
A Mangifera indica L. extract functions as a broad TLR2/4/6 signalling 
rheostat to attenuate MyD88/NF-κB-driven inflammation and 
macrophage polarization☆

Anna Schettino a, Anella Saviano a, Noemi Marigliano a, Martina Smimmo b, Erika Esposito b,  
Jenefa Begum c, Areeba Fatima c, Alyssa M. Urbanowski d, Christopher Mahony d,e,  
Amnah M. Khormi f, Adel Abo Mansour g, Tariq H. Iqbal h, Helen M. McGettrick d,  
Asif Jilani Iqbal c,1,*, Francesco Maione a,i,1,**

a ImmunoPharmaLab, Department of Pharmacy, School of Medicine and Surgery, University of Naples Federico II, Via Domenico Montesano 49, Naples 80131, Italy
b Department of Pharmacy, School of Medicine and Surgery, University of Naples Federico II, Via Domenico Montesano 49, Naples 80131, Italy
c Department of Cardiovascular Sciences, College of Medicine and Health, University of Birmingham, Birmingham B15 2TT, UK
d Department of Inflammation and Ageing, College of Medicine and Health, University of Birmingham, Birmingham, UK
e School of Infection and Immunity, Sir Graham Davies Building, Glasgow G12 8TA, UK
f Department of Hematology and Blood Bank, Jazan Specialist Hospital, Jazan, Saudi Arabia
g Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, King Khalid University, Abha 62521, Saudi Arabia
h Department of Gastroenterology, Queen Elizabeth Hospital Birmingham NHS Foundation Trust, Birmingham, UK
i Nutraceuticals and Functional Foods Task Force, Department of Pharmacy, School of Medicine and Surgery, University of Naples Federico II, Via Domenico Montesano 
49, Naples 80131, Italy

A R T I C L E  I N F O

Keywords:
Inflammatory bowel disease
innate immunity
macrophage polarization
Mangifera indica
monocyte transmigration
toll-like receptors (TLRs) 

A B S T R A C T

Current therapies for immune-mediated diseases often lack precision, causing broad immunosuppression. While 
Mangifera indica L. extract (here referred to as MIE) shows promise in resolving pain and modulating adaptive 
immunity, its direct impact on monocyte recruitment and macrophage polarization, remains elusive. Using a 
reverse translational approach, we examined the effects of MIE on primary human monocytes and macrophages 
from healthy donors and inflammatory bowel disease (IBD) patients. We assessed its ability to inhibit monocyte 
transmigration across TNF-α-activated endothelial monolayers and to modulate macrophage polarization along 
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Chemical compounds studied in this article:
Mangifera (CID: 23461)
Mangiferin (CID: 5281647)
DMSO (CID: 679)
IL-6 (CID: 3569)
TNF-α (CID: 91976359)

the M1/M2 phenotypes. Transcriptomic profiling via RNA-seq revealed several MIE-responsive pathways in 
human macrophages, which were subsequently validated functionally using murine peritoneal macrophages 
stimulated with a panel of distinct toll-like receptors (TLRs) agonists. MIE markedly impaired monocyte adhesion 
and transmigration across activated endothelium. In human macrophages, it selectively attenuated the pro- 
inflammatory M1 phenotype, robustly suppressing TNF-α secretion from both healthy donors and IBD pa
tients, while exerting minimal effects on the M2 profile. Transcriptomic analysis revealed that MIE disrupts key 
inflammatory signalling networks, notably those governed by NF-κB and TLRs. Mechanistically, MIE did not 
exert broad TLR inhibition but instead acted as a precise immunological rheostat, dampening responses to 
murine TLR2, TLR4, and TLR6 agonists. TLR4-targeted modulation was mediated via downregulation of MyD88 
and NF-κB expression, culminating in reduced pro-inflammatory cytokine production. We delineate a novel 
mechanism for MIE as a selective rheostat of the TLR2/4/6 axis for restoring innate immune homeostasis in 
inflammatory-based diseases.

1. Introduction

The innate immune system serves as the body's first line of defence, 
with macrophages acting as its key effector cells. Their critical role ex
tends beyond pathogen phagocytosis to encompass remarkable func
tional plasticity, including the emerging concept of trained immunity 
[1], a de facto memory of innate immune cells driven by epigenetic and 
metabolic reprogramming, which leads to an enhanced response to 
secondary stimuli [2]. In response to microenvironmental cues, mac
rophages can polarize towards a classically activated (M1), 
pro-inflammatory phenotype [3], crucial for combating infections, or an 
alternatively activated (M2), anti-inflammatory phenotype [4], 
involved in inflammation, resolution and tissue repair [5]. A precise 
balance between these populations is essential for an effective immune 
response and the maintenance of homeostasis; conversely, an imbalance 
is a hallmark of numerous chronic inflammatory and autoimmune dis
eases [6], such as inflammatory bowel diseases (IBDs) [7]. The initiation 
of this process involves the recruitment of monocytes from circulation, 
orchestrated by a tightly regulated cascade of adhesion and trans
migration across the vascular endothelium. This finely tuned mecha
nism becomes dysregulated in chronic inflammatory states, contributing 
to sustained immune cell infiltration and tissue damage [8]. Subsequent 
macrophage polarization is orchestrated by signals from pattern recog
nition receptors (PRRs), particularly toll-like receptors (TLRs) that

rapidly reshaping their transcriptional landscape in response to 
external stimuli [9,10], including nuclear factor-kappa B (NF-κB), 
driving the transcription of pro-inflammatory genes and promoting the 
M1 phenotype [11].

Our research group spearheads the comprehensive preclinical char
acterization of a proprietary Mangifera indica L. extract (MIE). This 
botanical, derived from the ubiquitous mango tree, possesses a rich 
ethnomedicinal history as a pleiotropic therapeutic agent, particularly 
within subtropical and tropical traditional medicine systems. Beyond its 
nutritional value, the mango (Mangifera indica L.) has been historically 
utilized for its broad-spectrum biological and immunopharmacological 
properties [12]. Our foundational work established its potent systemic 
anti-inflammatory and immunomodulatory activity, demonstrating its 
ability to dual target the prostaglandin E2 (PGE2) synthesis axis via in
hibition of cyclooxygenase-2 (COX-2) and microsomal prostaglandin E 
synthase-1 (mPGES-1) [13], and to rebalance the adaptive immune 
response by modulating the pathogenic T helper (Th)17/ regulatory T 
cell (Treg) ratio [13]. We subsequently validated these findings using a 
robust reverse translational approach, confirming that MIE dampens the 
hyperactive inflammatory response in peripheral blood lymphocytes 
isolated from patients with IBD and is protective in murine models of 
colitis [14]. Most recently, we expanded its therapeutic profile by 
demonstrating that MIE targets the neuro-immune axis, effectively 
reducing visceral hypersensitivity and pain persistence, a major unmet 
clinical need in chronic IBD [15].

A critical mechanistic gap persisted in our understanding of MIE's full 
immunomodulatory potential: its direct impact on the earliest, decision- 
making events of the innate immune response. Specifically, we had not 

yet interrogated how MIE influences the initial recruitment of circu
lating monocytes, the precursors to tissue macrophages, or their subse
quent fate determination through polarization and functional training. 
This gap is pivotal because the spatio-temporal control of monocyte 
recruitment and their phenotypic programming into macrophages are 
central, rate-limiting steps in both the initiation and resolution of 
inflammation. Addressing this question is essential to bridge MIE's 
known bioactivities with its potential to modulate the very genesis of an 
immune response [8,16].

