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A simple procedure is described to identify acyl-glucuronides by coupled liquid chromatography/
mass spectrometry after derivatization to a hydroxamic acid with hydroxylamine. The reaction
specificity obviates the need for isolation of the acyl-glucuronide from an extract. Glucuronides
derived from carbamic acids, and alkyl- and aromatic amines, are inert to the derivatization reaction
conditions, making the hydroxamic acid derivative a fingerprint for acyl-glucuronides. Copyright ©

2010 John Wiley & Sons, Ltd.

The glucuronidation of drugs, xenobiotics, their metab-
olites, and endobiotics is a common biotransformation
process which increases their solubility for excretion via
urine or bile by passive or active export mechanisms.'™
The oxygen atom of phenols, alcohols, and carboxylic acids
and the nitrogen of alkylamines and aromatic nitrogen
heterocycles are the most common sites for glucuronida-
tion. Less commonly observed is the glucuronidation of
amines that are carbamylated yielding stable carbamoyl-
glucuronides.*® Glucuronides of carboxylic acids, com-
monly termed acyl-glucuronides,”® are of concern from a
toxicity point of view as they have been implicated in drug-
induced hypersensitivity, and hepatic failure. This toxicity
has been attributed to the ability of acyl-glucuronides, or
their intramolecular rearrangement products, to covalently
modify cellular macromolecules.”'* Thus, identifying an
acyl-glucuronide derived from a drug or its metabolite is of
interest early in a drug’s discovery phase.'”'® Glucuronides
are commonly identified in soft ionization mass spectrom-
etry by the facile loss of 176 or 175 Da in their tandem mass
(MS/MS) spectra (positive or negative ion modes), obtained
on triple quadrupole or ion trap mass spectrometers. The
loss of glucuronic acid limits the ability to assign the site of
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glucuronidation from the fragmentation pattern. Accord-
ingly, in molecules where multiple possibilities exist for
conjugation with glucuronic acid, secondary methods such
as hydrolysis with B-glucuronidase or dilute sodium
hydroxide, chemical derivatization to distinguish between
phenolic, alcoholic, and N-glucuronides, and, more recently,
nuclear magnetic resonance (NMR), are used to identify the
location of glucuronidation.'*?

In this study we demonstrate the convenience of a single-
step derivatization technique for fingerprinting acyl-glucur-
onides by mass spectrometry in molecules with multiple
sites for glucuronidation. As shown in Scheme 1, the
technique involves the in situ aminolysis of the acyl-
glucuronide with hydroxylamine to yield the hydroxamic
acid. The method was originally described by Schachter” for
the colorimetric analysis of acyl-glucuronides and applied to
their quantitation in urine.”® In addition to the stability of
ether-glucuronides from alcohols and phenols originally
demonstrated towards this reagent,7 we have established
that glucuronides derived from aliphatic and aromatic
amines, carbamic acids, and hydroxamic acids are inert to
this reagent, making this technique highly specific for acyl-
glucuronides.
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Scheme 1. Aminolysis reaction showing nucleophilic displacement of glucuro-
nic acid by the amine nucleophile of hydroxylamine to give the hydroxamic acid

and free glucuronic acid.
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EXPERIMENTAL

All chemical reagents used in this study were commercially
obtained and of the highest purity. Hepatic microsomes and

Copyright © 2010 John Wiley & Sons, Ltd.
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cryopreserved hepatocytes were obtained commercially
from Gentest Laboratories and Celsis In Vitro Technologies.
For proprietary compounds examined in this study, only the
functional components relevant to the study are shown, with
an 'R’ representing the rest of the molecule.

Lasofoxifene glucuronides
In the development of lasofoxifene, definitive metabolic
studies using radiolabeled drug showed several urinary
phenolic glucuronides.23 Mouse urine from a “C-labeled
lasofoxifene mass balance study was used to examine the
reactivity with hydroxylamine.

