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Plant-derived polyphenols of various chemical classes are widely distributed in dietary substances, e.g.
fruits, nuts, vegetables and teas. Such phenolic derivatives are natural antioxidants and have been linked
with numerous health benefits, notably anti-cancer and anti-inflammatory properties. Additionally, they
may behave as mild estrogens, as in the case of genistein. However, there has often been no clear
correlation between in vitro properties, as measured in cell lines for instance, and in vivo performance.
Moreover, it is not always clear what the true active species might be, as most phenols are readily
subject to phase Il metabolism, generating predominantly glucuronides and sulfates. In this highlight, we
seek to address the question of whether dietary substance metabolites, especially glucuronides, which
have been more widely studied, do indeed possess distinct activities in their own right compared to their
parent substances. In most cases this will refer to enzyme inhibition and/or interaction with cell lines.
General observations concerning glucuronidation are provided, accompanied by practical comments
concerning the synthesis of glucuronides, which are not always available or marketed in useful
quantities. The main structural classes of natural polyphenols are introduced, with comments including
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1. Introduction

Monophenolic and polyphenolic organic compounds, especially
stilbenes and flavonoids, are frequent constituents of a wide
variety of common foodstuffs." For some time, various health
benefits including anti-cancer properties have been claimed for
these molecules, notably resveratrol and its stilbene relatives.
However, even if a health benefit can be demonstrated, it is not
clear what the causative substance might be, as many such
molecules have a complex in vivo metabolism, generating O-
glucuronides and O-sulfates in particular with, in some cases,
multiple sites of metabolism. Indeed, the simple derivative p-cresyl
sulfate, formed in response to p-cresol, a metabolite of tyrosine
metabolism, is known to be a uremic toxin> and has recently been
shown to impact the function of the blood-brain barrier, acting via
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synthetic details and biological properties for important members of each class.

EGF receptor® also providing a direct link between products of gut
microbial activity and functions relating to the brain.

Over the last decade, we and others have shown that glucu-
ronides are indeed biologically active in their own right** and
one potential application may be their use in cases where the
parent substances exhibit toxicity at high dose. An interesting
link between the glucuronides of ethanol,” morphine
(morphine-3 glucuronide) as well as a variety of other glucuro-
nides®*® has been made, showing that they induce increased
pain via binding to Toll-like receptor (TLR4) and, together with
arecent report that quercetin 3-O-glucuronide was the probable
cause of red wine hangovers,' serve as a reminder that less
beneficial effects might also result.

In this highlight, we set out to examine the evidence for
biological activity, concentrating on a comparison between the
parent substances and their glucuronides. We focus predomi-
nantly on glucuronides, which have been the most studied
metabolites, but where O-sulfates have been assayed alongside
them, we also include their activity.

2. Glucuronidation

Formerly, glucuronides were often dismissed as waste products of
(mostly) phase II metabolism," though their potential for biolog-
ical activity per se in some cases was recognized, morphine-6-
glucuronide being the best-known example."*** In the case of the

This journal is © The Royal Society of Chemistry 2025
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phenolic substances covered in this highlight, the relatively
insoluble parent compounds are rendered more water-soluble by
glucuronidation and excreted, but glucuronidation is now under-
stood to be a more complex and nuanced process; both the
formation of glucuronides, mediated by mammalian UDP-
glucuronosyl transferases (UGTs, Scheme 1), and their removal
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from cells by efflux transporters must be considered.”*** Enzy-
matic glucuronidation involves the incorporation of p-glucuronic
acid via a B-glycosidic linkage onto the hydroxyl group of the
parent phenol by uridine 5'-diphosphoglucuronosyl transferase
(UGT) enzymes (EC 2.4.17). The human UGT enzyme family
(comprehensively classified in the CAZy database; https://
www.cazy.org/) is divided into 4 sub-families (UGT1, UGT2,
UGT3 and UGTS) with 22 members exhibiting specificity among
dietary phenols but with some overlap. Thus, resveratrol is
a substrate for UGT1AL1, pterostilbene (both resveratrol and pter-
ostilbene are stilbenes; Section 4) is acted on by both UGT1A1 and
UGT1A3, while p-cresol (formed largely by bacterial action on
dietary tyrosine in the intestine) is predominantly modified by
UGT1A6 and UGT1A9, although several other enzymes can act,
albeit at lower levels. A further major dietary polyphenol, quercetin
(Section 5), can be glucuronidated by UGT1A1, UGT1A8 and
UGT1AO9.

