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Introduction: Acyl Glucuronides as Reactive Metabolites

In a definitive review of 1987, Kaspersen and van Boeckel1

presented a concise account of the chemical synthesis of
glucuronide and sulfate conjugates of xenobiotics. At that time,
O-acyl glucuronides (AGs) had been known as mammalian
metabolites for half a century2 and were briefly discussed in
the article, but their syntheses had attracted relatively little
interest. While their greater and distinctive chemical reactivity
compared to alkyl and aryl glucuronides was appreciated,3 little
attempt had been made to correlate their chemical and biological
behavior.4

In the years that followed, with the development of precau-
tions for stabilizing AGs in biofluids and the general availability
of LC-MS, it became clear that a number of carboxylic acid
containing drugs were metabolized extensively to their AGs.5

The profile of AGs rose dramatically when it was found that
many nonsteroidal anti-inflammatory drugs (NSAIDs), with-
drawn owing to unacceptable adverse reactions in patients, were
metabolized in humans to unstable AGs that formed covalent
protein adducts.5 This led to a growing need to prepare AGs as
analytical standards and for toxicological evaluation. Neverthe-
less, whenO-glucuronide synthesis was reviewed again in 1998,6

synthetic methods for AGs were still generally unsatisfactory
and many commonly used procedures generated isomeric
mixtures. Often incompletely purified conjugates extracted from

serum, urine, incubations of hepatic microsomes, or liver
homogenate are still employed even when the AGs are required
for bioevaluation.7-9 Also, enzymatic synthesis is still used, with
increasing success despite the considerable difficulties of
working with the sensitive enzymes involved (see below).

Since the publication of the latter review, AGs of both
currently marketed and candidate drugs have continued to be
extensively studied, in accord with increasing concern in the
pharmaceutical industry regarding reactive metabolites of all
kinds. Not the least spur for this activity has been the proposition
that the attrition of new drugs by numerous adverse reactions
in clinical trials might be reduced if the formation of such
reactive metabolites could be restricted through informed design
and early bioactivation screening of candidates.10

Methods for chemical synthesis of AGs have been greatly
improved of late, and interestingly some anomeric esters of other
sugars have been detected as in vivo metabolites and also
synthesized. Further significant advances in analytical techniques
have enabled the quantification of the reactivity of AGs in vitro
and identified specific proteins that may be modified by AGs
in vivo.

For all these reasons, we feel this Perspective of AGs is now
timely. After an initial structural summary, we present a
semiquantitative discussion of the chemical reactivity of AGs
according to structural type and examine the evidence for their
reactivity with biomolecules. We then assess the analytical
technologies and procedures applied to AG detection. Finally,
we review methods for their synthesis and hope thereby to
counter the misconception that AGs are particularly difficult to
synthesize. Other reviews11,12concentrating mainly on biological
aspects of AGs have appeared in recent years.
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Structures and Biosynthesis of AGs and Related
Glycosides

In vertebrates, AGs are synthesized by the conjugation of
carboxylic acids with uridine diphosphate glucuronic acid
(UDPGA) mediated by various glucuronosyl transferases
(UDPGTs)13 (Scheme 1). Invariably the 1â-isomer shown is
the first product generated. At present no single UDPGT isoform
is known to glucuronidate only carboxylic acids.

Subsequent rearrangement of the acyl group around the ring,
acid- or base-catalyzed, leads to the 2-, 3-, and 4-O-AG isomers,
all as anomericR/â mixtures (see below). It has also been shown
by NMR studies that a 2-acyl group may migrate to the 1R-OH
of the anomeric hemiacetals to generate the 1R-AG isomer.14

Unless otherwise stated, however, it should be assumed in this
review that the first-formed 1â-AG 1 is referred to.

The classic example of an unstable and protein-reactive
endogenous AG is the cytotoxic bile pigment bilirubin2.15

Recently both thia and selena analogues of bilirubin have been
synthesized and shown to be glucuronidated similarly in rats.16,17

Although acyl glycosides other than AGs are known in many
plants, only recently have similar conjugates been detected as
metabolites of carboxylic acids (endogenous and xenobiotic)
in animals. Thus, acyl glucosides18 and acyl galactosides19 of
bile acids have been isolated from human samples and their
structures, e.g.,3, confirmed by synthesis.19 Also a 2-deoxy-
AG of deoxycholic acid has been prepared as an affinity label,20

precisely to reduce the possibility of migration and further
reaction of the initial adduct. There is no evidence that such
molecules occur naturally. Vertebrate UDPGTs employ UDPGA
preferentially,21 but acyl glucoside and galactoside conjugates

of xenobiotics have been reported.22-24 However, two hydroxy-
carboxylic acid substrates undergo glucosidation exclusively at
the phenolic or alcoholic OH group.25,26 In rare instances,
dependent on the species, an acyl glucoside can be a major
metabolite.22 The stability of these glycosides in vivo and
their reactivity with proteins do not appear to have been
investigated.

In Vivo Fates of Acyl Glucuronides

The chemical and biological reactivity of AGs is of great
importance in matters of drug safety and development;
Scheme 2 summarizes in general terms the possible in vivo fates
of AGs.

