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Urolithins and their phase II conjugates cross
the blood–brain barrier and exert a stimulus-
dependent anti-inflammatory effect on microglial
cells by inhibiting NF-κB nuclear translocation
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Neuroinflammation plays a central role in ageing and the progression of neurodegenerative diseases.

Epidemiological studies suggest that consuming ellagitannins (ETs)- and ellagic acid (EA)-rich foods like

pomegranate or walnuts may confer neuroprotective benefits. However, ETs and EA have low bio-

availability and are extensively metabolized by the human gut microbiota into urolithins (Uros), which cir-

culate mainly as glucuronide and sulphate conjugates. This study evaluated the ability of the main colonic

Uros (Uro-A, Uro-B, and IsoUro-A), and their respective phase II conjugates, to cross human brain micro-

vascular endothelial cells (HBMECs) as an in vitro model of the blood–brain barrier (BBB), and assessed

their anti-(neuro)inflammatory effects on the BBB endothelium and human microglial cells (HMC3) under

different inflammatory stimuli. UPLC-qTOF-MS analyses revealed that all Uros and their conjugates

crossed the BBB, with Uro-B and its sulphate showing the highest transport efficiency. Moreover, Uros

preserved BBB integrity against TNFα-induced damage. In HMC3 cells, all Uros significantly reduced IL-6

secretion, whereas only the free forms decreased IL-8 levels under LPS stimulation. However, no effects

were observed in TNFα-stimulated cells, indicating a stimulus-dependent response. Additionally, all Uros

prevented NF-κB nuclear translocation in LPS-treated cells, and Uro-A specifically interfered with the

canonical MyD88-dependent arm of TLR4 signalling, without broadly inhibiting receptor expression or

affecting the TRIF-dependent branch. These findings suggest that consuming ETs and EA-rich foods as

precursors of Uros could exert anti-neuroinflammatory activity, potentially preventing or delaying the

development of neurodegenerative diseases.

Introduction

Neurodegenerative diseases (ND), such as Alzheimer’s and
Parkinson’s diseases, are among the most important public
health problems in developed countries, and their prevalence
is constantly rising due to increased life expectancy.1,2 These

diseases involve the progressive loss of neurons in specific
regions of the central nervous system (CNS), leading to
impaired movement and/or cognitive decline (dementia, thinking
and behaviour detriment, among others). Neuroinflammation,
driven by activated microglia cells, is among the hallmarks of
ND and is intricately linked to the onset and progression of
these diseases.3–5 Intrinsic and extrinsic factors, such as infec-
tions or oxidative stress, can induce neuroinflammation and
activate specific signalling pathways in microglial cells. Once
activated, microglia release pro-inflammatory cytokines such
as tumour necrosis factor alpha (TNFα), IL-6, IL-8, and IL-1β,
among others, which amplify the inflammatory response and
contribute to neuronal damage.5–8 Since effective treatments
against ND remain limited and brain changes can begin many
years before symptoms appear, prevention has become a key
focus.9 Consequently, there is a growing interest in identifying
natural compounds with anti-(neuro)inflammatory and neuro-
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protective properties as a non-pharmacological strategy to
support long-term brain health. In this context, diet plays a
crucial role, as accumulating evidence suggests that dietary
interventions, with particular attention given to polyphenol-
rich foods, may offer benefits for brain health.10–13

Ellagitannins (ETs) and ellagic acid (EA), found abundantly
in pomegranates, walnuts, and some berries like strawberries,
raspberries, or blackberries, have been associated with ben-
eficial properties on cognitive health.14,15 However, due to
their low bioavailability and extensive metabolism by the gut
microbiota, the biological effects of ETs and EA are largely
attributed to their gut microbiota-derived metabolites, known
as urolithins (Uros).16,17 In humans, three major final Uros
have been identified as products of ETs and EA metabolism,
including Uro-A, Uro-B, and IsoUro-A. However, their intestinal
biosynthesis depends on the individuals’ gut microbial compo-
sition and functionality. This gives rise to considerable interin-
dividual variability, leading to the definition of specific uro-
lithin metabotypes (UMs). In this line, three well-established
UMs have been described based on the final Uros produced: (i)
metabotype A (UM-A), characterised by the exclusive pro-
duction of Uro-A, (ii) metabotype B (UM-B) that yields Uro-B
and IsoUro-A in addition to Uro-A, and (iii) metabotype 0
(UM-0), in which individuals do not produce these final
Uros.17–19 Thus, in contrast to the poor absorption of ETs and
EA, Uros can reach relevant concentrations in the bloodstream
(in the low micromolar range), primarily circulating as phase
II conjugates (glucuronides and sulphates).17 Therefore, for
the last decade, Uros have attracted great interest in combating
ND due to their well-demonstrated in vitro and in vivo anti-
inflammatory effects.15,17 In this line, numerous studies using
a wide range of cellular and animal models of ND have demon-
strated the neuroprotective and anti-inflammatory effects of
Uros, particularly Uro-A, by attenuating pro-inflammatory
responses including IL-1β, IL-6, and TNFα in microglial cells
and neuronal tissues, but also promoting mitophagy, improv-
ing mitochondrial function and antioxidant machinery,
etc.15,20–23 However, most of this research has focused on the
free forms, while the conjugated metabolites, glucuronides
and sulphates, which are the predominant circulating forms
and therefore, the capacity of these conjugates to cross the
blood–brain barrier (BBB) and exert biological effects in the
CNS remains largely unexplored. In this context, to date, one
in vitro study has shown that phase II conjugation limits the
protection against oxidative stress-induced apoptosis in
SH-SY5Y neuroblastoma cells, compared to the free forms, i.e.,
Uro-A, Uro-B, and IsoUro-A.24 However, whether the phase II
conjugation could limit the anti-(neuro)inflammatory effect of
Uros is still unexplored. Besides, regarding the ability of Uros
to cross the BBB, earlier animal studies detected Uro-A in
brain tissues. However, these authors analysed brain samples
that were either not perfused or enzymatically treated with glu-
curonidase and sulfatase following oral or intravenous admin-
istration of Uros in rodents.25–27 These approaches limited the
ability to determine whether free, but also conjugated forms,
truly reach the brain parenchyma. Furthermore, the presence

