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Abstract

Uridinediphosphoglucuronosyl transferases (UGTs) are a group of membrane bound proteins which catalyze the
transfer of glucuronic acid from UDP-glucuronic acid to a wide variety of xenobiotics and drug molecules enabling
them to be eliminated. The major UGT isoforms found in the rat are 1A1, 1A6, 2B1 and 2B12. Conventional
methods for the assay of glucuronides (GLs) include TLC, extraction and colorimetry or quantification of the
aglycone, liberated after hydrolyzing the GL with B-glucuronidase. However these techniques cannot distinguish
between isomeric GLs or GLs of multiple acceptor site substrates. Therefore the purpose of this study was to develop
simple and sensitive HPLC methods for the direct and simultaneous analysis of the GL(s) and their aglycones without
the drawbacks of the conventional methods. The three classical substrates we chose were 4-methylumbelliferone
(4MU), testosterone (TES) and 8-hydroxyquinoline (8HOQ) representing UGT isoforms 1A6, 2B1 and 2B12 of the
rat family, respectively. Here we report the validated HPLC conditions, for the detection and separation of
4-methylumbelliferone glucuronide (4MUG), testosterone glucuronide (TESG) and 8-hydroxyquinoline glucuronide
(8HOQG) and their aglycones in incubation media containing male Sprague—Dawley rat liver and intestinal
microsomal preparations. The separations were achieved on a Zorbax SB-CN column (150 x 4.6 mm, 5 p). The
analysis time for the separation of TES, 8HOQ and 4MU and their glucuronides were 17, 12 and 30 min, respectively.
The methods showed excellent linearity (r? > 0.99) over the concentration ranges tested (0.25-5.0 nmoles of TESG;
0.125-18.75 nmoles of SHOQG and 0.125-12.5 nmoles of 4MUG), good precision and accuracy (RSD < 2.5%).
Inter-day variability studies (7 = 3) showed no significant difference between the regression lines obtained on the three
days. Recoveries were good (> 90%) at all three points (low, mid-point, high) of the standard curve. The limits of
detection were 0.125, 0.1 and 0.1 nmole for TESG, SHOQG and 4MUG, respectively. The above methods were used
to estimate kinetic parameters such as V,,,, and K, for the GLs of the three substrates in both liver and intestinal
tissue preparations and the values were comparable with previously reported results. UGT2B1 was found primarily
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in the liver while UGTs 1A6 and 2B12 were present in comparable amounts in both tissues. © 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Uridinediphosphoglucuronosyl transferases
(UGTs, EC 2.4.1.17) constitute a major class of
Phase 11 enzymes that are involved in the transfer
of glucuronic acid from UDP-glucuronic acid
(UDPGA) to a variety of acceptor groups like
phenols, alcohols, aliphatic amines, carboxylic
acids and acidic carbon atoms found in a wide
range of drugs and xenobiotics [1]. This represents
a major step in the detoxification and elimination
of many potentially toxic compounds [1,2]. The
UGTs are primarily classified into families 1 and
2, in both rats and humans and their nomencla-
ture has been assigned based on evolutionary
divergence [3]. In rat family 1, UGTs 1Al and
1A6 are two important isoforms involved in the
glucuronidation of bilirubin and small planar phe-
nols respectively [3]. In family 2, UGTs 2B1 and
2B2 are involved in the glucuronidation of
steroids and UGT 2BI12 glucuronidates bulky
phenols and mono-terpenoid alcohols [3]. Charac-
terization of these isoforms based on substrate
specificity is essential to understand their role in
drug metabolism. The model substrates of the
isoforms 1A6, 2Bl and 2B12 whose glucuronida-
tion we decided to study were testosterone (TES)
for rat UGT2BI1 [4], 8-hydroxyquinoline (§HOQ)
for rat UGT2B12 [5] and 4-methylumbelliferone
(4MU) for rat UGTI1A6 [4]. It was therefore
necessary to develop bio-assays to quantify the
glucuronides. Looking into literature, the most
commonly used assay was the universal TLC
method which used the incorporation of (**C)-
UDPGA into the acceptor site(s) of a substrate to
form radio-labeled glucuronide(s) which can be
quantified using a radio TLC scanner [6]. The
problem with this method is the lack of specificity,
sensitivity and the inability to distinguish between
glucuronides of substrates with multiple acceptor

