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Urolithins, metabolites produced by the gut microbiota from the polyphenols

ellagitannins and ellagic acid, are discovered by the research group in humans

almost 20 years ago. Pioneering research suggests urolithins as pleiotropic
bioactive contributors to explain the health benefits after consuming
ellagitannin-rich sources (pomegranates, walnuts, strawberries, etc.). Here,
this study comprehensively updates the knowledge on urolithins,
emphasizing the review of the literature published during the last 5 years. To
date, 13 urolithins and their corresponding conjugated metabolites
(glucuronides, sulfates, etc.) have been described and, depending on the
urolithin, detected in different human fluids and tissues (urine, blood, feces,
breastmilk, prostate, colon, and breast tissues). There has been a substantial
advance in the research on microorganisms involved in urolithin production,
along with the compositional and functional characterization of the gut
microbiota associated with urolithins metabolism that gives rise to the

so-called urolithin metabotypes (UM-A, UM-B, and UM-0), relevant in human

1. Introduction

Urolithins (Uros) are gut microbiota
metabolites of ellagitannins (ETs) and el-
lagic acid (EA) that were first discov-
ered as bioavailable metabolites from
pomegranate ETs almost 20 years ago in
animal models!*?! and humans.! Since
then, Uros have been studied for differ-
ent health effects highlighted in a previ-
ous review published in 2017.14! In the
last few years, the number of research
articles on Uros has increased exponen-
tially, with significant advances in their
biological effects and the production by
gut microbes. Therefore, in the present
review, we update the knowledge on
Uros, emphasizing the review of the lit-

health. The design of in vitro studies using physiologically relevant assay

erature published during the last 5 years
(2017-2021).

conditions (molecular forms and concentrations) is still a pending subject,

making some reported urolithin activities questionable. In contrast,
remarkable progress has been made in the research on the safety, bioactivity,

1.1. Advances in  Bioavailability,
Metabolism, and Tissue Distribution

and associated mechanisms of urolithin A, including the first human

interventions.
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ETs are one of the main groups of

hydrolyzable tannins. They can oc-

cur in different plant foods, including

pomegranates, berries (strawberries,
raspberries, blackberries, etc.), walnuts, many tropical fruits,
medicinal plants, and herbal teas, including green and black
Camelia sinensis teas.[*] The bioavailability of ETs and EA is
very low. They undergo extensive metabolism by the gut micro-
biota to produce 6 H-dibenzo[b,d]pyran-6-one derivatives, known
as Uros. In some animal species, EA can be dehydroxylated
to produce nasutins, in which the dilactone structure of EA is
preserved. The gut microbiota can transform EA into Uros by
lactone-ring cleavage, decarboxylation, and dehydroxylation reac-
tions, starting with pentahydroxy-Uro (Uro-M5) and following to
tetrahydroxy-Uros (Uro-D, Uro-E, and Uro-M6) and trihydroxy-
Uros (Uro-C and Uro-M7) to finalize in dihydroxy-Uros (Uro-A
and isoUro-A) and monohydroxy-Uro (Uro-B), which is generally
detected when isoUro-A is also produced (Figure 1).[] The path-
way of Uros formation and the place in the intestinal tract where
they are produced were elucidated using a gastrointestinal sim-
ulation model (TWIN-SHIME) with fecal samples from two in-
dividuals with distinct urolithin metabotypes (UMs). Differences

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH


http://www.mnf-journal.com
mailto:jcespin@cebas.csic.es
https://doi.org/10.1002/mnfr.202101019
http://creativecommons.org/licenses/by-nc-nd/4.0/

ADVANCED Moledular Nutrition
SCIENCE NEWS

ood Research
www.advancedsciencenews.com www.mnf-journal.com

Luteicacid

HQ H
S_OH HO O O OH UrolithinM5
O

¢}

3-dehydroxylase 4-dehydroxylase

a&b

9-dehydroxylase 10-dehydroxylase

HQ OH HQ HQ OH OH
40H  ()p(Tpron o Jron woCp—()mon w0 )= o
HO O HO O O HO O
e} 6] e} (6]

UrolithinM6R Urolithin E UrolithinM6

UrolithinD

10-dehydroxylas 9-dehydroxylase 9- dehydroxy as 0- dehydrnxylase
4-dehydroxylas: 4-dehydroxylase
OH

OH HO oH  HO O O OH
3-OH § O s O g

HO © HO 5
o UrolithinC
UrolithinCR UrolithinM7R UrolithinM?7 rolthin
10- dehydrnxylase —————————— 8-dehvdroxylase
9-dehydroxylas: 10-dehydroxylase _- 9- dehydrnxylase <o Y b Y
- N,
O«
\\
2-OH o L)) N
AY
O \
O \
1
UrollthmAR IsourolithinA '
\ » '
\ 8- dehydroxylase‘ \ (2) 9-dehydroxylase Y
. M’ ;
AY /
N 7/
1-OH ™ HO O () y
~ 4
Y o -

- LrolithinB _ - -~~~
Figure 1. Catabolic pathway of ellagitannins and ellagic acid to urolithins, showing the gut microbial enzymatic activities involved*. 5-OH, 4-OH, 3-
OH, 2-OH, and 1-OH refer to the number of hydroxyl groups for each urolithin group (penta-, tetra-, tri-, di- and monohydroxy urolithins, respectively.
*Adapted from [l and [521. a) Gordonibacter urolithinfaciens, G. pamelaeae; (b) Ellagibacter isourolithinifaciens. 1) Suggested by Espin et al.[*’ and described
by Gasperotti et al.l*°! in mice. 2) Described in vitrol'%1 and in vivol'3?l) and tentatively attributed to a cytochrome P450-mediated hydroxylation. The
purple and red circles designate the final urolithins produced in UM-A and UM-B, respectively. Uro-AR can be found in both metabotypes.[°]
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in the Uro profile were observed between UMs and along the
large intestine, showing predominant Uro production in the dis-
tal colon region.]

In the last years, four new Uros have been identified in hu-
man feces after the intake of a pomegranate extract: 4,8,9,10-
tetrahydroxy-Uro (Uro-M6R), 4,8,10-trihydroxy-Uro (Uro-M7R),
4,8,9-trihydroxy-Uro (Uro-CR), and 4,8-dihydroxy-Uro (Uro-AR).
These new metabolites have in common that they need a bac-
terial 3-dehydroxylase activity for their production (Figure 1).
Phase-II conjugates of the novel Uros were also detected in
urine.[®]

An update of the Uro concentrations in biological fluids is
shown in Table 1. Concentrations in human plasma were in the
range 0.003—5.2 uM and in urine up to 50 uM. The high variabil-
ity observed was affected by the dose administered, the source of
ETs, and the analytical methods used. The Uro profile was also
characterized in the breast milk of mothers consuming walnuts
as a dietary source of ETs. Total Uro concentration in milk ranged
from 8.5 to 176.9 nM, being glucuronide and sulfate conjugates
the predominant compounds. The type of Uros excreted in breast
milk depended on the maternal UM.”]

The profile of metabolites produced by the gut microbiota de-
pends on the host species’ characteristics, probably linked to indi-
vidual differences in the microbiota composition.[®! In previous
investigations, nasutin was identified as one of the ET metabo-
lites in rats.’! In the last years, new studies with rats have cor-
roborated the presence of nasutin and their conjugates as the pri-
mary ET metabolites in biological fluids. The supplementation of
rat diets with different formulations of blackberry (poly)phenols,
mostly rich in dimeric and monomeric ETs, has shown rela-
tively high amounts of nasutin A in the cecal digesta (29-241 g
g 1).% In another study with rats, Milala et al.l'!] demonstrated
that the degree of polymerization (DP) of ETs affected metabo-
lite formation. Uro-A was the predominant metabolite in rats
fed a diet supplemented with EA. At the same time, nasutin
was the primary metabolite in rats fed diets rich in ETs, show-
ing higher concentrations in the case of ETs with a lower DP.[!!]
Similarly, concentrations of nasutin A in the cecal digesta and its
glucuronide in plasma of rats were higher after the consump-
tion of monomeric ETs compared to dimeric ETs, suggesting
that monomeric ETs are more easily degraded than those with a
higher DP.["?] Besides, the absorption of these metabolites could
be increased by co-ingestion with dietary fructooligosaccharides
(FOS). The effect of other experimental factors: post-intake time,
duration of the administration, diet type (standard and high-
fat), and ET dosage (without, low, and high ET intake) in the
ETs metabolism was evaluated in the blood serum and urine of
rats consuming strawberry phenolics.['>1*] The highest concen-
trations were obtained after 2—4 days of the administration, 12 h
after the last administration, with a standard diet and the high ET
dose.

The metabolism of ETs from herbal medicinal products
and new food products has also been evaluated. In the case
of Epilobium sp, rich in oenothein B, interspecies differences
were observed in its gut microbiota metabolism. Conjugates of
nasutin were observed after oral supplementation of rats with
Epilobium angustifolium aqueous extract, whereas in human
volunteers supplemented with Epilobium tea, only Uro conju-
gates were present.'] In another study, Uro-A and Uro-B were

Mol. Nutr. Food Res. 2022, 66, 2101019 2101019 (3 of 22)

www.mnf-journal.com

quantified in plasma, pellet (blood cells), and whole blood sam-
ples in CD1 mice after the oral administration of an Epilobium
angustifolium extract.'®! Concentrations of both metabolites
increased with the duration of treatment, confirming that Uros
are produced after prolonged ET administration.