The debate over the possible toxicity of AGs is essentially
related to the transacylation and rearrangement pathways shown
in Scheme 2; AGs, which are either excreted per se or very
readily hydrolyzed to regenerate the parent drug or its phase 1
metabolite, are regarded as unlikely to be responsible for toxic
effects. The question of the conjugates’ “direct” cytotoxicity
remains unresolved for lack of detailed information on the
intracellular forms and fates of AGs. The partitioning of AGs
between the various pathways is critically dependent on their
chemical structures as well as their bioenvironment, includ-
ing genetic factors. We therefore discuss next the chemical
reactivity of AGs, followed by their interactions with biomol-
ecules, before considering methods for their characterization and
syntheses.

Chemical Reactivity of Acyl Glucuronides

The reactivity of acyl glucuronides is now well understood.
In general, two distinct pathways are recognized (Scheme 3).5

From the initial 1â-isomer, direct reaction with nucleophiles
(O, N, or S) may lead to displacement of the acyl residue
(pathway 1). Alternatively, migration of the acyl group round
the pyranose ring may yield the 2-, 3-, and 4-acyl isomers
(pathway 2).

After migration, the acyl group in the 2-, 3-, or 4-position is
relatively less liable to direct hydrolysis or displacement, as
demonstrated in the greater chemical reactivity of anomeric
sugar esters.27 Reaction with amine nucleophiles then generally
takes another course as shown. Reaction at the anomeric carbon
(as its aldehyde tautomer), followed by a proton shift, leads to
a ring-opened species bearing a stable C-N bond, the so-called
Amadori (aldimine-ketimine) rearrangement (see Scheme 4).
Evidence for this route has been obtained by trapping experi-
ments with X-NH2, e.g., in the form of human serum albumin,
and either sodium cyanoborohydride28,29 or, more efficiently,
sodium cyanide,29 which lead to isolable adducts.

The migration is much more effectively catalyzed by base,
even at physiological pH (7.4); in a mildly acidic aqueous
environment (pH 4-5), acyl glucuronides are significantly more
stable, as shown for diclofenac28 and probenicid.30 Stabilizing
AGs in biofluids requires careful acidification and cooling.31

The 1R-AG isomers such as4 mentioned earlier arise not by
direct anomerization of the 1â-isomer but through the 2-isomer,

Scheme 1.Biosynthesis ofO-Acyl Glucuronides
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which after mutarotation at C(1) may transfer the acyl group
back to the 1R-OH. This has been conclusively demonstrated
by NMR spectroscopy.14,30

Other rearranged forms of AGs are also known. When the
Mitsunobu synthesis32 (see Synthesis) is used, lactones of type

5 are byproducts, sometimes in appreciable yields. The mech-
anism of formation is not clear but presumably involves
cyclization of the first-formed intermediate ester. If there were
an in vivo route to such lactones via free carboxyl acyl
glucuronides, they would doubtless be potent acylating agents,
transferring in this case the sugar along with the acyl residue.

Concerning 1â-AGs of benzoic acids, the chemical stability/
reactivity may be predicted with some confidence by a Hammett
correlation,33 as discussed in detail later (NMR section). Some
preliminary studies have been carried out on the computational
chemistry modeling of the relative stabilities of the isomers of
the AGs of 2-, 3-, and 4-trifluoromethylbenzoic acids.34 For
nonarylcarboxylic acids, the structure-reactivity is more com-
plex. Certainly branching at theR-carbon is a factor leading to
increased stability; thus the AGs of gemfibrozil6,35 clofibric
acid736 and valproic acid8,37 all doublyR-substituted, display
long half-lives (from about 6-70 h in pH 7.4 buffer37).

AGs derived from NSAIDs such as naproxen9 and ibuprofen
10 generally have half-lives from 1 to 4 h under the same
conditions.38 In such compounds, an additional complication is
the different rates of rearrangement of the (R)- and (S)-AG
diastereoisomers. In the case of 2-phenylpropanoic acid itself
11,38 this rate was found to be about twice as fast for the (2R)-
as for the (2S)-AG epimer, and this ratio is typical of the 2-aryl
propanoate class.

Scheme 2.Possible Fates of AGs

Scheme 3.Reactivity of Acyl Glucuronidesa

a Clearly the rearrangement (pathway 2) requires migration of the acyl group at least as far as O(3).

Scheme 4.Simulated Amadori Rearrangement with a Model
Amine
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However, it is equally clear that there is no simple correlation
between chemical stability and incidence of reported toxicity.
Other reports have discussed the relative rates of rearrangement
of (R)- and (S)-isomers of the AGs of the class of NSAIDs.36,39,40

Interestingly, the relative stabilities of positional AG isomers
are affected as well as rates of acyl migration.41 For ketoprofen,
13C labeling was a useful technique for measuring these effects.42

It has been proposed by Wang et al.43 that the reactivity of
AGs may be correlated with their rate of formation of Schiff
base adducts (see Scheme 4) with a model dipeptide, Lys-Phe.
A high correlation,R2 ) 0.95, was observed between rate of
rearrangement of the primary AG and the trapping (by reaction
with HCN or NaCNBH3, leading to12) of the Schiff base
dipeptide adduct.

The conclusion was that a rate order of acetic acid>
propionic acid> benzoic acid was observed, but it is clear that
specific structural features may overturn this order; for example,
as noted below (in NMR spectroscopy section), the reactivity
of substituted benzoyl AGs varies by over 100-fold. Neverthe-
less, the quantitative nature of this assay is attractive for further
testing of concept.

