The 
receptor was kept fixed, the ligand was treated as flexible, and no other 
constraints were added. 

2.20. Statistical analysis 

Statistical analysis complies with the international recommendations 
on experimental design and analysis in pharmacology and data sharing 
and presentation in preclinical pharmacology [20,68]. Data are presented 
as mean ± S.D or median ± IQR. 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 8.0 software (San Diego, CA, USA) was used for analysis. For in vivo 
studies, animal weight was used for randomization and group allocation to 
reduce unwanted sources of variations by data normalization. No animals 
and related ex vivo samples were excluded from the analysis. The study 
was carried out to generate groups of equal size (N = 6 of independent 
values) using randomization and blinded analysis. 
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Fig. 1. Translating MIE treatment for human inflammatory bowel disease. 
Schematic representation of clinical design and outcomes (A, F). Disease categories, for patients’ stratification, were colour-coded in the outer ring as follows: blue, 
ulcerative colitis (UC); green, irritable bowel syndrome (IBS) and red, Crohn’s disease (CD) (A, F). Specifically, human whole blood collected from IBD patients was 
pre-treated with MIE vehicle (veh; DMSO at the highest concentration used in test wells, 0.25%) or MIE extract (0.03–10 μg ml− 1) for 1 h before stimulation with LPS 
(0.1 μg ml− 1) for 3 h at 37 

◦

C. Serum was collected for the assessment of TNF-α (A–E) and IL-17 (F–J) by ELISA. The study population included three cohorts: patients 
with UC (N = 6–8), IBS (N = 5–7) and CD (N = 8–9) for TNF-α (C–E) and IL-17 (H–J). Data are expressed as pg ml− 1 and presented as Box-and-whisker plots of N =
25 for TNF-α and N = 23 for IL-17 detection. Solid horizontal lines denote the median value ± interquartile ranges (min 25%, max 75%). Statistical analysis was 
conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ####P ≤ 0.0001 vs Ctrl; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs 
LPS + vehicle. 
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Fig. 2. Therapeutic efficacy of MIE on CD4+CD45RBhi T cells transfer model of colitis. Experimental colitis was induced by the adoptive transfer of CD4+CD45RBhi T 
cells from healthy donor mice (BALB/c) into RAG1 KO recipient mice. (A) Animals were treated therapeutically with MIE (p.o. 10 mg kg− 1), anti-TNF-α MAb (i.p. 25 
mg kg− 1), antibiotic mix Enrofloxacin/Metronidazole (Enro/metro; p.o. 380/875 mg kg− 1) or vehicle (150 μl of DMSO/saline 1:3; minimum concentration required 
to enable solubilization) from week 3, after adoptive transfer, to week 7. Body weight changes (expressed as the percentage of initial body weight) were monitored 
over time from week 1 to week 7 (B), while Δ body weight (expressed as g) was evaluated at the experimental endpoint (week 7) (C). Clinical score (assigned from 
0 to 7) was observed at week 7 (D). Representative photographs of colons isolated from mice were taken (E), and colon length in cm was measured at the exper-
imental endpoint (F). Data are presented as means ± S.D. of N = 6 mice per group. Statistical analysis was conducted by one- or two-way ANOVA followed by 
Bonferroni’s or Dunnett’s for multiple comparisons. ###P ≤ 0.001, ####P ≤ 0.0001 vs Ctrl group; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs CD45RBhi 

+ MIE vehicle; †P ≤ 0.05 vs CD45RBhi 
+ MIE 10 mg kg− 1. 
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Fig. 3. MIE mitigates excessive gut permeability, tight junction dysregulation and alterations of microbiota-derived metabolites during colitis. 
Faecal water contents (expressed as the percentage of water change) (A) and faecal calprotectin levels (expressed as ng ml− 1) (B) from Ctrl, CD45RBhi 