To complete the mechanistic understanding of MIE's immunomod
ulatory action, this study investigated its influence on early events of the 
inflammatory cascade. We first demonstrated that MIE effectively in
hibits the transmigration of monocytes through a layer of human 
endothelial cells. We then focused on its effects on human macrophage 
polarization. We examined MIE’s effects on monocyte transmigration 
across human endothelial layers and on macrophage polarization using 
primary cells from both healthy donors and IBD patients. Functional 
assays, cytokine profiling, and transcriptomic analyses revealed that 
MIE attenuates pro-inflammatory responses in M1-polarized macro
phages and modestly modulates M2 phenotypes. Bulk RNA sequencing 
(RNA-seq) data further implicated NF-κB and TLR signalling pathways, 
prompting targeted exploration in murine macrophages stimulated with 
a panel of TLR ligands. These data uncovered a selective inhibitory effect 
of MIE on TLR2, TLR4, and TLR6 mediated responses. Furthermore, we 
provide preliminary evidence that suggest that MIE may influence key 
mediators of trained immunity, pointing to a potential role in long-term 
immune regulation.

2. Materials and methods

2.1. Reagents and chemicals

Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), foetal 
bovine serum (FBS), phosphate-buffered saline (PBS), ethyl
enediaminetetraacetic acid (EDTA), glutaraldehyde, lipoteichoic acid 
from Bacillus subtilis (LTA), polyinosinic-polycytidylic acid [poly(I:C)], 
lipopolysaccharides (LPS) from Escherichia coli-O111:B4 and zymosan A 
from Saccharomyces cerevisiae were purchased from Sigma-Aldrich Co. 
(now under Merck, Darmstadt, Germany). Flagellin (FLA-ST) from Sal
monella typhimurium and a Class A CpG oligonucleotide (ODN 1585) 
from InvivoGen (Rome, Italy). Imiquimod from Tocris Bioscience 
(Milan, Italy). Human CD14 microbeads were obtained from Miltenyi 
Biotech (Bergisch Gladbach, Germany). Medium 199 and RPMI1640 cell 
medium were obtained from Gibco™ by Thermo Fisher Scientific 
(Paisley, Scotland). Macrophage colony-stimulating factor (M-CSF) was 
from Peprotech (Cranbury, USA). For western blot analysis, NF-kB p65 
was obtained from Cell Signaling (Danvers, USA), myeloid differentia
tion primary response 88 (MyD88) from Abcam (Eugene, USA), TLR4 
from Abclonal Tecnology (Wuhan, China) and anti-β-actin from R&D 
Systems (Milan, Italy). HRP-conjugated IgG secondary antibodies were 
purchased from Bethyl Laboratories (Montgomery, USA). Unless other
wise stated, all the other reagents were from BioCell (Milan, Italy).
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2.2. Source, characterization, and preparation of Mangifera indica L. 
extract (MIE)

The Mangifera indica L. extract (MIE), standardized to 90 % man
giferin (batch number: CMGD-C-A091434), was supplied and certified 
by L.C.M. Trading S.p.A. (Milan, Italy). The vendor's certificate of 
analysis is provided in Supplementary Figure S1. This specific batch has 
been fully chemically characterized by L.C.M. Trading S.p.A. 
(Supplementary Figure S2), and in our previous work [13] confirming 
its phytochemical profile. For all biological assays, the dry extract was 
solubilized in sterile DMSO to prepare a concentrated stock solution, 
taking into account the concentrations to be tested and the well volumes 
required for each experiment. The stock solution was freshly diluted in 
the appropriate culture medium immediately prior to each experiment. 
Based on the tested concentrations, the final DMSO percentages ranged 
from 0.033 % to 0.067 %. In all treated samples, the final concentration 
of DMSO never exceeded 0.1 % (v/v), which was considered the upper 
limit to ensure the absence of vehicle-related cytotoxicity in vitro 
cell-based assays. Appropriate solvent controls were included in all 
experimental setups.

2.3. Human ethics approval and research

This study was reviewed and approved by the University of Bir
mingham Local Ethical Review Committee (ERN_18–0382: Healthy 
Blood Donor Collection; 21/PR/0515: Exploration and validation of host 
and microbial biomarkers in newly diagnosed patients with immune- 
mediated inflammatory disease of the gastrointestinal tract [IMGID- 
INCEPTION]; IRAS: 287279; Protocol number: RG_21–009). Written 
informed consent was obtained from all participants prior to inclusion in 
the study. The study was conducted in accordance with recognized 
ethical standards, including the Declaration of Helsinki, the US Federal 
Policy for the Protection of Human Subjects, and the European Medi
cines Agency Guidelines for Good Clinical Practice. An equal proportion 
of male and female donors were included, with an age range between 20 
and 40 years (Table 1) [14,17]. Human tissues used in this study were 
procured in line with the WHO Guiding Principles on Human Cell, Tissue 
and Organ Transplantation. Part of this research was carried out at the 
National Institute for Health and Care Research (NIHR) Birmingham 
Biomedical Research Centre (BRC). This research was supported by 
institutional and grant funding. The funders had no role in the design of 
the study, collection, analysis, and interpretation of data, or in the 

writing of the manuscript.

2.4. Isolation and differentiation of human monocyte-derived 
macrophages (hMDMs)

Blood was collected from adult healthy donors and patients with IBD. 
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, endo
scopic, and histologic criteria [18]. All subjects were treatment-naïve, 
not receiving any form of medication (glucocorticoid or nonsteroidal 
anti-inflammatory drugs, NSAIDs) at the time the blood was taken 
(Table 1). Since patients are in the early stages of evaluation and diag
nosis, the stage of disease or the status of remission has not been 
determined at the point of inclusion into this study. Peripheral blood 
mononuclear cells (PBMCs) were isolated from whole blood of healthy 
donors and IBD patients using histopaque® 1077 (Sigma-Aldrich) den
sity gradients, as previously described [17,19]. Mixed monocytes were 
isolated from PBMCs, using PBS (without Ca2+ and Mg2+) supplemented 
with 0.5 % BSA and 2 mM EDTA at 4 

◦

C, by positive selection for CD14 
using anti-CD14 microbeads (Cat. No. 130–050–201) and MACS LS 
separation columns both from Miltenyi Biotec (Bergisch Gladbach, 
Germany). Purified monocytes (~95 % purity; flow cytometry analysis 
is reported in Supplementary Figure S3) were cultured at 37 

◦

C in 5 % 
CO2 in RPMI 1640 medium (Gibco™ by Thermo Fisher Scientific; Cat. 
No. 11340892)/10 % FBS, containing 50 ng/ml M-CSF, which was 
replaced every two days for six days to achieve differentiation into naïve 
macrophages (Mφ; here referred as M0) [19,20].

