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a b s t r a c t

Advances in liquid chromatography–mass spectrometry (LC–MS) can be used to measure steroid hor-
mone metabolites in vitro and in vivo. We find that LC–electrospray ionization (ESI)-MS using a LCQ
ion trap mass spectrometer in the negative ion mode can be used to monitor the product profile
that results from 5�-dihydrotestosterone (DHT)-17�-glucuronide, DHT-17�-sulfate, and tibolone-17�-
sulfate reduction catalyzed by human members of the aldo–keto reductase (AKR) 1C subfamily and assign
kinetic constants to these reactions. We also developed a stable isotope dilution LC–electron capture
atmospheric pressure chemical ionization (ECAPCI)-MS method for the quantitative analysis of estrone
(E1) and its metabolites as pentafluorobenzyl (PFB) derivatives in human plasma in the attomole range.
hemical ionization
ormal-phase HPLC

The limit of detection for E1-PFB was 740 attomole on column. Separations can be performed using
normal-phase LC because ionization takes place in the gas phase rather than in solution. This permits
efficient separation of the regioisomeric 2- and 4-methoxy-E1. The method was validated for the simulta-
neous analysis of plasma E2 and its metabolites: 2-methoxy-E2, 4-methoxy-E2, 16�-hydroxy-E2, estrone
(E1), 2-methoxy-E1, 4-methoxy-EI, and 16�-hydroxy-E1 from 5 pg/mL to 2000 pg/mL. Our LC–MS meth-
ods have sufficient sensitivity to detect steroid hormone levels in prostate and breast tumors and should

osis a
aid their molecular diagn
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y-5�-androstane-17�-sulfate; 3�-Diol-17S, 3�-hydroxy-5�-androstane-17�-
ulfate; DHT, dihydrotestosterone; DHTG, DHT-17�-glucuro- nide; DHTS, DHT-
7�-sulfate; E1, estrone; E2, 17�-estradiol; Tibolone, [7�,17�]-17-hydroxy-7-
ethyl-19-norpregn-5(10)-en-20-yn-3-one; TibS, tibolone-17�-sulfate; 3�-OH-

ib, 3�-hydroxy-tibolone; 3�-OH-Tib, 3�-hydroxy-tibolone; 3�-OH-TibS, 3�-
ydroxy-tibolone-17�-sulfate; 3�-OH-TibS, 3�-hydroxy-tibolone-17�-sulfate; 2-
ethoxy-E1, 2-methoxy-estrone; 4-methoxy-E1, 4-methoxy-estrone; 2-methoxy-

2, 2-methoxy-17�-estradiol; 4-methoxy-E2, 4-methoxy-17�-estradiol; 2-OH-E1,
,3-dihydroxy-estrone; 2-OH-E2, 2,3-dihydroxy-17�-estradiol; 4-OH-E1, 3,4-
ihydroxyestrone; 4-OH-E2, 3,4-dihydroxy-17�-estradiol; AcN, acetonitrile; AKR,
ldo–keto reductase; PFB, pentafluorobenzyl; HQC, high quality control sample;
LQC, lower limit of quantitation; LQC, lower quality control sample; MQC, middle
uality control sample; QC, quality control sample.
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1. Introduction

Radioimmunoassay or ELISA based methods were once consid-
ered state-of-the-art methods for measuring steroid metabolites
in biospecimens. These approaches now appear to be fraught with
difficultly. First, they can only measure one analyte at a time, thus
multiple assays are required to measure all the metabolites from
a single steroid hormone. Second, steroid metabolites have highly
related structures and in a biospecimen mixtures of stereoisomers,
regioisomers or compounds that differ by only the substitution
of a carbonyl group for an alcohol exist. It is thus not possible
to control for interference in the immunoassay from both known
and unknown structurally related steroids that may be present in
the biological matrix. Third, these immunological approaches do
not give any structural validation of the analyte. Fourth, in many
instances antisera do not exist for all the steroid metabolites of
interest to allow immunodetection in the first place. This is cer-
tainly true for the detection of conjugated steroids.