+ MIE vehicle 
and CD45RBhi + MIE (10 mg kg− 1) groups were monitored over time from week 1 to week 7. FITC-4 kDa dextran permeability (expressed as μg ml− 1) was evaluated 
at the experimental endpoint (week 7) (C). Thereafter, cell lysates from isolated colonic epithelial cells collected at week 7 were analysed by Western blot for ZO-1 
(~230 kDa), occludin (~59 kDa) and claudin-2 (~25 kDa) expression (D, E). Representative Western blot images are shown from three pooled experiments with 
similar results (D). Cumulative densitometric values are expressed as OD ratio with actin (E). Values are presented as means ± S.D. of three separate independent 
experiments run each with N = 6 mice per group pooled. Statistical analysis was conducted by one- or two-way ANOVA followed by Bonferroni’s or Dunnett’s for 
multiple comparisons. ##P ≤ 0.01, ###P ≤ 0.001, ####P ≤ 0.0001 vs Ctrl group; **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs CD45RBhi 

+ MIE vehicle. PC1 vs PC2 
biplot of the PCA model was calculated on the metabolome data of faecal samples collected 1 week post-treatment (F) and 4 weeks post-treatment (week 7, G). Keys: 
Ile (Isoleucine), Leu (Leucine), Val (Valine), Ala (Alanine), Glu (Glutamate), Gln (Glutamine), Asp (Aspartate), Tyr (Tyrosine), Gly (Glycine), Phe (Phenylalanine). 
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3. Results and discussion 

3.1. Beneficial impact of MIE in LPS-stimulated blood taken from UC, 
IBS, and CD patients 

Current conventional treatments for IBD are aimed at controlling 
inflammation by administering anti-inflammatory agents, including 
steroids, immunosuppressive drugs, and biological agents targeting in-
flammatory cytokines (mainly TNF-α and IL-17) for refractory and se-
vere forms of IBDs [75,76]. However, approximately one-third of 
patients receiving anti-TNF-α agents do not respond to treatment (pri-
mary failure), and a significant proportion (up to 50%) become re-
fractory over time (secondary failure) [77]. Intestinal barrier 
dysregulation leads to systemic release of bacterial components (e.g., 
LPS) into circulation, leading to an acute inflammatory response. To 
model this, we spiked patient blood with LPS (as a tool to induce a 
controlled immune response and investigate specific aspects of inflam-
matory pathways) and assessed the impact of MIE on TNF-α and IL-17 
production (Patients information in Table 1). LPS induced an increase 
in TNF-α and, in part, IL-17 secretion within the sera from IBS, UC and 
CD (Fig. 1). MIE caused a dose-dependent reduction in TNF-α following 
LPS in all patient groups (Fig. 1A-E) and healthy donors (Supplementary 
Fig. 7). By contrast, MIE caused a dose-dependent reduction in IL-17 
concentrations in LPS-spiked serum from IBS and CD patients, but not 
UC, with significant reductions only seen at the highest concentration of 
MIE (Fig. 1F-J). Low numbers within the individual patient groups mean 
it is difficult to make definitive conclusions about whether MIE might be 
therapeutically beneficial in specific disease groups. Moreover, the 
limitation in the amount of blood available has restricted our ability to 
recover sufficient sera for a comprehensive analysis of multiple analytes. 
Despite these limitations, these data indicate that MIE has the potential 
to effectively alleviate pathological pro-inflammatory responses in IBD 
patients suffering intestinal barrier dysregulation, with some 
disease-specific benefits. On these premises, we have designed an 
experimental approach to understand the possible mechanism of action 
involved. 