A closely related group of metabolites, namely, carbamoyl
glucuronides such as13,6,44 may be mentioned here; they are
significantly more stable than AGs, especially in basic solution.

Two valuable reviews of half-lives of AGs of a number of
important drugs have been published.37,45 They are combined,
and the results are shown in Table 1.

Interaction of Acyl Glucuronides with Biomolecules

Acyl glucuronides are of both pharmacological and toxico-
logical interest.11,12 Generally speaking, such metabolites are
pharmacologically inert. However, AGs represent a considerable
concern in drug development because of the propensity of such
compounds to rearrange and/or covalently modify proteins.
Certain drugs that have caused serious adverse drug reactions
in man do indeed form reactive AGs. For example, benoxa-
profen, an NSAID marketed in 1982, was withdrawn almost
immediately because of a report of fatal cholestatic jaundice.
Preclinical evaluation of the drug had not predicted the risk of
such a serious reaction. The long-standing association between
AG formation and clinical toxicity has not yet been confirmed
by either cell-based systems or animal models. Thus, the
working hypothesis that AGs per se may cause hepatotoxicity
by modification of specific proteins requires further evaluation.
The general synthetic availability of AGs, as a result of new
methodology, which we emphasize in this review (especially
of AGs that are intrinsically unstable), will allow an analysis
of the precise relationship between protein modification and
protein function. This in turn will provide valuable insight into
the potential of a given AG to modify biochemical function
and cause cell injury.

The covalent modification of plasma and hepatic proteins by
AGs in vivo is now established, though none of the modified
proteins have been fully characterized. To prove that the
hepato12 and gastrointestinal toxicity46 of drugs that form AG

Table 1. First-Order Half-Lives of 1-O-AGs of Various Drugs in
Aqueous Buffer, pH 7.4, 37°C (References 37 and 45)

compd T1/2 (h) structure no. (this review)

tolmetin 0.26
isoxepac 0.29
probenecid 0.40 19
zenarestat 0.42
zomepirac 0.45 18
diclofenac 0.51 21
diflunisal 0.67
(R)-naproxen 0.92
(R)-fenoprofen 0.98
salicylic acid 1.3
DMXAA 1.3 40
indomethacin 1.4
(R)-carprofen 1.73
(S)-naproxen 1.8 9
(S)-fenoprofen 1.93
(R)-benoxaprofen 2.0
(S)-carprofen 3.09
ibuprofen 3.3 10
(S)-benoxaprofen 4.1
bilirubin 4.4 2
(R)-flunoxaprofen 4.5
furosemide 5.3
flufenamic acid 7
clofibric acid 7.3 7
(S)-flunoxaprofen 8.0
mefenamic acid 16.5
(R)-beclobric acid 22.4
(S)-beclobric acid 25.7
telmisartan 26
gemfibrozil 44 6
valproic acid 79 8
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metabolites is due to such interactions is, however, another
matter; evidence for such toxicity has been critically reviewed.45

It is also noteworthy that a quantitative structure-activity study
of 21 NSAIDs involving inhibition of glucuronidation revealed
that, in general, the AGs werelessacutely hepatocytotoxic than
the parent drugs;47 furthermore, benzoic and phenylacetic acid
types were predicted to behave differently.

As described in the previous section AGs can modify proteins
by direct acylation of certain amino acid residues as well as by
Schiff base formation with subsequent rearrangement (Scheme
4, pathway 1),48 though direct evidence for 1-amino-1-deoxy-
ketoses is still lacking. It is of value to quantify the reactivity
of AGs in comparison to other “natural” acylating agents, and
this has been done for thioesters. Taking 2-phenylpropanoic acid
as a model NSAID,49 the-CoA ester14 and acyl glucuronide
15 were compared as acyl transfer agents. Both species were
able to transacylate the SH group of glutathione, and in the case
of the thioester, subsequent binding to bovine serum albumin
was demonstrated. From experiments with rat hepatocytes,50 it
was concluded that the thiol ester was the more effective
“reagent” but that the AG was also able to bind covalently to
protein; the higher reactivity of the thioester was effectively
balanced by the higher concentration of the AG.

Since an acyl group from an AG may first be transferred to
glutathione or a protein SH group, generating a thioester, it is
clear that a stepwise rather than a direct acylation by an AG
may also be involved. This type of reaction, specifically of
clofibric acid 7 with GSH, was first reported by Dickinson et
al. in 1995.51

The advent of modern proteomic methods is beginning to
have an impact on large-scale identification of the protein targets
for putative AGs in vivo. Mycophenolic acid16 is an important
natural product used as an immunosuppressant in transplantation
and is a substrate for AG formation. It has been shown to form
adducts with serum albumin in patients,52,53 and proteins have
been found in rat liver and colon that are posited to be derived
from the drug’s AG. The hepatic proteins include a protein
disulfide isomerase and an ATP synthase. In addition, the AG
of 16 has been linked to cytokine release54 from human
leukocytes in vitro and hence to adverse inflammatory reactions
associated with use of the drug. However, definitive character-
ization of the drug-derived moiety of the protein adducts has
yet to be reported. The aryl (phenolic) glucuronide17 of 13
does not appear to undergo bioactivation in vivo.