2.5. Macrophage polarization and treatment

To induce “pro-inflammatory” (M1) or “pro-resolution” (M2) phe
notypes, M0 macrophages were stimulated respectively with LPS 
(100 ng/ml; Sigma-Aldrich; Cat. No. L4524–5MG) and interferon- 
gamma (IFN-γ, 20 ng/ml; PeproTech, London, UK; Cat. No. 300–02), 
or with interleukin (IL)-4 (20 ng/ml; PeproTech; Cat. No. 200–04) for 
24 h as previously described [17,21] and according to the experimental 
design shown in Fig. 1A. For experimental assessments, macrophages 
were co-treated (simultaneously, assessing direct interference) with 
either MIE vehicle (DMSO at the highest concentration used in test wells, 
0.033 %) or MIE extract at the indicated concentrations [0.1–10 μg/ml 
for the assessment of tumour necrosis factor-alpha (TNF-α) and IL-10 
levels; 1 μg/ml for RNA-seq analysis] for 24 h.

2.6. Static adhesion assay

Commercially sourced primary human dermal blood endothelial 
cells (HDBECs; PromoCell; Heidelberg, Germany) were cultured in 
endothelial cell growth medium MV (Promocell; Cat. No. C-22020). 
After 4 passages, HDBECs were seeded into 12-well tissue culture plates 
at a density yielding confluent monolayers. Prior to stimulation, HDBEC 
monolayers were washed with endothelial cell growth medium MV 
enriched with endothelial cell growth supplement, a bovine hypotha
lamic extract additional containing heparin (ECGS/H; PromoCell; Cat. 
No. C-30120), pre-warmed to 37 

◦

C. Cells were then stimulated with 
TNF-α (100 U/ml; R&D Systems; Cat. No. 210-TA) for 4 h. Human 
monocytes from healthy donors were isolated as described above and 
were pre-treated (mimicking a preventive or priming effect on mono
cytes prior to endothelial interactions) with MIE extract (10 µg/ml) or 
its corresponding vehicle (DMSO, 0.033 %) in M199 media (Gibco™ by 
Thermo Fisher Scientific, Cat. No. 11150–059) supplemented with 
0.15 % BSA for 30 min and subsequently added to the activated HDBECs 
for 7 min. Following incubation, wells were gently washed twice with 
warm M199 media to remove unbound cells and fixed with 2 % 
glutaraldehyde for 10 min at room temperature (RT). Glutaraldehyde 
was removed with several 1 ml washes of PBS (with Ca2+ and Mg2+). 

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

Age (years)a 37 (26− 40)

Female; number (%) 1 (14.3)
Ethnicity White; number (%) 3 (42.9)
Symptom duration (months)a 3 (1− 24)
Weight (kg)a 90.85 (72.20–108.7)
Height (m)a 1.77 (1.64–1.80)
BMIa 29.81 (25.04–33.55)
Smoker; number (%) 3 (42.9)
FCAL at baseline (µg/g)b 1577 ± (794.6)
CRP (mg/l)a 5 (1− 24)
HBIa 9 (6− 13)
Partial Mayoa 4 (3− 6)
Endoscopic Mayoa na
SES-CDa 6 (3− 8)
Montreal Classification; Extent/Location (%) E3: 2 (28.6)
Montreal Classification; Severity/Behaviour (%) S2: 2 (28.6)
Treatment utilised (initiated after sampling) -

IBD (N = 7)
Categorizing race and ethnicity=White and Asian. amedian (interquartile 
range). bmean ±SD; BMI= Body Mass Index; CRP= C-reactive protein; 
FCAL= faecal calprotectin; HBI= Harvey-Bradshaw Index; na= not applicable; 
SES-CD= Simple Endoscopic Score for Crohn’s disease; - = data not obtained 
from patients at time of presentation.
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Images were taken from five different fields in the centre of each well 
using phase-contrast microscopy (IX71; Tokyo, Japan). Images were 
analysed offline using Image-pro 7.0 software (Media Cybernetics, 
Rockville, USA), with adherent cells being defined as phase bright 
(rounded morphology), phase grey (activated/spreading morphology) 
or phase dark (transmigrated through the endothelium) (Fig. 2D). 
Monocyte adhesion was expressed as the total number of cells per mm2, 
while transmigration was expressed as a percentage of total adherent 
cells [17].

2.7. RNA-seq

Human monocytes were isolated from healthy donors and differen
tiated into M0 macrophages for 6 days followed by subsequent polar
isation into M1 and M2 phenotypes as described above and co-treated 
with either MIE vehicle or MIE extract (1 μg/ml) for 24 h. Total RNA 
was extracted using the RNeasy Mini kit from Qiagen (Hilden, Germany) 
according to manufacturer’s instructions. RNA quantification and 
integrity was assessed using the Agilent 4200 Tapestation with High 
Sensitivity RNA ScreenTape from Aglilent Technologies (Santa Clara, 
USA) with all RIN scores exhibiting values greater than 7. Libraries for 
next generation sequencing were prepared using Quantseq 3’mRNA-seq 
Library Prep Kit FWD for illumina from Lexogen (Vienna, Austria). Bulk 
RNA-seq was performed at the Genomics Birmingham Facility (Institute 
of Cancer and Genomic sciences, University of Birmingham, UK) on an 
Illumina NextSeq 500/550 platform using a Mid output kit v2.5 (150 
cycles) to generate 75 bp single end reads. Quality control of RNA-seq 
reads were performed using FastQC (v0.11.9) and adapter sequences 
were trimmed using BBMap (v39.19-GCC-12.3.0). Cleaned reads were 
aligned to the reference genome (GRCh38) using STAR (v2.7.11a-GC- 
12.2.0) followed by gene-level quantification obtained from feature 
counts using the Subread package. For differentially expressed genes 
(DEGs) analysis, lowly expressed genes were excluded, and batch 
correction was performed prior to downstream analysis using the 
DESeq2 package. Genes with an adjusted P value (FDR) ≤ 0.05 and a 
Log2 Fold Change ≥ 0.42 were considered significantly differentially 
expressed for M0, M1 and M2 phenotypes in MIE vs MIE vehicle com
parison. A total of 73, 75, and 172 genes met the significance and 
modulation criterion in M0, M1, and M2 macrophages, respectively [22, 
23].

2.8. Animals

Isolation of peritoneal macrophages was performed in accordance 
with UK legislation (Animal Scientific Procedures Act 1986) under the 
authority of the UK Home Office license PPL P50CB9C61: Leukocyte 
recruitment and retention in acute and chronic inflammation, with 
approval from the University of Birmingham Local Ethical Review 
Committee. All animal experiments were conducted in compliance with 
the ARRIVE (Animal Research: Reporting of In Vivo Experiments) 
guidelines. The study also adhered to the WMA Statement on Animal 
Use in Biomedical Research and the European Union Directive 2010/63/ 
EU on the protection of animals used for scientific purposes, ensuring 
internationally recognized standards for experimental design, animal 
welfare, and pharmacological care.

Six to eight-week-old C57BL/6 J wild type (WT) mice (male) from 

Jackson Laboratories from Charles River, (Margate, UK) were housed 
with free access to food and water under SPF environmental conditions 
at 21 ± 2 

◦

C, 55 ± 10 % relative humidity and a 12 h light-dark cycle. 
Conditions were qualified by screening using Federation of European 
Laboratory Animal Science Associations approved methods. All pro
cedures were carried out to minimize the number of animals used and 
their suffering. Experimental study groups were randomized, and their 
assessments were carried out by researchers blinded to the treatment 
groups.