N-Carbamoyl-glucuronides of desipramine and
duloxetine

The carbamoyl-glucuronides were synthesized as follows.
Desipramine (200 uM) or duloxetine (200 uM) was incubated
with dog liver microsomes (2mg/mL) in 100 mM sodium
bicarbonate buffer adjusted to pH 7.5 with hydrochloric acid
and 0.2% bovine serum albumin, supplemented with uridine
diphosphoglucuronic acid (UDPGA, 5mM) and alamethicin
(50 wg/mL). The reactions were maintained at 37°C and
flushed continuously with carbon dioxide. After 120 min the
incubation was supplemented with additional UDPGA
(5mM), and after 240 min a 4x volume of acetonitrile was
added to the reaction to precipitate protein. The supernatant,
after centrifugation at 1100¢ for 5min, was evaporated to
dryness in a vacuum centrifuge. The residue was re-
dissolved in 0.1% formic acid/acetonitrile (90:10) (3mL)
and the supernatant used to conduct the derivatization
reaction without purification.

N-Glucuronide of compound Y

This metabolite was identified in rat bile from a study with
#C-compound Y in bile-duct cannulated rats. Its identity as
an N-glucuronide at the indole nitrogen was established
from its fragmentation pattern and exact mass on a
ThermoFinnigan Orbitrap mass spectrometer.

Biochemical synthesis of diclofenac acyl-
glucuronides

Diclofenac (100 M) was incubated at 37°C with rat liver
microsomes (1mg/mL) in 50mM potassium phosphate
buffer pH 7.4, supplemented with UDPGA (1mg/mL)
and alamethicin (50 pg/mL). After 60 min a 5x volume of
acetonitrile was added to the reaction to precipitate protein.
The supernatant, after centrifugation at 1100 g for 15 min, was
evaporated to dryness in a vacuum centrifuge. The residue
was re-dissolved in DMSQO/acetonitrile/water (20:10:70,
300 pL), centrifuged to remove insoluble matter, and the
supernatant used to either purify the acyl-glucuronide(s) or
conduct derivatization reactions without purification.

Glucuronides of carbazeran and compound X

Carbazeran or compound X (10 M) was individually
incubated at 37°C with cryo-preserved human hepatocytes
(750000 cells/mL) suspended in Williams E media and
gassed with 5% CO,/95% O,. After 4h the reactions were

Copyright © 2010 John Wiley & Sons, Ltd.

stopped with a 5x volume of acetonitrile and processed in
the same manner as the diclofenac reaction.

Reaction with hydroxylamine

An aliquot (50-100 nL) of the re-dissolved extracts from
microsomal or hepatocyte reactions, urine, or plasma was
treated with an equal volume of a 55% aqueous hydro-
xylamine solution. After standing at room temperature for
1 to 12 h an aliquot was analyzed by liquid chromatography/
tandem mass spectrometry (LC/MS/MS). With the diclofe-
nac acyl-glucuronides, the reaction was judged to be
complete after 2 h at room temperature based on the absence
of glucuronides in the reaction mixture as determined by
mass spectrometry.

LC/MS/MS

Multiple ThermoFinnigan mass spectrometric platforms
integrated with either Surveyor or Agilent liquid chromato-
graphic systems were used for analysis, and include TSQ
Quantum triple quadrupole, LCQ-Deca and LTQ ion trap
instruments. In each case the mass spectrometer was
optimized for the parent of the particular compound under
study. Chromatographic separation was generally done on
C-18 reversed-phase columns using gradients of acetonitrile
with ammonium formate/acetate in the pH range from 3.0 to
6.8. The exact condition used in each analysis is indicated
in the related figure legends. As multiple systems and
analytical columns were used in this report, the identity of
substrates, metabolites, and derivatives is based entirely on
their mass spectral fragmentation patterns and not on their
chromatographic retention times.