The metabolism of ETs to Uros following consumption of dif-
ferent Brazilian fruits (grumixama juice, jabuticaba, and cagaita)
has also been documented in a non-European population.!'’-1]
Transformation of jabuticaba bioactive compounds during
colonic fermentation was also evaluated in vitro.[?%]

Uros detection in volunteers’ urine after dietary tea intake has
demonstrated that this could be used to determine the volunteer
UM, despite the low amount of EA ingested (3 mg of EA d~! for
2 days).?!l In another study, the presence of Uro-A in human
urine and plasma was related to the consumption of a diet supple-
mented with the Mankai plant, a (poly)phenol-rich aquatic plant
containing EA.[%2]

ETs present in Lythrum salicaria (herb of purple loosestrife)
were metabolized to Uros (Uro-M6, Uro-M7, Uro-C, Uro-A,
and isoUro-A) in ex vivo anaerobic cultures of piglets cecal and
distal colon microbiota. A new metabolite originating from
the flavogalloyl moiety of the C-glucosidic ETs was detected.
Based on the mass and UV spectra, this metabolite was assigned
as a dehydroxy-flavogallonic acid dilactone, although NMR
analyses would be necessary to confirm the identity of this
metabolite. This is the first time a different ET moiety than the
hexahydroxydiphenoyl group is a substrate for gut microbiota
metabolism.[?*]

Several studies have also investigated the microbial capacity
to catabolize (poly)phenols in disease and pre-disease states in
the last years. Uro-A (61.6 nM), Uro-B (105.4 nM), and Uro-
C (10.9 nM) were detected after enzymatic hydrolysis in serum
samples of patients with hysterectomy after receiving 300 mg of
an extract from French oak wood.[?*] Uro-A (2.32 ng g~!) was also
quantified in blood cells for the first time. Blood cell/serum ratios
were clearly below 1.0, indicating that after intake of the extract,
the metabolite was not enriched in blood cells. The Uro levels
were consistent after 4 and 8 weeks.

Levels of ET metabolites [Uro-A glucuronide (glur) (4.3 uM),
Uro-A sulfate (0.38 uM), and dimethylellagic acid glur (DMEAG)
(0.02 uM)] in urine following treatment with lyophilized black
raspberries were reported in Barrett's esophagus patients. Sim-
ilar concentrations were also obtained after 12 and 26 weeks
of ingestion.[”] Higher concentrations, but not significantly
different, were observed after 90 days of strawberry (poly)phenol
intake compared with 45 days, suggesting that the continuous
intake of ETs could enhance either the abundance of some
bacterial species or the capacity of certain species to increase
Uro production.?®] This study confirmed a previous study in
which metabolic syndrome patients consumed ET-rich berries
for 3 months.[?’]

Several studies have reported the presence of Uro conjugates
in plasma and urine of men with localized prostate cancer af-
ter consuming a pomegranate fruit extract,!?®! a usual American
diet,[%! or standardized black raspberry products.(*%

Zhang et al.?!] evaluated the functional capacity to metabolize
(poly)phenols from a red raspberry drink in individuals with
prediabetes and insulin resistance (PreDM-IR, n = 26) com-
pared to a metabolically healthy reference group (n = 10).3U
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Table 1. Bioavailability and metabolism of urolithins in different biological fluids.*

Administration Quantified metabolites Reference
Wistar rats Blackberry fiber (BF) 6% Cecal Digesta (ug g7') 1]
(5 groups, 8 rats) Extracted blackberry fiber (EBF) 6% Uro-A: 26 (BF), 17 (BP), 13 (DBS)
Blackberry polyphenols (BP) 1% Nasutin A: 76 (BF), 29 (EBF), 87 (BP), 241 (DBS)
Defatted blackberry seeds (DBS) 6% EA: 3400 (BF), 1000 (EBF), 2800 (BP), 3400 (DBS)
4 weeks
Male Wistar rats*+(3 Strawberry preparations rich in monomeric Stomach digesta (ug g7') [

groups, 10 rats)

Wistar rats
(6 groups, 8 rats)

Male wistar rats
(6 groups, 8 rats)

Male wistar rats
(6 groups, 8 rats)

CD1 male mice
(n=5-7)

Healthy women
(n=10)

Healthy volunteers
(n = 35)

Healthy subjects
(n=16)

Healthy volunteers
(n=10)

Hysterectomy women

(n=33)

ellagitannins (EM) or dimeric ellagitannins
(ED) and free EA (0.10—0.15% of the diet)
7 days

Monomeric ellagitannins (ME) 0.23%
ME+ FOS 0.23%
Dimeric ellagitannins (DE) 0.24%
DE+FOS 0.24%

4 weeks

Strawberry phenolic fraction (20 mg kg™' of
BW) (57.3 g ETs/100g) 4 days

Different post-intake time and duration of
ingestion

Strawberry ET-rich extract (0.24% or 0.72% of
the diet) (57.3 g ETs/100g) 4 weeks
Different diet type and ET dosage

Epilobium angustifolium extract (0.6 mg
mouse™')>15% oenothein 2 weeks

Grumixama juice (10 mL kg™ body weigh)
14.6 mg total EA/100 mL. Acute intake

Jabuticaba dessert (20 g, 1492 mg EA and
ETs). Acute intake

Cagaita (Eugenia dysenterica DC) juice
(300 mL, 70 mg total EA)

Tea (5 g in 250 mL of boiling water) 3 mg EAE
d~" for 2 days

Oak wood extracts 300 mg d~' (3.5 mg ETs).
4/8 weeks

EA: 3.8 (EM), 24.1 (ED), 355.7 (EA); Nasutin A: 5.5 (EM), 8 (ED)

Small intestine digesta (ug g~')

EA: 9.4 (EA); Uro-A: 0.2 (EM), 0.2 (ED), 53.5 (EA); Nasutin A: 1 (EM), 0.3
(ED); Uro A-glur: 3.7 (EM), 95.7 (EA); Nasutin A glur: 0.5 (EM)

Cecal digesta (ug g7')

EA: 1.6 (EA); Uro-A: 8.3 (EM), 0.2 (ED), 224.3 (EA); Nasutin A: 44.8 (EM), 5.8
(ED)

Feces (ugg™")

Uro-A: 89.3(EA); Nasutin A: 46.9 (EM), 3.9 (ED)

Urine 24 h (uM)©

Uro-A: 5.57 (EM), 3.9 (ED), 99.5 (EA); Nasutin A: 1.4 (EM), 0.3 (ED), 0.4 (EA);
Uro-A glur: 19.1 (EM), 0.02 (ED), 84.3 (EA); Nasutin A glur: 10.5 (EM), 1.1
(ED), 0.2 (EA); Isonasutin A glur: 0.4 (EM), 0.3 (ED), 1.2 (EA)

Plasma (nM)

Uro-A glur: 495 (EA); Nasutin A glur: 45 (EM), 22.4 (ED); DMEAG: 891 (EA)

Results are the mean of three days: 2, 4 and 7

Cecal digesta (ng g™') 112]

Nasutin A: 62.7 (ME), 79.2 (ME+FOS), 6.3 (DE), 10.3 (DE+FOS)

Isonasutin A glur: 5.1 (ME), 9.2 (ME+FOS), 6.7 (DE), 7.8 (DE+FOS)

Uro-A: 1.1 (ME+FOS)

EA: 1900 (ME), 2400 (ME+FOS), 1600 (DE), 2000 (DE+FOS)

Plasma (nM)

Uro-A: 1030 (ME+FOS), 596 (DE), 1188 (DE+FOS)

Isonasutin A glur: 22.6 (ME+FOS), 22.6 (DE), 24.2 (DE+FOS)

Nasutin A glur: 18.2 (ME), 6.1 (ME+FOS), 0.7 (DE)

F1-4 (4 days of ingestion, 12 h after last administration) ]

Cecal digesta (ug g™"): 0.9 EA, 45.1 Uro-A, 122 Nasutin A

Urine (uM): 0.5 Uro-A, 0.3 Nasutin A, 2.2 Uro-A glur, 1.3 Nasutin A glur

Plasma (nM): 109 Uro A-glur, 31.4 Nasutin A glur, 17.8 DMEAG

Standard diet and high dose 4]
Urine 24h (uM)€: 156 Uro-A glur, 46 Nasutin A glur, 650 Uro-A, 119 Nasutin
Plasma (nM): 4.1 Nasutin A glur, 59.4 DMEAG, 66.3 Nasutin A

Plasma (nM) (24 h/Tweek/2weeks): 10.9/28.5/21.9 Uro-A, 35.8/37.3/32.5 (6]
Uro-B
Pellet (nM) (24 h/1week/2weeks): -/29.8/38.6 Uro-A; -/38.2/45.3 Uro-B
Plasma: no detection 7
Urine 0-24 h Cmax (umol mmol~" creatinine): 144 Uro-A glur, 19.4 Uro-B
glur, 25.3 Uro-C methyl ether glur, 20.3 Uro-D glur
AUC(umol h™1): 1376 Uro-A glur, 96.8 Uro-B glur, 1142 Uro-C methyl ether
glur, 198 Uro-D glur.
Concentrations in the group of high producers
Urine (0-48 h) (uM)© 18]
24.9 Uro-A 3-glur, 0.4 Uro-A sulfate, 1.4 Uro-A, 5.3 isoUro-A 3-glur, 2.6
isoUro-A 9-glur, 0.6 isoUro-A, 2 Uro-B glur, 0.03 Uro-B sulfate, 0.06 Uro-B,
0.2 Uro-C, 0.007 Uro-M6, 0.01 Uro-M7, 0.02 EA
Urine (24 h) uM [20]
2.3-14.4 Uro-A glur, 2.3-22.1 isoUro-A glur, 0.4-29.1 Uro-B glur
Uro-A glur, Uro-A sulfate, Uro-A, isoUro-A glur, isoUro-A, Uro-B glur, Uro-B 121
sulfate, Uro-B (no quantification)
Serum (nM) 4/8 weeks®: 58/61.6 Uro-A; 94.2/105.4 Uro-B; 9.8/10.9 Uro-C. [24]
Blood cells (ng g') 4/8 weeks®: 2.32/1.52 Uro-A;
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Table 1. (Continued)

