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bstract

A rapid and sensitive ultra-performance liquid chromatography and mass spectrometry (UPLC/MS) method was developed to simultaneously
uantify seven monohydroxyl testosterone metabolites (16�-, 2�-, 7�-, 6�-, 2�-, 6�-, and 16�-hydroxyl testosterones) in rat liver microsomes. The
PLC system used a short 1.7-�m particle size column coupled to a Sciex 4000 Q trap in multiple reaction monitor (MRM) mode. All hydroxyl
estosterones were resolved within 2.5 min. A 4-day validation was performed to determine the linearity, repeatability, reproducibility and accuracy
f the method in rat liver microsomes. This method is applicable to the measurement of the testosterone hydroxylase activity in biological matrices
uch as the liver microsome incubates.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cytochrome P450 (CYP) family metabolizes a large number
f structurally diverse endogenous and exogenous compounds.
hen a chemical inhibits CYPs, such as CYP3A4, it would

ikely to cause drug–drug interaction. The induction of
YPs could also potentially impair normal biosynthesis and
etabolism of endogenous molecules and thereby interfere
ith regular biological processes leading to toxicological con-

equences. CYP inhibition and induction by drug candidates
re closely monitored in drug discovery and development. For-
ation of different hydroxyl testosterone (OHT) metabolites

as been widely used as the important marker for specific
ytochrome P450 enzyme activities such as the activity of
YP3A4 in human [1–3]; CYP3A12 in dog [4]; CYP2A1,
YP2B1/2, CYP2C11 and CYP3A1/2 in rat liver microsomes

5–7].

HPLC methods with UV detection were originally used to

uantify OHTs [8,9]. Several LC/MS methods have been devel-
ped to improve detection limits [10,11]. HPLC methods with
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n-line column switching techniques were applied to further
ncrease sensitivity [12,13]. Since OHTs share the same parent
nd product ion patterns, it is impossible to use mass spec-
rometry to distinguish them without good chromatographic
eparation. Therefore, to positively identify and quantify one of
he OHTs, it is necessary to have a LC method that can separate
hese OHTs.

Most HPLC methods reported so far require a complex
radient and long chromatographic run time (usually 30 min or
onger) to obtain OHT separation. Recently, ultra-performance
iquid chromatography (UPLC) with <2 �m particle size col-
mn was introduced for rapid and efficient compound separation
14]. UPLC coupled with mass spectrometry is increasingly
eing used for rapid multiple component quantitation [15]
or in vitro [16] and in vivo [17] metabolite characterization.
owever, no reported chromatographic method is available for

ull separation of OHTs, especially the efficient separation of
�-hydroxyltestosterone, a testosterone metabolite by CYP3A,
rom 7�-hydroxyltestosterone. No unique mass spectrometry
ethod is available for unambiguous identification of these

HTs simultaneously. The objective of this study was to
evelop a sensitive, rapid and simple UPLC/MS method to sep-
rate and simultaneously quantify seven hydroxyl testosterone
etabolites.
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. Experimental

.1. Chemicals and microsomal samples

Seven most commonly analyzed hydroxyl testosterones
etabolites, 16�-hydroxytestosterone (16�-OHT), 2�-hydro-

yltestosterone (2�-OHT), 7�-hydroxyltestosterone (7�-OHT),
�-hydroxyltestosterone (6�-OHT), 2�-hydroxytestosterone
2�-OHT), 6�-hydroxytestosterone (6�-OHT) and 16�-
ydroxytestosterone (16�-OHT) of analytical grade were
btained from Steraloids (Wilton, NH, USA). The analytical
rade corticosterone was obtained from Sigma–Aldrich (Saint
ouis, MO, USA). All organic solvents were of HPLC grade

rom Sigma–Aldrich (Saint Louis, MO, USA). Milli-Q water
as generated in house. All other reagents were of analyt-

cal grade from Fisher Scientific (St. Louis, MO). Rat liver
icrosomes were purchased from In Vitro Technologies, Inc.

Baltimore MD, USA).