RESULTS AND DISCUSSION

Synthesis and reactivity of diclofenac-
glucuronides

Figure 1(a) shows the UV and the ion current chromatograms
at m/z 296 and 472 for the reaction of diclofenac with rat liver
microsomes supplemented with UDPGA and alamethicin.
Diclofenac eluted at 36.9min (UV). The extracted ion
chromatogram for the glucuronides (m/z 472) of diclofenac
shows four chromatographically resolved peaks eluting at
29.8, 31.0, 31.7 and 32.0min (UV). The MS! profile for the
peak at 29.8 min shows an ion current at m/z 296, which is
also the most intense ion current in the MS® spectrum
(Fig. 1(b)) and corresponds to a loss of 176 Da, which is
characteristic of glucuronides. This suggests considerable in-
source fragmentation for this glucuronide of diclofenac. The
fragmentation patterns of the peaks at 31.0, 31.7 and 32.0 min
are similar, with no apparent in-source fragmentation (m/z
296 in the MS! chromatograms of Figs. 1(c), 1(d), and 1(e)).
Their MS” spectra show losses of 18 and 194Da as most
intense (Figs. 1(c), 1(d), and 1(e)) and loss of 176 Da being
significantly less intense, suggesting these glucuronides are
likely to be rearrangement products of conjugated diclofenac
due to intramolecular acyl group migration. Similar
observations have been made for the ion source stability
of the acyl-glucuronides of muraglitazar.>* After treatment of
the reaction extract with hydroxylamine the m/z 472
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Figure 1. (a) Selective ion (m/z 296 and 472) and UV (240-300nm) chromatograms of the
reaction extract of diclofenac with cryopreserved rat hepatocytes showing multiple acyl-glucur-
onides. (b—e) lon trap MS" spectra of the respective m/z 472 chromatographic peaks at 29.8, 31.0,
31.4, and 32.2min (UV trace). Panel b inset: fragmentation pattern for diclofenac acyl-glucur-
onide. LC/MS" analysis was conducted on an integrated platform with separation achieved using a
Phenomenex Luna C-18 3 um, 4.6 x 150 mm column with a linear gradient of acetonitrile in 0.1%
formic acid from 10 to 90% at a rate of 2%/min. MS" analysis was conducted on a Finnigan LCQ
Deca ion trap mass spectrometer in a data-dependent manner.

chromatographic peaks at 29.8, 31.0, 31.7, and 32.0 min (UV,
Fig. 2(a)) disappear, indicating susceptibility to hydroxyla-
mine treatment. A single new peak appears at 32.2 min (UV)
with a protonated molecular mass of m/z 311 (Fig. 2(a)). The
fragmentation pattern of this peak corresponds to the
hydroxamic acid of diclofenac (Fig. 2(b)). Accordingly, all
the chromatographically distinct m/z 472 peaks of diclofenac
are acyl-glucuronides, consistent with the known intramo-
lecular acyl migration to the alcohol groups of carbons 2, 3
and 4 of glucuronic acid. The aminolysis reaction with
hydroxylamine does not distinguish between the 1-O-B-acyl-
glucuronide and the rearranged esters of glucuronic acid.

Copyright © 2010 John Wiley & Sons, Ltd.

Reactivity of other known glucuronides with
hydroxylamine

To test the specificity of the hydroxylamine reaction towards
acyl-glucuronides, other classes of glucuronides, whose
structures had been independently established, were tested
under conditions identical to those used for the acyl-
glucuronides of diclofenac. As shown in Fig. 3, the phenol
glucuronides of lasofoxifene (Fig. 3(a), glucuronides M3, M4,
M7, and M24), the N-glucuronide of compound Y (Fig. 3(b)),
the carbamoyl-glucuronides from desipramine (Fig. 3(c))
and duloxetine (Fig. 3(d)), the quarternary N-glucuronide
of carbazeran (Fig. 3(e)), and the O-glucuronide of a
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Figure 1. (Continued)
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Figure 2. (a) Selective ion (m/z 296, 472, and 311) and UV (240-300 nm) chromatograms of the reaction
extract of diclofenac treated with hydroxylamine for 12 h at room temperature showing disappearance of the
m/z 472 chromatographic peaks and corresponding UV peaks from Fig. 1, and the appearance of the m/z311
peak at 32.3 min with a corresponding UV trace at 32.2 min. LC/MS" conditions were the same as in Fig. 1.
(b) lon trap MS" spectrum of the hydroxamic acid derived from diclofenac acyl-glucuronides after treatment

with hydroxylamine.

hydroxamic acid (Fig. 3(f)) were not aminolyzed with
hydroxylamine under these conditions, showing the high
degree of specificity of the hydroxylamine reaction with acyl-
glucuronides.