Administration

Quantified metabolites

Reference

Barrett 's esophagus
patients (n = 20)

Healthy older adults
(n=38)

Men with prostate
cancer (n = 24)

Men with prostate
cancer (n = 40) (5
groups, 8 subjects)

Healthy (n = 10) and
individuals with
prediabetes and
insulin resistance
(PreDM-IR) (n = 26)

Healthy (n = 10) and
individuals with
prediabetes and
insulin resistance
(PreDM-IR) (n = 25)

Healthy (n = 10) and
individuals with
prediabetes and
insulin resistance
(PreDM-IR) (n = 21)

Healthy volunteers
(n = 100)

Male SD rats (4 groups,
4 animals)

Healthy women
(n=27)

Powdered lyophilized berries (32 g females
/45 g males,) 12/26 weeks

Free-dried strawberry (24 g d~1) 90 days
(Chronic intake)

Usual American diet (1568 mg day™'
polyphenols)

Confection (C) or nectar (N) (100or20 g
day™") (25 or 50 mg ETs + EA) 3 weeks

Red raspberry-based test drink (125 mg ETs
and EA) Acute intake

Red raspberry-based test drink (125 mg ETs). 1
cup day™" with or without FOS
supplementation (8 g) for 4 weeks

Pharmacokinetics after intake of 2 cups of
RRB-drink in week O (baseline (B)) and week
4 (W4)

Frozen red raspberry (125 o 250 g/29 mg or
58 mg ETs and EA). Acute intake

Food product containing Uro-A (500 mg) or
pomegranate juice (P)) (240 mL) (71 mg
punicalagins and 36 mg EA)

Encapsulation of Uro-A in nanoparticles:

25 mg P2Ns-encapsulated Uro-A (P2Ns-UA)
or 10 or 25 mg P2Ns-GA-UA. Oral gavage

30 g peeled walnuts for 3 days

Urine (uM) T2weeks/26 weeks: 3.2/4.3 Uro-A glur; 0.37/0.38 Uro-A sulfate;
0.09/0.02 DMEAG

Plasma (nM) 45/90 days: 1073/1964 Uro-A glur, 2000/5200 isoUro-A glur,
828/646 Uro-B glur

Urine 24 h (pM)b: 0-36.8 Uro-A; 0—47.3 Uro-B; 1.8—5.1 Uro-D

Urine 24 h (nM)®

Uro-A: 1581 (N'10), 4320 (N20), 3317 (C10), 4807 (C20)
Uro-B: 0.63 (N'10), 29 (N20), n.d. (C10), 312 (C20)
Uro-C: 17.3 (N10), 52 (N20), 24 (C10), 59 (C20)

Uro-D: 3.3 (N10), 2 (N20), 5.3 (C10), 4.7 (C20)

DMEA: 393 (N10), 755 (N20), 533 (C10), 1176 (C20)
Plasma (0-24h) (AUC pmol h L~1)?

Uro-A derivatives: 0.1 (PreDM-IR), 0.4 (healthy)

Urine (0-24h) (AUC nmol h umol~" creatinine)?

Uro-A derivatives: 9 (PreDM-IR), 28 (healthy)

Plasma (0-24 h) (AUC nmol hL™")

Total urolithins: 429 (B), 1044 (W4), 1110 (W4 + FOS)

Uro-A 3-glur: 311 (B), 569 (W4), 887 (W4 + FOS)

Uro-A glur: 91 (B), 133 (W4), 261 (W4 + FOS)

isoUro-A glur: 129 (B), 112 (W4), 91 (W4 + FOS)

Uro-B glur: 130 (B), 1376 (W4), 305 (W4 + FOS)

Urine (0-24 h) (AUC) (nmol h umol~" creatinine)

Total urolithins: 23 (B), 51 (W4), 66 (W4 + FOS)

Uro-A: 0.2 (B), 0 (W4), 2.4 (W4 + FOS)

Uro-A 3-glur: 14.7 (B),26.7 (W4), 46.8 (W4 + FOS)

Uro-A glur: 7.7 (B), 12.6 (W4), 13.7 (W4 + FOS)

isoUro-A glur: 1.9 (B), 0.2 (W4), 1 (W4 + FOS)

Uro-A sulfglur: 2.3 (B), 4.6 (W4), 11.9 (W4 + FOS)

Uro-B glur: 5.3 (B), 44.4 (W4), 9 (W4 + FOS)

Uro-B sulfglur: 1 (B), 3.9 (W4), 3.4 (W4 + FOS)

Plasma (0-24 h) AUC (nmol h L")

Uro-A glur: 854 (PreDM-IR 125), 1861 (PreDM-IR 250), 823 (healthy 125), 704
(healthy 250)

Uro-B glur: 186 (PreDM-IR 125), 493 (PreDM-IR 250), 20 (healthy 125), 22
(healthy 250)

Cmax (nM)

Uro-A glur: 92 (PreDM-IR 125), 198 (PreDM-IR 250), 75 (healthy 125), 63
(healthy 250)

Uro-B glur: 21 (PreDM-IR 125), 62 (PreDM-IR 250), 3 (healthy 125), 3 (healthy
250)

Plasma (0-24 h) iAUC (nmol mL~") Uro-A glur: 301 (P)), 2069

(Uro-A) Cmax (nM), (Tmax (h)): Uro A-glur: 273 (24) (PJ), 1190 (6)

(Uro-A)Comparable absolute change for Uro-A sulfate and Uro-A

Plasma (0-48 h) AUC (nmol h L™"): Uro-A: 9951 (Uro-A 50), 19078 (P2Ns UA
25), 32429 (P2Ns-GA UA 25), 12728 (P2Ns-GA UA 10)

Cmax (nM): Uro-A: 820 (Uro-A 50), 894 (P2Ns UA 25), 2403 (P2Ns-GA UA
25), 1157 (P2Ns-GA UA 10)

Breastmilk (nM): Uro-A glur: 27.6 (UM-A), 31.1 (UM-B); Uro-A-sulfate: 7.9
(UM-A), 17.2 (UM-BY); isoUro-A glur: 14.8 (UM-B); Uro-B glur: 19.8 (UM-B);
Uro-A: 4.7 (UM-A), 3.3 (UM-B); isoUro-A: 2.7 (UM-B); Uro-B: 4.3 (UM-B)

[25]

[26]

[29]

[30]

31

132]

133]

[35]

[36]

[7]

*Primarily focused on the last five years. Check the reference [*] for a systematic review up to 2017. All the results of plasma and urine were expressed in nM and um,
respectively. Some results had to be recalculated from original data to be expressed in these units; a) Quantitative mean values were estimated from graphics present in the
original paper; b) quantification after enzymatic hydrolysis; c) Concentrations in urine were estimated in uM assuming an average urine excretion of 1.5 L 24 h~! in humans
and 10 mL 24 h™" in rats; FOS, fructooligosaccharides: DMEAG: ellagic acid dimethyl ether glucuronide; EAE: ellagic acid equivalent; GA: gambogic acid; P2Ns: polymer

nanosystem: UM-A: metabotype A; UM-B: Metabotype B; iAUC: incremental area under the curve.
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PreDM-IR group showed a lower concentration of Uro-A conju-
gates than the reference group in plasma and urine, indicating
that metabolic status was a factor in metabolite response. More
recently, the same authors reported no significant differences
between both groups, attributed to the high interindividual
variability.??] Higher Uro concentrations were observed in the
same PreDM-IR group, after supplementation for 4 weeks but
only in the samples from 0 to 4 h, while their excretion remained
unchanged at 24 h. Therefore, 4-weeks supplementation con-
tributed to the accumulation of Uros but did not produce higher
concentrations of these metabolites. Besides, adding FOS did
not affect the concentration of excreted metabolites. 3!

In a pioneer human study with direct oral Uro-A supplemen-
tation in healthy elderly, Uro-A underwent intensive phase-II
metabolism. The plasma concentrations of Uro-A glur and Uro-A
sulfate showed a Tmax around 6 h, with a half-life in circulation
being approximately a day.**l More recently, a human pharma-
cokinetic study demonstrated that Uro-A, Uro-A glur, and Uro-A
sulfate concentrations were significantly higher (>30-fold at 6 h
and >2-fold higher at 24 h) with the direct supplementation with
Uro-A compared with pomegranate juice intake. Although direct
Uro-A supplementation can overcome microbiome and dietary
variability thatleads to Uro-A heterogeneity in the population, an-
other study design (e.g., another ETs source) could have yielded
much lower differences.!*! Another study showed that nanopar-
ticle encapsulation of Uro-A with polymer nanosystems conju-
gated with gambogic acid significantly increased the bioavailabil-
ity of Uro-A.[*®]

The knowledge of Uros tissue distribution (qualitatively and
quantitatively) is essential to explain their health effects and de-
sign new strategies using ET-rich foods to prevent several dis-
eases. In the last years, tissue distribution of Uros has been re-
ported in animal models®~*1 and humans[3#4¢! (Table 2). Most of
the animal studies were based on Uro-A administration, 337411
although dietary interventions with ET-rich extracts,*> or ET-
rich products such as black raspberry*l or pomegranate juice
were also considered.[*>*3]

The oral administration of Uro-A allowed the quantification of
0.9 ng g7! of this compound in human skeletal muscle tissuel!
and up to 12 ng g' in the vastus muscle from rats.’”] So
far, the presence of Uro-A in skeletal muscle tissue had only
been reported in Iberian pigs after oak acorn intake.[*’] Trace
amounts of Uro-A metabolites were detected in the adipose tis-
sue of mice after intraperitoneal injection of Uro-A.*®] In an-
other study, concentrations of Uro-A and Uro-B and their sul-
fate conjugates were quantified (nmol g=!) in the liver, pancreas,
and heart after intraperitoneal injection of Uro-A and Uro-B in
Wistar rats.?”] Furthermore, the oral administration of *C radi-
olabeled Uro-A to rats allowed to detect it in many rat tissues,
showing a huge variability between males and females.l*! In an-
other study, after gavage administration of Uro-A in rats, this
compound and its conjugated metabolites were quantified in the
stomach, small intestine, cecum, colon, kidney, bladder, spleen,
lung, and liver.[*!l The amount of Uro-A and derived metabolites
in the tissues was higher in lipopolysaccharide (LPS)-treated ver-
sus control rats. Tissue deconjugation of Uro-A glur to produce
Uro-A after LPS-induced inflammation was described for the
first time.l*!]