The range of biological activities against which polyphenols,
phenols and their glucuronides are being tested continues to
expand to include manifold effects on the brain,'® as well as
antioxidant action. Hepatocytes can clear glucuronides via the
biliary system efficiently and there can be subsequent re-
hydrolysis of the glucuronides by microbiota-associated
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Scheme 1 Glucuronidation of a typical phenol. UDPGA; uridine diphosphate glucuronic acid; UGT; a glucuronosyl transferase. The large family of UGTs
— currently 22 isoforms are recognized in humans, in four classes (UGT1, UGT2, UGT3 and UGT8) — have distinct but overlapping specificities.

glucuronidases (mGUS)" in the large intestine followed by re-
absorption, as well as subsequent processing of the aglycone
component. Thus, the fate of glucuronides in the gut is linked
to the health status of the host, enterohepatic recycling of (non-)
toxic substances and the functional potential of the microbiota,
and is the subject of sometimes over-stated claims regarding
health effects or benefits.*®

The activity of mGUS in the gastrointestinal tract influences
processing of xenobiotics and endogenous compounds in
mammalian systems. Inhibiting mGUS has been shown to reduce
intestinal side-effects (e.g. inflammation, diarrhea, gastritis, con-
stipation) of medications, increase systemic efficacy of drugs (e.g.
opioids, non-steroidal anti-inflammatory drugs), and modulate
whole-body exposure to bilirubin, steroid hormones (e.g. estrone,
estradiol, testosterone, androstanediol) and the neurotransmitters
dopamine and serotonin.” The estrobiome is the collection of all
microbial genes within a microbiota encoding products capable of
metabolizing or reactivating conjugated estrogens, or affecting the
reabsorption of free estrogen. Imbalances in the estrobiome have
been identified as a potential link to hormone-associated hepato-
cellular adenomas.”

Metabolism of over 100 drugs is known to be influenced by
mGUS activity.” Among them, the anti-cancer drug irinotecan
(Fig. 1) has received most attention because conversion of SN-38
glucuronide to SN-38, the active metabolite of irinotecan,
damages the gut epithelium and leads to diarrhea, contributing
to poor quality of life in almost 90% of patients given the
drug.*?** Aglycones generated via the action of mGUS on
intestinal glucuronides are increasingly implicated in hormone-
driven cancers (e.g. breast, prostate, ovarian, hepatocellular
adenoma), with the suggestion that an imbalance in the estro-
bolome of the small intestine contributes to evolution of
diseases associated with sex hormones.>***

HO O

Fig. 1 lIrinotecan, a topoisomerase | inhibitor. In vivo glucuronidation
occurs at O(10), highlighted, after cleavage of the carbamoyl group;
SN-38 is the free phenol/active metabolite.
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In a survey spanning geographically widespread subjects,
almost 300 distinct enzymes with B-glucuronidase activity were
predicted to be encoded by the human gut microbiota, falling
into seven classes, two of which (L1 and mL1) focus on small
glucuronide substrates.”® These are present predominantly in
the bacteria Bacteroides ovatus, Phocaeicola (formerly Bacter-
oides) dorei, Bacteroides fragilis, Escherichia coli, Lachnospira
(formerly Eubacterium) eligens, Faecalibacterium prausnitzii and
Mediterraneibacter (formerly Ruminococcus) gnavus. Wide varia-
tion in bacterial populations has also been noted between
individuals, providing a possible explanation for variations in
the behaviour and efficacy of drugs between patients.>**® An
interesting, but as yet largely unexplored, question is the extent
to which the release of aglycone components by particular
bacterial species affects other bacterial species, as well as the
surrounding cells of the host.

Carefully defined experimental systems will be required to
accurately unpick the complex interactions of dietary-derived
glucuronides with the host and microbiota. Before surveying
dietary substances and their glucuronides by structural class,
we summarise briefly, methods of phenolic glucuronide
synthesis by both chemical and enzyme-mediated means.