Application to a discovery program

A discovery-stage new chemical entity, compound X, that
lacked in vitro to in vivo correlation between liver microsomal
stability and in vivo pharmacokinetics, was examined with

Copyright © 2010 John Wiley & Sons, Ltd.

rat hepatocytes to identify metabolic pathways. The major
metabolic pathway in human hepatocytes was through
glucuronidation. Figure 4(a) shows the ion current chroma-
tograms for m/z 499 and 675 corresponding to the [M +HI™"
ion for compound X and its glucuronide(s), respectively.
Four glucuronides (im/z 675) were identified at 21.2, 23.0, 23.3,
and 23.5min (UV) with the fragmentation patterns shown in
Figs. 4(b)-4(e). Compound X has two aromatic amines, two
heteroaromatic nitrogens, and one carboxyl group, all of
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Figure 3. lon chromatograms of independently characterized glucuronides before and

after treatment with aqueous hydroxylamin

e as described. (a) Mouse urine extract showing

the phenolic glucuronides (M3, M4, M7, and M24) of lasofoxifene.2® (b) lon chromatogram
(m/z 317) of the glucuronide of compound Y. The N-glucuronide was assigned based on the

exact mass of a fragment ion that contained

only the indole ring with the glucuronic acid. (c, d)

lon (m/z 487 and 540) chromatograms of the N-carbamoyl-glucuronide of desipramine (c) and
duloxetine (d). (e) lon (m/z 536) chromatogram of the aromatic N-glucuronide of carbazeran.
(f) lon (m/z 419 and 595) chromatograms of a hydroxamic acid and its O-glucuronide.
The 0.5min shift in the retention time of the hydroxamic acid-O-glucuronide in the treated
sample is likely due to a rise in pH to alkaline conditions caused by the hydroxylamine in the

reaction.

which are potential sites for glucuronidation. The MS'
spectra of the glucuronide peaks at 21.2, 23.0, and 23.3 min
(Figs. 4(b)-4(d)) show a high degree of in-source fragmenta-
tion as evidenced by the presence of a prominent m/z 499 ion,
and their MS® fragmentation patterns are essentially
identical, with the loss of 176 Da to give the parent mass
(m/z 499) as the primary ion. By contrast, the peak at 23.5 min
shows little in-source fragmentation back to the parent (m/z
499) in the MS! spectrum (Fig. 4(e)), and in the MS? spectrum
the major fragment ion is m/z 453, corresponding to the
loss of both the carboxyl and glucuronic acid groups

Copyright © 2010 John Wiley & Sons, Ltd.

(46 +176 Da). Additionally, the m/z 499 ion (parent car-
boxylic acid) is significantly less intense when compared to
the corresponding spectra of the other glucuronide con-
jugates (Figs. 4(b)—4(d)). This is in contrast to the glucuronide
peaks of diclofenac, where in-source fragmentation was
observed for only one of the glucuronide peaks (Fig. 1(b)).
Thus, the assignment of a 1B-O-acyl-glucuronide structure
based on in-source fragmentation with the loss of 176 Da
as described for muragli’cazar,24 and also as observed for
diclofenac in this study, may not be universally applicable.
The MS® fragmentation patterns for the glucuronide con-

Rapid Commun. Mass Spectrom. 2010; 24: 2109-2121
DOI: 10.1002/rcm



(c)

(d)

jugates of compound X do not reveal whether the
glucuronide(s) are N- or acyl-derivatives. As shown in
Fig. 5(a), the hepatocyte reaction extract of compound X after
treatment with hydroxylamine resulted in the loss of all the
mfz 675 glucuronide peaks, and yielded a single new peak
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Figure 3. (Continued)

2115

with m/z 514 corresponding to the hydroxamic acid of
compound X (Fig. 5(b)). Accordingly, the multiple acyl-
glucuronide peaks seen in Fig. 4(a) must be due to acyl
migration to the C-2, C-3 and C-4 hydroxyl groups of
glucuronic acid.
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Figure 4. (a) Selective ion (m/z 499 and 675) and UV (240-300nm) chromatograms of the
reaction extract of compound X with cryo-preserved rat hepatocytes showing multiple acyl-
glucuronides. (b—e) lon trap MS" spectra of the respective m/z 675 chromatographic peaks at
21.3, 23.1, 23.4, and 23.6 min. LC/MS" conditions were the same as in Fig. 1.
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Figure 4. (Continued)