By use of immunochemical techniques, hepatic dipeptidyl
peptidase IV has been identified as a common target for the
AGs of a number of drugs including zomepirac18,55 but
otherwise, very few such targets have been described. Here
again, there is a question of whether a thiol (acyl-CoA) ester of
18 might be at least as important in binding to liver protein as
the AG. Olsen et al. concluded the two had a similar effect.56

It is rarely clear whether protein modification by AG in tissues
occurs via transacylation or imine formation (glycation), but
with probenicid 19,30 covalent binding to plasma protein
occurred mainly by the Schiff base (imine) mechanism, reflect-
ing the short half-life of its AG (t1/2 ) 0.27 h in buffer;t1/2 )
0.17 h in plasma cf. 0.4 h given in Table 1). As noted in the
previous section, high chemical stability of AGs is not neces-
sarily associated with low toxicity or the absence of protein
modification. Thus, the very stable AG of valproic acid8 has
been shown57 to interact (by both reversible and irreversible
mechanisms) with tubulin and microtubule associated proteins.
The far more (chemically) reactive AG of18also inhibits tubulin
assembly.58

As noted above, bile acids are readily glycosidated in vivo,
and both they and their conjugates inhibit the glucuronidation
of flurbiprofen 20 by hepatic microsomes.59 It has been
suggested that this inhibitory activity might limit the in vivo
formation of AGs from drugs and consequently the expression
of their hepatotoxicity.

The differential chemical stability of AGs of aryl propanoate
NSAIDs referred to in the previous section is paralleled in their
biodisposition. Thus, the (2S)-AG of the model 2-phenylpro-
panoic acid showed a significantly greater hepatic extraction
than the (2R)-isomer15.60 Enantioselective recognition of (S)-
ibuprofen protein adducts has been demonstrated by using a
polyclonal antibody. It was implied that the adduction was
caused ultimately by the AG of (S)-ibuprofen10, mediated via
thioesters.61 This selectivity has also been exploited in an
immunoaffinity extraction process.62 A different kind of selec-
tivity may be seen where the positional AG isomers are
relatively long-lived. It was shown that the 2-isomer of (S)-
naproxen AG is at least as important for protein binding as the
initial adduct,63 though direct transacylation is much slower from
the 2-isomer (see previous section). There is evidence that (S)-
ketoprofen reacts only with Lys residues of HSA in vitro
whereas (R)-ketoprofen modifies Tyr residues principally and
Lys to a lesser extent.29

The interaction of NSAIDs with human serum albumin has
in general terms been associated with their AGs for many
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years.64,65As well as the 2-aryl propanoate class, diclofenac21
has been extensively studied. It was shown in rats that
hepatobiliary transport, by a specific “export pump”, is vital to
the extracellular modification of hepatic membrane proteins by
21 AG.66 The link between protein adducts of21 in intestinal
lymphoid tissue and drug hypoallergenicity was suggested
earlier67 without proof of the involvement of metabolites of21.
In these laboratories we have synthesized the pure 1â-AG of
21 in quantity and demonstrated its conjugation to protein by a
trapping experiment,28 whereas the hydroxy metabolites of21
(although they can undergo autoxidation to quinoneimines) did
not bind. (While the p-benzoquinoneimine derivative of
5-hydroxydiclofenac does bind covalently to microsomal pro-
teins, oxidation of the phenol appears to be mediated by metal
catalysis,68 which was evidently not operative in these experi-
ments.)

AGs and otherO-glucuronides are not inert to anabolic
transformations (e.g., the monoglucuronide of bilirubin2 is
glucuronidated69), and they may be substrates for metabolic
activation. Diglucuronide metabolites of hydroxycarboxylic
acids are formed in vivo, but whether the ether glucuronide is
a substrate for acyl glucuronidation is not known.70 The AG of
21undergoes hydroxylation in human liver microsomes, forming
a quinoneimine precursor.71 Gemfibrozil 6 AG is metabolized
by CYP2C8 in vitro to a reactive intermediate that inactivates
the cytochrome.72 A special case of molecular activation through
acyl glucuronidation is shown in the transformation of the 2,4-
diene metabolite of valproic acid8 into an active Michael
acceptor.73

The key role of hepatic transport, uptake, and excretion in
mediating the biodisposition of AGs in comparison with other
organic ions (since carboxylate is present at physiological pH)
has also been demonstrated for the AG of gemfibrozil6.74

Uptake of AG in blood by extrahepatic tissues might lead to
the adduction of proteins distant from the site of synthesis.