.2. Standard solution and sample preparation

A standard working solution containing the mixture of OHTs,
ach at 50 �g/mL, was prepared in methanol water (1:1, v/v).
urther series dilutions with methanol–water (1:1, v/v) resulted

n 10, 5, 0.5, 0.1 and 0.05 �g/mL standard working solutions.
he 50, 0.5 and 0.1 �g/mL QC mixture working solutions were
repared in the same way. A 2-�g/mL corticosterone solution
as prepared in methanol as internal standard (IS) solution.
Standards for calibration curve were prepared in 200-�L

at liver microsome incubates at 0.005, 0.01, 0.05, 0.5, 1 and
�g/mL by adding 20 �L of the standard working solution into
80 �L of rat liver microsome incubates without NADPH. Like-
ise, QC solutions were also prepared at 0.01, 0.05 and 5 �g/mL

n the microsome incubates. Following protein precipitation by
dding 200 �L of IS solution and centrifugation at 14000 × g
or 5 min, 2.5 �L of the supernatant was injected to UPLC.

To generate OHT metabolites in vitro, testosterone was incu-
ated for 20 min at 37 ◦C in a 200-�L rat microsome incubate
hat contained potassium phosphate buffer (100 mM, PH 7.4),

gCl2 (5 mM), reduced form of nicotinamide adenine dinu-
leotide phosphate (NADPH, 1 mM), testosterone (100 �M) and
at liver microsomes (0.5 mg protein/mL). The reaction was ini-
iated by the addition of NADPH. Incubation was terminated by
dding 200-�L aliquot of IS solution. Following protein precip-
tation by centrifugation, 2.5 �L of the supernatant was injected
o UPLC.

.3. Chromatographic conditions

The UPLC system, including a sample manager and a
inary solvent manager from Waters (Boston, MA USA) was
sed for sample injection and separation. Sample separa-
ion was performed in a Waters AQUITY BEH C18 column

2.1 mm × 50 mm, 1.7 �m) with flow rate of 0.5 mL/min at
0 ◦C. The mobile phase consisted of 5% acetonitrile in water
ith 0.1% formic acid (A) and 0.1% formic acid in methanol

B). The gradient started from 5% B to 45% B in 0.25 min, then
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o 50%B in 3.5 min, back to 5% B in 0.1 min followed by 0.9 min
quilibration.

.4. Mass spectrometry conditions

The LC/MS/MS analysis was carried out in a PE Sciex
000 Q trap (Applied Biosystems, Foster City, CA) with a Tur-
ospray interface in positive ionization under multiple reaction
onitoring (MRM) mode. The Turbospray temperature was set

t 500 ◦C, curtain gas at 25 psi, ion spray energy at 5000 V,
ebulizer gas (gas 1) and Turbo gas (gas 2) at 60 psi. The
rotonated molecules were fragmented by collision-activated
issociation (CAD) under 10 psi nitrogen collision gas. The col-
ision energy (CE) was set to 23 eV. All OHTs were monitored at
/z 305 → 269 transition. The internal standard corticosterone
as monitored at m/z 347 → 121 transition. Data correction,
uantitation and limit of detection (LOD) were performed in
ciex Analyst Software (Version 1.4.1).

.5. Method accuracy, precision and specificity

The OHT to IS peak area ratio was applied for quantitation
f OHT concentration in microsomal incubates. Two sets of cal-
bration curves were constructed in linear regression plots every
ay from six calibration points, ranging from 0.005 to 5 �g/mL.
hree QC concentrations at 0.01, 0.5 and 5.0 �g/mL were

ncluded in each assay over 4 days to determine the intra-day and
nter-day precision and accuracy. Accuracy was presented as the
ercent bias of the calculated concentration in comparison to the
ctual concentration. Precision was calculated as percent relative
tandard deviation (RSD%) of the analyte concentration. Speci-
city was determined by monitoring matrix interference of three
eparate batches of pooled microsomes, each from eight indi-
idual rat liver microsomes, on ionization and m/z 305 → 269
ransition.