2.9. Isolation of murine peritoneal exudate macrophages (PEMs)

Peritoneal cells were harvested by lavage (PBS without Ca2+ and 
Mg2+, supplemented with 3 mM EDTA) and collected in RPMI 1640 
medium. Macrophages were then isolated from resident peritoneal 
exudate cells as previously described [24]. Briefly, cell suspension was 
plated in 6-well plates and incubated for 2 h in a humidified 5 % CO₂ at 
37 

◦

C. Following incubation, non-adherent cells were removed by per
forming three sequential washes with warm, serum-free RPMI 1640 
medium. The resulting adherent cell population, representing the 
macrophage monolayer, was confirmed to be > 95 % pure based on 
morphological assessment [25], and was subsequently stimulated with 
various TLRs agonists, as described in detail below.

2.10. In vitro stimulation of murine peritoneal macrophages with TLRs 
agonists

Isolated peritoneal macrophages were treated according to two in
dependent experimental schemes. In the first experimental setting 
(Fig. 5A), to assess the temporal dynamics of MIE's action, cells were 
exposed to MIE (10 µg/ml) in three pharmacological contexts relative to 
LPS (10 µg/ml) challenge: pre-treatment (30 min prior, mimicking 
prophylactic intervention), co-treatment (simultaneously, assessing 
direct interference), and post-treatment (30 min after, modelling ther
apeutic intervention post-inflammatory trigger) or its corresponding 
vehicle (DMSO, 0.067 %). In a second experimental setting (Fig. 6A), 
macrophages were pre-treated with MIE (10 µg/ml) for 30 min prior to 
stimulation with various TLR agonists, including LTA (TLR2 ligand; 
3 µg/ml; Cat. No. L3265), poly(I:C) (TLR3 ligand; 25 µg/ml; Cat. No. 
P1530), LPS (TLR4 ligand; 10 µg/ml; Cat. No. L2630), FLA-ST (TLR5 
ligand; 5 µg/ml; Cat. No. tlrl-stfla), Zymosan (TLR2/6 ligand; 10 µg/ml; 
Cat. No. Z4250), Imiquimod (TLR7 ligand; 2 µg/ml; Cat. No. 3700) and 
ODN 1585 (TLR9 ligand; 1.5 µM/ml; Cat. No. tlrl-1585) [26–29]. In 
both experimental settings, after 24 h of incubation, supernatants and 
adherent cells were harvested for subsequent ex vivo analysis [30,31].

2.11. ELISA assay

Enzyme-linked immunosorbent assays (ELISAs) for TNF-α (Cat. No. 
DY210) and IL-10 (Cat. No. DY217B) (both from R&D System) were 
carried out in supernatants from human M1 and M2 macrophages, 
derived from healthy donors and IBD patients. IL-6 (R&D System; Cat. 
No. DY406), TNF-α (Diaclone now part of Medics Biochemica, Espoo, 
Finland; Cat. No. 860.040.192) and PGE2 (R&D System; Cat. No. 
KGE004B) levels in murine peritoneal macrophage supernatants were 
quantified by commercially available kits according to the procedure 

Fig. 1. Modulation of cytokine release by MIE in M1/M2 macrophages from healthy and IBD-derived monocytes. Schematic overview of the experimental design (A). 
Macrophages were derived from primary human CD14⁺ monocytes isolated from healthy donors and IBD patients and differentiated with macrophage colony- 
stimulating factor (M-CSF) for 6 days (M0 phenotype). Resulting macrophages were then polarized towards M1 [LPS (100 ng/ml) and IFN-γ (20 ng/ml)] or M2 
[IL-4 (20 ng/ml)] phenotypes and co-treated with MIE vehicle (DMSO at the highest concentration used in test wells, 0.033 %) or MIE extract (0.1–10 μg/ml) for 24 h 
(A). Supernatants were collected for the assessment of cytokine levels by ELISA assay (B-G). Specifically, TNF-α release was measured in M1 macrophages from 
healthy donors (B) and IBD patients (E), while IL-10 secretion was measured in both M1 and M2 macrophages for healthy donors (M1: C; M2: D) and IBD patients 
(M1: F; M2: G). Data are expressed as pg/ml and presented as means ± S.D. of N = 5 for healthy donors and N = 7 for IBD patients. Statistical analysis was conducted 
by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ####P ≤ 0.0001 vs M0 phenotype; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 vs M1 + MIE vehicle; 
yP ≤ 0.05 vs M2 + MIE vehicle.

A. Schettino et al.                                                                                                                                                                                                                               Pharmacological Research 224 (2026) 108099 

5 



(caption on next page)

A. Schettino et al.                                                                                                                                                                                                                               Pharmacological Research 224 (2026) 108099 

6 



described by Saviano et al. [32]. Briefly, 100 μl of supernatants, diluted 
standards, quality controls, and dilution buffer (blank) were applied on a 
pre-coated 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 or enzyme conjugate was added, and the plate was incu
bated 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™, 
Waltham, USA). Antigen levels in the samples were determined using a 
standard curve, normalized to the sample volume, and expressed as 
pg/ml [14].

2.12. Western blot analysis

Peritoneal macrophages were lysed and subjected to SDS-PAGE 
(10 % gel) using standard protocols as previously described [14,33]. 
Briefly, proteins were transferred to nitrocellulose 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 % w/v) or BSA (4.5 % w/v) in PBS supplemented 
with 0.1 % (v/v) Tween 20 (PBS-T) at RT and then incubated at 4 ºC with 
the appropriately diluted primary antibodies overnight: rabbit mono
clonal NF-kB p65 (1:1000; clone D14E12; Cat. No. 8242S), goat poly
clonal MyD88 (1:1000; Cat. No. Ab28763), rabbit polyclonal TLR4 
(1:2000; Cat. No. A5258) and mouse monoclonal anti-β-actin 
(0.01 µg/ml; clone: 937215; Cat. No. MAB8929). After lavages with 
PBS-T, blots were incubated a 1:3000 dilution of related horseradish 
peroxidase-conjugated secondary antibody (Donkey anti-Mouse IgG 
Heavy and Light Chain Antibody HRP Conjugated, Cat. No. A90–137 P; 
Sheep anti-Rabbit IgG Heavy and Light Chain Antibody HRP Conju
gated, Cat. No. A120–100 P or Donkey anti-Goat IgG Heavy and Light 
Chain Antibody HRP Conjugated, Cat. No. A50–101 P) 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, Bio-Rad Laboratories,) and Image Quant 400 GE Healthcare 
software (Milan, Italy). Bands were quantified using the GS 800 imaging 
densitometer software (Bio-Rad, Milan, Italy) and normalized with 
respective β-actin [14,34,35]. Uncropped and triplicate original western 
blots are presented in Original western blot file.