Esters that are in effect prodrugs may lead to AG for-
mation via the free carboxylic acids, formed in vivo, and
possibly associated toxicity; thus, the AG derived from dibutyl
phthalate has been linked to adverse developmental effects in
male rats.75

Although studies on the interaction of AGs with biomolecules
have concentrated almost exclusively on proteins, it has been
suggested that AGs may also damage DNA. Mouse hepatocytes
cultured with clofibric acid 7 showed DNA lesions that
correlated with the expected rate of formation of AG.76 The
effect was suppressed by addition of borneol, a known glu-
curonidation inhibitor. Very recently a further study of DNA
damage induced by clofibrate7 and probenecid19 concluded
that iron-dependent oxidative stress could be responsible.77

Structural Investigation

a. NMR Spectroscopy.The process of acyl migration in an
AG generates a highly complex mixture of products, namely,
eight individual acyl isomers plus free glucuronic acid from
the competing hydrolysis that occurs concurrently.1H NMR
spectroscopy has been used to characterize this mixture, and
the assignment of the NMR chemical shifts of all of the protons
from the glucuronic acid moieties of the various isomers has
been achieved using two-dimensional TOCSYa experiments.78

An alternative approach has been to allow the reaction to

proceed to equilibrium and then to separate the isomers using
HPLC directly coupled to an NMR spectrometer.79-81 By this
means, each positional isomer can be isolated and identified.
The use of high-field NMR spectroscopy (e.g., at 800 MHz)
has been investigated.82 In addition to these model compounds,
namely, substituted benzoic acids, the AG isomers of probenecid
19 have been characterized by this means.30

It has also proved possible to carry out HPLC-NMR analysis
of AGs in untreated urine.83 1H NMR spectroscopy is now
routinely employed to characterize isolated AG metabolites.44

HPLC-NMR has been employed in the analysis of other
O-glucuronides,84 and valproic acid AG in human urine has been
directly identified by1H NMR spectroscopy.85 Direct analysis
of metabolites in bile is much more demanding because of its
complex multiphasic nature. Nevertheless, following disrup-
tion of the biliary micelles on a solid-phase extraction
column, the positional isomers of statil AG were detected in
rat bile.86

When reversed-phase HPLC is coupled with NMR, the
elution order of isomers is found to be constant, even with a
considerable variation in the structure and size of the aglycone
(see the next section for details). Having identified the anomeric
proton resonances of the various isomers, the variation in their
peak areas can then be used to follow the transacylation reaction
as it proceeds to equilibrium. On the basis of these intensity
changes, the kinetics of the various reactions can be deconvo-
luted. However, given the complex competing reactions, it has
been found to be easier to interpret the reaction kinetics by
determining the reaction rates involving just one isomer at a
time through its separation and detection using HPLC-NMR
spectroscopy.87 By this means, a full analysis of the rate
constants can in principle be determined. This has been achieved
for a number of substituted benzoic acid AGs22.87 For (S)-
naproxen [(2S)-9] AG, it was possible to measure individual
acyl migration rate constants.88 That for 1R to 2R/2â was
significantly higher than the other rate constants.

In some cases, the reactions are too rapid for accurate
determination given the finite time required for NMR data
acquisition. In this situation, if the isomers can be identified
independently, HPLC with UV detection can be used40 as has
been shown for the transacylation of naproxen glucuronide.88

On the other hand, a good approximation to understanding the
transacylation process can be achieved by measuring the
decrease in the level of the 1-â-O-acyl isomer. In this case,1H
NMR spectroscopy without any prior separation can be used,
as has recently been shown for the glucuronides of ketoprofen
and some of its metabolites89 and ibuprofen10.90 This approach
has also been used to determine the degradation rates of a series
of substituted benzoic acid glucuronides22 with the ultimate
aim of generating QSARs.91 By following the time-course NMR
spectra (specifically the13C NMR chemical shifts of the benzoyl
carbons) of AGs of benzoic acids, type22, in pH 7.4 buffer, it
is possible to establish kinetic parameters, including half-lives.
The data points follow a Hammett-type correlation, with a spread
of about 100-fold between the half-lives of 4-nitro and 4-n-
propoxybenzoyl AGs.33,34 Thus, in the case of the series of
benzoic acid glucuronides, it was shown that the13C NMR

a Abbreviations: HATU, O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetra-
methyluronium hexafluorophosphate; NMM,N-methylmorpholine; TOCSY,
total correlation spectroscopy.
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chemical shift of the acyl ester carbonyl carbon was correlated
with the degradation half-life. This might act as a surrogate
marker for the degradation rate and thus remove the necessity
of the decomposition measurement at least in a congeneric
series. A combined HPLC-NMR study of naproxen AG proved
for the first time the existence of 1R-AG isomers14 and
demonstrated their reversible formation from 2-acyl isomers.

b. Mass Spectrometry. The coupling of conventional
reversed-phase LC columns to robust electrospray (ES) ioniza-
tion sources has been the decisive advance in mass spectroscopic
techniques applied to the analysis of AGs. For example the
detection of a number of ester glucuronides of ibuprofen10
and its phase I metabolites, extracted from human urine, has
been demonstrated in a combined HPLC-NMR-MS study.92

In-source decomposition is easily minimized, and the sensitive
detection of these metabolites in plasma is now routine; for
example, a recent paper93 on the bioanalytical determination of
the peroxisome proliferator-activated receptor (PPAR)R/γ
agonist23, MRL-C, demonstrated that the drug and its AG
coexisting in human plasma could be readily separated using a
turbo ionspray LCMS technique.