2.1 Chemical synthesis of O-aryl glucuronides

Here we consider only the glucuronidation of phenols:
a broader discussion of O-glucuronidation has been pub-
lished.” Although the traditional Koenigs-Knorr synthesis
using anomeric bromide 1 is still used," the desirability of
avoiding heavy metal catalysts, typically Ag, Hg or Cd salts, is
now generally recognised. Glucuronidation using anomeric
bromide 1 under phase transfer catalysis conditions is also
possible.™ We and others**” have effected glucuronidation of
phenols using the B-tetraester 2, and this frequently provides
good yields, though the pK, of the phenol is critical. Empiri-
cally, the method is applicable for phenols of pK, > ~9.5, but
shuts off below that value. The Schmidt anomeric tri-
chloroacetimidate 3 **® generally gives high yields for a wide
range of phenols (7.5 < pK, < 10) and was used for the isomeric
resveratrol glucuronides, v. i.: the related (N-phenyl)trifluoro
derivative 4 is also a good donor.” In general, the imidate 3 is
the most reliable donor, but since B-tetraester 2 is commercially
available, inexpensive and highly stable at 20 °C, its suitability -
based on a knowledge of pK, values - should always be assessed.

The acetates, or in some cases higher esters, used in the
carbohydrate intermediates are removed from the primary

This journal is © The Royal Society of Chemistry 2025
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adducts using base hydrolysis. Mild hydrolysis using Na,CO; is
favoured (Fig. 2) to minimise the risk of base-catalysed by-
products. By suitable pH adjustment, either the free acid form
or the sodium salt of the final product may be isolated.

Although a universal approach to glucuronide synthesis by
conventional means does not exist, a modular strategy incor-
porating a ‘self-immolative’ linker has been explored (Fig. 3)
with the aim of enabling universal glucuronidation, via a series
of glucuronide-containing pro-drugs active against HeLa cells.*®
Here, the desired phenol was released from the conjugate by the
action of a glucuronidase.

2.2 Enzyme-mediated synthesis

In addition to the extensive synthetic efforts summarized briefly
above, glucuronidation has also been carried out using liver
microsomes, rich in UGTs***> and both microbiological®**** and
enzymatic approaches,*?® although the former seem best
suited to the production of relatively low levels of material and
may require considerable optimization of conditions.

4 R = o/B-C(=NPh).CF;

The question of whether all polyphenols are glucuronidated
at each hydroxyl function equally effectively, is beginning to be
addressed. For quercetin 5 (Section 5), considered one of the
most heavily consumed flavonoids on a daily basis (10-100 mg
per day)*” and possessing five hydroxy groups, not all glycosy-
lated forms were observed following incubation with cell or
tissue extracts.’”*®

2.3 Occurrence and isolation of glucuronides

From a practical perspective, it was also noted that it is much
easier to extract the phenolic form than the glucuronide from

ngMe ngH
AcO Na,CO,, aq. MeOH HO
AcO —; R IR-120 (H*) HO _; R
x to pH3 x
orto pHé6

COzNa

HO o
Howo AN
HO T R
x
Fig. 2 The hydrolysis step in glucuronide synthesis.

CO.H
COzH

HO O
Howo s 0 °
HO Enzyme HO + + Ar-OH
OAr ————» HO OH

Fig. 3 A glucuronide conjugate used as a phenolic prodrug. A range of bacterial B-glucuronidases was screened.*

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Species-specific glucuronidation of oxyresveratrol; see also
Section 4.

tissues, since the aqueous solubility of the latter carries through
many other water-soluble components.* The broader question
of whether all dietary polyphenols are dealt with through glu-
curonidation has also been examined. Ingestion of a soya
preparation by healthy volunteers and subsequent analysis of
their plasma, identified numerous 4’- and 7-monoglucuronides
and 4',7-di-glucuronides as well as sulfates of daidzein and
genistein*® (see Section 6), but only low levels of the intact iso-
flavones. Many other, often larger (potentially presenting more
difficult substrates for glucuronosyltransferase enzymes) poly-
phenolic compounds remain to be studied. Distinct selectivity
among the UGTs that add the GlcA moiety has been observed
between animal species. Thus, in oxyresveratrol (Fig. 4; cf.
Section 4), human enzymes preferentially add GlcA to stilbene
molecules at the 2’-OH group whereas those from rats favour
the 3-OH,* suggesting the possibility of evolutionary adaptation
that will be interesting to pursue.