2.13. Statistical analysis

Statistical analysis complies with the international recommendations 
and guide on experimental design and analysis in pharmacology and 
immunopharmacology recommended by the international union of 
basic and clinical pharmacology (IUPHAR) [36,37] and data sharing and 
presentation in preclinical pharmacology [13,35]. Data are presented as 
mean ± S.D. or median ± IQR. Normality was tested prior to analysis 
with one-way ANOVA followed by Bonferroni’s for multiple compari
sons, where P ≤ 0.05 was deemed significant. GraphPad Prism 10.4.2 
software (San Diego, 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 = 5 of 
independent values) using randomization and blinded analysis.

3. Results

3.1. MIE selectively reprograms the pro-inflammatory cytokine profile of 
human M1 macrophages from healthy donors and IBD patients

Macrophage plasticity enables dynamic adaptation to microenvi
ronmental cues, giving rise to distinct functional phenotypes, a process 
profoundly disrupted in chronic inflammatory conditions such as IBD 
[38]. The (classical activated) pro-inflammatory M1 phenotype, driven 
by IFN-γ and LPS, contributes to tissue damage, whereas the (alterna
tively activated) pro-resolving M2 phenotype, triggered by IL-4, facili
tates resolution and repair [39]. Targeting this polarization balance 
represents a promising therapeutic strategy. We therefore evaluated the 
capacity of MIE to modulate this critical process in hMDMs from both 
healthy donors and IBD patients. To assess the immunomodulatory ca
pacity of MIE, we employed a well-established in vitro model, as outlined 
in Fig. 1A. Briefly, monocytes were isolated from healthy donors (N = 5) 
and patients with IBD (N = 7), with a purity of > 95 % for CD14⁺ cells 
confirmed by flow cytometry (Supplementary Figure S3). Following a 
6-day differentiation with M-CSF to generate naïve macrophages (Mφ; 
here referred as M0), cells were polarized towards M1 or M2 phenotypes 
in the presence of MIE (0.1–10 µg/ml) or vehicle for 24 h. Our findings 
demonstrate that MIE exerts a potent and selective effect on the pro
duction of specific cytokines, namely TNF-α and IL-10. In macrophages 
from healthy donors, MIE treatment during M1 polarization potently 
suppressed TNF-α secretion in a concentration dependent manner, with 
a marked inhibition observed at 10 µg/ml (Fig. 1B). In contrast to its 
effects on TNF-α, MIE did not significantly alter IL-10 production in M1 
macrophages at any tested concentration (Fig. 1C) nor in M2 macro
phages, except at the highest concentration (Fig. 1D). In IBD derived 
macrophages, MIE (10 µg/ml) effectively suppressed elevated TNF-α 
release from M1-polarized cells (Fig. 1E), while sparing IL-10 production 
(Fig. 1F). Notably, MIE induced a modest but statistically significant 
increase in IL-10 secretion from M2 macrophages of IBD patients 
(Fig. 1G), indicating a context-dependent immunomodulatory effect.

3.2. MIE enhances monocyte adhesion and attenuates transmigration 
across a TNF-α-activated human endothelial barrier

The initial recruitment of circulating monocytes to sites of inflam
mation is a pivotal event in the initiation and perpetuation of chronic 
inflammation, governed by a well-characterized capture, adhesion and 
transmigration cascade [40]. This process is critically dependent on the 
activation of the vascular endothelium by pro-inflammatory cytokines 
like TNF-α, which upregulates adhesion molecules such as intercellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1), facilitating leukocyte adhesion and subsequent diapedesis 
[41]. Inhibiting this cascade represents a key therapeutic target for 
controlling inflammatory pathologies. Building on our compelling evi
dence that MIE inhibits lymphocyte trafficking [14], we turned our focus 
to monocytes. The experimental setup and the distinct, migratory be
haviours of monocytes are summarised in Fig. 2A. Monocytes from 
healthy donors (N = 3) were pre-treated with MIE (10 µg/ml) or vehicle 

Fig. 2. Effect of MIE on monocyte adhesion and migration across human dermal blood endothelial cells (HDBECs). In a static adhesion/migration assay, HDBECs 
were stimulated with TNF-α (100 U/ml) for 4 h. Human monocytes from healthy donors were pre-treated with MIE extract (10 µg/ml) or its corresponding vehicle 
(DMSO, 0.033 %) for 30 min and then added to the activated HDBECs for 7 min. Non-adherent cells were subsequently removed by washing. In the panel D 
representative images (200 μm scale bar) of monocytes at distinct migratory stages (A) are shown: adhesion (indicated as phase bright and spherical in morphology, 
green square), spreading (indicated as phase grey and multipolar in morphology, blue square; quantified as % in Supplementary Fig. S4) and transmigration 
(indicated as phase dark and elongated in morphology, orange square). Quantification of monocytes 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 = 3 independent healthy donors. Statistical analysis was 
conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01 vs Untreated; *P ≤ 0.05 vs TNF-α; +P ≤ 0.05 vs TNF-α + MIE vehicle.
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for 30 min and added to TNF-α-activated HDBECs. Although MIE 
increased overall monocyte adhesion (Fig. 2B), this was secondary to its 
potent inhibition of transmigration (Fig. 2C). It did not significantly 
affect the percentage of monocytes undergoing the activation or 
spreading (phase-grey; Supplementary Figure S4). Representative im
ages illustrate the accumulation of adherent cells and the marked 
reduction in transmigration (Fig. 2D). These findings establish that MIE 
limits inflammatory cell infiltration primarily by inducing monocyte 
adhesion and suppressing transmigration across the endothelium.

3.3. Integrated transcriptional profiling reveals NF-κB and TLR pathways 
as central hubs for MIE's phenotype-specific immunomodulation

To define the molecular basis of MIE's immunomodulatory effects, 
we performed RNA-seq on M0, M1, and M2 hMDMs treated with MIE. 
Global transcriptional profiles [42] (Fig. 3) revealed distinct gene 
expression changes across phenotypes, with (Fig. 3A-C) pathway 
enrichment visualised in radar charts. In M0 macrophages, MIE upre
gulated genes encoding endogenous inhibitors, including the 
interleukin-1 decoy receptor, interleukin 1 receptor type 2 (IL1R2) and 
the competitive antagonist, interleukin 1 receptor N antagonist (IL1RN), 
while downregulating genes encoding key mediators such as the tran
scriptional repressor, nuclear factor X-box binding like 1 (NFXL1) or the 
immune response marker, interferon-induced protein 44-like (IFI44L) 
(Fig. 3A). In the pro-inflammatory M1 phenotype, MIE robustly sup
pressed genes encoding key mediators, such as adrenoceptor beta 2 
(ADRB2), poly (ADP-ribose) polymerase 11 (PARP11), suppressor of 
cytokine signalling 4 (SOCS4) and the immunoregulator lipoprotein 
lipase G (LIPG), resulting as the most downregulated gene, while 
inducing cyclin D1 gene (CCND1) (Fig. 3B). In M2 macrophages, MIE 
enhanced an anti-inflammatory gene expression profile, resulting in the 
upregulation of IL1R2, cluster of differentiation 40 (CD40), the che
mokine, C-C motif chemokine ligand 17 (CCL17), along with the sup
pression of the cluster of differentiation 14 (CD14) (Fig. 3C).

