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1. Introduction

UDP-glucuronosyltransferases (UGTs, EC 2.4.1.17), a superfamily
located in the endoplasmic reticulum of liver, play an important
role in the glucuronidation, a major metabolic pathway that facili-
tates efficient detoxification and elimination, of potentially harmful
xenobiotics (e.g. drugs, toxins, carcinogens) and endobiotics (e.g.
bile acid, bilirubin, steroids) [1–3]. Among the more than a dozen
UGT isoforms that have been identified in humans [4], UGT2B7, one
member of UGT2 family, accounts for 40% of hepatic glucuronidated
drugs based on data reported by Williams et al. [5]. In considering
the clinical relevance of pharmacokinetic drug–drug interactions
(DDI) mediated by drug-metabolizing enzymes, cytochrome P450
is usually thought to be most important. However, numerous exam-
ples primarily cleared by UGT2B7 exist of DDI have been described
[6–8]. Therefore, the evaluation of UGT2B7 activity and kinetics
is important to prediction of the metabolic fate and clearance of
a drug in human and also the magnitude and likehood of any
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ormance liquid chromatography–tandem mass spectrometry (UPLC–MS)
qualitative and quantitative determination of UGT2B7 activity using 3′-

) as probe substrate in human liver microsomes (HLMs). The method was
of AZT glucuronidation (AZTG) with respect to specificity, linearity, detec-
recision and accuracy. The chromatographic separation was achieved on
m × 2.1 mm i.d., 1.7 �m), with phase of acetonitrile–water (ratio 6:94).
nitor was specific for AZT, AZTG and I.S. The method was linear over the

for AZTG in spiked HLMs. Good precision and accuracy were obtained for
d curve range. AZTG was stable at 4 ◦C for at least 72 h in spiked liver micro-
s successfully used to determine the kinetics of UGT activities toward AZT

od could determine the effects of fluconazole, a known UGT2B7 selective
erefore, this method is suitable for in vitro studies using AZTG formation
7 activity.

© 2008 Elsevier B.V. All rights reserved.

clinically important interactions in drug discovery and develop-

ment.

For the interaction assessment, a common strategy is to monitor
the effect of compounds on the metabolism of UGT probe sub-
strates. Morphine and AZT are commonly used drugs that could
potentially serve as UGT2B7 probes [9,10]. However, morphine has
two sites (3-OH and 6-OH) that could be catalyzed by UGT2B7 [11].
Furthermore, AZT has been shown to be most selective for UGT2B7
[12]. In addition, AZT is an ideal substrate to work with because it is
cleared almost completely via hepatic metabolism and not appre-
ciably bound in plasma or liver tissue [13], suggesting that AZTG
formation could be used as an in vitro and in vivo probe for this
isoform [12] (Fig. 1).

Several in vitro methods have been reported for the detec-
tion of UGT2B7 activities [9,14–17]. Most of them used a broadly
substrate to monitor UGT isoforms activities including UGT2B7,
which is unselective and relatively insensitive [9,14,15,17]. Some
adopted complex elution systems and added an additional solid-
phase extraction step to enrichment sample before analyzed, which
increases potential of inaccuracy and is time-consuming [9,16].
Others employed the radioactive [C14] UDPGA [9,17], which is
expensive and difficult to handle. Boase and Miners [18] recently
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Fig. 1. Structur

reported a HPLC method, which is relatively higher in detection
limit and not ideally suited for the determination of lower UGT2B7
activities from small amounts of biological samples. Therefore,
there is a need for more powerful techniques that can be used for
UGT2B7 activity screening research.

Recently, UPLC was introduced as commercially available instru-
ment, which has been applied for the pharmaceutical, toxicological
and biochemical analysis [19–23]. It has the advantages of the fast
analysis, high peak capacity, good sensitivity and low consumption
of samples [24]. Furthermore, MS techniques play an important role
in the metabolism study, because the high sensitivity of MS as an LC
detector facilitates the detection of metabolites which are difficult
to obtain by conventional means.

The aim of this study is to develop a rapid and sensitive UPLC–MS
method for the determination of UGT2B7 activity toward AZT in
HLMs. This method provides a fast and sensitive qualitative and
quantitative detection of AZTG by validation with respect to speci-
ficity, linearity, detection limit, recovery, stability, precision and
accuracy.