Mol. Nutr. Food Res. 2022, 66,2101019 2101019 (6 of 22)
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In previous studies, methyl-Uro-Al*®) and Uro-Al* were quan-
tified in the brain of rats after direct administration of Uro-A,
suggesting its ability to cross the blood-brain barrier. However,
the presence of metabolites in the irrigating brain blood cannot
be ruled out since no perfusion was performed. Recently, the de-
tection of Uro-A in the brain after pomegranate juice intake has
been reported,[“**] with concentrations around 1.68 and 2.07 ng
g™! tissue. However, information about the brain-occurring Uro
metabolites after ET-rich food intake is still missing as the avail-
able quantifications were done after enzymatic hydrolysis.

In another study, different unconjugated Uros (Uro-A, Uro-B,
Uro-C, and Uro-D) were quantified in the liver, colon, luminal
content, and prostate of mice after consuming a 10% black rasp-
berries powder diet for 6 weeks. Uro-A’s highest concentration
was observed in the luminal content (29.14 + 9.42 pmol kg=!).[*4]

Recently, the distribution of Uros has also been reported
in mammary tissues from animals*! and humans [“°] after
consuming a mixture of extracts containing pomegranate extract,
among others. In rats, Uro-A glur and Uro-A sulfate were de-
tected at 6.7 and 6 pmol g~!, respectively. In humans, glucuronide
and sulfate conjugates of Uro-A and Uro-B were determined in
normal and malignant mammary tissues with similar concentra-
tions, from 1.0 to 27.4 pmol g~! depending on the metabolite.[*¢]

Overall, Uros’ bioavailability, metabolism, and tissue distribu-
tion are essential to understanding the Uros-health binomial.
Next, it is crucial to elucidate the current evidence on the bio-
logical activity of Uros based on in vitro and in vivo models.

1.2. Evidence for Health Properties of Urolithins Based on In
Vitro and Animal Model Studies

After almost two decades of intense research since their identifi-
cation, Uros have gained recognition as one of the main drivers
for the health effects related to the consumption of ET rich foods
both at the gastrointestinal and systemic levels.

Many in vitro studies describe the beneficial effects of Uros
(especially Uro-A), which include anti-inflammatory, anticancer,
antioxidant, cardioprotective, neuroprotective, and estrogenic ef-
fects, among others.[*5%51] Nevertheless, despite the promising in
vitro results, the in vivo direct evidence and their mechanisms of
action supporting the health benefits are still under debate.>>>]
In this regard, a common concern within the (poly)phenols
and health interaction research resides in the fact that many in
vitro studies overlook the metabolism and tissue distribution of
Uros, using both non-physiological concentrations and inade-
quate metabolic forms.>4%%

The design of physiologically relevant in vitro studies us-
ing appropriate metabolites (free forms or conjugates) and
concentrations detected in vivo is essential to investigate the
biological effects of Uros. The growing knowledge on their
metabolism and tissue distribution and the higher availabil-
ity of relevant phase-II Uro conjugates in the market allow
scientists to design proper in vitro approaches. However, as
shown in Tables S1-S5 (Supporting Information), many in vitro
studies exploring the biological activity of Uros (free forms
and phase-II conjugates) use physiologically irrelevant assay
conditions.

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Table 2. Quantification of urolithins in tissues.*

Animals

Administration

Tissue distribution

Reference

Male SD rats (n = 12)

Male C57BL/6 mice (n = 8)

Male Wistar rats with
streptozotocin-induced
type-1 diabetes (n = 20)

Wistar rats (males n = 16;
females n = 16)

Male SD rats (n = 14)

Male albino Wistar rats
(n=3)

Male albino Wistar rats
(n=6)

Male C57BL/6 mice (n = 12)

Female SD rats (n = 28)

Humans

Breast cancer patients
(n=19)

Healthy elderly volunteers
(n="6)

Uro-A (25 mg kg~' day~") 2 or
7 days.

Uro-Ai.p. (20 ug) 12 weeks.

Daily i.p. injection of Uro-A or Uro-B
(2.5 mg kg~'day™") 3 weeks.

14C radiolabeled Uro-A (1000 mg
kg™ bw).

Uro-A by oral gavage (26 mg kg™!
bw). Two groups: LPS i.p (n =7)
vs no LPS.

Pomegranate juice (500 mg kg™'
b.w.) per day for 10 days.

Pomegranate juice (500 mg kg™'
b.w per day (i.g.)) 45 days.

10% w/w freeze-dried black
raspberries powder, 6 weeks.

One capsule by gavage (2.2 mg RSV,
6.7 mg pomegranate, 6.7 mg
olive, 6.7 mg cocoa, 2.2 mg
orange, 2.2 mg lemon, and
2.2 mg grapeseed).

Plant extract mixture (53.85 mg
trans-RSV, 161.5 mg pomegranate
extract, 53.85 mg orange extract,
53.85 mg lemon extract, 161.5 mg
olive extract, 161.5 mg cocoa
extract and 53.85 mg grape seed
extract) 3 capsules/day, 6 days.

2000 mg of Uro-A delivered orally
using softgels.

Vastus lateralis muscle (ng g=1)%: 12 Uro-A (2 days); 9 Uro-A (7 days).

Trace amounts of Uro-A metabolites were detected in the adipose tissue.

Liver (nmol g=")2: 9 Uro-A; 58 Uro-A-sulfate; 100 Uro-B; 220 Uro-B sulfate.

Pancreas (nmol g7')2: 10 Uro-A; 80 Uro-B; 1 Uro-A sulfate; 160 Uro-B sulfate.

Heart (nmol g=1)?: 400 Uro-A; 15 Uro-A sulfate; 500 Uro-B; 225 Uro-B sulfate.

% of total radioactivity from the administered dose

Liver: 0.009—0.018. Kidney: 0.005—0.021. Carcass: 0.180—0.896. Gl tract: 87—121.
Heart, lung, spleen, testes, prostate, pancreas, abdominal fat, brown fat, muscle
adrenals, thymus, thyroid, bone marrow, brain, skin and bone <0.001%.

LPS/NO LPS

Stomach content (umol)?: 0.25/0.15 Uro-A; 0.02/0.01 Uro-A sulfate; 0.08/0.04
Uro-A glur. Small intestine content (umol)?: 0.12/0.13 Uro-A; 0.02/0.02 Uro-A
sulfate; 0.09/0.16 Uro-A glur. Cecum content (umol)?: 0.1/0.5 Uro-A; 0.01/0.01
Uro-A sulfate and Uro-A glur. Colon content (umol)?: 0.1/0.4 Uro-A; 0.01/0.01
Uro-A sulfate. Kidney (nmol g=1)?: 0.5/0.01 Uro-A; 1/1 Uro-A sulfate; 4/2.5
Uro-A glur. Bladder (nmol g=")@: 0.15/0.01 Uro-A; 0.05/0.1 Uro-A sulfate;
0.1/0.01 Uro-A glur. Spleen (nmol g=1)2: 1.7/0.01 Uro-A; 0.3/0.02 Uro-A sulfate;
0.2/0.02 Uro-A glur. Lung (nmol g=1)2: 1.4/0.1 Uro-A; 1.2/0.2 Uro-A sulfate;
1/0.4 Uro-A glur. Liver (nmol g=1)2: 0.7/0.01 Uro-A; 0.2/0.05 Uro-A sulfate;
0.4/0.3 Uro-A glur.

Brain (ng g~'): 1.68 Uro-A.
Brain (ng g~')®: 2.07 Uro-A.

Liver (nmol g71): 0.35 Uro-A; 0.004 Uro-C. Colon: 3.93 Uro-A; 0.16 Uro-C. Luminal
content (nmol g”): 29.14 Uro-A; 0.067 Uro-B; 4.28 Uro-C; 0.03 Uro-D. Prostate
(nmol g=1):0.15 Uro-A.

Mammary tissues (pmol g=')?: Cmax: 6.7 Uro-A glur; 6 Uro-A sulfate.

Normal mammary tissue (pmol g='): 27.4 Uro-A glur; 9.6 isoUro-A glur; 5.4 Uro-A
sulfate; 14.4 Uro-B glur; 1.3 Uro-B sulfate.

Malignant mammary tissue (pmol g='): 29.4 Uro-A glur; 4.8 Uro-A sulfate; 11.3
Uro-B glur; 1.0 Uro-B sulfate.

Trace amounts of Uro-A glur were detected in the adipose mammary tissue.

Skeletal muscle tissue (ng g~")?: 0.9 Uro-A (eight hours after oral dose).