of Uros in non-perfused brains could reflect residual blood
content rather than actual brain penetration. Notably, a recent
study has provided the first unequivocal evidence of the pres-
ence of Uro-A sulphate and free Uro-A, but not glucuronides,
in perfused mouse brains after intraperitoneal administration
of free Uro-A, confirming that both free Uro-A and its sulphate
conjugate can cross the BBB and reach the brain parench-
yma.28 In addition, more recently, Ávila-Gálvez et al. (2025)29

explored the use of exosomes (EXOs) as nanocarriers to
enhance the delivery of Uros to the brain. In agreement with
the mouse study,28 no glucuronide conjugates were detected in
the brain regardless of whether Uros were intravenously admi-
nistered freely or encapsulated in EXOs.28 In that study, only
sulphate of Uro-A and Uro-B were detected when free Uro-A or
Uro-B were administered, supporting the previous mouse
results, and thus, underscoring the potential of Uros to exert
biological effects in the CNS.29 However, in addition to the
limited exploration of the neuroprotective effects of conjugated
urolithins, it remains unclear whether their conjugation could
restrict their ability to cross the BBB. Therefore, understanding
their ability to cross the BBB and distinguishing between free
forms and their phase II conjugates’ ability to modulate neu-
roinflammation is essential for accurately assessing their rele-
vance to brain health.

Accordingly, this study aims to compare, for the first time,
the ability of the main free Uros (Uro-A, Uro-B, and Iso-UroA)
and their circulating phase II conjugates (glucuronides and
sulphates) to cross the BBB using an in vitro model based on
human brain microvascular endothelial cells (HBMECs). We
further aim to assess the anti-(neuro)inflammatory effect on
the BBB endothelium as well as on human microglial cells
(HMC3) stimulated with two different inflammatory insults
(LPS and TNFα). Furthermore, this study explored the mecha-
nism of action underlying the neuroprotective effects of these
metabolites using immunocytochemistry, in silico docking
analysis, and molecular biology techniques. Overall, this study
provides new insights into the potential direct mechanisms of
action of Uros that can reach brain tissue, aiming to determine
whether these circulating microbial metabolites may contrib-
ute to the neuroprotective effect attributed to the consumption
of ETs and EA sources (e.g., pomegranate, walnuts, or berries),
which act as Uros precursors, thereby supporting their poten-
tial in the prevention or delay of ND.

Materials and methods
Reagents

Urolithin (Uro) metabolites used in this study included the
free forms Uro-A, Uro-B, and IsoUro-A, as well as their phase II
conjugated derivatives. The conjugates comprised: Uro-A 3-O-
glucuronide (Uro-A 3-glur), Uro-A 8-O-glucuronide (Uro-A
8-glur), Uro-A sulphate (Uro-A sulf), Uro-B glucuronide (Uro-B
glur), Uro-B sulphate (Uro-B sulf), IsoUro-A 3-O-glucuronide
(IsoUro-A 3-glur), and IsoUro-A 9-O-glucuronide (IsoUro-A
9-glur). All compounds were chemically synthesized and puri-
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fied to >98% purity by Villapharma Research S.L. (Parque
Tecnológico de Fuente Álamo, Murcia, Spain). Trypan blue,
bovine serum albumin (BSA), MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide), sodium fluorescein (Na-
F), lipopolysaccharide (LPS), tumour necrosis factor-alpha
(TNFα), and Triton X-100 were purchased from Sigma-Aldrich
(St Louis, MO, USA). HPLC-grade acetonitrile (ACN), formic
acid, methanol (MeOH), and dimethyl sulfoxide (DMSO) were
obtained from Panreac (Barcelona, Spain). Phosphate buffer
saline (PBS) and paraformaldehyde (PFA) 4% were obtained
from Fisher Scientific (Madrid, Spain). Ultrapure Millipore
water was used throughout the study.

Cell lines and culture conditions

The human microglia cell line (HMC3) was kindly provided by
Dr Nunes Dos Santos (NOVA Medical School, Portugal) and
was cultured in Dulbecco’s modified Eagle’s medium (DMEM)
enriched with 10% v/v foetal bovine serum (FBS), according to
the ATCC recommendations. The growth media also contained
2 mM glutamine and 1% v/v antibiotic solution (100 U mL−1

penicillin and 100 μg mL−1 streptomycin) (Gibco, Invitrogen S.
A., Barcelona, Spain).

A cell line of human brain microvascular endothelial cells
(HBMECs), derived from primary cultures of HBMECs trans-
fected with SV40 large T antigen30 was grown in Roswell Park
Memorial Institute (RPMI) medium (Sigma-Aldrich) with the
addition of 10% FBS and 10% Nu-Serum IV (BD Biosciences,
Madrid, Spain), and supplemented with 2 mM L-glutamine,
1% v/v non-essential amino acids, 1 mM sodium pyruvate and
1% v/v antibiotic solution (Gibco, Invitrogen S.A., Barcelona,
Spain).

Both cell lines were incubated at 37 °C in a humidified
atmosphere of 95% air/5% CO2.