2. Experimental

2.1. Reagent and chemicals

AZT, alamethicin, uridine-5′-diphosphoglucuronic acid
(UDPGA), magnesium chloride, and d-saccharic acid 1,4-lactone
were purchased from Sigma (St. Louis, MO, USA). AZTG was

obtained from Toronto Research Chemicals (North York, Ontario,
Canada). Human livers were obtained from autopsy samples
(n = 8, male Chinese, ages from 27 to 48) from Dalian Medical
University, with the approval of the ethics committee of Dalian
Medical University. The medication history of the donors was not
known. Research involving human subjects was done under full
compliance with government policies and the Helsinki Declaration.
Liver specimens were stored in liquid nitrogen until preparation
of microsomes. Microsomes were prepared from liver tissue by
differential ultracentrifugation as described previously [25]. The
microsomal protein content was determined according to Lowry et
al. [26] using bovine serum albumin as standard. The microsomal
samples were stored at −80 ◦C until use. All other materials were
of the highest quality commercially available.

2.2. UPLC–MS conditions

All analyses were performed on Waters Acquity UPLC system
(Waters, MA, USA), including binary solvent manager, autosampler
manager, column compartment, single quadrupole mass spectrom-
etry, connected with Waters MassLynx V4.1 software. An Acquity
r. B 870 (2008) 84–90 85

ZT and AZTG.

UPLC BEH C18 column (50 mm × 2.1 mm i.d., 1.7 �m) was used.
The column temperature was maintained at 45 ◦C. The isocratic
mobile phase composition was a mixture of water–acetonitrile
(96:4, v/v) The flow rate was set at 0.3 mL/min and the injection
volume was 10 �L. Positive ion of [M+Na]+ of AZTG which was
466 and [M+H]+ of I.S. which was 152 were used for determina-
tion with the SIR mode. The full-scan mass spectra are shown in
Fig. 2. In order to optimize the MS parameters, a standard solu-
tion (40 �M) of AZTG was infused into the mass spectrometer. For
AZTG, the following optimized parameters were obtained: capi-
lary voltage: 3.2 kV; cone voltage: 40 V; extractor voltage: 1 V;
RF lens: 0.5 V; source temperature: 100 ◦C; desolvation tempera-
ture: 350 ◦C; desolvation gas flow: 550 (L/h); cone gas flow: 50
(L/h).

2.3. Standards

Stock solutions at a concentration of 50 mM in 50 mM Tris–HCl
buffer (pH 7.4) were prepared for AZTG. Different volume of stock
solution was used to mix with 10 �L HLMs, 10 �L alamethicin,
20 �L UDPGA and 20 �L MgCl2, and different volume of Tris–HCl
buffer was added to make the system volume be 200 �L, and made
the concentration of AZTG be 0.5–500 �M in 200 �L system, then
100 �L stop solution containing internal standard was added. After
centrifugation, the solution were used to prepare the calibration
curve and quality control (QC) samples. These solutions were stored
at −20 ◦C and were stable for at least 4 weeks. Working solutions

were freshly prepared each day and were obtained by dilution from
the stock solutions as stated above.

2.4. Method validation

The specificity of the method was assessed to evaluate the influ-
ence of the matrix and non-enzymatic reactions in blank samples
(Fig. 3).

A calibration curve for AZTG was prepared at 11 concentrations
(0.5, 1, 2, 5, 10, 20, 60, 80, 100, 300, and 500 �M). This was based
on a preliminary kinetic experiment which gave an approximation
of the concentration range to be used. The linear relationship was
demonstrated by the statistical analysis of linear regression model
of y = ax + b (where x represents concentration of AZTG and y repre-
sents the peak area ratio of AZTG to I.S., 3-acetamidophenol). The
lower limit of detection (LLOD) for AZTG was defined as the quantity
of AZTG corresponding to three times the baseline noise (signal-to-
noise ratio of 3). The lower limit of quantitation (LLOQ) of the assay,
defined as the lowest concentration on the calibration curve. The
calibration curve had to have a correlation coefficient (r) of 0.99 or
better. The acceptance criterion for each back-calculated standard
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Fig. 2. Positive ion spectra of [M+H]+ of I.S. (A),

concentration was 15% deviation from the nominal value except at
LLOQ, which was set at 20%.