sites or between isomeric glucuronides. Alterna-
tively quantification of glucuronides, for e.g.
4MU glucuronide (4MUG) is commonly done
through indirect means involving extraction of the
resultant glucuronide, hydrolysis with acid or (-
glucuronidase and then assaying for the liberated
aglycone using fluorescence [7]. This method has
problems of sensitivity, recovery, incomplete hy-
drolysis and instability of the aglycone in acid
media. Other investigators have separated 4MU
from 4MUG in various tissues using open column
chromatography with Dowex AG-50W resins [§].
Methods not involving such complex extractions
or non-specificity and those which quantify the
glucuronide directly in the incubation mixture
would be preferred. HPLC would then be an
obvious choice. In the case of TES and 8HOQ,
previously reported HPLC methods are radiomet-
ric assays utilizing either radiolabeled UDPGA or
substrate and are gradient elutions [9,10]. Gradi-
ent separations have problems with baseline drift-
ing and reproducibilty. Radiometric HPLC assays
have problems of availability of labeled substrate
or co-factor and have high background noise due
to the scintillant thereby requiring the use of high
concentration of labeled material which makes
routine analysis expensive. HPLC methods for the
assay of 4MU and 4MUG have been reported
and involve either the use of ion-pair reagents [11]
or are gradient elutions with a run time of 40 min
[12].

This paper describes simple isocratic methods
for the direct quantification of the glucuronides of
TES, 8HOQ and 4MU in incubation mixtures
which contained their respective aglycones and all
the separations were achieved on the same sta-
tionary phase. Using these methods enzyme ki-
netic parameters like V. and K, were calculated
for these substrates in rat liver and intestinal
microsomal preparations.
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2. Experimental
2.1. Chemicals

TES, 8HOQ, 4MU and their glucuronides were
obtained from Sigma Chemical (St Louis, MO).
All other chemicals were of the highest purity
available and were also obtained from Sigma.
HPLC grade acetonitrile and ammonium phos-
phate monobasic were from Fisher Scientific
(Pittsburg, PA). Filtered (0.22 pm filter) deionized
water was used for all preparations.

2.2. Chromatography

The HPLC system consisted of a Perkin Elmer
Series 410 LC Bio Pump (Norwalk, CT), a SIL-
6B auto sampler (Shimadzu, Japan) and a Spectra
100 variable wavelength detector (Thermo Sepa-
ration Products, CA) set at 220, 250 and 235 nm
for the detection of 4MUG, TESG and 8HOQG,
respectively. Data was analyzed using WinFlow™
chromatography software from IN/US (Tampa,
FL). Separation was achieved on a Zorbax SB-
CN column (150 x 4.6 mm I.D, 5 um, Mac-Mod
Analytical, PA, USA) with a Zorbax SB-CN
guard column. The mobile phase consisted of
acetonitrile-50 mM ammonium phosphate buffer,
pH 4.50 (30:70, v/v for TES and TESG), acetoni-
trile—-20 mM ammonium phosphate buffer, pH
4.50 (10:90, v/v for 4MU and 4MUG) and
methanol-20 mM ammonium phosphate buffer,
pH 3.00 (5:95, v/v for 8BHOQ and 8HOQG). The
flow rate was 1.0 ml/min in all three cases.

2.3. Preparation of microsomes

Male Sprague—Dawley rats (200-250 g,
Charles River, Wilmington, MA) were used in
these studies. The animals were housed in stain-
less steel cages and were allowed food (Purina
rodent chow, Purina, St Louis, MO) and water ad
libitum. The animals were deprived of food the
night before they were sacrificed. The rats were
killed by cervical decapitation and their livers
removed. A 30 cm long segment of the intestine
(starting from the pylorus) was also cut and used
for the intestinal microsomal preparation. All

steps in the microsomal preparation were done on
ice (0—4°C). The liver microsomes were then iso-
lated by differential centrifugation according to
the procedure outlined in [13] and stored as pellets
at —80°C. The intestinal microsomes were pre-
pared as described in [14]. The protein content
was assayed using the BCA protein assay kit
(Pierce, Rockford, IL).