Pathways analysis identified NF-κB signalling as the most consis
tently modulated pathway across all subsets, with phenotype specific 
nuances (radar charts shown in Fig. 3A-C). In M0 macrophages, MIE 
enriched genes involved in negative regulation of NF-κB (8 genes) and 
TLR signalling (4 genes), suggesting a primed anti-inflammatory state. 
In M1 macrophages, MIE exerted focused suppression of NF-κB (6 genes) 
and inflammatory/tissue repair pathways (6 genes), dampening the 
activated phenotype. In M2 macrophages, MIE induced the most 
extensive NF-κB reprogramming (15 genes), including 6 linked to 
negative feedback, reinforcing their resolving function. Supplementary 
Figure S5 provides full volcano plots of all DEGs related to inflammatory 
pathways for each phenotype. To dissect shared versus unique re
sponses, we performed comparative analysis (Fig. 4). The UpSet plot 
(Fig. 4A) revealed that MIE's transcriptional effects were highly 
phenotype-specific, with minimal overlap, with only one gene signifi
cantly regulated across all subsets. This underscores MIE’s context- 
dependent precision rather than a generic anti-inflammatory effect. 
Bubble charts (Fig. 4B-D) further characterized NF-κB-related gene 
modulation. In M0 and M2 macrophages (Figs. 4B and 4D), MIE 
consistently upregulated negative regulators with the decoy receptor 
IL1R2 emerging as the most significantly induced gene. In contrast, M1 
macrophages showed a predominant downregulation of pro- 
inflammatory NF-κB targets, such as LIPG and SOCS4 (Fig. 4C). The 
definitive support for both shared and phenotype-specific pathway 
engagement is provided in Supplementary Figure S6. In particular, 
Supplementary Figure S6C provides definitive quantification: M1 mac
rophages exhibited strong enrichment of genes linked to NF-κB, TLR, 
inflammasome signalling, adhesion/migration, and tissue repair. Some 
of these pathways were largely unaffected in M0 and M2 subsets. 
Together, this multi-layered transcriptomic analysis from global signa
tures to pathway analysis demonstrate that MIE modulates inflamma
tory signalling in a phenotype-specific manner. This provided the 

rationale for subsequent functional validation of MIE’s activity across 
TLR pathways in primary murine peritoneal macrophages.

3.4. MIE exhibits a distinct and selective immunomodulatory profile 
across a broad panel of toll-like receptors (TLRs)

Building on the transcriptomic data identifying NF-κB and TLR sig
nalling as central targets of MIE in human macrophages, we next per
formed functional validation using primary murine peritoneal 
macrophages. We first focused on the prototypical TLR4 pathway, a 
mediator of gram-negative bacterial inflammation and a key node in 
sterile inflammatory diseases [43]. To assess the temporal dynamics of 
MIE's action, cells were exposed to MIE (10 µg/ml) in three pharmaco
logical contexts relative to LPS challenge: pre-treatment (30 min prior, 
mimicking prophylactic intervention), co-treatment (simultaneously, 
assessing direct interference), and post-treatment (30 min after, 
modelling therapeutic intervention post-inflammatory trigger) 
(Fig. 5A). This design revealed a graded pharmacodynamic profile: MIE 
exerted its most potent suppressive effect on LPS-induced TNF-α and 
IL-6 release when administered as a pre-treatment (Fig. 5B-D), indi
cating a capacity to prime macrophages towards a hypo-responsive 
state. A significant, though moderately attenuated inhibitory effect 
was consistently observed under co-treatment conditions (Fig. 5E-G), 
suggesting direct interference with early signal transduction events. 
Critically, a statistically significant anti-inflammatory activity was pre
served even when MIE was introduced after the initial LPS stimulus 
(Fig. 5H-J). This demonstrates that MIE can disrupt an ongoing in
flammatory cascade, an essential feature for therapeutic application in 
active disease. Having confirmed efficacy against TLR4, we next profiled 
MIE’s activity across a broader panel of TLRs. Macrophages were 
pre-treated with MIE and stimulated with specific agonists for TLR2–9. 
The detailed cytokine secretion profiles (TNF-α, IL-6, PGE₂) for each TLR 
agonist are comprehensively detailed in Supplementary Figure S7A-F. 
Analysis of this dataset revealed a striking and highly specific pattern of 
immunomodulation: MIE potently blunted the inflammatory response 
triggered by TLR2, TLR4, and TLR6, yet exhibited minimal to no 
modulating effect on signalling driven by TLR3, TLR5, TLR7, and TLR9. 
This specificity positions MIE not as a broad-spectrum TLR inhibitor, but 
as a precision immunomodulator that selectively targets inflammatory 
TLR subsets. By preserving antiviral and antibacterial signalling path
ways [44], MIE offers a refined therapeutic strategy with potential for 
improved safety and efficacy.

3.5. MIE's selective TLR4 inhibition impinges on the MyD88/NF-κB 
signalling axis

The selective suppression of TLR2/4/6 by MIE prompted investiga
tion into shared signalling mechanisms underlying this specificity. We 
hypothesised that MIE acts on a common node within the MyD88- 
dependent pathway, which converges on NF-kB activation. To test 
this, primary murine peritoneal macrophages were pre-treated with MIE 
and challenged with specific TLR agonists (Fig. 6A). Polar chart analysis 
(Fig. 6B) confirmed MIE’s strongest inhibitory effect on TLR4, with se
lective activity across the TLR2/4/6 cluster and sparing of other TLRs. 
We first assessed downstream cytokine output. MIE pre-treatment 
significantly suppressed TNF-α, IL-6, and PGE₂ secretion in LPS- 
stimulated macrophages (Fig. 6C), consistent with NF-κB pathway in
hibition. We then examined upstream signalling events: western blot 
analysis revealed that MIE attenuated LPS-induced TLR4 expression 
(Fig. 6D) and upregulation of MyD88 and total NF-κB p65 protein level 
(Fig. 6F). Densitometric quantification across three biological replicates 
confirmed significant reductions in protein levels (Figs. 6E, 6G and 6H). 
The specificity and reproducibility of these immunoblotting results are 
robustly corroborated by the full, uncropped western blot images pre
sented in Original western blot file. In summary, this multi-tiered 
mechanistic investigation, progressing from cellular output to 
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proximal signalling events, definitively identifies the MyD88/NF-κB axis 
as a primary target of MIE on TLR4. These data provide a coherent 
molecular explanation for the observed transcriptomic and functional 
phenotypes, demonstrating that MIE blunts the pro-inflammatory 
response by strategically impinging upon this core signalling pathway, 
thereby providing a mechanistic rationale for its selective modulation of 
a defined subset of TLR signalling pathways [11,44].

4. Discussion

This study uncovers a previously unrecognized facet of MIE’s 
immunomodulatory profile, identifying it as a master regulator of early 
innate immune responses. MIE operates through a multi-tiered mecha
nism: systemically, it restricts monocyte recruitment to inflamed tissues, 
and locally, it acts as a molecular rheostat to reprogram macrophage 
polarization and function. Crucially, this is achieved not via broad 
immunosuppression, but through selective modulation of TLR2/4/6 
activity, TLR4 expression and their upstream adaptor MyD88 and 
downstream trascriptional factor NF-κB. This targeted strategy offers a 
refined approach to resolving chronic inflammation while preserving 
essential host defense [1].