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[34]

*Primarily focused on the last five years. Check the reference [*] for a systematic review up to 2017. 2Quantitative mean values were estimated from graphics in the original
paper; Quantification after enzymatic hydrolysis; i.g., intragastric; i.p., intraperitoneal; RSV, resveratrol; SD: Sprague-Dawley.

In the past few years, there has been a considerable increase
of in vivo studies using animal models reporting biological activ-
ities after Uros administration, both orally and intraperitoneally,
to unequivocally demonstrate their involvement in the beneficial
effects attributed to the intake of ET-rich foods. To the best of our
knowledge, from a total of 35 studies performed so far, over 90%
were published in the last five years (Table 3). Here, we summa-
rize and discuss the main relevant in vitro and animal studies to
show the current evidence of the biological properties attributed
to Uros relevant to different chronic diseases.

Mol. Nutr. Food Res. 2022, 66, 2101019 2101019 (7 of 22)

1.3. Anti-inflammatory Effects

To date, the evidence related to the anti-inflammatory effects
of Uros encompasses the highest number of studies, mainly
within the colonic environment. Pioneer investigations re-
ported the benefits associated with Uro-A in relevant animal
and cellular models of intestinal inflammation. These benefits
included protection of the inflammation-induced damage in
colon tissues, the modulation of genes and proteins (such
as iNOS, COX-2, PTGES, and NF-xB) as well as molecules

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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(i-e., prostaglandins and cytokines) involved in the regula-
tion of inflammation and processes associated like fibroblasts
migration and monocyte adhesion.’®*8] Further evidence
supporting these benefits comes from additional preclinical
studies which described molecular mechanisms related to the
anti-inflammatory effects!*! (Table S1, Supporting Information).
In this line, recent investigations with rodent and cellular
models of inflammation further showed that Uro-A protects
against the inflammation-induced intestinal barrier damage
through the activation of the aryl hydrocarbon receptor (AhR)-
nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent
pathways, amelioration of cytokines biosynthesis (such as
TNF-a and IL-6), and modulation of the tight junction proteins
expression.l>%:60]

Regarding the systemic environment, growing evidence on
the anti-inflammatory properties of Uro-A is supported by seven
animal studies. These studies describe that Uro-A administra-
tion (orally or intraperitoneally) shows the capacity to protect or
attenuate inflammation-induced injury in different inflamma-
tion models, including ischemia/reperfusion and osteoarthritis,
associated with decreasing systemic pro-inflammatory cytokines
and the signaling pathways increased by the inflammation
status (Table 3). However, despite the pharmacological context,
the underlying molecular mechanisms involved in the anti-
inflammatory effect of the circulating conjugated Uros remain
puzzling.

In this context, since many anti-inflammatory in vitro studies
have been performed in immune, endothelial or neuronal cells,
the physiological relevance of several investigations published in
the last years is still questionable as only a few studies have taken
into consideration the effect of the phase-II urolithin conjugates
at physiological concentrations attained at the systemic levell*>*
(Table S1, Supporting Information).

A common result in these studies, regardless of the inflam-
matory cell model, is the lower or lack of anti-inflammatory
effect of the circulating conjugated Uros compared with their
aglycones.[®-*] Nonetheless, considering the positive impact
observed after oral administration of Uro-A in animal models
(Table 3), we cannot discard that these conjugated metabolites
could exert anti-inflammatory effects involving alternative mech-
anisms of action and indirect effects, as well as possible in situ
deconjugation processes that could release their more bioactive
free forms. However, this hypothesis should be considered with
caution as only one in vivo study has explored and reported the
tissue deconjugation of Uro-A glur to give Uro-A under spe-
cific LPS-induced systemic inflammation conditions in rats.[*!]
Considering this, further in vitro studies are needed with the
phase-II Uro metabolites and more in vivo studies.

1.4. Anticancer Effects

In 2009, a pioneer in vitro study reported the antiproliferative ef-
fect of colonic Uros, mainly Uro-A, against different colon cancer
cells.[%] Since then, the anticancer properties of Uros, including
antiproliferation, apoptosis promotion, and anti-angiogenesis,
have attracted significant attention against a wide diversity of cel-
lular models of cancer such as colon, prostate, breast, kidney,
liver, and brain[*% (Table S2, Supporting Information). In this
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line, accumulating in vitro evidence indicate that Uros exert dif-
ferent anticancer mechanisms of action through the modulation
of the expression of genes and proteins of key cancer markers
(such as p21) and signaling pathways (i.e., MAPK and Akt) in-
volved in cell cycle arrest and apoptosis induction and, therefore,
associated with cancer development!*%-%8] (Table S2, Supporting
Information). Other anticarcinogenic mechanisms contribute to
understanding how Uro-A and physiologically relevant mixtures
mimicking UM-A exert beneficial effects on colon cancer cells. A
mechanism recently described involves induction of senescence-
associated with f-galactosidase activity upon long-term exposure
via up-regulation of tumor-suppressor proteins expressions such
as p21¢PP1/Wafl and p53.1970 The anticancer activity of Uro-A is
also associated with its capacity to induce autophagy and inhi-
bition of metastasis involving the upregulation of LC3, a central
protein in the autophagy pathway.!”!]

The studies of Uros against cancer performed during the last
decade have two common essential points to highlight: i) among
all colonic Uros tested, Uro-A exerts the highest anticarcino-
genic effect and; ii) the circulating phase-II conjugated Uros
exert lower (or lack of) anticancer activities compared to their
free forms.[%7273] In this regard, the evidence of the in vitro
anticancer activity of Uros in systemic tissues such as prostate,
breast, or liver is still limited and contradictory compared with
those reported against intestinal cancer cell models. As stated
before, while new in vitro studies using free colonic Uros with
doubtful physiological relevance indicate a clear anticancer effect
through different mechanisms of action, to date, there are still
few in vitro studies mimicking the in vivo conditions of Uros at
the systemic level (regarding metabolic form and concentrations)
(Table S2, Supporting Information). Indeed, these few relevant
studies have reported lower or absence of antiproliferative effect
in phase-II metabolites, unlike their free forms against differ-
ent models of prostate,’* and breast(*®”3] cancer. In addition,
contrasting with Uro-A, its phase-II conjugates failed to exert
senescence on colon cancer cell lines upon long-term effects.[%!
However, it cannot be ruled out a possible effect on senescence
induction against systemic cancer cells similar to those of other
phenolics phase-II conjugates such as resveratrol against breast
cancer cells.[”>] Therefore, it is still mandatory to design in vitro
studies considering molecular forms physiologically relevant,
concentrations achieved in vivo, representative mixtures, etc.,
to unequivocally identify the possible anticancer effects against
systemic cancer cells and the molecule(s) responsible for the
effects observed.

On the other hand, although the increasing number of in vitro
studies indicate the potential anticancer effects of Uros, mainly
Uro-A, the in vivo evidence on the anticancer activity of Uros is
still limited (Table 3). In this regard, preliminary animal studies
(rat models) performed in 2010 reported that oral administration
or in situ colon perfusion of Uro-A modulated the gene expres-
sion in the colonic mucosa of several markers (p53, Rb1, Akt,
CYP1A1, etc.) associated with colon cancer development.l”8!
Since then, two recent remarkable animal studies have explored
the attractive Uros’ anticancer effect observed in vitro. In 2018,
Dahiya et al. reported that the oral administration of Uro-A
(50 mg kg™') for 4-5 weeks decreased the tumor size and the
expression of the proliferation marker Ki-67 in prostate cancer
cells xenografts.’®l One year later, following a pharmacological
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approach, Lv et al. observed the reduction in the average tumor
volume and weight, and the Ki-67 levels, of the hepatocellular
tumor in a xenograft mouse model after intraperitoneal or sub-
cutaneous administration of Uro-B (40 mg kg™! every 2 days, for
30 days).l””]

Overall, despite these promising results, more relevant pre-
clinical studies, both in vitro and in animal models, are needed to
provide more significant evidence and new insights to elucidate
the potential anticancer effects of Uros.

1.5. Neuroprotective Effects and Improvement of Cognitive
Function

In the past few years, several studies have begun to indicate
that Uros may be partly responsible for the benefits against
neurodegenerative diseases such as Alzheimer’s or Parkinson’s
diseases attributed to ET-rich foods consumption.[”®! Hence,
evidence is increasing supported by animal models of neuronal
injury and(or) neurodegenerative diseases. These investigations
indicate that administration (oral and intraperitoneal) of Uro-A
exerts an improvement in cognitive impairment, brain aging,
and a reduction in the accumulation of amyloid plaques!”*-82
(Table 3). In this regard, animal studies claim that the free form
of Uro-A can cross the blood-brain barrier (BBB) and reach the
brain in rats fed pomegranate juice (alone and combined with
rotenone) after whole-body perfusion to avoid overlapping of
metabolites from those of the residual blood,*>*}] confirming
previous results obtained for Uro-A and Uro-B by computational
models®] and animal models upon intravenous administration
but in non-perfused brains.[**! However, these enthusiastic
results should be cautiously considered since the brain samples
underwent enzymatic hydrolysis, and thus, the presence of free
Uro-A in the brain cannot be unequivocally confirmed. The
concentrations detected (at the range of ng g™' wet tissue) came
from a single point after the intake. Thus, as commented before,
whether conjugated glucuronides alone or in combination with
their free forms might be able to cross BBB, as well as the
physiological concentrations that reach the brain tissue remain
unknown.[#243]

Therefore, despite the neuroprotective effect observed against
a wide range of neuronal cell models, mainly due to the
(neuro)inflammation and antioxidant activities exerted by
Uro-A, and to a lesser extent Uro-B, evidence is still weak.
The main reason is the lack of physiologically relevant studies
using the circulating conjugated Uros that might reach brain
tissues (Table S3, Supporting Information). In this regard,
to date, only a few studies follow this approach reporting a
slight attenuation on the H,O,-induced cytotoxicity in neu-
roblastoma SH-SYS5Y cells after pre-treatment with conjugated
glucuronides of Uro-A and isoUro-A, but not for Uro-B glur,!3¥]
as well as for methyl-Uro-A and methyl-Uro-B at similar con-
centrations in LPS-stimulated BV-2 microglia cells.!®] However,
Xu et al. reported no effect of methylated Uros (never de-
tected in circulation in humans), unlike their de-methylated
derivatives, under the similar (neuro)inflammation model
in BV-2 cells.[®%]

Overall, there is still a need for well-designed in vivo studies
to identify if phase-II conjugated Uros can cross the BBB,
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interact with neuronal cells, and delve into underlying molecular
mechanisms associated with their neuroprotective effects.