In vitro blood–brain barrier transport

The in vitro blood–brain barrier (BBB) transport model using
HBMECs, following an established protocol.31,32 Briefly,
HBMECs were seeded onto 12-well Transwell® inserts (12 mm
diameter, 0.4 μm pore size polyester membrane; Corning,
Madrid, Spain), previously coated with rat tail collagen type I
(Corning Costar Corp., Arizona, USA). Then, cells were main-
tained for 6–7 days to allow the formation of confluent mono-
layers appropriate for modelling the BBB at 37 °C in a humidi-
fied incubator with 5% CO2. Transport assessments were per-
formed using Hanks’ Balanced Salt Solution (HBSS), contain-
ing 0.1% v/v FBS. Cells on the apical side of the monolayer
were exposed to each Uro and their conjugated metabolites
(5 μM) for 2 h. To verify the integrity of the endothelial barrier,
transendothelial electrical resistance (TEER) was recorded at
the beginning (0 h) and end (2 h) incubation time points with
each treatment, using an EVOM2 Epithelial Volt Ohm Meter
(World Precision Instruments, Inc., USA). Media samples col-
lected from the apical and basolateral compartments were
stored at −80 °C until further analysis by UPLC-ESI-qTOF-MS.
Endothelial transport of each compound was expressed as a
percentage (%) calculated from the concentration in the baso-

lateral compartment relative to the total concentration in both
compartments (n = 3). Data are presented as mean ± SD.
Different letters indicate statistically significant differences (P
< 0.05).

In vitro blood–brain barrier disruption

To mimic an inflammatory environment and BBB disruption,
HBMECs were treated with 10 ng mL−1 of TNFα in the apical
compartment, and incubated for 24 hours to promote endo-
thelial activation and compromise barrier integrity. TNFα was
selected as the sole inflammatory stimulus based on prelimi-
nary assays, which showed it induced a more consistent and
pronounced BBB disruption than LPS, IFN-γ, IL-1β, or their
combinations.

Paracellular permeability of the monolayer was evaluated
using Na-F (molecular weight: 376 Da) as a low-molecular-
weight tracer. After 2 hours of incubation with the fluorescent
probe, samples were collected from the basolateral compart-
ment and the fluorescence intensity measured using a micro-
plate reader (FLUOstar Omega, BMG LABTECH, Ortenberg,
Germany) (excitation/emission: 460/528 nm). The endothelial
permeability coefficient (Pe, cm min−1) was calculated based
on the rate of Na-F passage across the monolayer, following
previously established protocols.33 Results were expressed as
the percentage of variation in Pe relative to untreated control
cells. Throughout all experiments, barrier integrity was simul-
taneously monitored by measuring TEER at the beginning and
end of the incubation period.

Cytokine analysis in microglia cells

HMC3 cells were seeded at 75 000 cells per well in 24-well
plates and incubated for 48 hours. Sub-confluent cells were co-
treated with TNFα (50 ng mL−1) or LPS (500 ng mL−1) in com-
bination with 5 µM of each Uro, previously filter-sterilized
(0.22 μm), for 24 h. Unstimulated cells (0.5% DMSO, CT)
served as negative controls. Next, after treatment, the culture
medium was collected and frozen at −80 °C until cytokine ana-
lysis. IL-6 and IL-8 levels in the culture supernatants were
quantified using commercial ELISA kits (PeproTech, Rocky
Hill, NJ, USA), with detection limits of 23 pg mL−1 and 8 pg
mL−1, respectively. Absorbance was measured using a micro-
plate reader (Infinite M200, Tecan, Grödig, Austria), and cyto-
kine concentrations were determined based on standard curves.

The cell viability was measured using the MTT reduction
assay at 24 h, as previously described,34 to confirm that the
treatments with all the samples lacked cytotoxic effects. Values
are presented as the mean ± standard deviation (SD) from
three independent assays (n = 3).

Assessment of NF-κB nuclear translocation by confocal
microscopy

HMC3 cells were seeded at 75 000 cells per well on coverslips
placed in 24-well plates and grown for 2 days. Once sub-conflu-
ent, cells were treated for 45 min with the Uros and inflamma-
tory stimuli described in the previous sections. This incu-
bation time was selected as the optimal period to detect
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nuclear translocation, based on preliminary time-course
experiments. After treatments, the cells were washed 3 times
with PBS, fixed with 4% v/v paraformaldehyde for 15 min,
rewashed, and then maintained in PBS at 4 °C until the
immunostaining, which was performed within less than 2
weeks.

For the immunostaining, cells were permeabilized with
0.3% v/v Triton X-100 in PBS for 10 min and then blocked with
3% v/v BSA in PBS for 1 h at room temperature. Next, the cover-
slips were incubated overnight at 4 °C with NF-κB p65 polyclo-
nal antibody (Cell Signalling, #8242, 1 : 1400) as primary anti-
body. The secondary antibody Alexa Fluor 594 goat anti-rabbit
IgG (Invitrogen, #A-11037, 1 : 500) was then incubated for 1 h
at room temperature in the dark.

Nuclei were counterstained with Invitrogen™ ProLong™
Diamond Antifade Mountant with DAPI. Between all incu-
bation steps, cells were washed three times with PBS. Negative
controls (without primary antibody incubation) were also per-
formed (data not shown). Images were acquired using a con-
focal microscope, Leica STELLARIS 8 (Wetzlar, Germany),
using a 63× glycerol immersion objective.

For semi-quantitative analysis, four fields per condition were
acquired and evaluated. Immunofluorescence images obtained
by fluorescence microscopy were examined using Icy (Institute
Pasteur and France BioImaging, Paris, France) and ImageJ
(National Institutes of Health, Bethesda, MD, USA) software.
Nuclear cell fluorescence intensity was quantified using 10 cells
per field, applying the ellipse tool from Icy software. The repre-
sentative images were generated in the ImageJ software.

Western blot

Non-confluent HMC3 cells were treated with DMSO (0.5% v/v)
as a control, 500 ng mL−1 LPS, and 5 μM Uro-A or Uro-A 3-glur
alone or in combination with 500 ng mL−1 LPS for 24 h. Cell
protein extracts obtained in cold RIPA buffer supplemented
with a cocktail of protease and phosphatase inhibitors (Roche,
Mannheim, Germany) were kept at −80 °C until further ana-
lysis. Protein levels were determined using the DC colorimetric
kit (Bio-Rad, Barcelona, Spain).