2.4. Sample preparation

Incubation samples contained the following:
microsomal protein (0.2 mg/ml), MgCl, (5 mM),
Brij 58 (0.05%), TRIS (50 mM) and standards
(TESG, 8HOQG and 4MUG in various
amounts). The final volume of this mixture was
250 (TESG) and 125 pl (8HOQG, 4MUG). Ace-
tonitrile (100 pl for TESG and 50 pl for SHOQG
and 4MUG) was added to precipitate the protein.
The internal standard (20 pl of 40 mM diphenhy-
dramine (DPH) for TESG, 10 pl of 2 mM ac-
etaminophen (APAP) for 8HOQG and 10 pl of 1
mM lidocaine (LIDO) for 4AMUG) was added to
the above mixture, which was vortex mixed and
centrifuged at 14000 rpm for 5 min. All the
internal standard solutions were prepared in
methanol. The supernatant was removed and in-
jected into the LC. Injections of 20 (TESG) and
10 pul (8HOQG, 4MUG) were made. All analyses
were performed in triplicate. Peak area ratios
(glucuronide standard to its internal standard)
were calculated for all samples injected.

2.5. Standard solution preparation for linearity

To perform linearity for the standards, stock
solutions of TESG, 8HOQG and 4MUG contain-
ing 2.5 pmoles each were prepared (500 pM in 5
ml of 50 mM TRIS, pH 7.40). The stock solutions
were stored at approximately 4°C when they were
not in use. Under these conditions, the stock
solutions were stable for 15 days. A series of
dilutions were made to obtain working solutions
containing the following amounts of each stan-
dard in the final mixture (0.25-5.0 nmoles of
TESG, 0.125-18.75 nmoles of 8HOQG and
0.125-12.5 nmoles of 4MUGQG). The standard solu-
tion mixture was then prepared as described in
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Section 2.4. Blanks were prepared in the same
manner except that they did not contain any
standard or internal standard. Inter-day variabil-
ity was determined by making fresh calibration
sets of standards on days 1, 5 and 10. The linear
regression line was plotted between the peak area
ratio and the known amount of each glucuronide
using Microsoft Excel®. The regression equation
and the regression coefficient (r?) values were
obtained. For verifying inter-day variability, the
back calculated amounts of each standard solu-
tion, obtained by entering the respective peak area
ratios into the corresponding regression equa-
tions, were determined on all three days. These
values were then compared using a single factor
repeated measures analysis of variance (ANOVA)
(Sigma Stat®, SPSS, Chicago, IL).

2.6. Precision and accuracy

Precision was determined at the top, mid point
and bottom of the calibration curve ( 5, 2.5 and
0.25 nmoles for TESG; 18.75, 6.25 and 0.125
nmoles for SHOQG; 12.5, 3.125 and 0.125 nmoles
for 4AMUG). Six injections were made for each
standard solution mixture. Precision was ex-
pressed as % relative standard deviation (% RSD).
Accuracy was determined in the following man-
ner: low, medium and high amounts of each
standard (0.5, 3 and 4.5 nmoles for TESG; 0.25, 5
and 17.5 nmoles for SHOQG; 0.25, 3.75 and 11.25
nmoles for 4AMUG) were added to a blank matrix
and from the response obtained, the measured
amount of those standards were calculated using
their respective calibration curves (three injections
were made for each standard). The percentage
bias was calculated using the expression:

0 . Measured amount — True amount
% Bias =

True amount

% 100
2.7. Recovery

Absolute recovery has been defined as a mea-
sure of efficiency of extraction of the analyte from
the sample matrix. Recoveries were calculated at
the extremes and mid-point of the calibration

curve (0.25, 2.5 and 5 nmoles for TESG; 0.125,
6.25 and 18.75 nmoles for SHOQG:; 0.125, 3.125
and 12.5 nmoles for 4MUG). Recovery experi-
ments were repeated 5 times and in each experi-
ment samples were analyzed in triplicate. The
absolute recovery was calculated using the
formula:

Amount of standard recovered
Amount of standard added

x 100

% Recovery =

2.8. Limit of quantification and detection

The lowest amount of standard which could be
quantified with reasonable precision and accuracy
(% RSD < 3.0%) was deemed lower limit of quan-
tification (LLOQ) [15]. The amount of standard
which could be detected with a signal to noise
ratio > 3 was considered to be limit of detection
(LOD).