Novel glucuronides also continue to be unearthed, including
an S-bridged pyranonaphthoquinone dimer 6 to which a modi-
fied GlcA is appended.”” Unsaturated glucuronic acid residues
such as in 6 may be formed as by-products from the hydrolysis
step in chemical synthesis," ¢f. Fig. 2.

CO,H

0
HO
TG )
HO
Z “COH

7

HO™ ¢ YA
OR

View Article Online

Highlight

O.__CO.H

2.4 Glucuronides and glucosides

Since glucosides are generally easier to prepare than glucuronides,
glucuronide synthesis via a final oxidative step from a glucoside
(viz. CH,OH to CO,H using e.g. TEMPO) is a good alternative."
Indeed, phenolic glucosides may themselves be naturally occur-
ring, e.g. diadzin, a glucoside of daidzein (Section 6). In particular,
this offers an attractive route to *C-labelled glucuronides to aid
mass spectrometric or ">C NMR spectroscopic detection. Deute-
rium labelling may be similarly introduced and the use of “°F
labelled glucuronides allows specific NMR detection of both the
glucuronide and parent substance. A recent report collates the
preparation of a diverse collection of coumarin derivatives,
including some B-O-glycosides, some of which may provide access
to the glucuronide by this direct oxidation route.**

3. Phenol carboxylic acids

Phenolic carboxylic acids, especially cinnamic acids, are widely
distributed. Both the O-aryl 7 and O-acyl glucuronide 8 of coumaric
acid are known; the further oxygenated cinnamic acids caffeic acid
9 and ferulic acid 10 can form both isomeric 3- and 4-O-aryl
glucuronides, in the case of 9, and O-acyl glucuronides. Ferulic
acid 10 is commonly used as a skin care additive and is regarded as
a safe, mild anti-inflammatory agent.*® Rigorous identification of

HO,
H

OM

8
x-COzH

9, R=H; 10, R = Me
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glucuronide and sulfate metabolites of hydroxycinnamic acids
following coffee consumption identified dihydroisoferulic acid 3-
O-glucuronide, caffeic acid 3-O-sulfate, and both the sulfate and
glucuronide adducts of 3,4-dihydroxyphenylpropionic acid.*® A
large number of glucuronide and sulfate metabolites of this class
have been synthesised as standards.”

Differences between the antioxidant properties of caffeic and
ferulic acids suggest that the methyl ether in the latter has
a significant effect and that, while some adducts showed
reduced antioxidant activity compared to their parent
compound, including ferulic acid 4-O-sulfate and 4-O-glucuro-
nide, others such as ferulic acid acyl glucuronide and caffeic
acid 3-O-glucuronide, retained significant activity.*®

The glucuronides of hydroxycinnamic acid exhibit activity
against the mammalian enzyme heparanase,*” which is linked to
the regulation of many processes including inflammation.
Numerous established drugs, including the very widely used
phenolic analgesic and antipyretic agent, paracetamol (N-acetyl p-
aminophenol), bind to human serum albumin, the most abundant
serum protein present at around 40 mg mL ™", which affects both
its pharmacokinetics and efficacy. Paracetamol O-glucuronide 11
is the major in vivo metabolite,* (60%) with the O-sulfate (30%)
also important.

CO-H
ngo\O\
HO
NHCOCH,
11

It is reasonable to assume that glucuronide forms of other

phenolic compounds may also bind albumin. Interactions of

hydroxycinnamic glucuronides with human serum albumin,

OH

14

This journal is © The Royal Society of Chemistry 2025
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including affinity measurements, employing absorbance and
fluorescence spectroscopy have been conducted®® which
confirm binding and suggest that similar measurements will be
relevant for other glucuronides, especially in assessment of
their health-related effects.