. Results and discussions

.1. UPLC separation and detection of hydroxyl
estosterone metabolites

Since OHTs share the same mass transition fragments in
ass spectrometer analysis, LC separation before MS analy-

is is the only way for their confirmation and quantitation in
iological matrices, such as the liver microsomes. The UPLC
ethod developed from this study was able to achieve baseline

eparation for the seven OHTs within 2.5 min (Fig. 1). The sep-
ration of 6�-OHT from 7�-OHT is critical for testosterone
ased liver microsomes assays monitoring CYP 3A activity.
he 2.1 mm × 50 mm BEH C18 column, with 1.7 �m parti-
le size, provided efficient separation in short analysis time.
hromatograms in Fig. 2 show OHTs formed in non-induced

at microsome incubates (A) and dexamethasone-induced rat

icrosome incubates (B) in which the 6�-OHT (2) peak

ncreased, suggesting an increase of CYP3A activity in induce-
at liver microsomes. In rat microsomal incubates, monitoring at
/z 305 → 269 transition, a peak was detected following 16�-
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Fig. 1. Extracted ion chromatogram of 6�-OHT (1), 6�-OHT (2), 7�-OHT (3), 16�-OHT (4), 16�-OHT (5) 2�-OHT (6), 2�-OHT (7) spiked in rat liver microsomes
at 0.005 �g/mL (at LLOQ level); transition of m/z 305 → 269 was set to monitor OHTs, transition of m/z 347 → 121 for internal standard corticosterone (8) at
2 �g/mL.

Fig. 2. Extracted ion chromatogram of OHTs in rat liver microsomes (0.5 mg protein/mL) incubated with testosterone at 100 �M for 20 min. Incubates were diluted
1 (2), 1
a incub
( ctively
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strong ion suppression was observed in retention time before
0.8 min, the suppression was not in OHT and IS retention
time regions between 1 and 2.5 min (Fig. 3). When blank
microsome extracts were analyzed by UPLC/MS monitoring
00-fold before analysis. (A) Normal rat liver microsome incubate. The 6�-OHT
nd 1.75 �g/mL, respectively. (B) Dexamethasone induced rat liver microsome
7) measured concentrations were 58.9, 5.68, 2.04, 2.96 and 4.06 �g/mL, respe

HT (5) (Fig. 2, A and B), suggesting an additional hydroxyl
estosterone metabolite different from the hydroxyl testosterone
tandard references used.

.2. Linearity

Linearity was achieved in a wide concentration range from
.005 to 5 �g/mL for six standard points in rat liver micro-
omes. Under 1/x2 weighing, the mean values of the correlation
oefficient (R2) were >0.99 for all seven OHTs. Under current
onditions the calculated LOD according to the 3� signal-to-
oise ratio were 0.32, 1.01, 0.55, 1.42, 2.0, 1.59, and 1.27 ng/mL
or 6�, 6�, 7�, 16�, 16�, 2�, and 2�-OHT, respectively. The
owest calibration standard (LLOQ) was set at 0.005 �g/mL in
at liver microsome and achieved at least 5× noise level for
ll OHTs. Fig. 1 represents extract ion chromatogram of these
HTs at LOQ levels.

.3. Specificity
Blank extracts of three pooled rat liver microsome incu-
ates were tested in the UPLC/MS system to assess microsomal
atrix interferences. Following injection of blank microsome
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6�-OHT (4), 2�-OHT (6) and 2�-OHT (7) concentrations were 27.2, 4.78, 4.80
ate. The 6�-OHT (2), 16�-OHT (4), 16�-OHT (5) 2�-OHT (6) and 2�-OHT
.

xtracts, the UPLC eluent was mixed through a tee with OHT
olutions delivered continually by a syringe pump into mass
pectrometer monitoring m/z 305 → 269 transition. Though
ig. 3. Representative chromatogram monitoring ion suppression/enhancement
ffects: extracts of blank pooled rat liver microsome incubates were injected
nto UPLC/MS. Eluent was mixed with OHT infusion through a tee before MS
nalysis at m/z 305 → m/z 269 transition.



D. Wang, M. Zhang / J. Chromatogr. B 855 (2007) 290–294 293

F On the left were ion chromatograms monitoring m/z 305 → 269 transition for OHTs.
O IS. Double blank, microsomes without OHTs and IS; Blank-IS, microsomes without
O
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Table 2
Intra-day precision (RSD%) and accuracy (n = 4) for QCs in pooled rat liver
microsomes

Steroid 5 �g/mL 0.5 �g/mL 0.01 �g/mL

RSD% Accuracy RSD% Accuracy RSD% Accuracy

6�-OHT 4.1 87 0.8 107 5.0 105
7�-OHT 3.8 89 1.2 106 5.8 107
16�-OHT 3.9 92 1.4 107 11 98
16�-OHT 4.5 94 0.7 103 9.2 105
2�-OHT 4.7 100 1.0 103 8.5 99
2
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ig. 4. Extracted ion chromatograms of the blank pooled rat liver microsomes.
n the right were ion chromatograms monitoring m/z 347 → 121 transition for
HTs but spiked with IS.