HPLC-MS/MS with a reversed-phase column at microliter
or milliliter flow rates and either a triple quadrupole or 3D ion-
trap instrument is now the established combination mass
spectrometric technique for analyzingO-glucuronides, including
AGs, without derivatization. GC-MS analysis of the fully
derivatized conjugate94 is now rarely used, apart from certain
quantitative bioanalytical methods.95

A number of techniques have been used to aid MS identifica-
tion of glucuronides in general, and these may be anticipated
to have value for AGs also. Thus, when the aglycone moiety
has more than one OH group, complete derivatization prior to
HPLC-MS/MS can aid location of the site of glucuronidation.96

Capillary electrophoresis MS (CE-MS) is rarely used to analyze

O-glucuronides.97,98Both ES and atmospheric pressure chemical
ionization (APCI) sources typically yield abundant protonated
molecules, ammonium adducts, or anions ofO-glucuronides
with minimal fragmentation. Although ES ionization is much
more efficient than APCI, selective methylation of the glucu-
ronyl carboxylate of a highly polar glucuronide may enhance
its detection by APCI-MS.99,100Eluants containing ammonium
acetate are used frequently in LC-MS and generate [M+ 1]+

and [M + NH4]+ ions simultaneously. High proton affinity of
the aglycone favors formation of [M+ 1]+ from O-glu-
curonides.101 In this case, ES positive ion and APCI yield more
abundant diagnostic ions than negative ion analysis.

Regarding fragmentation patterns, the behavior of AGs in
atmospheric pressure sources,28 triple quadrupole102 and ion-
trap mass spectrometers,31,44,70,103is comparable to the behavior
of otherO-glucuronides; namely, it is dominated by neutral loss
of the glucuronic acid moiety as dehydroglucuronic acid. Product
ion scans and MSn (n ) 2 or 3) fragmentations of AGs allow
the identification of both aglycone and glucuronic acid residues
with triple quadrupole103 and 3D ion-trap104 instruments,
respectively.

A limitation of conventional ES sources for quantitative
analysis of AGs and other metabolites by LC-MS/MS is the
marked inequality of response between parent compound and
its metabolites. Recently, it has been shown with a proprietary
drug AG that a normalization of the conventional analysis can
be approximated by using nanospray HPLC-MS/MS, which
yields a more nearly equimolar MS response, as a response
calibrator.105

MS techniques remain of somewhat limited utility for the
study of migrated isomers of AGs because the various trans-
acylated isomers exhibit indistinguishable product ion spectra.
However, NMR spectroscopy can determine the structure of
the transacylated isomers relatively easily, and in a number of
HPLC-NMR investigations it has been noted that the order of
elution of the various transacylated glucuronides seems to be
conserved regardless of the structure of the aglycone.14,78-83,87,88

Thus, the 4-O-acyl isomers elute first, followed by the 1R-O-
acyl, 1 â-O-acyl, the 3-O-acyl isomers, and finally the 2-O-
acyl isomers. For each isomer, both anomers can sometimes
also be resolved, depending on their mutarotation rates. Figure
1 illustrates this order as seen for the isomers of naproxen.
Assuming that this general observation holds for other com-
pounds, it would be possible to use this knowledge in combina-
tion with HPLC-MS based techniques to investigate trans-
acylation rates.

Figure 1. Positional acyl isomers of naproxen AG after equilibration for 6 h, measured by HPLC with UV detection. Each isomer was identified
in a separate stopped-flow HPLC-NMR spectroscopy experiment.
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c. Chromatographic and Electrophoretic Techniques.
Good separation of the positional isomers of AGs is generally
achievable using relatively simple reversed-phase HPLC. Indeed,
it was this relatively facile separation that provided the clue
that transacylation was a common property of these metabolites,
as HPLC was applied to their determination in biological fluids
in the 1980s.106 Earlier literature on quantitative analysis of
O-glucuronides including AGs has been reviewed.107

In addition to the propensity of AGs to form complex
mixtures through transacylation (see above) and mutarotation
at near-neutral pH, the analysis of AGs in biological matrices
is further complicated by the well-known tendency of NSAIDs
of the R-phenylpropionic acid class to isomerize at C(2); their
AGs typically form as diastereoisomeric mixtures. GC has been
used to separate TMS derivatives of positional AG isomers,94

but LC and capillary electrophoretic techniques predominate.
Positional 2-, 3-, and 4-O-acyl isomers of many underivatized
AGs are separable by reversed-phase HPLC, for example, the
AGs of monofluorobenzoic acids108 and diflunisal24.109 Com-
plete anomeric separation raises different issues (see below).
UV spectrophotometry remains the most common method of
detecting resolved AG isomers, but directly coupled HPLC-
1H NMR spectroscopy (see above) has obvious advantages.40

Partial anomeric separations of the 1- and 2-O-acyl isomers have
been accomplished using isocratic elution with a number of
synthetic51 and biogenic40,81 AGs, but complete resolution of
anomers of structurally complex AGs is more challenging.38 In
the absence of chromatographic separation, anomers can be
assigned by stopped-flow HPLC-1H NMR spectroscopy40 (see
section a).

In addition to the HPLC-UV and HPLC-NMR separations
described above, another convenient HPLC method for separat-
ing the diastereoisomers of flurbiprofen20 AG illustrates the
utility of a simple, isocratic reversed-phase system.110 The AGs
of (R)- and (S)-ibuprofen 10, synthesized by the Mitsunobu
method (see Synthesis) were similarly separated and detected
by ESMS.111 The (R)- and (S)-ciprofibrate 25 AGs and the
positional isomers of naproxen AG can be separated by capillary
electrophoresis112 and micellar electrokinetic capillary chroma-
tography,113 respectively.