3.2. MIE extract ameliorates the development of CD4+CD45RBhi T cell- 
induced colitis 

We have recently shown that a Mangifera indica L. extract (MIE) at 
90% purity in mangiferin was able to modulate COX-2/mPGES-1 axis, 
and Th17/Treg repertoire in a well-established in vivo model of gouty 
arthritis [20], paradigmatic of local, but also systemic, inflammation 
[47,49]. In a previous paper, we demonstrated, through a pharmaco-
kinetic study, that MIE given orally displays a similar plasma concen-
tration and in vivo toxicological profile to the pure compound mangiferin 
[20]. However, in vitro cytotoxic examination revealed a safer profile for 
MIE compared to the pure compound on murine macrophage cell lines 
[20]. To provide a mechanistic insight, we assessed the efficacy of the 
extract in a T cell-driven model of colitis in a therapeutic fashion i.e. 
once the disease is established (Fig. 2A and Supplementary Fig. 1). As 
previously reported [21,29], RAG1 KO mice receiving WT 
CD4+CD45RBhi cells (Fig. 2A) develop symptoms of colitis, including 
significant weight loss by week 4 post transfer (Fig. 2B), reaching the 
maximum clinical score at week 7 (Fig. 2C). In contrast, the adminis-
tration of MIE (10 mg kg− 1) from week 3 (Fig. 2A), in a therapeutic 
fashion, ameliorated weight loss (Fig. 2B and C), clinical score 
(including mice hunching and wasting, colon thickening or inflamma-
tion, and stool consistency) (Fig. 2D) and colon shortening/length 
(Fig. 2E and F). No significant effects were revealed macroscopically for 
small intestine length (Supplementary Fig. 8). Importantly, the effects of 
MIE were comparable to RAG1 KO mice receiving current standard of 
care (anti-TNF-α) or antibiotic treatment (Enro/Metro) (Fig. 2B-F). 
These data demonstrate that MIE displays a potent 
anti-inflammatory/protective activity as compared to that observed 

with biological and antibiotic therapies commonly utilised for IBDs 
treatment, in both preclinical and clinical protocols [36]. 

3.3. MIE counteracts mucosal inflammation, damage to epithelial 
integrity and alterations of microbiota-derived metabolites in favour of an 
immunoregulatory phenotype 

Increased colitis and mucosal inflammation cause paracellular 
permeability and damage to epithelial integrity [78]. This is associated 
with disruption of tight junction proteins, such as claudins and occlu-
dins, an increase of H2O faecal content [79], and leukocyte accumula-
tion in the stool due to the release of calprotectin (heterodimeric 
S100A8/S100A9 complex) [80]. Roseth AG et al. were the first to 
demonstrate an increase in faecal calprotectin concentrations in patients 
with IBD [81]. Currently, this marker is a routine clinical assessment 
tool to distinguish IBD from IBS, with an elevated sensitivity and spec-
ificity in the adult population [78]. As expected, the CD4+CD45RBhi 

vehicle-treated group revealed the highest concentration of faecal H2O 
and calprotectin in the stools (Fig. 3A and B), whereas MIE significantly 
reduced the concentration of these markers almost back to baseline 
levels (Fig. 3A and B). Subsequently, to verify the integrity of intercel-
lular junctional complexes, we assessed intestinal leakage of FITC 
dextran and expression of ZO-1, occludin and claudin-2 proteins. In-
duction of colitis results in a significant increase in serum FITC dextran 
when compared to untreated animals, consistent with damaged barrier 
function (Fig. 3C). Importantly, these effects were largely absent in 
MIE-treated animals (Fig. 3C). Supporting these observations, epithelial 
junctional proteins, ZO-1 and occludin, were significantly reduced in 
mice with colitis compared to untreated, non-inflamed animals, whereas 
MIE-treated group restored these to physiological levels (Fig. 3D and E). 
Conversely, claudin-2 expression was elevated in response to intestinal 
inflammation, and this was reversed upon therapeutic administration of 
MIE (Fig. 3D and E). Thus, MIE can restore the apical junction complex, 
ensuring balanced permeability of the intestinal barrier and protection 
against diarrhoea and rectal bleeding observed in colitis [82]. 