The initiation of inflammation begins with leukocyte extravasation, 
a process reliant on monocyte adhesion and migration on activated 
endothelium, via adhesion molecules including ICAM-1 and VCAM-1 
[45]. Our finding that MIE enhances monocyte adhesion while inhibit
ing transmigration identifies a critical upstream mechanism contrib
uting to its in vivo efficacy [8].

Mechanistically, this apparent paradox can be reconciled by 
considering that firm adhesion is necessary but not sufficient for dia
pedesis. Transmigration requires additional signals, including integrin 
inside‑out activation, cytoskeletal remodelling, and endothelial junc
tional opening. Several studies have shown that stimuli can increase 
adhesion yet impair transmigration by selectively modulating these 
downstream steps. For example, short‑term LPS stimulation enhances 
monocyte adhesion but markedly reduces transendothelial migration 
under static conditions [46]. Similarly, mechanical forces at the endo
thelial interface regulate cytoskeletal tension and junctional dynamics, 
meaning that adhesion can be stabilized without permitting junctional 
penetration [47]. Our data suggest that MIE may act at this checkpoint: 
promoting integrin‑mediated adhesion while interfering with cytoskel
etal reorganization or endothelial junctional changes required for dia
pedesis. This differential regulation of sequential steps in the 
extravasation cascade provides a plausible explanation for the observed 
phenotype, consistent with broader models of leukocyte trafficking [8, 
48].

Functionally, prolonged adhesion without transmigration may 
sequester monocytes at the vascular interface, reducing their infiltration 
into tissues and thereby limiting chronic inflammatory drivers. At the 
same time, sustained adhesion could trigger local endothelial signalling 
that reinforces vascular stability. Thus, rather than being pro- 
inflammatory, this uncoupling of adhesion from transmigration may 
represent a protective mechanism that dampens tissue infiltration while 
modulating vascular homeostasis [49]. Such a mechanism is particularly 

relevant in conditions such as IBD and atherosclerosis, where excessive 
monocyte entry into tissues drives chronic inflammation.

Once in the tissue, monocytes differentiate into macrophages, whose 
polarisation into pro-inflammatory (M1) or pro-resolving (M2) pheno
types is tightly regulated but often disrupted in chronic inflammation 
[5]. Our findings demonstrate that MIE possesses a selective and 
potentially therapeutic immunomodulatory capacity, capable of 
reprogramming the dysfunctional cytokine profile of human macro
phages derived from both healthy donors and patients with IBD. The 
study specifically reveals that MIE potently and 
concentration-dependently suppresses the secretion of the 
pro-inflammatory cytokine TNF-α during M1 macrophage polarization, 
a key driver of tissue damage in chronic inflammation [50,51]. Criti
cally, this effect was observed in macrophages from healthy donors and 
was particularly pronounced in cells from IBD patients, where TNF-α 
levels are pathologically elevated [52]. In contrast, MIE did not signif
icantly inhibit the production of the anti-inflammatory cytokine IL-10 in 
M1 macrophages from either group, preserving a crucial endogenous 
regulatory mechanism. The differential effect of MIE on IL-10 secretion, 
showing no change in M1 macrophages but a modest, statistically sig
nificant enhancement in M2 macrophages from IBD patients, highlights 
a potential context-dependent and phenotype-specific immunomodula
tory action. This selective reprogramming suggests MIE's potential to 
correct the polarization imbalance central to IBD pathology, shifting the 
macrophage functional state from a pro-inflammatory to a pro-resolving 
phenotype [6].

Elevated baseline IL-10 levels in macrophages from IBD patients are 
consistent with reports of compensatory anti-inflammatory cytokine 
production during chronic inflammation [53,54]. This context is crucial 
for interpreting MIE’s differential effects. As supported by the literature, 
IL-10 in M1 macrophages is often co-expressed with pro-inflammatory 
mediators such as TNF-α and IL-6, which may limit its net 
anti-inflammatory impact within this inflammatory milieu [55]. In 
contrast, M2 macrophages are transcriptionally primed to amplify reg
ulatory pathways [56]. Therefore, MIE's specific enhancement of IL-10 
secretion in M2 macrophages, but not in M1 cells, likely reflects and 
reinforces the distinct transcriptional programs of these subsets.

Functionally, this divergence could critically shape the inflammatory 
environment in IBD. In M1 macrophages, the failure of MIE to further 
elevate IL-10, against a backdrop of suppressed TNF-α, may still permit 
pro-inflammatory signalling to persist. Conversely, in M2 macrophages, 
the compound’s ability to boost IL-10 may potentiate resolution path
ways, further dampen immune activation and promote epithelial repair 
[57]. Moreover, IL-10 has been shown to reprogram macrophage 
metabolism toward oxidative phosphorylation, thereby stabilizing 
anti-inflammatory functions [58]. Thus, MIE’s strategy of selectively 
augmenting IL-10 in the regulatory M2 subset may effectively tilt the 
balance toward tissue repair, even within the complex cytokine land
scape of IBD. This mechanistic insight, limiting a key pathogenic driver 
while selectively reinforcing a regulatory axis, helps explain the extract's 
overall anti-inflammatory efficacy and positions it as a promising agent 
for modulating macrophage plasticity in IBD and inflammatory-based 
diseases [59] and distinguishes MIE from broad immunosuppressants 

Fig. 3. Gene expression profiling identifies NF-κB as the key regulator of inflammatory pathway activation in human polarized macrophages. Volcano plots (A-C) 
show differentially expressed genes (DEGs) across naïve macrophages (Mφ; also called M0), M1 and M2 macrophage phenotypes in MIE vs MIE vehicle comparison. 
The plot shows the Fold-Change on the X-axis versus the unadjusted P values (on a -Log10 scale) on the Y-axis. The X-axis indicates the average expression level for 
each gene. Red and blue circles denote significantly up- and down-regulated inflammatory-related genes, respectively. Radar charts illustrate the enrichment of key 
inflammatory signalling pathways (the corresponding volcano plots are reported in Supplementary Fig. S5A-C) for each phenotype. The NF-κB signalling pathway is 
the most prominently modulated pathway across all macrophage polarization states (M0, M1 and M2). Pathway-specific gene counts: M0 phenotype (A): Negative 
regulation of NF-κB (8 genes), NF-κB signalling (5), control of endothelial inflammatory response (4), negative regulation of cytokine production (4), negative 
feedback in TLR signalling (4), TLR signalling (4), regulation of cytokine production (3), IFN-γ signalling (3), inflammasome signalling (2), MAPK signalling (2). M1 
phenotype (B): NF-κB signalling (6), inflammatory response & tissue repair (6), negative regulation of NF-κB (4), negative regulation of cytokine production (4), TLR 
signalling (3), negative feedback in TLR signalling (3), inflammasome signalling (1). M2 phenotype (C): NF-κB signalling (15), negative feedback in NF-κB signalling 
(6), negative regulation of cytokine production (6), negative regulation of NF-κB (5), negative feedback in TLR signalling (3), TLR signalling (3), regulation of 
cytokine production (3), MAPK signalling (3), inflammasome signalling (1).
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Fig. 4. Comparative transcriptomic analysis of macrophage phenotypes highlights unique and common NF-κB signatures. UpSet plot (A) shows distinct and over
lapping genes across main macrophage subtypes (M0, M1 and M2). Vertical bars show the number of common genes between M0, M1 and M2 phenotypes 
(intersection size). Horizontal bars illustrate the total number of genes (set size). Bubble charts (B-D) show the most up-regulated (red) and down-regulated NF-κB 
related genes (blue) in M0 (B), M1 (C) and M2 (D) macrophages. The X-axis corresponds to -Log10 (Pvalue) while Y-axis indicates the Log2 (Fold change). The bubble 
size represents the number of significant genes for a given enriched term. The colour intensity corresponds to the enrichment significance, with red indicating a 
higher -Log10(Pvalue) and blue indicating a lower -Log10(Pvalue).