4. Stilbenes

Resveratrol (3,5,4'-trihydroxystilbene), has long been studied for its
potential medicinal benefits including anti-HIV activity>* and there
is accumulating evidence that its two monoglucuronides 12 and 13
have activity in their own right, notably a cholesterol lowering
effect.”® Resveratrol, its 4’-O-glucuronide, 13, and its 3-O-sulfate
derivative have been shown to have subtly different delipidating
effects on both maturing and mature adipocytes.>*** As a stilbene,
resveratrol can exist in both E and Z configurations, and we
recently showed that the 3-glucuronide 12 undergoes isomer-
isation under remarkably mild conditions (diffuse light, D,O
solution, 20 °C) to afford up to a 9: 1 Z: E mixture. Under the same
conditions, however, isomerism of the 4’-glucuronide 13 was
negligible:*® the implications for biological activity are currently
unclear. Thus, new features continue to be uncovered and distinct
properties are emerging for distinct glucuronides of the same
polyphenol. The glucuronide of structurally related oxyresveratrol
(scire licet 2,3’ 4,5"-tetrahydroxystilbene, Fig. 4) is known*” and the
glucuronidated forms of further hydroxylated analogues, formed
with varying efficiency, have been examined; some also exhibit
anti-inflammatory effects.*!

The glucuronidation of the dimethyl ether pterostilbene 14,
likewise a common dietary substance, is much less efficient
than that of resveratrol®® and it would be interesting to evaluate
the glucuronide per se. The glucuronide and sulfate derivative of
14 have been shown to prevent triglyceride accumulation in

a mouse hepatocyte model.>** The 3-glucuronide of

HO,

HO OH

OMe

15
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deoxyrhapontigenin 15, scire licet resveratrol 4-O-Me ether, is
also known to cross the blood-brain barrier."®

5. Flavonoids including
anthocyanidins

Flavonoids 16, or 2-arylchromene-4-ones, are positional isomers
of 3-arylchromene-4-ones, or isoflavonoids (Section 6): both
classes are abundantly present in many foodstuffs. Quercetin 5,
vide supra, is a pentahydroxy derivative; other examples may
contain fewer OH groups, or partial O-methylation, e.g
kaempferide 17. Partially reduced forms, e.g. naringenin 18 (a
flavanone) and (epi)-catechins 19 and 20 are also important and
introduce chirality at C(2) and C(3).

The synthesis of the simpler o-, m- and p-cresyl glucuronides
using the anomeric tetraester method (vide supra) and subse-
quent toxicity testing revealed subtle differences, especially for
the o-isomer.* These findings also suggest it is likely that
regioisomeric glucuronides of individual polyphenols, such as
quercetin, the major dietary flavanol, will also exhibit distinct
properties but this remains to be tested; cf. the association of

OR,
R,0 02
! = ORs
Z oR,
OR,
21

1930 | Nat. Prod. Rep., 2025, 42, 1924-1935
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19 3a-OH, Epicatechin; 20 33-OH, Catechin

the red wine hangover effect with specifically quercetin 3-
glucuronide.’ The related anthocyanidins 21 are true flavo-
noids and form the colour principals of many plants: like
uncharged flavonoids, they are strong antioxidants, and typi-
cally occur as glycosides called anthocyanins.®

Several syntheses have been reported for quercetin glucuro-
nides. One of the synthetic challenges is to enable appropriate
selection of one of the five hydroxyl groups of 5 to act as
acceptor and this has been met through selective protection to
provide the 3-O-glucuronide,* as well as both the 3-O- and 3'-O-
forms via a 4',7- di-O-benzyl protected derivative.®**” Other
approaches include the generation of the 3’-O-glucuronide
starting from the readily available quercetin-3-O-rutinoside and
3',4',5,7-tetra-O-benzyl quercetin intermediates.®® The tissue
distribution and pharmacokinetics of a novel derivative of
hesperetin 22 and its glycoside and sulfate, have been
explored® revealing that, following a single dose, while the free
hesperetin persisted in all organs assayed, the glucuronidated
and sulfated forms predominated in plasma, liver, kidney and
in the intestine.

OMe
HO O oW
i OH
OH O
22

Direct comparisons of the biological activities of the
phenolic component and their respective glucuronide forms
remain comparatively rare. Quercetin 5 is an inhibitor of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Positional glucuronidation of quercetin.

xanthine oxidase, and is one example for which comparisons of
the activities of the aglycone and glucuronide forms of these
molecules can be made. The aglycone inhibits both xanthine
oxidase® and lipoxygenase® activity.

Xanthine oxidase catalyses oxidation of hypoxyxanthine to
xanthine, and to uric acid, generating superoxide radicals that
are implicated in pathologies which include inflammation and
atherosclerosis, but are also involved in the process of ageing.*®
It has been reported that the different hydroxyl functions of
quercetin® exhibit distinct susceptibilities to glucuronidation
by UDP-glucuronosyl transferase.