/z 305 → 269 and m/z 347 → 121 transitions, no endogenous
nterferences were detectable (Fig. 4). Results from these obser-
ations indicate that OHT and IS retention time regions around
–4 min were free from endogenous interference and strong ion
uppression.

.4. Precision and accuracy

This method was developed for CYP induction, enzyme pro-
ling and inhibition studies. In order to accommodate these
tudies with a single UPLC/MS method, a wide OHT dynamic
oncentration range is necessary. Precision and accuracy data
ere therefore determined at concentration range from 0.005
o 5 �g/mL in rat microsomes over 4 different days. For all
tandards the inter-day precisions (RSD%) ranged from 0.8
o 7.7%, the inter-day accuracy (%) ranged from 87 to 107%
Table 1), suggesting that this UPLC/MS method is able to pro-
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able 1
nter-day precision (RSD%) and accuracy (n = 8) for standards in pooled rat liver mic

teroid 0.005 �g/mL 0.01 �g/mL 0.05 �g/mL

RSD% Accuracy RSD% Accuracy RSD% Accurac

�-OHT 2.1 98 4.0 103 4.8 102
�-OHT 0.8 98 1.0 103 5.1 100
6�-OHT 3.1 99 5.2 102 6.0 100
6�-OHT 3.6 99 6.0 101 6.0 99
�-OHT 3.9 100 7.7 101 3.4 96
�-OHT 0.4 102 1.3 97 4.7 96
�-OHT 1.3 96 2.3 107 3.7 100
�-OHT 4.0 100 1.0 105 8.4 96
�-OHT 4.3 94 2.1 104 7.0 105
ide a wide linear dynamic range (0.005–5 �g/mL) for all seven
HTs. The QC intra-day RSD% ranged from 3.8 to 11% with

ccuracy ranging from 87 to 107% (Table 2). The QC inter-day
SD% ranged from 1.0 to 10% with accuracy ranging from 85

rosomes over 4 days

0.5 �g/mL 1 �g/mL 5 �g/mL

y RSD% Accuracy RSD% Accuracy RSD% Accuracy

1.1 105 5.6 106 2.1 87
0.8 104 6.0 105 2.0 89
2.2 104 6.3 105 1.9 90
1.6 102 6.9 104 1.4 94
1.9 101 5.3 104 2.5 99
0.9 102 5.3 105 2.3 99
1.0 101 5.4 105 3.0 92
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Table 3
Inter-day precision (RSD%) and accuracy (n = 16) for QCs in pooled rat liver
microsomes over 4 days

Steroid 5 �g/mL 0.5 �g/mL 0.01 �g/mL

RSD% Accuracy RSD% Accuracy RSD% Accuracy

6�-OHT 3.0 85 1.2 106 3.6 107
7�-OHT 2.8 88 1.3 106 3.0 107
16�-OHT 2.7 89 1.9 105 10 97
16�-OHT 1.6 93 1.0 103 9.9 107
2�-OHT 3.2 98 2.1 102 7.1 104
2�-OHT 2.6 98 1.4 103 4.6 97
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�-OHT 2.6 92 1.8 104 1.0 106

o 107% (Table 3). There was an apparent trend of a slightly
ow bias in accuracy (85–98% recovery) at 5 �g/mL level and a
lightly high bias in accuracy (97–107% recovery) for 0.5 and
.01 �g/mL levels. Factors causing the biases remained to be fur-
her investigated. However, the 85–107% recovery was within
5% of the actual value, and within 20% at LLOQ according
o Guidance for Industry Bioanalytical Method Validation by
DA [18].

. Conclusion

A sensitive, rapid and simple UPLC/MS/MS method was
eveloped and partially validated to simultaneously quantify
6�-, 2�-, 7�-, 6�-, 2�-, 6�-, and 16�-OHTs in rat liver micro-
omal incubates. The UPLC/MS/MS method covers a dynamic
ange from 0.005 to 5 �g/mL with good accuracy and repro-

ucibility. This method reduces analysis time to less than 5 min.
t is suitable for quantitation of hydroxyl testosterone metabo-
ites in liver microsomes generated from P450 inhibition and
nduction assays.
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