To determine if the aminolysis reaction with hydroxyla-
mine results in hydrolysis of the glucuronides to the parent
acid due to the high pH of the hydroxylamine solution, the
acyl-glucuronides of diclofenac were chromatographically
purified at pH 3.0. A fraction essentially free of parent
carboxylic acid was treated with hydroxylamine and
analyzed by LC/MS. Figure 6(a) shows that the purified
acyl-glucuronide is essentially free of parent carboxylic acid.
After treatment with hydroxylamine (Fig. 6(b)) the glucur-
onide peak is lost, with the quantitative appearance of
the hydroxamic acid derivative (based on integration of the
corresponding UV peak areas) and essentially no hydrolysis
of the glucuronide to the parent carboxylic acid. This result
shows that hydrolysis of the acyl-glucuronides under basic
conditions in the presence of hydroxylamine is negligible
relative to the extent of derivatization to the hydroxamic
acid.

Copyright © 2010 John Wiley & Sons, Ltd.

Potential applications to quantitative analysis of

carboxylicacids and acyl-glucuronide metabolites

In the quantitative analysis of carboxylic acids, where
steep gradients are frequently used to decrease the analysis
cycle time, chromatographic separation of acyl-glucuronide
metabolites from the parent carboxylic acid may not be
achieved. This would result in artificially higher apparent
levels of the carboxylic acid due to in-source fragmentation of
the acyl-glucuronide(s). The derivatization with hydroxyla-
mine as described above may provide a resolution to
this problem, since hydroxylamine does not react with
carboxylic acids, and its reaction with acyl-glucuronide(s)
does not result in a product which hydrolyzes back to the
parent carboxylic acid. This would allow for accurate
quantitation of the carboxylic acid containing drug without
interference from the acyl-glucuronide metabolite. Further-
more, this stability, coupled with the 14 Da mass difference
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Figure 5. (a) Selective ion (m/z 499 675, and 514) and UV (240-300 nm) chromatograms of the hepatocyte
reaction extract of compound X treated with hydroxylamine for 12 h at room temperature. The disappearance of
the m/z 675 ion chromatographic peaks and appearance of the m/z 514 peak corresponding to the hydroxamic
acid can be observed. LC/MS" conditions were the same as in Fig. 1. (b) lon trap MS" spectrum of the hydroxamic

acid derivative of compound X.

between the hydroxamic acid derivative and the parent
carboxylic acid, may allow for the simultaneous quantitative
analysis of the acyl-glucuronide(s) and its parent carboxylic
acid.

In summary, this derivatization procedure provides a key
advantage for the qualitative analysis of acyl-glucuronide
metabolites in a drug discovery setting. Due to its simpli-
city, the technique allows for the rapid and positive

Copyright © 2010 John Wiley & Sons, Ltd.

identification of the acyl-glucuronide component of a
mixture containing multiple glucuronide metabolites. This
procedure also has a potential use in the bioanalysis of
carboxylic acids and acyl-glucuronides which warrants
further investigation. A limitation of the technique is that
it cannot be used to determine the rearrangement rate of 1-8-
O-acyl-glucuronides, which is a surrogate measure of their
potential toxicity.
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Figure 6. (a) Selective ion (m/z 296, 472, and 311) and UV (240-300 nm) chromatograms of a purified acyl-
glucuronide of diclofenac showing in-source fragmentation and the extent of contamination by diclofenac present in
the purified sample after 2 h at room temperature in an aqueous medium. (b) Selective ion (m/z 296, 472, and 311)
and UV (240-300 nm) chromatograms of the reaction product from the purified acyl-glucuronide and hydroxylamine
showing conversion of the acyl-glucuronide into the hydroxamic acid (m/z 311), the absence of unreacted acyl-
glucuronide (m/z 472), and the extent of diclofenac (m/z 296) present in the sample after treatment with aqueous
hydroxylamine for 2h at room temperature. LC/MS" conditions were the same as in Fig. 1.
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