The preference for glucuronidation, referring to the hydroxyl
groups of quercetin, follows the order 4’ > 3’ > 7 > 3 (Fig. 5) with
no evidence for glucuronide formation at the 5-position;*®
likewise, the glucosides of quercetin lack those formed at the 5-
position.* Other naturally occurring glycosides of quercetin are
typically conjugated at the 3- and 4’-position.® The order of
inhibition with xanthine oxidase follows the same pattern, with
a K; of 0.25 pM for the most potent (the 4’-O-glucuronide form).

OR,
23 R1 = Rz = R3 = H, Daidzein
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3-rrhamnoside glycoside, quercitrin, both failed to show any
inhibitory effect’ providing further evidence that this activity is
independent of antioxidative potency per se, and that subtle
structural requirements are at play in the inhibition of xanthine
oxidase.

A further study” examined the activities of a series of
common flavonoids and their 3-O- and 7-O-glucuronides for
anti-inflammatory effects against polymorphonuclear leuko-
cyte (PMN) and human umbilical vein endothelial (HUVEC)
cells. Only the aglycone forms exhibited anti-inflammatory
effects, and most strikingly in HUVEC cells, in which ICAM,
VCAM and E-selectin were downregulated. Additionally, IL-6
(against which the most effective were kaempferide 17, apige-
nin and luteolin) and IL-8 (apigenin and luteolin) secretion were
reduced. B-Glucuronidase activity was also detected at sites of
inflammation and, overall, flavones as a class exhibited the
most effective anti-inflammatory activity. Interestingly, kaemp-
feride 17 (the methyl ether of kaempferol) was more effective
than kaempferol in reducing IL-6 secretion.

Anti-inflammatory activities of compounds from Bergamot
(Citrus bergamia), including the 3’-O-glucuronide of hesperetin
22 have been noted,”® employing a zebra fish model. Hesperetin
7-glucuronide has been reported to protect pancreatic cells
against stress induced by cholesterol metabolism.””® The 8-O-
glucuronide of a plant-based flavone (from Malva verticillate)
was found to be an effective antioxidant in a zebra fish
pancreatic islet model,”® highlighting that structural specificity
deserves attention in this class of compounds.

HO._ 7 (o}

. “II/

OH
25

24 R;=H, R, = OH, R3; = H, Genistein

All forms, with the exception of the 3-glucuronide, are capable
of inhibiting lipoxygenases which catalyse the oxidation of
polyunsaturated fatty acids.*® The specific attribution of the red
wine hangover effect to the 3-O-glucuronide was noted earlier.*

Quercetin is a potent competitive inhibitor of both the oxidative
activity of xanthine oxidase and its dehydrogenase activity,” with K;
values of 0.13 and 0.2 uM respectively. Those authors suggest that,
since this represents similar levels of activity to allopurinol, the
anti-uremic drug, then quercetin may have some therapeutic
potential. Quercetin also possesses free-radical scavenging
activity’* and could conceivably act to quench radical intermedi-
ates, although other, unrelated antioxidants lacked this inhibitory
capability. These observations illustrate the multi-faceted nature of
these in vivo activities and emphasize that both caution and careful
experimental design need to be exercised when investigating them.
Two quercetin derivatives, the chiral 2,3-dihydroquercetin and the

This journal is © The Royal Society of Chemistry 2025

6. Isoflavonoids

The glucuronides of the common isoflavones (3-arylchromene-
3-ones) daidzein 23 and genistein 24 have been fairly well
studied. Efficient chemical synthesis of derivatives requires
differentiation of the hydroxyl groups, though the 5-OH of
genistein, being hydrogen bonded, is difficult to react.””75**
Both 23 and 24 are estrogenic.