An equal amount of protein obtained from each treatment
was resolved using 10% SDS-PAGE gels and transferred to
nitrocellulose membranes, which were incubated with primary
antibodies (1 : 500–1 : 2500 dilution) followed by HRP-conju-
gated anti-rabbit or anti-mouse secondary antibodies (1 : 5000
dilution) (Cell Signalling, MA, USA). The primary antibodies
used were MyD88 (Santa Cruz, #sc-136970, 1 : 1000), TRIF (Cell
Signalling, #4596, 1 : 1000), and toll-like receptor (TLR)4
(Abcam, #76B357.1, 1 : 500). GAPDH (Cell Signalling, D4C6R;
#97166) at a 1 : 2500 dilution was used as a loading control.
ImageJ v. 1.54D (NIH, USA) was used for densitometric analysis
of the protein bands. The assay was repeated 3 times (n = 3).

UPLC-ESI-qTOF analysis of Uros and conjugated metabolites

Cell media collected from each compartment (apical and baso-
lateral) in the transport assays using HBMECs from each com-
partment (apical and basolateral) were processed and analysed

by an ultraperformance liquid chromatographic system (UPLC)
coupled to a quadrupole-time-of-flight (QTOF) mass spectro-
meter, as described elsewhere.29 Briefly, equal volumes
(200 μL) of culture medium from each compartment and
ACN : formic acid (98 : 2, v/v) were mixed, vortexed, and centri-
fuged at 14 000g for 10 min. The supernatant was evaporated
to dryness in a Speedvac concentrator (Savant SPD140 DDA),
and the residue re-dissolved in 100 μL MeOH and filtered
(0.22 μm) before analysis. The injection volume was 5 µL, and
the chromatographic conditions used are described in recent
studies.29,35 Identification and quantification of Uro and their
conjugates were achieved using authentic standards according
to their accurate mass, molecular formula, and isotopic
pattern. All calibration curves were obtained for each authentic
standard tested, obtaining good linearity (r2 > 0.999).

In silico docking analysis

Potential interactions between TLR4 and the tested Uros were
investigated through molecular docking simulations using the
online drug discovery platform Mcule (Mcule Inc., Palo Alto,
CA, USA). This platform integrates cheminformatics tools and
curated chemical libraries to enable virtual screening. The
InChIKeys of each Uro were retrieved from the PubChem data-
base. The crystal structure of human TLR4 TV3 hybrid-MD-2
tetrameric complex bound to the inhibitor eritoran was
obtained from the RCSB Protein Data Bank (PDB ID: 2Z65).
The Docking (Vina) tool was used to predict binding affinities,
with the binding site defined within the hydrophobic pocket
of MD-2, and the corresponding docking poses were exported
in Protein Data Bank (PDB) format for further visualization.
Docking results, including molecular interactions and visual-
ization of ligand–target binding poses, were analysed and ren-
dered using Biovia Discovery Studio 2025 (Dassault Systèmes,
San Diego, CA, USA). Docking scores were used to predict the
strength and relevance of the ligand–receptor interactions,
with more negative values indicating stronger binding
affinities.

Statistical analysis

Normally distributed data presented as the mean ± SD come
from at least three independent experiments (n = 3). One-way
ANOVA followed by Tukey’s post hoc test was used for multiple
group comparisons (e.g., immunofluorescence analysis). For
pairwise comparisons (e.g., western blot quantifications), a
two-tailed unpaired Student’s t-test was used. The software
used for graph preparation and statistical analysis was
GraphPad Prism 10.1.1. software (GraphPad Software, San
Diego, CA, USA). P < 0.05 was considered to be statistically
significant.

Results
Urolithins cross the BBB and protect against BBB insult

We initiated our study by examining the BBB permeation and
protective effects against an inflammatory stimulus of free and
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conjugated Uros in a simplified BBB in vitro model based on a
biochamber system, where the upper compartment mimics the
blood side, the lower one mimics the brain side, and HBMECs
at the interface simulate the BBB endothelium.

The ability of different Uros to cross the BBB was assessed
by quantifying each metabolite in both the “blood” (apical

side) and “brain” (basolateral side) compartments after 2 h of
incubation using UPLC-qTOF-MS (Fig. 1A and B). Among the
free forms, Uro-B showed the highest transport efficiency
across the BBB (22.3 ± 3.4%), likely due to its lower number of
hydroxyl groups, which may enhance lipophilicity and passive
diffusion, followed by Uro-A and IsoUro-A, which showed

Fig. 1 Effect of urolithins (Uros) on BBB integrity and permeability in an in vitro blood–brain barrier (BBB) model. (A) Endothelial transport of the
free forms of main Uros at 2 hours of incubation in HBMECs. (B) Endothelial transport of phase II conjugates from the main Uros after 2 hours of
incubation in HBMECs. (C) Experimental design used to evaluate the protective effects of all Uros on HBMECs stimulated cells, serving as an in vitro
model of a disrupted BBB. (D) Mean of apparent permeability coefficient (Pe) values for sodium fluorescein (Na-F) at 24 h for vehicle control (CT;
vehicle with 0.5% DMSO), TNFα (10 ng mL−1), and Uros-treated cells. (E) Transendothelial electrical resistance (TEER) in HBMECs for CT, TNFα, and
Uros at 24 hours. Different lowercase letters indicate statistically significant differences (P < 0.05) among the treatments. Statistical differences are
denoted as *P < 0.05 relative to CT or #P < 0.05 relative to TNFα. All data are presented as means ± SD (n = 3). All Uros were tested at a final concen-
tration of 5 µM.
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similar transport efficiencies (17.4 ± 2.4% and 14.5 ± 3.3%,
respectively) (Fig. 1A). Among the conjugated forms, Uro-B and
Uro-A sulfates reached the highest transport efficiency (27.6 ±
0.1% and 20.9 ± 4.6%, respectively), while glucuronides were
less efficient.