Characterisation of the host-microbiota is crucial in the context of 
intestinal disorders, such as IBDs, in which the gut environment is 
severely perturbed, yet the disease-causing mechanisms are still largely 
unknown. Reductions of gut barrier-protecting short-chain fatty acids 
(SCFA) and alterations in bile acids, sphingolipids and tryptophan- 
derived metabolites have been consistently reported in faeces of pa-
tients with IBD [83,84]. Considering that a subset of small molecules, 
including microbiome-derived metabolites, have been shown to regulate 
the immune response, it is crucial to characterise these metabolites and 
understand which factors determine their concentrations in the gut. In 
this context, the characterisation of faecal metabolites holds great po-
tential for discovering non-invasive biomarkers and therapeutic targets. 
Firstly, we characterized, metabolites in faecal stools collected 
throughout the experiment (Supplementary Fig. 9A). Micro-
biota-derived metabolites (e.g. lactate, succinate), products from alter-
ation of microflora population (e.g. uracil, hypoxanthine) and products 
from dysbiosis (e.g. propionate, butyrate and acetate) [84], were un-
balanced as early as 1 week post onset of colitis compared to 
untreated/non-inflamed animals and are further dysregulated as the 
disease progresses over the 7 weeks (Supplementary Figs. 9B–H). 

Among different gut-microbiota-derived metabolites, the most well- 
characterized are the end products of dietary fibre fermentation and the 
SCFAs. Of note, MIE treatment was able to reverse the metabolic 
imbalance as early as 1 week post-treatment (week 4, Fig. 3F), with a 
transitional metabolite phenotype seen at 4 weeks post-treatment (week 
7, Fig. 3G), although not quite back to baseline/untreated profiles. This 
metabolic shape and change may serve as an important source of nu-
trients for intestinal epithelial cells, supporting barrier function and may 
act as important cellular mediators regulating gene expression, cell 
differentiation, and gut tissue development [85]. We did not specifically 
investigate the direct effects of Mangifera indica extract on microbiota 
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Fig. 4. MIE modulates Th1/Th17 and Treg cell expansion in the colonic lamina propria. 
At the experimental endpoint (week 7), colon samples from Ctrl, CD45RBhi 

+ MIE vehicle and CD45RBhi 
+ MIE (10 mg kg− 1) groups were dissected and analysed 

macroscopically. Representative photographs of colon sections from the different experimental conditions are shown in (A). Subsequently, flow cytometry analysis 
was employed to determine Th1, Th17 and Treg lymphocyte subsets. For this purpose, colons were digested, and isolated cLP cells were counted (B) and gated in 
their totality and singlet (see flow cytometry strategy reported in Supplementary Fig. 2) before the identification of CD4+IFN-γ+ (C, D, Th1 population), CD4+IL-17+

(E, F, Th17 population) and CD4+CD25+FOXP3+ (G, H, 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 (D, F, H). Data are presented as means ± S.D. of N = 6 mice per group. Statistical analysis was conducted by one-way ANOVA 
followed by Bonferroni’s for multiple comparisons. ###P ≤ 0.001, ####P ≤ 0.0001 vs Ctrl group; **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 vs CD45RBhi +