Here, partially reduced forms, lacking the pyran ring func-
tionality are also important. Thus, equol 25 (ref. 79) is the
eventual product of oxidative metabolism of daidzein® and its
glucuronides are also significant.®* The existence of a chiral
centre introduces additional complexity and the properties of
both (R)- and (S)-equol and their glucuronides merit study.
Similarly, O-desmethylangolensin 26 and its glucuronide are
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products of the bacterial metabolism of 23, reportedly produced
in some, but not all, individuals.?*

HO OH

2 l OH

26

While the activities of daidzein and related isoflavones have
been reviewed,® it has been reported that the 7-O-glucuronide of
(R/S) equol, the racemic mixture of 25, modulates migration and
tubulogenesis in human aortic endothelial cells via VEGF (vascular
endothelial growth factor), a property that is not shared by the
glucuronides of daidzein, 23, or genistein, 24.** A pharmacokinetic
study found that the glucuronides were well absorbed in rats* and
the glucuronides of daidzein and genistein activated human
natural killer cells (of the innate immune system) and were mildly
estrogenic.*® The enzymatic synthesis of the glycosides of daidzein
has been reported®” and these could serve as intermediates for the
respective glucuronides: indeed, daidzin, the 7-O-glucoside of
daidzein, is itself naturally occurring in soy leaves. Health benefits
that have been claimed for 25 include broad measures of health
such as lowered blood pressure” and, on the basis of the higher
affinity of equol for the estrogen receptor and its improved anti-
oxidant activities compared to daidzein, some claims for
improved bone health and other factors have been made although,
as noted, the number of well-controlled studies into these effects is
low.”

7. Coumarins

HO”? (o} o
27

Coumarins, especially when 3-substituted, have proved interesting
through their potential as inhibitors of B-glucuronidases.®® The
glucuronide of 7-hydroxycoumarin 27 (7-HCG) is the usual end in
vivo metabolite of coumarin, present in many foods and cosmetics,
and is readily accessed via imidate 3.** There is relatively little
information concerning the biological activity of the glucuronide,
beyond in vivo measurements of its hydrolysis by liver enzymes®
although a recent paper showed that 7-HCG could protect against
nephrotoxicity induced by cisplatin in mice.”

8. Conclusions: towards the
application of dietary glucuronides?

Once thought of solely as a means of rendering relatively insoluble
phenolic compounds more soluble and more easily excreted as
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part of phase II metabolism, glucuronidation is now understood to
be a more complex and nuanced process. While the rate of
formation of glucuronides is governed by substrate susceptibility
to UGTs (of which there are 22 in humans), their removal depends
on their rate of egress from cells by efflux transporters. Hepato-
cytes can clear glucuronides via the biliary system efficiently and it
is clear that there can be re-hydrolysis of the glucuronides by
glucuronidase enzymes from bacteria in the large intestine as well
as subsequent processing of the aglycone component.”® The
availability of a wider variety of glucuronides through synthesis is
enabling their more detailed study.’

The relatively poor uptake of glucuronides compared to the
corresponding polyphenols makes using glucuronide prodrugs an
attractive mode of delivery.”> There is some precedence, in that the
drug-derived (gemfibrozil and clopidogrel) glucuronides are
substrates for human CYP450 2C8,” and as inhibitors of Apaf-1, an
enzyme involved in ischaemia.”* Given the considerable levels of
polyphenols consumed, up to 0.5 g daily,” the extent to which
these enter the blood and, in keeping with well-studied pharma-
ceuticals such as paracetamol,”” bind human serum albumin, is
also likely to be relevant to the extent and duration of any subse-
quent effects.

It is clear that, despite the once presumed neutralising effect of
glucuronidation of phenolic compounds, their glucuronides
possess a range of distinct biological activities in their own right.
Subtle differences in cell toxicity have been shown to exist between
the glucuronides of the isomeric cresols, 0-, m- and p-methyl-
phenol, the latter being the microbial glucuronide derived from
the metabolism of tyrosine.* Given that similar observations also
extend to the various glucuronides of quercetin 5 (ref. 68) and
caffeic acid 7, combined with differences in physicochemical
properties, for example, between the 3-O- and 4’-O-glucuronides of
resveratrol,®® this seems likely to be a general property. Further
work is therefore required to provide a more complete picture of
the variation in the biological activities of glucuronides of partic-
ular polyphenols.