We next investigated whether Uros could protect the BBB
from inflammatory damage. For this purpose, the BBB model
was co-treated, alone or in combination with TNFα (10 ng
mL−1) and the different Uros (5 µM) for 24 h. The BBB integrity
was evaluated using two standard markers of paracellular per-
meability, i.e., Na-F transport and transendothelial electrical
resistance (TEER) (Fig. 1C). Although all Uros and their conju-
gates tended to reduce the apparent Pe for Na-F when com-
pared to TNFα treatment alone, only Uro-A achieved a statisti-
cally significant reduction (P < 0.05), with Pe values approach-
ing those observed in control (non-disrupted) monolayers
(Fig. 1D).

TEER measurements confirmed the protective role of
several Uros. Uro-A, IsoUro-A, and IsoUro-A 3-glur significantly
counteracted the TNFα-induced decrease in TEER, showing
statistically significant differences compared to TNFα treat-
ment in the absence of these Uros (Fig. 1E). These findings
highlight the potential of specific Uros, both in their free and
conjugated forms, to preserve BBB integrity under inflamma-
tory challenge.

Urolithins reduce IL-6 and IL-8 levels in microglia cells,
depending on the stimuli

Following the results obtained in the in vitro BBB model, we
next evaluated the effects of Uros on cytokine release in
human microglial cells (HMC3), which represent the resident
neuroimmune cells of the brain. For this purpose, two
different inflammatory stimuli, which reflect distinct types of
inflammatory activation, were used, i.e., lipopolysaccharide
(LPS, 500 ng mL−1) and tumour necrosis factor-alpha (TNFα,
50 ng mL−1). LPS mimics bacterial infection, whereas TNFα
represents a more physiologically relevant inflammatory
signal. Various concentrations were initially tested, and the
lowest concentration capable of eliciting a measurable cellular
response was selected for subsequent experiments (data not
shown).

Under TNFα stimulation, IL-6 and IL-8 levels increased
from 435 ± 106 pg mL−1 and 295 ± 33 pg mL−1 in control cells
to 5126 ± 1361 pg mL−1 and 620 ± 106 pg mL−1, respectively.
Treatment with Uros failed to reduce cytokine levels markedly
under this condition (Fig. 2A). LPS stimulation also induced a
robust elevation of IL-6 secretion, from 388 ± 86 pg mL−1 in
control cells to 5557 ± 1290 pg mL−1, and co-treatment with
free Uros, including their conjugated forms, led to a signifi-
cant reduction of IL-6 levels (P < 0.05). Notably, the free forms

Fig. 2 Effect of urolithins (Uros) on pro-inflammatory cytokine release in HMC3 cells. (A) IL-6 and IL-8 levels in HMC3 cells stimulated with TNFα
(50 ng mL−1) and treated with either free urolithins or their conjugated derivatives (5 µM, 24 h). (B) IL-6 and IL-8 levels in cells stimulated with LPS
(500 ng mL−1) and similarly treated with urolithins. (CT; vehicle with 0.5% DMSO, non-stimulated cells). Statistical differences are denoted as *P <
0.05 relative to CT or #P < 0.05 relative to TNFα or LPS. All data are presented as means ± SD (n = 3).
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Uro-A and Uro-B decreased IL-6 concentrations to 2818 ± 733
pg mL−1 and 2781 ± 492 pg mL−1, respectively, while the conju-
gates, like Uro-A 3-glur, also reduced significantly (P < 0.05)
IL-6 levels to 3154 ± 814 pg mL−1 under LPS stimulation.

Similarly, IL-8 induced by LPS treatment (from 289 ± 40 pg
mL−1 to 668 ± 169 pg mL−1) was also attenuated by free Uros
to 379 ± 50 pg mL−1 (Uro-A), 419 ± 47 pg mL−1 (IsoUro-A), and
422 ± 47 pg mL−1 (Uro-B). However, this effect was not

Fig. 3 Effects of Uros on NF-KB activation in HMC3 cells. (A) Quantification of NF-κB nuclear translocation in the presence of different Uros (5 µM
for 45 min) following an inflammatory stimulus with LPS (500 ng mL−1) or TNFα (50 ng mL−1). (B) Representative immunofluorescence images show
NF-κB localization (magenta) and nuclei (DAPI, blue) in selected conditions. Scale bar: 20 μm. Data are presented as mean ± SD. Different letters
indicate statistically significant differences between treatments (P < 0.05).
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observed with their conjugated counterparts (Fig. 2B). The
limited efficacy of Uros under TNFα stimulation may reflect a
stimulus-specific mechanism of action, possibly linked to
differences in receptor signalling pathways.

Uros prevent NF-κB nuclear translocation in microglial cells

We next assessed NF-κB nuclear translocation by immuno-
fluorescence as a marker of inflammatory activation to further

explore the underlying mechanism related to the differential
anti-inflammatory effects of Uros (Fig. 3 and Fig. S1).
Consistent with the previous findings, the inhibitory effects of
Uros were more pronounced under LPS versus TNFα stimu-
lation. Semi-quantitative analysis of confocal microscopy
images revealed that almost all Uros, both free and conjugated,
significantly (P < 0.05) prevented NF-κB nuclear translocation
in the presence of LPS, restoring a cytoplasmic localization
pattern, in some cases comparable to control cells (Fig. 3A and
Fig. S1). In contrast, only Uro-A 8-glur and Uro-A sulf showed
a prevention in the NF-κB nuclear translocation in
TNFα-stimulated cells. (Fig. 3 and Fig. S1). These results
confirm that Uros can modulate key intracellular signalling
pathways targeting the LPS-induced inflammatory route.