The reliability of radioimmunoassays for steroid hormones has

also been questioned by position papers which have documented
the large inter-laboratory variability that exists in measuring
plasma testosterone [1–3] and the difficulty in measuring 17�-
estradiol (E2) and its metabolites in plasma and urine [4–6]. In
contrast, gas chromatography–mass spectrometry (GC–MS) cou-

dx.doi.org/10.1016/j.jsbmb.2010.01.005
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:penning@upenn.edu
dx.doi.org/10.1016/j.jsbmb.2010.01.005
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led with stable isotope dilution methodology is sensitive, specific,
nd accurate and has been used for the quantitative analysis of
teroid hormones in biological samples such as urine and plasma
7,8]. Unfortunately this method requires extremely tedious extrac-
ion and derivatization procedures for each sample. However, when
sed in conjunction with electron capture negative chemical ion-

zation and tandem MS, very low detection limits can be obtained
or plasma E2 (0.063 pg/mL) [9]. A further drawback of the GC–MS

ethods is that, steroid conjugates cannot be analyzed directly.
C–MS can now circumvent many of these problems. We have
eveloped negative ion LC–ESI/MS in order to analyze multiple
teroid conjugates directly. We demonstrate the utility of the
ethod by showing that it can be used to conduct product pro-

ling of the enzymatic reduction of endogenous DHT-conjugates
nd conjugates derived from the hormone replacement therapeutic
ibolone catalyzed by members of the aldo–keto reductase (AKR)
C subfamily. By contrast, LC–ESI/MS of underivatized estrogens
re relatively insensitive in both positive and negative ionization
odes so it cannot be used to determine the concentrations of

strogens and their metabolites which are present in the low pg/mL
ange [10]. To circumvent this problem, we have developed sta-
le isotope dilution LC–ECAPCI/MS methodology, which can detect
strogen PFB derivatives in the attomole range on column [10].
his has made it possible to quantify multiple estrogen metabo-
ites with high sensitivity in the same chromatographic run. We
emonstrate the utility of this approach by analyzing E1 and E2,
ogether with their corresponding 2- and 4-methoxy and 16 �-
ydroxy metabolites in plasma. These methods can be adapted to
easure targeted steroid metabolomes within prostate and breast

umor biopsy samples.

. Methods

.1. Materials

DHT, DHT-17�-glucuronide (DHTG), DHT-17�-sulfate (DHTS),
�-hydroxy-5�-androstane-17�-glucuronide (3�-Diol-17G),
nd 3�-hydroxy-5�-androstane-17�-sulfate (3�-Diol-17S) were
btained from Steraloids (Wilton, NH, USA). The latter compound
as custom synthesized by Steraloids. E2, E1, 2-methoxy-E2, 4-
ethoxy-E2, 16�-hydroxy-E2, 2-methoxy-E1, 4-methoxy-E1, and

6�-hydroxy-E1 were obtained from Steraloids Inc. (Newport, RI).
6,16,17-[2H3]-E2, 2,4,17-[2H3]-16�-hydroxy-E2, and 2,4,16,16-

2H4]-E1 were obtained from C/D/N isotopes (Pointe-Claire,
uebec, Canada). [2H3]-2-methoxy-E2, [2H3]-4-methoxy-E2,

2H3]-2-methoxy-E1, [2H3]-4-methoxy-E1, and 2,4,16-[2H3]-E2
ere synthesized using standard procedures from [2H3]-methyl

odide (C/D/N isotopes) and unlabeled E2 or E1. 2,4,16-[2H3]-
6�-hydroxy-E1 was prepared by sodium borodeuteride/PdCl2
Sigma–Aldrich, St. Louis, MO) reduction in CH3OD (Sigma–Aldrich)
f 2,4-dibromo-17,17-ethylenedioxy-1,3,5(10)-estratriene-3,16�-
iol (prepared by standard procedures from estrone) followed by
cid hydrolysis. Tibolone (Tib), Tib-17�-sulfate (TibS), 3�- and
�-hydroxy-Tib (3�- and 3�-OH-Tib), and 3�- and 3�-OH-Tib-17S
ere provided by N.V. Organon (Oss, Netherlands). Pentafluo-