The intra- and inter-day precision and accuracy of the method
were assessed by analyses of AZTG in QC samples of low, middle,
and high concentrations (0.5, 40, and 400 �M). Concentrations in

Fig. 3. UPLC analysis of UGT activity toward AZT in HLMs. Reactions were performed in
200 �L for 30 min at 37 ◦C. The method of sample preparation and the UPLC conditions ar
[M+H]+ of AZT (B), and [M+Na]+ of AZTG.

QC samples were calculated from the resulting peak area ratios
and the regression equation of the calibration curve. The intra-
day precision and accuracy were determined by analyzing six
times in sextuplicate on the same day. The inter-day precision
and accuracy were determined by analyzing once in sextupli-

the presence of AZT (500 �M) incubated with HLMs (20 �g) in a total volume of
e described in Section 2.
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Table 1
Precision and accuracy of AZTG calibration standards and quality control samples
(n = 6)

Nominal concentration (�M) Mean calculated
concentration (�M)

Accuracy
(RME%)

Precision
(RSD%)

Intra-day
Calibration standards
0.50 0.48 −3.61 2.59
1.00 0.98 −1.62 3.21
2.00 1.94 −2.83 3.72
5.00 5.15 3.13 5.43

10.00 9.59 −4.08 1.91
20.00 19.32 3.37 1.79
60.00 63.41 5.66 2.21
80.00 84.14 5.21 0.88

100.00 100.85 0.82 2.57
300.00 301.36 0.49 0.63
5

4

3
5

4

00.00 511.43 2.33 2.61

Quality control samples
0.50 0.48 −4.41 2.34

40.00 41.10 2.82 1.32
00.00 407.11 1.81 2.04

Inter-day
Calibration standards
0.50 0.47 −6.86 0.43
1.00 0.98 −1.57 1.61
2.00 2.01 0.68 2.12
5.00 4.99 −0.21 2.24

10.00 9.76 −2.43 3.86
20.00 19.45 −2.69 1.32
60.00 63.25 5.36 2.33
80.00 84.64 5.78 1.64

100.00 99.18 −0.83 0.61
00.00 303.03 1.03 0.62
00.00 510.41 2.14 3.04

Quality control samples

0.50 0.48 −4.12 2.32

40.00 41.04 2.57 1.47
00.00 410.61 2.61 2.32

cate daily for 6 days. The precision was assessed by relative
standard deviation (RSD), while the accuracy was calculated as
relative mean error of calculated concentrations from nominal
concentrations [RME = (calculated concentration − nominal con-
centration)/nominal concentration × 100%].

To check the stability of the biological matrix, HLMs were spiked
with AZTG at three concentrations (0.5, 40, and 400 �M). The sta-
bility was assessed after storage in a refrigerator (4 ◦C) and at room
temperature (25 ◦C) for various intervals (8, 24, and 72 h), by com-
paring peak areas from initial and subsequent determinations. The
precision was assessed by mean ± SD%, while the accuracy was cal-
culated as RME.

2.5. Incubations

UGT activities toward AZT were determined by quantification
of the AZTG production from glucuronidation by liver microsomes.

Table 2
Stability data of AZTG in spiked HLMs under various conditions (n = 3)

Storage conditions 0.5 �M

(Mean ± SD%) RME (%)

4 ◦C
8 h 96.97 ± 1.89 −3.02

24 h 98.27 ± 2.39 −1.73
72 h 97.94 ± 1.96 −2.06

25 ◦C
8 h 97.51 ± 1.63 −2.49

24 h 96.98 ± 1.18 −3.02
72 h 95.13 ± 2.33 −6.87
r. B 870 (2008) 84–90 87

Incubations were performed in 1.5-mL glass test tubes. The stan-
dard incubation mixture contained AZT (25–2000 �M) as substrate,
liver microsomal proteins from humans (50 �g), 8 mM MgCl2,
25 �g/mL alamethicin, and 5 mM UDPGA in a final volume of 200 �L
of 50 mM Tris–HCl buffer (pH 7.4). After preincubation at 37 ◦C
for 3 min, the reaction was started by the addition of UDPGA. The
mixture was incubated at 37 ◦C for 0–120 min and the reaction
was terminated by the addition of 100 �L 10% trichloroacetic acid
containing I.S., 3-acetamidophenol (final concentration 10 �M).
Deproteined samples were centrifuged at 14,300 rpm for 10 min
at 4 ◦C to obtain the supernatant. The supernatant was transferred
to an auto injector vial and 10 �L was used for UPLC analysis within
8 h. Blank samples contained all components except the UDPGA
which was added after termination of the reaction.