One conclusion from these separations, e.g., of isoxepac
26,81,82 is that although bothR andâ epimers are present in the
equilibrium mixtures of the AGs, these anomers are in relatively
rapid equilibrium with each other such that they are intercon-
verting on the HPLC time scale. This has the consequence that
there is usually incomplete separation between the anomers and
often somewhat distorted peak shapes. Importantly, these
chromatographic separations can readily be adapted to isolate

the individual positional isomers if required, and because in
general an acidic mobile phase is used for chromatography (for
the effect of pH on acyl migration, see Chemical Reactivity
section), there is little interconversion between the 1-, 2-, 3-,
and 4-O-acyl isomers in such conditions.

Synthesis

Earlier syntheses of AGs6 will be briefly reviewed first.
Formerly, fully protected sugar intermediates were used, and
since base-catalyzed deprotection of esters would generally also
cleave the ester link to the aglycone, other protecting groups
were employed. A recent exception was a traditional Konigs-
Knorr synthesis, using bromosugar27, of the mono-AG of the
lipid-modulating agent28.114 Here, Zemplen deprotection
(iPrNEt2-MeOH) was used in the final step. The added
hydrolytic stability of the product owing to steric hindrance
(tertiary R-carbon) was doubtless decisive.

Other fully protected sugars call for multistep preparations,
e.g., five steps from glucose or laevoglucosan for the fully
benzylated derivative29115-117 (Scheme 5), which is usually
coupled by the Mitsunobu reaction followed by deprotection
using catalytic hydrogenation. For instance, the AGs of the bile
acids (cf.3) have been prepared in this way (Bn ester in29).118

Coupling via the imidate method is also possible for29 but
again introduces extra steps.116

Allyl or allyloxycarbonyl protection has also been used, since
mild deprotection using Pd0 reagents is then feasible. Thus,
intermediate30 was again coupled by the Mitsunobu reaction
followed by deprotection using Pd(PPh3)4.119 Another fully
protected sugar intermediate that has been used is the tris-silyl
ether 31.120 Here, deprotection using HF was possible after
coupling without disturbing the acyl glucuronide; use of tetra-
n-butylammonium fluoride (TBAF) led to degradation. Clearly
the use of a relatively strong anhydrous acid is not too harsh
for the ester glucuronide link. Multistep syntheses are required
for both intermediates.

Scheme 5.Synthesis of a Fully Protected Benzyl Ether Derivative for Acyl Glucuronide Synthesis (Total of Five Steps)
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Unprotected glucuronic acid may be coupled to the carboxylic
acid in special cases, as summarized in the earlier review,6

particularly for retinoic acid derivatives,121,122using acyl fluoride
or imidazolide activation.

In general, syntheses requiring many steps are undesirable,
and modern AG syntheses employ monoesters available from
glucuronic acid in one step. Following the seminal paper by
Juteau et al.,32 the Mitsunobu procedure using allyl ester32
has become popular. In these laboratories, we have used32 to
prepare the acyl glucuronide of diclofenac in 100-200 mg
amounts.28 Nevertheless, the Mitsunobu procedure does not
solve the anomeric problem because 1â/1R mixtures, typically
from 5:1 to 2:1, are generated; complete separation normally
requires preparative HPLC.

An excellent alternative, applicable to a range of carboxylic
acids, is to employ selective acylation of32 following activation
of RCO2H using Carpino’s uronium reagent HATU and
NMM.123 Here, the kinetic anomeric effect124 greatly favors the
1â-product33 (Scheme 6) because the 1â-alkoxide of 32 is
much more reactive than its 1R-counterpart;<5% (and typically
<2%) R-anomer could be detected by NMR. In contrast, the
Mitsunobu procedure eventually involves an SN2 displacement
by RCO2

- at the anomeric center.
Yields by the acylation method were critically dependent on

the strength of base used. With NMM, satisfactory to good
yields of 43-66% were obtained for a range of carboxylic acids
using a 1:1 molar ratio of reactants. Examples included the
important drugs ibuprofen10, mycophenolic acid16, and
zomepirac18. The products were simply isolated by brief
column chromatography.

Removal of the allyl ester from intermediates33 calls for
Pd(0) deprotection in the presence of a secondary amine, e.g.,
pyrrolidine or morpholine.28,32,125It may be difficult to remove
Pd traces from the final product, however, even after chroma-
tography. One solution is to employ a resin-bound Pd catalyst123

or a Pd scavenger, but these reagents are expensive. Recently
we have been evaluating the benzyl ester34with very promising
results.126 Yields and anomeric selectivities, using the selective
acylation protocol, were in all comparable cases at least as good
as those obtained with32. Here, deprotection may be effected
using insoluble Pd/C with either catalytic transfer or conven-
tional hydrogenation.

Under these conditions Ar-Cl bonds as in35 were un-
affected, and the trisubstituted CdC in mycophenolic acid16
was not reduced, but the Ar-Br in 35, XdBr, was cleaved.
This is an important detail because a number of active drugs

contain Ar-Cl bonds. Yields were essentially quantitative in
the absence of further functionality.