2.9. Determination of UGT activities

Enzyme assays were carried out in 2 ml micro-
centrifuge tubes. All kinetic experiments were per-
formed using optimal conditions of detergent
activation. Linear dependencies of enzyme activity
on incubation time and protein concentration
were established in initial experiments. A typical
incubation mixture contained 50 mM TRIS-HCI
buffer (pH = 7.40), 5 mM MgCl,, 0.05% Brij 58,
0.20 mg/ml of microsomal protein and substrate

Table 1
Chromatographic retention values

Compound Retention time (#,) Capacity factor
name (min) (k")
TESG 3.30 1.36
DPH 7.30 4.21
TES 14.60 9.43
8HOQG 4.30 1.68
8HOQ 5.90 2.68
APAP 9.30 4.81
4MUG 4.70 1.94
LIDO 7.40 3.63
4MU 28.10 16.56
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in a total volume of 112.50 ul (4MU, 8HOQ) or
225 ul (TES). The concentration ranges of the
three substrates were 5-250 uM (TES), 10-1250
uM (4MU, S8HOQ). These solutions were then
pre-incubated at 37°C in a shaking water bath for
3 min. Reactions were initiated by the addition of
12.50 pl (4MU, 8HOQ) or 25 ul (TES) of 50 mM
UDPGA and allowed to proceed for 10 min
(TES, 8HOQ) and 5 min (4MU). Reactions were
then stopped by the addition of acetonitrile (100
ul for TES, 50 pl for 4MU and 8HOQ). Internal
standard (20 pl of 40 mM diphenhydramine
(DPH) for TESG, 10 pl of 2 mM acetaminophen
(APAP) for SHOQG and 10 pl of 1 mM lidocaine
(LIDO) for 4MUG) was added to the above
mixture, which was vortexed and centrifuged at
14000 rpm for 5 min. All the internal standard
solutions were prepared in methanol. The super-
natant was removed and injected into the LC.
Injections of 20 pl (TESG) and 10 pl (8OHQG,
4MUG) were made.

Peak area ratios (glucuronide to internal stan-
dard) were calculated and the amount of glu-
curonide formed was determined using the
standard curve. For each kinetic experiment, a
calibration curve was prepared using the pure
glucuronide standard solutions. Enzyme activity
was expressed as reaction velocity by dividing the
amount of product formed by the incubation time

Table 3
One way repeated measures ANOVA results for determining
inter-day variation?

Compound Fitted least square regression r?

name equation

TESG 2y =0.0877 * x+0.0067 0.99
2y =0.0946 * x—0.0047 0.99
4y =0.0872 * x+0.0049 0.99

SHOQG %) =0.0776 * x+0.0031 0.99
%y =0.0773 * x+0.0007 0.99
) =0.0853 * x—0.0039 0.99

4MUG €y =0.1825 * x+0.0044 0.99
€y =0.1788 * x—0.0027 0.99
€y =0.1704 * x+0.0266 0.99

abeNot statistically significant, single factor repeated mea-
sures ANOVA (P>0.05).
d y, peak area ratio; x, amount of standard added (nmole).

and microsomal protein content (nmoles/min per
mg).

3. Results and discussion

The representative chromatograms showing the
separation between the glucuronides and the
aglycones along with their respective internal
standards are shown in Fig. 1C-Fig. 3C. The
retention times and capacity factor (k') values are
listed in Table 1. Chromatograms of blank
incubations are shown in Fig. 1A—-Fig. 3A. These
chromatograms demonstrate the specificity of the
assays by the absence of endogenous substances in
drug and internal standard free matrices, which
may have interfered with the quantitation of
TESG, 8-HOQG and 4MUG. The chromatograms
also show no interference from the solvent front
and between the individual peaks.

The data for linearity is presented in Table 2. The
peak area ratios (glucuronide to internal standard)
were linearly related to the amounts of standard
present (¥>>0.99). Inter-day variability was
analyzed using single factor repeated measures
ANOVA and the results are shown in Table 3.
There was no statistically significant difference
between the calibration curves on three different
days for the three glucuronide standards (P > 0.05)
demonstrating the reproduciblity of the methods
and stability of the stock solutions. The stock
solutions were stable during the course of the
validation study. The working standards were
made fresh on each day from these stock solutions.
No degradation of the aglycones, glucuronides and
the internal standards was observed while the
samples were in the autosampler waiting to be
injected (up to 24 h) or during incubations at 37°C
(up to 30 min).