2.6. Kinetic analysis

Incubation conditions were chosen such that product forma-
tion was linear with respect to both microsomal protein amount
and incubation time for the determination of UGT activities toward
AZT in HLMs. The microsomal protein amounts and incubation time
for the determination of UGT activities were 50 �g and 30 min,
respectively. Substrate concentrations for the determination of UGT
activities were 25 to 2000 �M. The Michaelis–Menten parameters,
such as Km and Vmax, were estimated by analyzing Eadie–Hofstee
plots.

2.7. Inhibition of AZTG activity

A total volume of 200 �L incubation was performed in a
50 mM Tris–HCl buffer (pH 7.4), UDPGA, 500 �M AZT and a wide

range of fluconazole (0, 100, 500, 750, 1000, 1250, 1500, and
2000 �M). There was a 3 min preincubation step at 37 ◦C before
the reaction was started by the addition of AZT. Fluconazole were
previously dissolved in acetonitrile, and the final concentration
of acetonitrile was <1% (v/v). After 10 min incubation, the reac-
tions were quenched by adding 100 �L 10% trichloroacetic acid
containing I.S., 3-acetamidophenol (final concentration 10 �M).
The incubation mixtures were then centrifuged at 14300 rpm for
10 min at 4 ◦C. Finally, 10 �L supernatant was used for UPLC analy-
sis.

3. Results

3.1. Method validation

Under the UPLC–MS conditions described above, peaks were
adequately separated. AZTG were detected with retention times of
2.5 min. The specificity of the method was assessed to evaluate the
influence of the matrix from liver microsomes and non-enzymatic
reactions. The interfering peaks for the determination of AZTG were
not detected in blank samples from HLMs (Fig. 3).

40 �M 400 �M

(Mean ± SD%) RME (%) (Mean ± SD%) RME (%)

101.71 ± 1.49 1.71 100.10 ± 1.04 0.10
101.83 ± 2.19 1.83 99.27 ± 2.06 −0.73
101.92 ± 2.05 1.92 99.92 ± 3.67 0.08

101.66 ± 2.15 1.66 98.27 ± 3.25 −1.73
102.01 ± 2.11 2.01 98.09 ± 3.44 −1.91
99.92 ± 2.72 −0.08 96.67 ± 4.14 −3.33
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Fig. 4. Dependence on incubation time of AZTG activity in human liver microsomes.
Reactions were performed in the presence of AZT (500 �M) and human liver micro-
somal proteins (20 �g) in a total volume of 200 �L for 0–120 min at 37 ◦C. Each point
represents the mean of three separate experiments performed in duplicate.

Fig. 5. Dependence on microsomes protein concentration of AZTG activity in human
liver microsomes. Reactions were performed in the presence of AZT (500 �M) and
human liver microsomal proteins (0–300 �g) in a total volume of 200 �L for 20 min
at 37 ◦C. Each point represents the mean of three separate experiments performed
in duplicate.
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Table 3
Intra- and inter-day duplicability of the assay for UGT2B7 activities toward AZT in
HLMsa (n = 6)

Substrate
concentration (�M)

Activity (mean ± SD%)
(pmol/min/mg protein)

RSD (%)

Intra-day
50.00 94.24 ± 4.09 4.34

200.00 313.6 ± 12.58 4.01
500.00 658.7 ± 11.02 1.67

Inter-day
50.00 92.57 ± 4.56 4.92

200.00 303.3 ± 13.58 4.48
500.00 652.3 ± 11.50 1.76

a Reactions were performed in the presence of AZT (50, 200, and 500 �M) and
human liver microsomal protein (50 �g) in a total volume of 200 �L for 30 min at
37 ◦C. The method of sample preparation and the UPLC–MS conditions are described
in Section 2.