A. Schettino et al.                                                                                                                                                                                                                               Pharmacological Research 224 (2026) 108099 

11 



(caption on next page)

A. Schettino et al.                                                                                                                                                                                                                               Pharmacological Research 224 (2026) 108099 

12 



that carry an increased risk of infection [6]. Transcriptomic profiling 
revealed that MIE’s effects are highly phenotype-specific, with pro
nounced modulation of genes involved in NF-κB, TLR, inflammasome 
signalling pathways, as well as mechanisms regulating inflammatory 
response (adhesion/migration) and tissue repair. This gene signature 
pointed to the TLRs system as a primary target, consistent with the 
central role in macrophage activation [2].

Our most significant finding is the identification of MIE as a broad 
TLR2/4/6 signalling rheostat to attenuate MyD88/NF-κB-driven 
inflammation. Functional profiling across TLR agonists revealed potent 
inhibition of TLR2, TLR4, and TLR6, while sparing TLR3, TLR5, TLR7, 
and TLR9. This specificity has important therapeutic implications: the 
TLR2/4/6 cluster responds to bacterial components [e.g., lipoproteins, 
LPS, Macrophage-Activating Lipopeptide-2 (MALP-2)] and Damage- 
Associated Molecular Patterns (DAMPs), key drivers of the sterile 
inflammation in chronic diseases such as IBD, rheumatoid arthritis, and 
metabolic syndrome [60]. In contrast, the unaffected TLRs are crucial 
for antiviral immunity (TLR3, TLR7, TLR9) and flagellin recognition 
(TLR5) [61]. By preserving these pathways, MIE may offer a superior 
safety profile compared to broad-acting biologics like anti-TNF therapies 
[8].

Mechanistically, MIE’s selective modulation maps on to the MyD88/ 
NF-κB axis. It modulates TLR4, MyD88 and total NF-κB p65 protein 
expression, explaining the coordinated downregulation of NF-κB target 
genes observed in our transcriptomic and cytokine data [62]. While the 
precise molecular target upstream remains to be defined, our findings 
suggest MIE interferes with early events TLR2/4/6 signalling, such as 
receptor complex formation, or adapters protein recruitment. This tar
geted disruption of shared signalling hub enables broad 
anti-inflammatory effects without indiscriminate pathway suppression, 
aligning with emerging strategies for pathway-specific immunomodu
lation [6]. Notably, MIE retains efficacy even when administered after 
inflammatory stimulation, supporting its therapeutic use in established 
disease. Beyond acute inflammation, our data raises the possibility that 
MIE may influence trained immunity, a form of innate memory driven 
by epigenetic and metabolic reprogramming [2]. The sustained modu
lation of NF-κB and metabolic pathways suggests that MIE could reset 
hyperactive innate immune states, potentially preventing disease flares 
in chronic conditions. This dual capacity, acute cytokine suppression 
and long-term innate immune reprogramming, warrants further inves
tigation in models of trained immunity [1].

Taken together with our previous work on MIE’s effects on adaptive 
immunity and the neuro-immune axis [3,15], these findings complete a 
comprehensive mechanistic framework. MIE emerges as a 
multi-targeted agent capable of dampening early innate triggers 
(monocyte recruitment, TLR expression and signalling), reshaping the 
inflammatory microenvironment (macrophage polarization), and 
resolving the associated adaptive and neurological sequelae of chronic 
inflammation. This integrated, multi-pathway mode of action is espe
cially compelling for complex, multifactorial diseases such as IBD. Here, 
MIE’s potential as a scientifically substantiated nutraceutical or novel 
food ingredient could offer a realistic, evidence-based complementary 
strategy to modulate the convergent pathogenic networks driving dis
ease pathology.

5. Conclusions and study limitations

In conclusion, this study systematically deciphers the multi-faceted 
mechanism of action of MIE, positioning it as a precision immuno
modulator that intervenes at critical junctures of the inflammatory 
cascade. We establish that MIE operates from the systemic level, by 
inhibiting monocyte recruitment, to the molecular level, where it 
functions as a selective rheostat of innate immunity by specifically 
modulating the TLR4-MyD88-NF-κB axis. This targeted mechanism, 
which preserves other critical TLR pathways and subtly reinforces anti- 
inflammatory programs in macrophages, distinguishes MIE from broad 
suppression immunosuppressants and underscores its potential as a so
phisticated therapeutic agent with a predictably superior safety profile.

While our findings provide a robust mechanistic framework, certain 
limitations highlight avenues for future research. First, the functional 
validation of TLRs selectivity was conducted in murine macrophages. 
Although the core TLR signalling machinery is evolutionarily conserved, 
direct confirmation of this selective inhibition in primary human mac
rophages would strengthen the translational relevance of our findings. 
Second, the in vivo functional consequence of this specific TLR modu
lation, while strongly inferred from our data, requires definitive vali
dation using TLR-pathway specific disease models. Third, the long-term 
impact of MIE on antimicrobial host defence, despite its sparing of key 
antiviral TLRs, remains to be fully elucidated in integrated immuno
logical challenge models. Finally, a limitation to the generalisability of 
the study is that it did not consider gender/sex issues.

Notwithstanding these limitations, our work provides a compelling 
preclinical rationale for the continued development of MIE. Its unique 
integrated strategy, simultaneously targeting leukocyte trafficking, 
macrophage programming, and specific pro-inflammatory signalling, 
represents a paradigm shift from non-specific immunosuppression to
wards re-establishing innate immune homeostasis in complex chronic 
inflammatory diseases by nutraceuticals and/or novel food ingredient/s.
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Fig. 5. Temporal profiling of MIE shows differential modulation of LPS-induced cytokine responses in peritoneal macrophages. Schematic representation of the 
experimental workflow (A). Resident peritoneal exudate cells were collected from C57BL/6 J wild type (WT) mice by intraperitoneal (i.p.) lavage. After adherence, 
macrophages were treated with MIE extract (10 µg/ml) or vehicle (DMSO, 0.067 %) according to three temporal regimens relative to LPS (10 µg/ml) stimulation (A): 
pre-treatment (30 min before LPS, B), co-treatment (simultaneous with LPS, E), and post-treatment (30 min after LPS, H). After 24 h of incubation, culture su
pernatants were collected and analyzed by ELISA assays to quantify TNF-α and IL-6 levels. Graphs show cytokine concentrations for each treatment condition: TNF-α 
(C, F, I) and IL-6 (D, G, J) in pre-, co-, and post-treatment settings, respectively. Data are expressed as pg/ml and presented as violin plot of N = 5 mice per group. 
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 vs LPS 
+ MIE vehicle.
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