1.6. Cardioprotective Effects

At present, many studies associate the consumption of ET-rich
foods with protection against cardiometabolic diseases such as
hypertension, hyperlipidemia, obesity, and diabetes.[”®%”] The
question of what molecule(s) could be responsible for these ben-
eficial effects has launched numerous studies that again placed
Uros under the spotlight. Considering this, recent in vivo stud-
ies using a range of different rodent models mimicking car-
diometabolic disorders (i.e., diabetes, obesity, cardiac dysfunc-
tion after ischemia-reperfusion) described positive effects after
oral and intraperitoneal administration of Uro-A and, to a lesser
extent, Uro-B. These benefits encompassed improvement of the
cardiac dysfunction systemic atherosclerotic lesions, a decrease
of cardiometabolic risk markers (blood lipids, insulin sensitivity,
fasting glucose, lipid peroxidation, body weight, and visceral adi-
pose tissue mass), anti-obesity effects,?38-91 and reduction of
lipid plaques deposition and oxidized LDLc (oxLDLc) uptake in
Uro-B-administered animals®!l (Table 3).

However, from a dietary point of view, whether Uros ex-
ert the cardioprotective effects by themselves or indirectly re-
mains elusive. Thus, to date, the number of in vitro stud-
ies that investigate the impact of free and conjugated colonic
Uros using the concentrations achieved at the systemic level is
scant!*! (Table S4, Supporting Information). Among the physio-
logically relevant in vitro studies (that consider concentrations
and metabolic form achieved in vivo), two studies reported a
possible anti-atherosclerosis effect for Uro-A and Uro-B glu-
curonides, partly due to their slight anti-inflammatory activity
on TNF-a-stimulated human endothelial cells,[° as well as for
Uro-B sulfate that was able to induce a reverse cholesterol efflux
in oxLDLc stimulated THP-1 macrophages.®!! Additional bene-
fits described for Uro-B glur comprise attenuation of the direct
detrimental effects of TMAO and the diabetic cardiomyopathy
in rats-isolated cardiomyocytes.[*293] Regarding the anti-obesity
effect, Uros play an important role in reducing triglycerides ac-
cumulation, increasing fatty acid oxidation in adipocytes and
hepatocytes,!**%] and decreasing adipocyte formation.[*®) How-
ever, there are no studies conducted with conjugated Uros to gain
further insights into these possible effects against metabolic-
associated disorders such as obesity and related complications
(Table S4, Supporting Information).

Therefore, to date, the evidence regarding the cardioprotective
activities of Uros behind the health effects associated with ET-
rich foods consumption is somewhat limited by the in vitro to in
vivo extrapolation and requires further research.

1.7. Miscellaneous Effects

The possible role of Uros on other health effects and how they
can interact and(or) modulate receptors, proteins, signaling path-
ways, or microorganisms that may explain the beneficial health
effects related to ET-rich foods consumption, has also been inves-
tigated (Table 3 and Table S5, Supporting Information). Among
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these effects, one of the most studied is the role of Uros as
molecules (partially) responsible for the antioxidant properties
attributed to the consumption of ETs-rich foods. In this regard,
the evidence provided by in vitro and in vivo preclinical studies
remains contradictory**’] (Table 3 and Table S5, Supporting In-
formation). Thus, despite the relative protection against oxidative
stress reported for the free forms of Uros in some cell models, the
antioxidant capacity of the conjugated metabolites is unclear. In
addition, animal models reporting an unequivocally antioxidant
activity or protection against radical damage are still scarce and
contradictory. For instance, the positive effect of Uro-A admin-
istration in carrageenan-induced paw edema mice model®®! and
against cisplatin-induced oxidative damagel®®! contrasts with the
absence of antioxidant effects observed in plasma and colon mu-
cosa in a DSS-intestinal inflammation animal model.%!

The ability of Uros to act as phytoestrogens, due to their
structural parallelism with estradiol, is another activity widely
explored. Cellular and in silico models confirmed that free
colonic Uros (Uro-A, isoUro-A, and Uro-B) could interact with
the estradiol receptors exhibiting estrogenic and antiestrogenic
effects.l1%192] However, a recent in vitro study reported that the
circulating conjugated Uros failed to exert in vitro estrogenic and
anti-estrogenic activities.” To the best of our knowledge, there
is no in vivo study to corroborate these estrogenic and(or) anti-
estrogenic effects.

Moreover, studies in rodent models have characterized the ef-
fect of the oral administration of Uro-A on gut microbiota mod-
ulation (i.e., by increasing potentially beneficial bacterial groups
for health)®® and on improving the intestinal barrier function
by the induction tight junction proteins expression in epithelial
cells.>?! Similarly, a recent study has also described that the in-
traperitoneal administration of Uro-A and Uro-B for 4 weeks in
rats fed a high-fat diet exerted changes in the gut microbiota com-
position, promoting the reduction of gut microbes related to body
weight, dysfunctional lipid metabolism, and inflammation.®"!
However, more in vivo studies are mandatory to confirm or re-
verse these promising effects.

Finally, Uro-A also showed the capacity to stimulate mitophagy
and improve muscle health in preclinical aging models and
Duchenne muscular dystrophy (DMD) models in mice fed an
Uro-A-enriched diet, in primary human myofibroblasts isolated
from patients with DMD, and in Caenorhabditis elegans exposed to
Uro-A.l'%] Besides, in the studies conducted in worms, Uro-A ex-
tended their lifespan,”1%%] although more studies are needed to
confirm these promising protection against aging and age-related
conditions.

2. Human Trials: Stratification by Urolithin
Metabotypes

There is substantial human interindividual variability in re-
sponse to (poly)phenols consumption. A complex combination
of variables contributes to this interindividual variability, includ-
ing age, sex, lifestyle, physiological status, gut microbiota, genetic
makeup, dietary patterns, food matrix, and processing.[510+111]
The two-way interaction between (poly)phenols and gut micro-
biota is crucial in the (poly)phenols and health puzzle.?%111-112]
Increasing evidence has recognized the phenolic-derived micro-
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bial metabolites as possible major actors that explain the bioac-
tivity of the ingested (poly)phenols.[5%52111]

However, besides the potential activity of the microbial deriva-
tives, each individual’s gut microbiota, including the microbial
ecology involved in (poly)phenols metabolism, is also a relevant
driver in the (poly)phenols effects.[!!!] In this regard, some in-
dividuals have characteristic metabolic responses to dietary or
pharmacological interventions. These metabolic phenotypes are
known as “metabotypes” and are characterized by the subjects’
(epi)genetics, physiology, and(or) gut microbiota composition
and functionality. Therefore, metabotype is a broad term that
can involve the gut microbial and host metabolism and subse-
quent biological activity (synthesis, transport, interaction with
receptors, etc.) of either endogenous or exogenous compounds
(cholesterol, glucose, dietary and environmental compounds,
and drugs).P211L13-115] I the specific context of (poly)phenols
and health, a metabotype associated with the metabolism of
(poly)phenols by the gut microbiota refers to a metabolic phe-
notype characterized by specific metabolites produced from the
catabolism of specific (poly)phenol precursors by a particular gut
microbial ecology.?>111116] A qualitative criterion (i.e., producer
vs non-producer of specific metabolites) defines a metabotype as-
sociated with the gut microbiota. On the other hand, a quantita-
tive criterion (i.e., high producer vs low producers) should not
be used to establish a possible metabotype. The establishment
of the cut-off between high and low producers is arbitrary. It de-
pends on many variables, including the gastrointestinal motility,
sample collection time, food matrix, the lag period between the
last intake of (poly)phenolic precursor and the sample analysis,
and the sensitivity of the analytical procedure.52108111]

To date, in the context of (poly)phenols, the metabotypes
identified unambiguously are those involved in the metabolism
of isoflavones (equol producers vs non-producers) and EA
(Uro metabotypes, UMs). The present review will not ad-
dress all the characteristics of these metabotypes systematically.
Previous publications provide a comprehensive description of
these metabotypes and their possible association with human
health.[52111] However, in the context of the present review, it is
worth highlighting the main characteristics of UMs because the
essential question is to elucidate whether Uros drive the effect on
human health as bioactive compounds and(or) by the gut micro-
bial ecology associated with their UM.[52111]

Briefly, in the case of UMs, three metabotypes have been de-
scribed (UM-A, UM-B, and UM-0): UM-A individuals are those
producers of only Uro-A as final Uro, UM-B subjects also produce
Uro-A, and distinctively, isoUro-A, and Uro-B. Finally, UM-0
individuals cannot produce Uros (only the pentahydroxy-Uro pre-
cursor Uro-M5 has been detected). Furthermore, the distribution
of UM-A and UM-B is critically affected by aging. The percentage
of UM-0 was reported to be approximately constant (10%) in the
range from 5 to 90 years of age in a Caucasian cohort (n = 839).
In contrast, UM-A is more prevalent at an early age, decreasing
from 85% up to 55% in adulthood, parallel to an increase of UM-
B from 15% up to 45%. From 35 to 40 years of age, the proportion
of UM-A and UM-B (55%, and 45%, respectively) remains ap-
proximately unaltered.’>!”] The human gut microbial ecologies
associated with UMs, and their associations with cardiometabolic
markers, have been described in healthy normoweight, over-
weight, and obese individuals (n = 249), showing lower richness
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and diversity in UM-0 individuals compared to UM-A and
UM-B.[118]