Urolithins target the MD-2 pocket of the TLR4 receptor complex

Given that the anti-inflammatory effects of Uros were observed
exclusively under LPS stimulation, we hypothesized that their
mechanism of action could involve direct interaction with the
TLR4/MD-2 receptor complex, which mediates LPS recognition
and signalling.36 To explore this possibility, we performed
molecular docking analyses to evaluate the binding of various
Uros to the MD-2 co-receptor pocket, the binding site for LPS.

The predicted binding affinities for each compound are
summarized in Table 1. As expected, LPS and Eritoran, both

Table 1 Predicted binding affinities of Uros and reference compounds
to the MD-2 pocket of TLR4

Molecule Predicted binding affinity (kcal mol−1)

LPS −4.5
Eritoran −4.6
Curcumin −7.4
Uro-A −7.2
Uro-A 3-glur −7.5
Uro-A 8-glur −8.0
Uro-A sulf −7.6
Uro-B −7.7
Uro-B 3-glur −8.1
Uro-B 3-sulf −7.9
IsoUro-A −6.8
IsoUro-A 3-glur −8.2
IsoUro-A 9-glur −7.8

Fig. 4 Representative molecular docking poses of Uro-A (A), Uro-A 3-glur (B), and curcumin (C), within the MD-2 binding pocket of TLR4 are
shown. The interactions are illustrated in 2D diagrams, highlighting key non-covalent contacts.
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known ligands of the TLR4/MD-2 complex, showed relatively
good binding affinities (−4.5 and −4.6 kcal mol−1, respect-
ively). Although structurally unrelated to (poly)phenols, these
reference compounds were included to functionally bench-

mark the docking system and validate the relevance of the
MD-2 binding site. In contrast, most Uros showed markedly
stronger binding, with docking scores ranging from −6.8 to
−8.2 kcal mol−1. Notably, all Uros demonstrated robust inter-

Fig. 5 Effect of Uro-A and its main circulating metabolite (Uro-A 3-glur) on the expression of TLR4 signalling proteins in LPS-stimulated HMC3
cells. Cells were stimulated with LPS (500 ng mL−1) for 24 h in the absence or presence of Uros at 5 µM. The expression levels of TRIF (A), TLR4 (B),
and MyD88 (C) were analysed by western blot. Representative blot images are shown in panel (D), with GAPDH used as a loading control. Data are
shown as mean ± SD from three independent experiments. Data were analysed using raw values. For graphical representation, values were normal-
ised to the mean of the control group in each experiment (control set to 1). Statistical significance was determined by the Student’s t-test. Statistical
differences are denoted as *P < 0.05.

Paper Food & Function

9014 | Food Funct., 2025, 16, 9006–9021 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

5:
24

:4
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03678j


actions, some of them exceeding that of curcumin (−7.4 kcal
mol−1), a (poly)phenol previously reported to inhibit TLR4
signalling.37

Uro-A and Uro-A 3-glur exhibiting values of −7.2 and
−7.5 kcal mol−1, respectively, close to that of curcumin
(−7.4 kcal mol−1). Based on the consistent biological efficacy
of Uro-A showing protection in the BBB, reduction of pro-
inflammatory cytokine release, and inhibition of NF-κB trans-
location, and the physiological relevance of Uro-A 3-glur as its
major circulating metabolite in humans, these two com-
pounds were selected for detailed interaction analysis.

The representative molecular docking poses of specific Uros
and curcumin within the MD-2 binding pocket of TLR4 are
shown in Fig. 4. Uro-A showed a π–π stacking interaction with
Tyr131, and π–alkyl interactions with Cys133, Ile32, Ile52,
Ile124, and Ile153, indicating strong hydrophobic engagement
with the inner cavity of MD-2 (Fig. 4A). Uro-A 3-glur, in turn,
established a π–π stacking interaction with Phe151, π–alkyl
interactions with Val135 and Ile46, and a π–sulfur interaction
with Cys133 (Fig. 4B). Finally, the docking analysis revealed
that curcumin forms π–π stacking interactions with Tyr131
and Phe151, π–alkyl interactions with Leu78, Ile80, and Ile124,
and a π–sigma interaction with Val135, stabilizing its orien-
tation within the hydrophobic core of the MD-2 pocket
(Fig. 4C).

Notably, both Uro-A and Uro-A 3-glur interact with residues
critical for LPS anchoring, including Tyr131, Phe151, Val135,
and Cys133, suggesting that these compounds could act as
competitive inhibitors at the LPS-binding site of MD-2 and
potentially suppress TLR4-driven neuroinflammatory
responses.

Urolithin A downregulates MyD88 expression in LPS-
stimulated microglial cells

To gain further insight into the molecular mechanisms by
which Uro-A and its main circulating metabolite, Uro-A 3-glur,
exert anti-inflammatory effects in microglial cells, we evaluated
the expression of key proteins involved in TLR4-mediated sig-
nalling (Fig. 5). Specifically, we focused on the TLR4 receptor
itself and its two major adaptor molecules, i.e., MyD88, which
drives the canonical NF-κB activation pathway, and TRIF,
which mediates an alternative pathway leading to interferon-
related responses and delayed NF-κB activation.38,39

Following stimulation with LPS (500 ng mL−1, 24 h), we
observed a significant increase (P < 0.05) in MyD88 protein
levels, while TLR4 and TRIF expression remained unchanged
compared to unstimulated control cells. This indicates that,
under these conditions, LPS preferentially activates the
MyD88-dependent pathway, without altering receptor abun-
dance or TRIF-associated signalling (Fig. 5).

Co-treatment with Uro-A (5 µM) led to a selective and sig-
nificant reduction (P < 0.05) in MyD88 protein levels, while
having no appreciable effect on TLR4 or TRIF expression. In
contrast, treatment with Uro-A 3-glur did not significantly
affect the expression of any of the three signalling proteins
analysed (Fig. 5).