The method was precise at all three amounts of
standards analyzed as shown in Table 4 and the %
R.S.Ds were within 2.5% in all cases except for 0.25
nmole of TESG where it was 7.20% which is still
within the range usually allowed [15]. Accuracy
data is shown in Table 5 and the percent biases were
all within 15%. Recoveries of the glucuronides from
their matrices were efficient as shown in Table 6,
except for 0.25 nmole of TESG where it was
136.00%.
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Fig. 1. Representative chromatograms of testosterone microsomal incubation sample: (A) blank incubation sample; (B) TESG (0.25
nmole) at LLOQ and TES (1.0 nmole) with internal standard (DPH); (C) TESG (2.5 nmole), TES (25.0 nmole) with DPH.

Chromatography conditions as described in Section 2.2.
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Fig. 2. Representative chromatograms of 8-hydroxyquinoline microsomal incubation sample: (A) blank incubation sample; (B)
8HOQG (0.125 nmole) at LLOQ and 8HOQ (1.25 nmole) with internal standard (APAP); (C) 8HOQG (6.25 nmole), 8HOQ (31.25
nmole) with APAP. Chromatography conditions as described in Section 2.2.
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Fig. 3. Representative chromatograms of 4-methylumbelliferone microsomal incubation sample: (A) blank incubation sample; (B)
4MUG (0.125 nmole) at LLOQ and 4MU (1.25 nmole) with internal standard (LIDO); (C) 4MUG (6.25 nmole), 4MU (31.25
nmole) with LIDO. Chromatography conditions as described in Section 2.2.
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Table 7
Vax and K, data for Liver and Intestinal UGTs*

Liver Intestine

Vinax (nmole/min/mg) K, (uM) Vimax (nmole/min/mg) K, (uM)
4MU 80.25 +1.90 183.38 + 14.71 61.20 +2.44 97.32+15.43
TES 6.47 +0.18 22.26 +2.38 0.124+0.01 8.75+2.74
8HOQ (n=23) 68.87 +3.58 388.14 + 39.56 28.41 +1.17 302.9 +36.47

& All values are expressed as mean + S.E of two experiments except as noted.

Representative chromatograms at the lower
limit of quantitation (LLOQ) are shown in Fig.
1B-Fig. 3B. The LLOQ was 0.25 nmole for
TESG and 0.125 nmole for SHOQG and 4MUG.
The limit of detection (LOD) was 0.125 nmole for
TESG and 0.10 nmole for both SHOQG and
4MUG.

The kinetic parameters V,,,, and K, for each
substrate were calculated using the non-linear re-
gression analysis program from Sigma Plot®.
These are shown in Table 7. The V., values for
testosterone in both tissues were comparable to
those obtained previously by TLC [6,16]. The
Vimax for 8-hydroxyquinoline in the liver is com-
parable with that obtained by using “C-UDPGA
and gradient elution [9]. The estimates for 4-
methyumbelliferone are also close to what was
determined previously using '*C-UDPGA and au-
toradiography [16].

4. Conclusions

Isocratic HPLC methods were developed and
validated for the direct analysis of the glu-
curonides of testosterone, 8-hydroxyquinoline and
4-methylumbelliferone present in incubation mix-
tures and have shown excellent reproducibility,
linearity and sensitivity. The recoveries obtained
were much greater than those obtained with the
reported TLC method and were > 90%. Testos-
terone glucuronide formation has been mostly
studied using radio labeled substrate and TLC,
which is expensive and needs a TLC plate scanner
to quantitate the data. Our results for testosterone
glucuronide show a LOQ of 0.25 nmoles and a
recovery greater than 90%. With this method

analysis of 4-methylumbelliferone glucuronide can
be performed without extraction and hydrolysis.
To our knowledge there has been no previously
reported isocratic HPLC method describing the
simultaneous separation of 8-hydroxyquinoline
and its glucuronide. These methods are simple to
adapt and we think can be reproduced in any lab
under the conditions specified. From the kinectic
parameters estimated using these methods, testos-
terone glucuronidation (UGT2B1) is primarily
hepatic and is almost absent in the intestine
whereas 4-methylumbelliferone (UGT1A6) and 8-
hydroxyquinoline (UGT2B12) get glucuronidated
to a considerable extent in the intestine, although
the liver is still the major organ in glucuronidating
all the three substrates.
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