Recently, Cortés-Martin et al.'*! reported that overweight-
obesity prevalence in a Caucasian group of children and ado-
lescents (n = 415) was related to being a boy (9—12 years old)
with either UM-B or UM-0, low adherence to the Mediterranean
diet, and high contribution of a specific consortium of 24 single-
nucleotide polymorphisms (SNPs) from a total of 53 SNPs re-
lated to obesity and cardiometabolic diseases. These results also
highlighted the multifactorial etiology of obesity since every sin-
gle variable (sex, diet, UMs, SNPs, age, physical activity) was not
independently associated with overweight-obesity.l'!%] The same
authors also described that UMs distribution in polymedicated
metabolic syndrome patients was almost similar to that described
for healthy young adults.['?] The authors confirmed that the gut
microbiota of these patients was in dysbiosis, mainly in hyperten-
sive patients with an overabundance of LPS-producing members
of the Enterobacteriaceae family.'?!l Overall, polymedication af-
fected the microbial ecology involved in Uros production and also
determined the prebiotic effect of a pomegranate extract in these
patients.[12]

The current evidence, although still low, suggests that the gut
microbial ecology of UM-A could be “protective,” while UM-
B could be potentially prone to dysbiosis and cardiometabolic
risk 521111181221 Ty this regard, for the first time, Gonzalez-Sarrias
et al.'®] described the improvement of cardiometabolic risk
biomarkers in UM-B individuals after consuming an ET-rich
pomegranate extract. In contrast, no statistically significant ef-
fects were observed in UM-A individuals or the whole group be-
fore clustering individuals according to their UMs. In general,
the relatively low number of volunteers with UM-0 in different
human studies has prevented drawing any statistically significant
conclusion regarding the possible impact of this non-producer
UM in the outcomes of the studies.[120122-124]

Therefore, the stratification of individuals according to their
gut microbiota (poly)phenol metabotypes could help understand
individuals’ response to dietary (poly)phenols, something essen-
tial in the context of personalized nutrition.>2111:123]

3. Safety and Bioactivity of Urolithins in Humans

To date, Uros are wellknown biomarkers of ETs
consumption.®125] However, the evidence supporting their
role as bioactive metabolites with differential impact on human
health is very scarce so far because it has been primarily ad-
dressed by correlating the presence of free and conjugated Uros
in blood, urine, and(or) feces with different health biomarkers.
Several associations between basal cardiometabolic risk fac-
tors and the urine Uro metabolomics signature were re-
ported in healthy overweight-obese individuals and subjects with
metabolic syndrome traits after clustering by their UMs.[126]
In healthy overweight-obese individuals, urinary Phase-II Uro-
A conjugates (primarily in UM-A) were positively associated
with apolipoprotein A-I and intermediate-HDLc. At the same
time, Uro-B and isoUro-A (characteristic from UM-B) were pos-
itively correlated with total cholesterol, LDLc, apolipoprotein B,
VLDLc, IDLc, 0xLDL, and the apolipoprotein B/apolipoprotein A-
I ratio.['?] Only Uro-A-derived metabolites correlated inversely
with glucose levels in volunteers with metabolic syndrome risk
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factors.126] Another study reported that Uro-A glur was inversely

associated with basal abdominal adiposity, fasting insulin, and
HOMA-IR after 12-weeks consumption of mixed nuts (30 g
day™) by volunteers with metabolic syndrome risk factors.['”]
In healthy overweight-obese individuals, urinary excreted phase-
II Uro conjugates were significantly correlated with improving
several cardiometabolic risk markers after consuming a high
dose (640 mg phenolics day™') of a pomegranate extract for 3
weeks.!123] In this study, urinary Uro-A metabolites were associ-
ated with the decrease of total cholesterol, non-HDLc, and LDLc,
while changes of LDLc correlated with both Uro-A and isoUro-A
+ Uro-B conjugates. However, these associations were only ob-
served in UM-B individuals. In contrast, no significant correla-
tions were found in UM-A individuals, where cardiovascular risk
markers did not change.l'?3] The presence of nanomolar concen-
trations of Uro-A conjugates was also associated with improved
flow-mediated dilation in healthy subjects (n = 10) after consum-
ing red raspberries.!?®] However, statistically significant associa-
tions between excreted or circulating Uros in all the above studies
do not ineludibly involve causality or clinical relevance.>>1!] In
this regard, other studies failed to find a significant correlation
between Uros occurrence in plasma, urine, feces, or colonic tis-
sues and cancer-related markers and metabolic endotoxemia in
colorectal cancer patients (n = 45),112#1291 metabolic endotoxemia
in overweight-obese individuals (n = 49),[13% and the blood lipid
profile (n=32),% and antioxidant markers (n = 31)[3!l in healthy
subjects.

Overall, the possible associations between excreted or circu-
lating metabolites and health-related biomarkers detected in a
specific moment might be casual rather than causal, which is
somewhat logical due to the highly variable turnover of these
metabolites in the bloodstream and other reservoirs.>%111]

As in the case of other microbial-derived metabolites, an Uro
production gradient within UM-A and UM-B individuals defines
tentatively “high” and “low” producers of Uros. However, as ex-
plained above, the criterion for establishing the boundary be-
tween high and low Uro producers (also extrapolated to other
microbial-derived metabolites such as equol, enterolignans, and
hydroxyvalerolactones) is arbitrary.'!!l This means that the pos-
sible associations between “high” or “low” Uros production and
health issues may not be reproducible in all circumstances or
conditions.

Therefore, whether a specific microbial-derived metabolite
exerts biological activity, dependently or not of the associated mi-
crobiota, requires evaluating the effects upon direct administra-
tion of the metabolite. In this regard, oral Uro-A administration
was safe in both preclinical(®°%5°] and human studies,**! and
it was recognized as GRAS (generally recognized as safe) for its
use as an ingredient in several food products by the Food and
Drug Administration (FDA). These facts predict an increase in
human trials to evaluate the specific health effects of Uro-A in the
coming years. Two human studies, funded by a private company,
have been conducted with a commercial oral synthetic Uro-A
supplement. The first study reported the safety, tolerability, and
improved mitochondrial and cellular health by regulating gene
expression associated with cellular and mitochondrial function
in healthy elderly subjects after consuming 500 and 1000 mg
Uro-A in a single and multiple dose-escalation phase 1 study.>¥]
The second human study claimed that consuming 500 mg of
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Uro-A was more efficient than the single intake of a specific
pomegranate juice to achieve more plasma Uro-A-derived conju-
gates after 6 and 24 h.**] However, i) the use of snapshot plasma
levels of microbial circulating metabolites is questionable for this
comparison (the use of 24h-volume urine is a more appropriate
quantitative approach), ii) the overall bioavailability and plasma
pharmacokinetics of Uro-A and derived metabolites after oral
Uro-A administration have been reported to be low,*>!3% iii)
the approach used for clustering “Uro-A producers” and “Uro-A
non-producers” was arbitrary and did not take into account many
interfering variables, and iv) there may be a bias in the results
depending on the ETs concentration and food matrix chosen
(e.g., walnuts intake could have yielded a lower number of Uro-A
non-producers and promoted much more Uro-A production
than that specific pomegranate juice).['**]

4. New Insights into Microorganisms Involved in
Urolithin Production

Uros occur naturally in the gut by the action of the gut mi-
crobiota on dietary ETs, but EA needs to be produced first. EA
can be obtained from EA glycosides or ETs possessing a hexa-
hydroxydiphenic acid (HHDP) moiety by chemical or biological
methods such as acidic or enzymatic hydrolyses. g-Glucosidase
has been associated with EA glycoside hydrolysis.[** In addition,
microbial enzymes known as tannases (tannin acyl hydrolase)
have been related to tannin hydrolysis. Tannases hydrolyze the
ester bonds present in gallotannins and ETs, although they do
not affect the C-C bonds.[*135136] Therefore, they have no activ-
ity on condensed tannins. The ability to degrade tannins is dif-
ferent between bacteria, fungi, and yeasts. Bacteria and fungi
can hydrolyze high molecular weight compounds such as ETs
and gallotannins. In contrast, yeasts only hydrolyze gallotannins
easily.[1**] The tannase activity of bacteria isolated from differ-
ent sources, mainly from the intestines of animals and humans
and from fermented food and fruit wastes has been described.
Many of them are lactic acid bacteria such as Lactobacillus plan-
tarum, L. paraplantarum and L. pentosus.['3*] This can explain why
(poly)phenols and particularly hydrolyzable tannins have consis-
tent “prebiotic-like” effects and promote the growth of intestinal
lactobacilli.>137] Homologous genes to the known L. plantarum
tannase gene have been described in other gut bacteria genera
with potential tannase activity such as Roseburia, Fusobacterium,
Streptococcus, and Slackia.[138] These authors suggested that gut
tannin-degrading bacteria that selectively colonize tumorous tis-
sues but not adjacent non-malignant tissues might be involved in
preventing colon tumor progression. Some Bacillus species iso-
lated recently from traditional fermented tea leaves have been
identified as extracellular tannase producers and suggested as
potential probiotics.!'*! However, there are few studies on the
biodegradation of ETs specifically. Tannases involved in ETs hy-
drolysis are known as ETs acyl hydrolases or ellagitannases.[**"]
Preliminary evidence of the fungal biodegradation pathway of
ETs has revealed the existence of a fungal ellagitannase, which
hydrolyzes pomegranate ETs (punicalagin) where punicalin and
gallagic acid would serve as intermediates.['*!] Punicalagin and
punicalin from pomegranate husk have been reported as an op-
timal carbon source for EA production by Aspergillus niger in
a solid-state culture using polyurethane foam as support and
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pomegranate ETs as substrate.['*2] Human gut microbiota also

contain bacteria with ellagitannase activity against punicalagin.
Still, also other ETs holding an HHDP moiety, such as peduncula-
gin, potentillin, casuarictin, coriariin B, vescalagin, castalagin, ca-
suarinin, stenophyllinin A, and stenophyllanin A, resulted in Uro
production as shown in a fecal fermentation study in vitro.*}]
However, the individual microbiota composition, the food ma-
trix, and the type of ingested ETs could determine the rate of Uro
production.['3314] After hydrolysis of ellagitannin-O-glycosides
by ellagitannase, the released HHDP, a non-stable form, suffers
a double lactonization to move on to the stable EA.[1*4]