MIE vehicle. 
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Fig. 5. MIE affects the release of colonic Th-related cytokines. Supernatants of colon tissue homogenates from Ctrl, CD45RBhi + MIE vehicle and CD45RBhi + MIE 
(10 mg kg− 1) at the experimental endpoint (week 7) were assayed using a multi-LEGENDplex™ analyte flow array (A). Quantification of Th-related cytokines is 
presented as a heatmap and expressed as pg ml− 1 (B). Thereafter, all pro- and anti-inflammatory cytokines were extrapolated from the heatmap and represented 
graphically as histograms (pg ml− 1): IL-4 (C), IL-5 (D), IL-13 (E), IL-2 (F), IL-6 (G), TNF-α (H), IFN-γ (I), IL-22 (J), IL-17A (K), IL-17F (L), IL-9 (M) and IL-10 (N). Data 
are presented as means ± S.D. of N = 6 mice per group. Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. #P 
≤ 0.05, ##P ≤ 0.01, ####P ≤ 0.0001 vs Ctrl group; *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 vs CD45RBhi + MIE vehicle. 
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Fig. 6. The immunomodulatory property of MIE is mirrored in splenic Th1/Th17 and Treg cell repertoire. 
At the experimental endpoint (week 7), spleen samples from Ctrl, CD45RBhi + MIE vehicle and CD45RBhi + MIE (10 mg kg− 1) groups were dissected and analysed 
macroscopically. Representative photographs are shown in (A), and the spleen weight/mouse body weight ratio was evaluated (B). Subsequently, flow cytometry 
analysis was employed to determine splenic Th1, Th17 and Treg lymphocyte subsets. For this purpose, spleens were smashed, tested for total cell count (C), and gated 
in their totality and singlet (see flow cytometry strategy reported in Supplementary Fig. 3) before the identification of CD4+IFN-γ+ (D, E, Th1 population), CD4+IL- 
17+ (F, G, Th17 population) and CD4+CD25+FOXP3+ (H, I, 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 (E, G, I). Data are presented as means ± S.D. of N = 6 mice per group. Statistical analysis was conducted by one-way ANOVA 
followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01, ####P ≤ 0.0001 vs Ctrl group; *P ≤ 0.05, ***P ≤ 0.001 vs CD45RBhi + MIE vehicle. 
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composition in this study. To address this important aspect, we plan to 
incorporate microbiota analyses in our future investigations. 

3.4. The immunomodulatory activity of MIE on the progression of colitis 

To dissect the anti-inflammatory and immunomodulatory activity of 
MIE, we next evaluated the ability of MIE to modulate the T cell immune 
cell infiltrate [21,86,87]. Isolated colonic lamina propria (week 7) 
(Fig. 4A) was digested and infiltrated cells isolated (Fig. 4B) were phe-
notyped by flow cytometry, as previously described [43,44]. Colitis 
significantly increased Th1 (Fig. 4C and D) and Th17 populations 
(Fig. 4E and F), with a concomitant decrease of Treg cells when 
compared to untreated/non-inflamed animals (Fig. 4G and H). Impor-
tantly, MIE reversed these changes, reducing the frequency of patho-
genic Th1 and Th17 cells and increasing protective Tregs within the 
intestine (Fig. 4C-H). Our results indicate that MIE controls the induc-
tion and progression of gut inflammation by restoring the immunolog-
ical imbalance associated with this disease. 

We next analysed whether the levels of intestinal pro/anti- 
inflammatory cytokines were modulated after MIE treatment (Fig. 5A 
and B), as previously described [59]. We observed a significant increase 
in cytokines associated with a Th1 and Th17 profile in colitis animals 
compared to untreated controls (Fig. 5B-N). Of particular interest, 
administration of MIE significantly down-regulated IL-2 (Fig. 5B and F), 
IL-6 (Fig. 5B and G), TNF-α (Fig. 5B and H), IFN-γ (Fig. 5B and I), IL-22 
(Fig. 5B and J), IL-17A (Fig. 5B and K) and concomitantly increased 
IL-10 levels compared to vehicle control group (Fig. 5B and N). These 
data suggest that MIE inhibits the induction of pathogenic T-cells and 
their associated cytokines, leading to the reduced disease severity 
observed in this model. 