Discussion

Neuroinflammation is a major contributor to neurodegenera-
tive disease progression. Given the limited efficacy of current
treatments, natural compounds like urolithins, gut micro-
biota-derived metabolites of dietary ETs and EA, have gained
attention for their potential anti-inflammatory and neuropro-
tective effects.15–17

Nonetheless, despite increasing interest in the role of Uros
in brain health, their ability to reach the brain and modulate
neuroinflammatory processes remains poorly understood. In
particular, it is unclear whether these metabolites, and par-
ticularly their circulating phase II conjugates, with proved
lower biological properties compared that their corresponding
free forms,40,41 can effectively cross the blood–brain barrier
(BBB), a critical obstacle for neurotherapeutic efficacy, and
influence resident immune cells, such as microglia, which are
central players in neuroinflammatory cascades.

To address these gaps, the present study investigated firstly
the three major colonic Uros (Uro-A, Uro-B, and IsoUro-A) and
their respective phase II conjugates’ ability to cross the BBB
endothelium. To this end, a simplified in vitro model of the
human BBB was used, relying on the use of HBMECs, con-
sidered the anatomic basis of the BBB and the best human cell
line for drug permeation studies, which has been previously
validated, especially in BBB permeability studies.29,32,42–45

Next, the anti-(neuro)inflammatory properties of these com-
pounds were evaluated on both the BBB endothelium and
human microglial cells (HMC3) under different inflammatory
stimuli, further identifying the mechanisms of action and sig-
nalling pathways involved in this neuroprotective effect.

Transport data revealed that all Uros were able to cross the
BBB in the in vitro model, with Uro-B and Uro-B sulf showing
the highest transport efficiency, likely due to their smaller size
and greater lipophilic nature. This transport has been
described for other types of phenolic compounds, such as fla-
vonoids and anthocyanins, where low molecular weight and
less polar derivatives presenting methyl groups showed higher
permeability through in vitro models of the BBB, compared to
derivatives containing more polar groups.46–48 Besides, pre-
vious transport studies using in vitro BBB models have also
reported that other factor, such as the structural characteristics
and/or position and orientation of hydroxyl groups, can modu-
late their transport.49 Thus, in the case of quercetin or myrce-
tin, for example, intermolecular hydrogen bonds are molecular
interactions that could influence their permeation through
the BBB, while free hydroxyl groups may favour their
transport.50,51

Overall, these results confirm the ability of other Uros to
cross the BBB, beyond Uro-A and its sulphate conjugate, as pre-
viously reported in the perfused mouse brain.28 Moreover, the
higher transport efficiency shown by sulphate compared to glu-
curonide forms could explain the fact that only sulphate conju-
gates of Uros were detected in the brain after intraperitoneal
or intravenous administration of their corresponding free
Uros.28,29 Furthermore, previous in silico computational
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approaches predicted that free forms of Uros fulfilled criteria
required for BBB penetration, but not for their sulphated and
glucuronidated derivatives.52,53 Nonetheless, other factors may
contribute to explaining the observed pattern of transport
specificity, beyond their physicochemical properties and
affinity for the BBB. In this regard, BBB endothelial cells
express tight junctions and ATP-binding cassette (ABC) trans-
porters that prevent the brain penetration of different mole-
cules.54 An in vitro study reported that Uro-A and its sulphate
conjugate, but not Uro-A glucuronides, are substrates of the
human ABCG2/BCRP transporter.55 This differential substrate
specificity may help explain the lower transport efficiency of
glucuronides across the BBB. Therefore, we hypothesise that
the observed differences in the BBB transport of Uros and
their conjugated forms could result from a combination of
passive diffusion and the involvement of active transport
mechanisms.

Since both free and phase II conjugated forms of Uros can
cross the BBB, we assessed their potential to protect the
barrier from inflammatory damage induced by TNFα. Our
results demonstrated that certain Uros can effectively preserve
BBB integrity, as evidenced by reductions in paracellular per-
meability and improvements in transendothelial electrical re-
sistance (TEER). Specifically, Uro-A significantly decreased the
permeability coefficient (Pe) of Na-F to near-control levels,
suggesting a robust protective effect on barrier function. In
parallel, TEER measurements revealed that Uro-A, IsoUro-A,
and IsoUro-A 3-glur significantly attenuated the TNFα-induced
decrease in electrical resistance, further supporting their role
in maintaining endothelial integrity under inflammatory con-
ditions. These findings are particularly relevant given the well-
established role of BBB dysfunction in the pathogenesis of ND.
Thus, disruption of the BBB is linked to increased BBB per-
meability, which facilitates the infiltration of neurotoxic sub-
stances and immune cells into the brain parenchyma, promot-
ing neuroinflammation, oxidative stress, and neuronal
damage.56,57 Therefore, the ability of specific Uros to counter-
act inflammation-induced BBB disruption positions them as
promising neuroprotective agents.

Although HBMECs constitute the first line of defence
against external insults, other key triggers of neurodegenera-
tion, such as neuroinflammation, are primarily regulated by
microglia through the production of anti-inflammatory
mediators and neurotrophic factors.58 However, prolonged and
excessive activation of microglia leads to the release of high
levels of pro-inflammatory cytokines such as IL-6 and IL-1β,
along with neurotoxic factors, which exacerbate neuroinflam-
mation and contribute to the development of neurological
disorders.5,6,8 Consequently, reducing microglial overactivation
is considered a promising therapeutic strategy for the treat-
ment of these neurodegenerative diseases.