Calibration curves (y = ax + b) were prepared from solution to
which AZTG had been added in the range of 0.5–500 �M. A high
correlation was found between the amount of AZTG and the peak
area. The means of their calibration curves yielded the follow-
ing equations (n = 6): y = 0.002x + 0.0015 (r2 = 0.9996) for AZTG.
The coefficients of variations of slope for AZTG were found to
be <15%, which indicate a high precision of the present assay.
Recoveries from HLMs spiked with AZTG at concentrations of
0.5, 40 and 400 �M were 98.5%, 99.9%, and 100.8%, respectively.
The QC samples were prepared by spiking liver microsomes with
AZTG at three different concentrations (0.5, 40 and 500 �M),
and were analyzed with the calibration standards (0.5–500 �M).
The results are shown in Table 1. LLOD was assessed using
the 0.5 �M standard solutions, the detection limit for AZTG was
0.05 �M.

Intra- and inter-day precision was <5.4% for all concentrations
of AZTG in HLMs. It was demonstrated that the UPLC–MS method
for the determination of AZTG was reliable and reproducible since
both precision and accuracy were below 10% for all estimated con-
centrations of AZTG (Table 1).

3.2. Stability and duplicability studies

AZTG was stable for 72 h at 4 ◦C and at 25 ◦C in HLMs. The
percentage recoveries were similar at all concentrations (Table 2).
The duplicability of the assay was determined by analysis of UGT

activities toward AZT of microsomal proteins from human liver
samples. Three concentrations (50, 200, and 500 �M) were chosen.
The results are summarized in Table 3. Intra- and inter-day dupli-
cabilities (expressed as RSD) were better than 4.9% at all substrate
concentrations.

3.3. Optimization of reaction condition

For these studies, substrate concentrations of 500 �M for AZT
was used. Fig. 4 shows time-dependent formation of AZTG by HLMs
(20 �g of microsomal protein). The AZTG formation was linear for
at least 60 min in HLMs (r2 = 0.997). Similarly, in assays of UGT activ-
ities toward AZT in HLMs, the formation of AZTG was found to be
linear up to 125 �g of microsomal protein (r2 = 0.999) (Fig. 5).

3.4. Enzyme kinetics and inhibitory of AZTG

This enzyme kinetics study of AZTG showed that Km was
550.6 ± 32.7 �M and Vmax was 2.07 ± 0.06 nmol/min/mg of protein
(mean ± SD%). The curves for the enzyme kinetics are shown in
Fig. 6. This enzyme kinetics study of AZTG followed single enzyme

Fig. 6. Enzyme kinetics of AZTG in human liver microsomes. Reactions were per-
formed in the presence of AZT (25–2000 �M) and human liver microsomal proteins
(50 �g) in a total volume of 200 �L for 20 min at 37 ◦C. Each point represents the
mean of three separate experiments performed in duplicate.
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Fig. 7. Inhibitory effects of fluconazole on AZTG in human liver microsomes. Reac-
tion were performed in the presence of AZT (500 �M), fluconazole (0–2000 �M),
and human liver microsomal proteins (50 �g) in a total volume of 200 �L for 10 min
at 37 ◦C. Each point represents the mean of three separate experiments performed
in duplicate.

Michaelis–Menten kinetics as described previously [12,18]. The
effects of fluconazole, a known UGT2B7 selective inhibitor [27], on
AZTG was determined using this method. As shown in Fig. 7, AZTG
was inhibited by fluconazole in a concentration-dependent man-
ner. The IC50 value was calculated to be 980 ± 50 �M (mean ± SD%).

4. Discussion

Glucuronidation is an important route of drug metabolism in
humans, and many drugs are cleared by this pathway. UGT2B7 is
involved in catalyzing 40% of hepatic glucuronidated drugs [5], and
drug interactions involving UGT2B7 have been demonstrated both
in vitro and in vivo [6–8]. Therefore, the valuation of effect on the
activity of UGT2B7 is vital in drug discovery and the prediction of
potential of DDI.