An immunologically important, yet undefined aspect of disease 
pathogenesis in animal models of IBD, is the anatomic location(s) where 
naïve T cells encounter enteric antigens to yield colitogenic effector 
cells. It has been assumed that naïve T cells migrate to the gut-associated 
lymphoid tissue (e.g. GALT and Peyer’s patches), as well as the spleen. In 
this environment, T cells play important roles in mounting mucosal 
immune responses to invading pathogenic and/or commensal microor-
ganisms to minimize the tissue inflammation and systemic immune 
activation that may arise from these protective responses [88,89]. In our 
preclinical assessment, mice with colitis displayed splenomegaly 
(Fig. 6A and B) with no significant difference in terms of total cell 
number (Fig. 6C). This increase was mirrored by an expansion of both 
infiltrated Th1 (Fig. 6D and E) and Th17 cells (Fig. 6F and G) and a 
concomitant reduction of Treg repertoire within the spleen (Fig. 6H and 
I) in animals with colitis compared to controls. Importantly, treatment 
with MIE prevented splenomegaly (Fig. 6A and B) and dysregulation of 
T-cell trafficking (Fig. 6D-I). Collectively, these data highlight the sys-
temic effects of MIE in modulating lymphocyte trafficking between in-
testinal and secondary lymphoid tissues to mitigate intestinal 
inflammation and disease progression. 

3.5. MIE inhibits lymphocyte trafficking across endothelial cells via DP2 
prostanoid receptor 

Effector memory lymphocytes enter tissue via blood vascular endo-
thelial cells (BVEC) and leave tissue via lymphatic vascular endothelial 
cells (LVEC). During inflammation, memory T cells are recruited to 
tissue after capture by specialized, fast-acting adhesion receptors (i.e., 

VCAM-1 and E− or P-selectin) on up-regulated BVEC in response to 
inflammatory stimuli [90]. To assess whether MIE directly influences 
lymphocyte trafficking, we analysed the effects of increasing MIE con-
centrations on lymphocyte adhesion and transendothelial migration 
across inflamed BVEC (Fig. 7A). MIE displayed a bell-shaped response 
within the dose frame studied. Up to a dose of 1 μg ml− 1 significantly 
increased lymphocyte adhesion, with a concomitant reduction in 
transendothelial migration (Fig. 7A-C) when compared to vehicle con-
trol. In addition, T cells egress from the site of inflammation is necessary 
for immune surveillance and the efficient regulation and resolution of 
the immune response [91,92]. Current paradigms of T cell trafficking 
during an inflammatory response assume that the delivery of a chemo-
kine signal is sufficient to promote integrin-mediated stable adhesion, 
followed by reorganization of the actin cytoskeleton during spreading 
on the endothelial cells (EC) surface, eventually leading to trans-
endothelial migration. However, recent evidence demonstrates that 
blockade of the prostanoid PGD2 receptor DP2 at the vascular level 
[formally known as chemoattractant receptor-homologous molecule 
expressed on Th2 cells (CRTh2)] greatly reduces the transmigration of 
memory T cells, leaving the great majority attached to the apical surface 
of the EC monolayer [63]. This allows us to speculate that although an 
initial chemokine signal is essential for activating T cells on EC, a 
downstream prostanoid signal, delivered by PGD2 via the DP2 receptor, 
is required to drive the process of diapedesis. In order to provide a more 
detailed characterization of the adhesion response in the context of IBD, 
our future studies will follow up with patients who have received a 
confirmed diagnosis of UC or CD, isolating CD4 T cells and conducting 
more targeted and informative adhesion experiments. 