In this line, we next investigated the anti-(neuro)inflamma-
tory potential of Uros and their conjugates on cytokine pro-
duction in human microglial HMC3 cells, mimicking distinct
inflammatory conditions, employing two well-established
stimuli, i.e., lipopolysaccharide (LPS), which simulates bac-

terial infection, and TNFα, which reflects a more physiologi-
cally relevant pro-inflammatory signal.59,60 Our findings
revealed that all tested Uros and their conjugates significantly
reduced IL-6 production in LPS-stimulated HMC3 cells, indi-
cating a potent anti-inflammatory effect under conditions of
strong innate immune activation. Interestingly, only free forms
of Uros significantly decreased IL-8 levels. These findings
agree with previous in vitro studies showing that both Uro-A
and Uro-B exerted strong anti-inflammatory effects in micro-
glial murine BV2 cells by decreasing LPS-induced production
of IL-6 as well as IL-1β, and TNFα, and increasing IL-10 and
nitric oxide (NO).61–66 However, the effect of phase II conju-
gates remained unexplored. In contrast, none of the Uros nor
their conjugates produced significant effects in TNFα-treated
cells, suggesting a stimulus-dependent modulation of the
inflammatory response. This lack of response under TNFα
stimulation, compared with the strong anti-inflammatory
effect observed under LPS challenge, supports a receptor-
specific, stimulus-dependent mechanism. TNFα activates the
canonical NF-κB pathway through TNFR1-mediated recruit-
ment of TRADD, TRAF2, and RIPK1, leading to IKK complex
phosphorylation and nuclear translocation of NF-κB.67 In con-
trast, LPS triggers both MyD88- and TRIF-dependent cascades
via TLR4, resulting in dual activation of NF-κB and IRF3.68 The
engagement of these complementary pathways may make
TLR4-driven inflammation more responsive to modulation by
Uros. From a translational standpoint, this suggests that Uro-
mediated protection could be particularly relevant in con-
ditions involving endotoxin-induced neuroinflammation, such
as infection-driven microglial activation, whereas TNFα-driven
cytokine responses may be less sensitive to this modulation.

Notably, the involvement of NF-κB and MAPK pathways in
the anti-inflammatory action of Uros was first described in
IL-1β-inflamed colonic cells, where their ability to inhibit NF-
κB nuclear translocation was demonstrated.69 This founda-
tional evidence helped establish their multi-pathway regulatory
potential, now further supported by our current findings in
microglial cells. Our immunochemistry analyses showed that
NF-κB nuclear translocation was reduced by all Uros in LPS-
stimulated HMC3 cells, with statistically significant effects for
Uro-A, IsoUro-A, and Uro-B, as well as most of the conjugates.
This aligns with their known modulation of key inflammatory
signalling cascades, including NF-κB, Akt, and MAPK (JNK and
ERK), reinforcing their broad anti-inflammatory profile under
conditions of strong innate immune activation.61,63,64

However, as expected, the inhibitory effect on NF-κB nuclear
translocation was not observed under TNFα stimulation.

Furthermore, since the main target of LPS is the toll-like
receptor (TLR)-4, although it is known to act on other recep-
tors,68 we explored whether Uros could modulate its activation
in neuronal cells.70,71 Besides, it was reported that the acti-
vation of TLR4 by LPS recruits a series of downstream
adaptors, such as myeloid differentiation primary response
protein 88 (MyD88) and TIR-domain-containing adaptor-indu-
cing interferon-β (TRIF), which are crucial for the signalling of
the NF-κB activation.38,39 While our in silico docking analyses
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suggest that both Uro-A and their conjugates can interact with
residues critical for LPS anchoring within TLR4, the functional
data indicate that only Uro-A selectively modulates the canoni-
cal MyD88-dependent signalling arm, without affecting the
TRIF-dependent pathway. This raises the possibility that the
observed suppression of NF-κB nuclear translocation and pro-
inflammatory cytokine release in LPS-stimulated microglia
may result from a specific interaction with the receptor that
alters the recruitment or stability of adaptor proteins involved
in MyD88-dependent signalling, rather than causing a com-
plete blockade of ligand binding or TLR4 activation.
Nonetheless, the in silico predictions require experimental vali-
dation. Binding assays would be necessary to confirm direct
physical interaction with TLR4 and to map the binding sites.
Such studies would help clarify whether the selectivity
observed in our functional assays is due to direct receptor
engagement or to indirect modulation of downstream intra-
cellular signalling components.

Although phase II conjugates were efficiently transported
across the BBB, they generally exhibited weaker biological
effects than their corresponding free forms. For instance,
Uro-A 3-glur showed no effect on MyD88 expression under LPS
stimulation, illustrating its reduced intrinsic activity compared
with Uro-A. However, it is plausible that under neuroinflam-
matory conditions, these conjugates could undergo enzymatic
deconjugation at inflamed target tissues sites, where
β-glucuronidase activity is known to be elevated.72,73 This
process may locally regenerate the active aglycones, thereby
restoring biological activity in situ. Indeed, systemic inflam-
mation has been shown to promote the hydrolysis of Uro-A
glucuronide back to Uro-A in peripheral tissues, supporting
the concept of local reactivation of conjugated metabolites
under inflammatory stress.74 Altogether, these findings
reinforce the notion that Uros and their phase-II conjugates,
especially Uro-A, act at multiple levels to counteract inflam-
mation, including early modulation of intracellular signalling
pathways involved in cytokine transcription.

Conclusions

Overall, our results demonstrate that circulating Uros metab-
olites, after the consumption of ETs and EA sources (e.g.,
pomegranate, walnuts, or berries), can cross the BBB endo-
thelium towards the brain, where they could exert anti-(neuro)
inflammatory effects. Moreover, our findings suggest that the
effects of Uros, particularly Uro-A, are more pronounced under
LPS-induced acute innate immune activation and may involve
downregulation of the NF-κB signalling. The lack of response
to TNFα further underscores the importance of the inflamma-
tory context in determining the efficacy of these compounds.
Altogether, this study contributes to a deeper understanding
of how dietary ET- and EA-rich foods may exert neuroprotective
effects through the action of their microbial metabolites,
potentially helping to prevent or delay neuroinflammatory pro-
cesses associated with the development of ND.
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