EA can be dehydroxylated by the gut microbiota to render EA
metabolites called nasutins in which two hydroxyls from the two
catechols have been removed. This has been described in beavers
and pigs, producing nasutins and Uros in their intestine.’] The
gut microbiota of other animals, such as Australian termites,
can only dehydroxylate the hydroxyl groups of EA, leading to na-
sutins. The production of nasutins by the human microbiota has
not been described so far, although it cannot be ruled out. In con-
trast, the conversion of EA to Uros by the gut microbiota of hu-
mans and other mammals has been demonstrated.[*112.144]

Microorganisms able to produce nasutins are still unknown.
On the contrary, in the last decade, the isolation, identifica-
tion, and characterization of the microorganisms responsible
for Uro production and their health implications have been
actively investigated.l''81%] The genus Gordonibacter from the
Eggerthellaceae family accommodates bacterial species that
are part of the human gut microbiota and can metabolize EA
into Uro-M5, Uro-M6, and Uro-C.[1*147] Cells of this genus
are Gram-positive, obligatory anaerobic, motile, and non-spore-
forming short-rod-shaped. The first described species of the
genus Gordonibacter, i.e., G. pamelaeae, was isolated from the
sigmoid region of the colon of a patient suffering acute Crohn’s
disease.['*®] The other three described species G. urolithinfaciens,
G. faecihominis and “G. massiliensis,” were isolated from human
feces of healthy volunteers.['*-151] However, G. faecihominis has
recently been recognized as a later heterotypic synonym of G.
urolithinfaciens when its genome was compared with that of G.
urolithinfaciens.1*-1°21 On the other hand, the name of “G. mas-
siliensis” has been published but not yet validated according to the
International Code of Nomenclature of Bacteria (Bacteriological
Code). A specific and suitable real-time qPCR system was devel-
oped to detect and quantify the Gordonibacter genus. Gordonibac-
ter is present in human fecal samples (10*-10'° cells g™!) and
positively correlates with Uro-A production whereas inversely
correlates with isoUro-A and(or) Uro-B.['*3] The distribution of
Gordonibacter throughout the digestive tract (small intestine, as-
cending colon, transverse colon, and descending colon) was also
explored with a gastrointestinal simulation model TWIN-SHIME
that showed the highest prevalence in the descending colon.!
Furthermore, a direct relationship between Gordonibacter and
Uro-A production along the digestive tract was confirmed. The
associations between basal cardiometabolic risk factors and
Gordonibacter were studied in humans.['?6] Uro-A production
was positively related to fecal Gordonibacter, and, as commented
before, positively correlated with HDL-cholesterol, while Uro-B
and isoUro-A, which are inversely correlated with Gordonibacter,
were positively correlated with total-cholesterol, LDLc, and
oxLDLc.['26] Further use of cultivation-independent 16S rRNA
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gene-based methods on an HiSeq-Illumina platform shows
that Gordonibacter is reduced in smokers with Crohn”s disease
(CD) compared with nonsmokers with CD.[!53] The authors of
this study suggested that intestinal microbes could mediate the
adverse effects of smoking in CD. In contrast, consumption of
ETs rich foods such as pomegranate or walnuts can increase
Gordonibacter levels in the human gut.'2134] Other studies that
sequenced fecal DNA on a MiSeq-Illumina platform demon-
strated in normoweight-overweight-obese adults,!''®] healthy
women during the first year of postpartum,['?2l and metabolic
syndrome (MetS) patients.l'?] that Gordonibacter and two other
genera of the Eggerthellaceae family (Eggerthella and Adlercreutzia)
predominate in UM-A (characterized by Uro-A production) ver-
sus UM-B individuals (characterized by the production of Uro-B
and isoUro-A in addition to Uro-A). Gordonibacter colonization
in infants occurs throughout their first year of life, and neither
breastfeeding nor vaginal delivery seems to be an essential condi-
tion for this. However, the kinetics of Gordonibacter colonization
in babies is conditioned by their mother’s UM.!”]

Ellagibacter, another genus from Eggerthellaceae family,
can also convert EA into Uros (Uro-M5, Uro-M6, Uro-C, and
isoUro-A).I'°] The only currently described species of the genus
Ellagibacter, i.e., E. isourolithinifaciens, was isolated from the
feces of a healthy volunteer.!'*] Cells are Gram-positive, non-
motile, obligatory anaerobic, non-spore-forming short-rods.
Further use of cultivation-independent 16S rRNA gene-based
methods in different cohorts of Caucasian adults (n = 249),[118]
in healthy women during the first year of postpartum,['??] and
in metabolic syndrome (MetS) patients,['?] demonstrated that
Ellagibacter predominates in donors from UM-B versus those
from UM-A. Ellagibacter was also detected in fecal samples
of healthy elderly Korean women but only after consuming a
synbiotic drink composed of probiotics (Bifidobacterium animalis
spp. lactis HY8002, Lactobacillus casei HY2782, and L. plan-
tarum HY2782), dietary fiber, FOS, xylooligosaccharides, and
isomalto-oligosaccharides.!'’]

G. urolithinfaciens and E. isourolithinifaciens can also trans-
form other phenolics, including caffeic acid (dehydroxylation
and reduction), dihydrocaffeic acid (dehydroxylation), and their
ester conjugates rosmarinic acid (reduction), and chlorogenic
acid (quinic acid degradation, reduction, and dehydroxylation).
E. isourolithinifaciens is more efficient than G. urolithinfaciens in
the catechol-dehydroxylase activity, while the reductase activity is
more relevant in G. urolithinfaciens.'>® The enzymes producing
these dehydroxylations to form Uros are catechol dehydroxylases,
where NADPH and FAD are involved in the electron transporta-
tion systems.[15%1%0] Microorganisms containing 3-dehydroxylase
activity to render R urolithins and those responsible for 9-
dehydroxylase and 8-dehydroxylase activities to render the final
Uros (Uro-A and Uro-B) of the route are unknown, but they are
under study. Strains of the closest neighbors of Gordonibacter
(Paraeggerthella and Eggerthella) and Ellagibacter (Senegalimassilia
and Adlercreutzia) based on 16S rRNA gene sequence phylogeny
were also tested for their ability to catabolize EA, but they did
not produce Uros.[1*¢1%¢] Further studies on bacterial species
capable of producing these Uros are guaranteed.

The human gut microbial ecology associated with UMs and
the divergence between the enterotypes and UMs have been
identified. More than 30% of the discriminating genera be-
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tween UM-A (Gordonibacter, Paraeggerthella, and Eggerthella)
and UM-B (Ellagibacter, Senegalimassilia, Slackia, and Adler-
creutzia) belongs to the Eggerthellaceae family.8] Therefore,
variations in the gut microbiota ecology among individuals can
affect (poly)phenol metabolism capacity. Still, at the same time,
(poly)phenol gut metabotypes can indirectly reflect the individ-
ual’s gut microbiome (biomarkers of gut microbiota) and health
status (biomarkers of health status).’2!111%] Further research
should be performed to elucidate the potential health benefits
of Gordonibacter and Ellagibacter and other species from the Eg-
gerthellaceae family due to their ability to produce bioactive
metabolites from several dietary (poly)phenols.

5. Future Directions

Various crucial issues need further research despite the signif-
icant evolution of urolithin research. Overall, whether the in
vivo biological activity endorsed to Uros is due to each spe-
cific metabolite and(or) the physiological circulating mixture of
metabolites and(or) the gut microbial ecology associated with
their production is still poorly understood.

The ability of Uros to cross the blood-brain barrier and the na-
ture of the metabolites and concentrations reached in the brain
tissues need to be clarified.

The specific in vivo activity for each free and conjugated Uro
metabolite is unknown. Therefore, studies on the different Uro
metabolites and their phase-II conjugates are needed to under-
stand their role in human health.

The evidence on the safety and impact of Uros on human
health is still scarce and only partially available for Uro-A.

More human studies are needed to unravel the role of UMs
in human health, with a particular focus on UM-0 (Uro non-
producers).

It is unknown whether there are potential common links
between the gut microbial ecologies of the two unambiguously
described metabotypes so far, i.e., equol (isoflavones) and Uros
(ellagitannins).

Studying the precise differential transcriptomics between
UMs and their comparison with other metabolic processes could
help unravel the complex enzymatic machinery of these gut mi-
crobial ecologies and their correlation to human health.

The gut microbes responsible for producing the different Uros
still need to be better identified and characterized and the bio-
chemical pathways and enzymes involved.
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