Monoesters32and34are convenient intermediates, but their
preparation is not trivial. The original procedure32 calls for
alkylation of glucuronic acid with allyl bromide and DBU in
DMF, but the DBU residues are very difficult to remove fully.
We have found a resin-bound fluoride base to be a simpler
alternative.123 Even here, however, recrystallization is nec-
essary to obtain the highly pure ester. The same is true when
TBAF is used as base, though this is a rapid reaction. A less
expensive alternative is to preform a quaternary ammonium
salt of glucuronic acid using Et4N+OH- followed by alkyl-
ation with the halide, giving a similar yield after chromatog-
raphy.127

The acyl galactosides mentioned above19 were prepared from
the fully protected sugar36 by activation of the protected bile
acid using 2-chloro-1,3,5-trinitrobenzene37. Conceptually this
is also a selective acylation of the anomeric OH, but theâ/R
selectivity appears to be much lower than seen in the HATU-
NMM method; the different electronic character of the sugar
may be a factor.

Enzymatic syntheses were discussed in the earlier review6

and are still employed. An interesting case was the AG of16,
obtained by the action of horse liver homogenate.128 A mixture
of aryl glucuronide and AG was obtained and separated by
preparative HPLC. Enantiomerically pure AGs of14C-labeled
2-phenylpropanoic acid11were obtained via a perfused rat liver
preparation.129 Also, further details have been published of an
enzyme membrane reactor procedure that eases the handling
of UDPGTs by immobilization, greatly improving their isolated
lifetime, and has been applied to AG synthesis.130

Scheme 6.Synthesis of AGs by the Mitsunobu (M) and Acylation (A) Routes, All) Allyl
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In conclusion, the recommended method for chemical syn-
thesis of AGs is now the selective acylation of a monoprotected
glucuronate ester with the parent drug or other carboxylic acid.
The method shows excellent regio- and stereoselectivity for the
1â-product and proceeds in good yield; deprotection may be
achieved under mild conditions. The overall synthetic route is
summarized in Scheme 7, employing either allyl or benzyl ester
protection.

Reported AGs of New Drugs

We finally present a compilation (Table 2 and Chart 1) of
biogenic and synthetic AGs that have been identified as
metabolites or prepared during the evaluation of new drugs
between 1998 and 2006.23,24,44,70,94,103,104,131-148 It is hoped this
will increase the value of the review to all involved in the drug
discovery process.

Scheme 7.Synthesis of AGs by Selective Acylationa

a R ) allyl or benzyl.

Chart 1. Structures for Table 2
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Note Added in Proof. During the preparation of this
Perspective, a new synthetic method for acyl glucuronides has
been reported.149 This calls for the alkylation of an alkali metal
salt (preferably cesium) of the carboxylic acid component with
bromosugar27. Good yields of the protected 1â products were
obtained in high anomeric purity: deprotection was effected in
two stages using a number of esterases or lipases that could
operate at pH5. This represents a four (or five) step synthesis
but appears to be a promising new synthetic approach; three
examples were given.
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Table 2. Biogenic and Synthetic AGs of New Drugs, 1998-2006

carboxylic
acida therapeutic class comment ref

38 antidiabetic (aldose reductase inhibitor) major biliary and urinary metabolite in dogs 131
39 antiinflammatory (LT-B4 antagonist) biliary metabolite (rats, monkeys); aryl glucuronide also formed 132
40 acne therapy (retinoid) synthetic material, potential prodrug 133
41 anticancer/cytokine-chemokine activator major metabolite in human hepatic microsomes, plasma, and urine 134-136
42 stroke (Gly antagonist) major biliary metabolite (rats, dogs); metabolite in

human liver microsomes
137,138

43 osteoporosis (integrin receptor antagonist) metabolite in rat, dog, monkey, and human hepatocytes 139
44 antiinflammatory (LT-B4 antagonist) major biliary metabolite in rats; metabolite in human liver

microsomes; AG of both sulfide and sulfoxide seen
140

23 antidiabetic (PPAR-R/γ agonist) major metabolite in rat, dog, monkey, and human hepatocytes 94, 141
45 HCV NS5B polymerase inhibitor metabolite in rat, dog, and monkey 142
46 PPAR-R/γ agonist major biliary metabolite in mice and humans 31, 103
47 endothelin ET(A) receptor antagonist metabolite in human liver microsomes 23, 24
48 eicosanoid pathway modulator major plasma metabolite in rats; aryl and diglucuronide also found 70
49 PPAR-R/γ agonist major urinary metabolite in humans 143
50 (M) NSAID urinary conjugate of product of oxidative metabolism in rabbits 104
51 (M) substance P antagonist biliary conjugate of product of oxidative metabolism in dogs

but not rats
144

52 (M) 5-HT4 receptor partial agonist major plasma metabolite of product of metabolism in humans 145
53 (M) Flk-1 receptor antagonist plasma metabolite of product of oxidative metabolism in

rats and dogs
146

54 (M) coagulation factor Xa inhibitor urinary metabolite of product of oxidative metabolism in mice, rats,
dogs, and humans

44

55 (M) SSRI urinary metabolite of product of oxidative metabolism in humans 147
56 (M) vasopeptidase inhibitor urinary metabolite of product of metabolism in rats, dogs,

and humans
148

a M ) carboxylic acid metabolite of drug. Structures are shown in Chart 1.
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matographic techniques and their application to drug metabolism
and metabonomics.
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