Recent findings reveal that the 7-O-glucuronide of equol (the
racemic R/S forms of 25), in contrast to other circulating isoflavone
adducts, targets the VEGF signalling pathway to alter endothelial
cell migration and tubulogenesis (important processes in angio-
genesis) at comparable levels to free genistein, daidzein and
equol.** This represents one of the most clear-cut examples of an
individual glucuronide possessing selective activity, and is an
important step in understanding the oft-quoted, but often
ambiguous, beneficial effects attributed to these compounds. One
biological activity that repeatedly emerges among many of the

COzH

HO 0
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polyphenol classes, their glucuronides and, in some cases, also
their sulphated adducts, is their ability to act as anti-inflammatory
agents, and an emerging target is TLR4.””

A further application of glucuronides is their potential as
markers of disease. Two reports describing the use of N-acetyl
tyramine glucuronide 28 (NATOG) to act as a diagnostic marker
of river blindness (Onchocerciasis), caused by the nematode,
Onchocerca volvulus have been published.’®®” This illustrates
a potential use for synthetic glucuronides as standards in bio-
logically and medically important investigations, which dietary
glucuronides could follow, especially in relation to the human
microbiome and dysbiosis. In the large intestine, bacterial
glucuronidases are capable of releasing the phenolic and glu-
curonic acid components with the potential for subsequent
toxic or beneficial effects to bacteria or host cells. The status of
the gut microbiome has also been linked to the efficacy of anti-
cancer agents, although the relationship is complex®® and there
is future scope for action tailored towards individuals employ-
ing dietary glucuronides, either introduced directly or induced
by providing food supplements containing selected
polyphenols.

Despite the known specificities of some UGT enzymes,
examples of which were mentioned above (Section 2), broad
questions remain unanswered, or only partially answered,
including whether mammalian enzymes are able to glucur-
onidate all (e.g. all dietary) polyphenols and to the same extent.
The recent, but incomplete, evidence would suggest not***° —
and what is the ultimate capacity of this system?

9. Outlook

We are starting to understand the wider roles that glucuronides
(and sulfates) of dietary phenols play, and how their effects can
differ not only from those of the parent phenols but also from
each other. The rates of formation, and even the possibility of
forming all possible glucuronide derivatives for a polyphenol,
are now being addressed. Glucuronides formed from positional
isomers within the aglycone moiety, such as the o-, m- and p-
cresyl glucuronides, exhibit different biological activities,* and
unexpected structural subtleties are emerging, such as the
varying rates of E/Z isomerization of resveratrol 3-O- and 4'-O-
glucuronides,® that suggest the possibility of distinct activities
for the E/Z isoforms, in addition to those of each glucuronide.

Increased access to some synthetic glucuronides, and
emerging approaches for the preparation of a wider section of
dietary glucuronides, will continue to enable more detailed
studies of their metabolic roles. Isotopically labelled glucuro-
nides, either in the phenolic or glucuronic acid component,
present an attractive possibility for future studies of metabo-
lism. One key challenge is to unravel the interplay between
glucuronides, the various bacterial species of the microbiota
possessing glucuronidase capabilities, the parent polyphenols
and host cells. Significant synthetic challenges also remain, for
example, the selective synthesis of the four possible glucuro-
nides of the chiral product equol 25, which is the product of the
oxidative metabolism of daidzein 23.

This journal is © The Royal Society of Chemistry 2025
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A universally applicable synthetic approach still appears
distant, although the less demanding route of glucosidation,
either chemically by established routes or enzymatically
employing hydrolases such as B-glucosidase (a member of the
GH1 family in the CAZy nomenclature) from almonds driven in
reverse (EC. 3.2.1.21)' or other glucosidases,'* followed by
direct oxidation of the primary hydroxyl in situ to generate the
glucuronic acid moiety, as well as some enzyme-based methods,
merit further research. Nevertheless, aside from bespoke
synthesis in the research laboratory, many derivatives are likely
to continue to remain unavailable for some time.

One interesting development has been the growing estab-
lishment of a causal link between the microbiome status and
the brain (the so-called gut-brain axis), in which secondary
metabolites such as cresol sulfate act as mediators, and in
which EGF receptor is emerging as a target. A second significant
trend is the emerging role of TLR4 (linked to the inflammatory
response) as a target for a wide range of derivatives including
those of morphine, ethanol, and some endogenous compounds
but for which, on occasion, the effect can be counter to the
intended purpose of the parent compound; increasing, rather
than reducing, pain.

The complex interplay between host, bacterial populations
mediated by polyphenols and their glucuronides is now
beginning to be appreciated and surely represents an area ripe
for future investigation.
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