Due to the consideration of high throughout, the shorter time
cost in the samples preparation, more selectivity and higher
sensitivity is firstly needed. There are some methods for the deter-
mination of UGT2B7 activity adopting solid-phase extraction step
or improper substrate, which is time-consuming and decreases
accuracy [9,14–17]. With the great resolution and expeditious-
ness of UPLC, the problem could be resolved under appropriate
conditions. To clean the incubation sample, a step of high-speed
centrifugation was adopted, and the time of sample preparation

needed was finished within 1 h. The column temperature was
maintained at 45 ◦C because of two reasons. First, retention time
would be different under different column temperature, and the
column temperature higher than room temperature would be easy
to control; second, higher column temperature was used so as to
decrease the pressure at higher flow rate, which could improve the
separation and peak shape. To elevate the reproducibility of sep-
aration and simplify the experiment, a simple elution system was
selected, and the run time was less than 3 min. Then under similar
sensitivity comparing with HPLC-based methods, the preparation
and separation of per sample using this UPLC-based method was
efficiently shorten, which favored the need of high throughout.

AZT was employed as the model substrate in this work since it
is extensively glucuronidated and identified as a probe of UGT2B7
[12]. It is necessary to use an I.S. to obtain good accuracy and
precision when a mass spectrometer is used as the LC detector.
3-Acetamidophenol was adopted as I.S. because of the similarity of
its retention to AZTG and good ionization characteristics under the
MS conditions. The ESI in positive ion mode was adopted for the
MS determination of AZTG. The SIR mode was selected. The test
results showed that the base peak in the mass spectra of AZTG was
r. B 870 (2008) 84–90 89

at m/z 466, which was the ion [M+Na]+ of AZTG. The intensity of the
[M+Na]+ was stable and reproducible. Therefore, it was selected as
the target ion for AZTG. In the same condition, the base peak in
the mass spectrum of the I.S. was at m/z 152, which was the proto-
nated molecule [M+H]+ of the I.S. Therefore, the ion at m/z 152 was
selected as the target ion for the I.S. Under the optimized UPLC–MS
conditions, no interfering peaks were detected for the AZTG or I.S.
in blank samples from HLMs.

For enzyme assays in biological experiments, the mean values
of intra- and inter-day precision and accuracy found should be
<15% of the nominal values, except for the lower concentration,
at which the deviation should be <20% in biological samples [28].
The described UPLC–MS method displayed excellent precision and
accuracy over a linear range of 0.5–500 �M for AZTG. LLOD obtained
by this UPLC–MS method was about 20 times lower than previ-
ous results obtained using the HPLC method [18] and allowed UGT
activities toward AZT as low as 6.7 pmol/min per miligram protein
to be determined.

Usually, the samples for in vitro kinetic study using liver micro-
somes should be analyzed as soon as possible or within short-term
storage. Thus, we assessed samples at three concentrations after
storage in a refrigerator (4 ◦C) and at room temperature (25 ◦C) for
various intervals (8, 24, and 72 h), which could reflect situations
likely to be encountered during actual sample handling and analy-
sis. The results showed in Table 2 suggested that HLMs containing
AZTG can be handled under normal laboratory conditions without
significant loss of compound.

The activity range of UGT2B7 in human is very broad because
of its extensive tissue distribution and polymorphism [12] and
high sensitivity is needed to determine UGT2B7 activity from small
amounts of biological samples. Therefore, the enzyme reaction con-
ditions were optimized in incubation time and microsomal protein
concentration. The UPLC–MS method developed was successfully
used to the determination of lower UGT2B7 activities, such as
kinetic and inhibition studies within a total run time of 3 min.
Even though the HLMs were prepared from cadavers’ livers with no
detailed medication history of the donors, the kinetic parameters
obtained in this study were still within reported ranges.

With the method described here, the kinetics and inhibition of
UGT activities toward AZT in human liver were rapidly and precisely
determined using small amounts of microsomal proteins.

5. Conclusion
A UPLC–MS method was developed for the first time for the
identification of UGT2B7 activity in HLMs using AZT as selective
substrate. The proposed method was simple, robust and sensi-
tive, revealing that it was appropriate for rapid screening UGT2B7
activity in HLMs. Furthermore, with this improved sensitivity and
specificity, the kinetics of UGT activities toward AZT in HLMs could
be determined more precisely. Therefore, this method is suitable
for in vitro studies using AZTG formation as an index reaction for
UGT2B7 activity.
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