We next investigated whether the upstream prostaglandin signal was 
modulated in response to MIE treatment. Arachidonic acid metabolism 
through COX enzymes (1 and 2) leads to the generation of PGH2, which 
is further metabolised into PGD2 and PGE2 through specific prosta-
glandin synthetases. Three PGES isoenzymes have been characterized to 
date, two microsomal isoforms (mPGES-1 and mPGES-2) and one 
cytosolic isoform (cPGES) [93]. The inducible PGES (mPGES-1) seem to 
be the essential PGES isoenzyme involved in PGE2 biosynthesis by 
human vascular cells [94,95]. Both PGD2 and PGE2 can signal through 
the DP receptors, with DP2 specifically expressed on T-cells. In response 
to TNF-α and IFN-γ, BVEC up-regulates COX-2 and DP2 expression, 
whilst DP1 remains unchanged (Fig. 8A and B). In line with the litera-
ture, mPGES1 was not expressed [96]. As anticipated, enhanced COX-2 
expression resulted in increased PGE2 and PGD2 secretion from inflamed 
BVEC (Fig. 8C and D). This agrees with several previous publications 
[97], although others have been unable to detect PGE2 production in 
human umbilical vein-derived endothelial cells (HUVEC) [94]. Inter-
estingly, MIE was able to reverse this inflammation-induced change in 
COX-2 and DP2 (Fig. 8A and B), leading to reduced PGE2 and PGD2 
secretion (Fig. 8C and D). Similar findings were observed in the inflamed 
colon, whereby colitis significantly increased expression of COX-2, 
mPGES-1, DP2, PGD2, and PGE2 and this was reduced back to baseline 
levels by therapeutic administration of MIE (Fig. 8E-H). These data are 
in agreement with previous reports which reveal that PGD2 is required 
for T cell trafficking via the DP2 receptor [63] and demonstrate that MIE 
can directly regulate this expression. 

Given the biological activity herein described obtained with man-
giferin extract, we finally postulated a possible direct interaction be-
tween mangiferin and the DP2 receptor. To gain a better understanding 
of how mangiferin may bind to DP2 receptor at an atomic level, 

Fig. 7. Effect of MIE on PBLs static adhesion/migration assay. 
In a static adhesion/migration assay, HDBECs were treated with TNF-α (100 U ml− 1) and IFN-γ (10 ng ml− 1) in presence of MIE extract (0.1–10 μg ml− 1) or its 
corresponding vehicle (DMSO, 0.25%) for 24 h. PBLs were added for 7 min on stimulated HDBEC, followed by washing to remove all non-adherent cells. In the panel 
A representative images of PBLs adhesion (indicated as phase bright and spherical in morphology, green square) and transmigration (indicated as black and elongated 
morphology, orange square) are shown. Quantification of PBLs total adhesion (expressed as mm2 x 106 cells) (B) and % of transmigration (C) was performed using 
Image-pro 7.0 software. Data are presented as means ± S.D. of N = 4 independent healthy donors. Statistical analysis was conducted by one-way ANOVA followed by 
Bonferroni’s for multiple comparisons. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001 vs TNF-α/IFN-γ + MIE vehicle. 
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molecular docking studies were performed using the DP2 X-ray structure 
(PDB code: 6D27), co-crystalized with the potent and selective antago-
nist fevipiprant [98]. This compound, as well as other recently discov-
ered selective DP2 antagonists, like ramatroban [99], is a nonlipid PGD2 
analogue possessing a polycyclic aromatic central scaffold and a car-
boxylic function. Docking calculations of mangiferin to the DP2 receptor 
were performed with the aid of Glide within the Schrodinger package 
(see Methods section for details). Results converge on a set of poses very 
similar to one another, all concentrated in the middle of the receptor 
binding pocket with the same orientation. Specifically, in the majority of 
the found poses mangiferin was superimposable with the co-crystallized 
fevipiprant (Supplementary Figs. 10A and B). Specifically (see Supple-
mentary Fig. 10A), the central aromatic core of mangiferin forms a 
parallel π-π with the Y183 side chain and engages in extensive aromatic 
and hydrophobic interactions with F90, L286, F87, H95 and W283 side 
chains. Interestingly, the hydroxyl group in position 1 forms an H-bond 
with the main chain amine group of C182. The sugar moiety of man-
giferin plunges toward the bottom of the pocket, surrounded by the F87, 
F111, F112, and F294 residues, and is involved in multiple H-bonds with 
the R170, Y184, H107 and Y262 side chains. All these interactions are 
also formed by fevipiprant. Of note, the above-described interaction 
network of mangiferin within the DP2 receptor, suggests an antagonist 
potential of this molecule toward the receptor, in line with our biological 
data, although a direct binding assay would certainly be required to 
validate this model [100]. 

4. Conclusion 

Here starting from the current literature evidence and by the finding 
that Mangifera indica L. displays a beneficial effect in IBD patient blood 
samples we have defined a mechanism of action which targets the 
prostanoid pathway. This modulation directly impacts on lymphocyte 
trafficking via DP2 receptor (Fig. 9). Thus, the use of mangiferin or its 
derivatives in the treatment of IBD could represent an efficacious add-on 
to current therapeutic interventions biologic, also due to its tolerability 
profile. Furthermore, our findings strengthen the rationale for a clinical 
trial/s to assess the efficacy in humans and individuates the measure-
ment of PGE2 and PGD2 in blood as surrogate non invasive markers to be 
used in association/correlation with the typical clinical endpoints used 
in IBD studies. 
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Fig. 8. MIE acts as a regulator of the PGD2/DP2 prostanoid receptor axis. 
HDBECs were treated with TNF-α (100 U ml− 1) and IFN-γ (10 ng ml− 1) in presence of MIE extract (1 μg ml− 1) or its corresponding vehicle (DMSO, 0.25%) for 24 h. 
Cell pellet lysates from all experimental conditions were assayed by Western blot for COX-2 (~72 kDa), DP2 (~60 kDa), DP1(~43 kDa) and mPGES-1(~20 kDa) 
expression (A, B), whereas supernatants were assayed by ELISA for PGE2 (C) and PGD2 (D) levels (pg ml− 1). Representative Western blot images are shown from three 
independent experiments with similar results (A). Cumulative densitometric values (B) are expressed as OD ratio with actin. Values are presented as means ± S.D. of 
3 independent experiments. Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. #P < 0.05, ###P < 0.001 vs 
untreated group; *P < 0.05, ***P < 0.001 vs TNF-α/IFN-γ + MIE vehicle. Colon tissue homogenates from CD4+CD45RBhi T cells transfer model were assayed by 
Western blot for all afore-mentioned biomarkers (COX-2, DP2, DP1 and mPGES-1; E, F) and by ELISA for PGE2 (G) and PGD2 (H) levels (pg ml− 1). Representative 
Western blot images are shown from three independent experiments with similar results (E). Cumulative densitometric values (F) are expressed as OD ratio with 
actin. Values are presented as means ± S.D. of three separate independent experiments run each with N = 6 mice per group pooled. Statistical analysis was conducted 
by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01, ###P < 0.001 vs Ctrl group; *P ≤ 0.05, **P ≤ 0.01 vs CD45RBhi 

+ MIE vehicle. 
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Fig. 9. A model of the proposed mechanism by which MIE exerts anti-inflammatory and immunomodulatory activity against colitis. 
MIE ameliorates intestinal inflammation and immunological perturbance induced by CD4+CD45RBhi T cell transfer by regulating Th1/Th17 cells’ egress and 
restoration of Treg balance on colonic lamina propria (A). Specifically, an overview of the steps in the regulation of T cell trafficking by which MIE act via the PGD2/ 
DP2 prostanoid receptor axis to mediate its immunomodulatory effects (B). Step 1: Endothelial cells (EC) stimulated with cytokines (TNF-α and IFN-γ) selectively 
recruit CD4+ lymphocytes from flowing blood. Step 2: The T cells receive an activating stimulus from IFN-γ–inducible chemokines on the chemokine receptor CXCR3. 
Step 3: T cell integrins are transiently activated and immobilize the cell on the surface of activated EC. Prostaglandin D2 (PGD2), generated by the action of 
cyclooxygenase enzyme (COX-2) on the arachidonic acid (AA), binds the PGD2 receptor DP2. Step 4: DP2 generates signals that stabilise lymphocyte adhesion, induce 
lymphocytes to shape change, and support the process of transmigration across the endothelial cell monolayer. If the endothelial cells have been supplemented with 
MIE, it modulates PGD2/DP2-mediated PBLs responses, reducing massively lymphocyte adhesion and migration across EC. 
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