obenzyl bromide (R-bromo-2,3,4,5,6-pentafluorotoluene) was
btained from Sigma–Aldrich Chemical Co. (Milwaukee,WI).
yridine nucleotides were purchased from Roche Applied Sci-
nce (Indianapolis, IN, USA). HPLC grade water, Optima grade
cetonitrile, methanol, hexane, isopropanol, water, ethyl acetate,
nd potassium bromide were purchased from Fisher Scientific

o. (Fair Lawn, NJ). Ethanol was from Pharmco (Brookfield, CT).
mmonium acetate was obtained from J.T. Baker (Phillipsburg, NJ).
eparinized male human plasma was from Biological Specialty
orporation (Colmar, PA). All other reagents were purchased from
igma–Aldrich and were of ACS (American Chemical Society) grade
y & Molecular Biology 121 (2010) 546–555 547

or better. Recombinant AKR1C enzymes were over-expressed and
purified to homogeneity as previously described [11].

2.2. Identification of steroid conjugates produced by AKRs using
LC–MS

Products formed during the reduction of conjugated steroids
catalyzed by AKR1C enzymes were prepared for LC–MS analyses
as follows. Reaction mixtures contained 100 mM potassium phos-
phate buffer (pH 7.0), steroid (36 �M DHTG, 45 �M DHTS or TibS),
0.5 mM NADPH, and 4% methanol in 450 �l of total volume. The
reaction was initiated by the addition of purified enzyme (buffer for
no-enzyme control, 13–33 �g of AKR1C1–AKR1C4) and incubated
for 0–90 min at 37 ◦C. Reaction mixtures were extracted twice with
1.5 mL water-saturated ethyl acetate. The pooled organic extracts
were vacuum dried and the residues were re-dissolved in 200 �l
50% methanol.

2.3. LC separation of steroid conjugates

Chromatography was performed using a Waters Alliance 2690
HPLC system (Waters Corporation, Milford, MA) coupled to the
mass spectrometer. For DHTG and DHTS, a SunFire C8 column
(4.6 mm × 150 mm, 3.5 �m Waters), total run time 30 min was
employed. Solvent A was 5 mM aqueous ammonium acetate in
water, and solvent B was 5 mM ammonium acetate in acetonitrile.
The linear gradient used was as follows: 30% solvent B at 0 min
and 3 min, 50% solvent B at 13 min, 80% solvent B at 14 min and
19 min, and 30% solvent B at 20 min and 30 min with a flow rate
of 0.3 mL/min. For TibS, a Jupiter C18 column (2.0 mm × 150 mm,
5 �m, Phenomenex, Torrance, CA) total run time 22 min was
employed. Solvent A was 5 mM aqueous ammonium acetate, and
solvent B was 5 mM ammonium acetate in acetonitrile. The linear
gradient was as follows: 20% B at 0 min and 2 min, 30% B at 8 min
and 12 min, and 20% B at 14 min with a flow rate of 0.5 mL/min. All
separations were performed at ambient temperature.

2.4. MS of steroid conjugates

Analyses were conducted using an LCQ ion trap mass spectrom-
eter (Thermo Fisher, San Jose, CA) equipped with an electrospray
ionization source. The mass spectrometer was operated in the neg-
ative ion mode with a potential of 4.5 kV applied to the electrospray
ionization needle. Operating conditions for DHTG and DHTS were
as follows: heated capillary temperature 220 ◦C, capillary voltage
−4 V, tube lens offset 10 V, nitrogen was used for the sheath gas at
80 psi, and for the auxiliary at 10 (arbitrary units). Operating condi-
tions for TibS were as follows: heated capillary temperature 230 ◦C,
capillary voltage −23 V, tube lens offset −25 V, nitrogen was used
for the sheath gas at 50 psi, and for the auxiliary gas at 30 (arbi-
trary units). Full scanning analyses were performed in the range
of m/z 100–600. Products of the reactions were identified based on
their LC retention times and mass spectra relative to those observed
with the authentic standards. The molecular ions monitored for the
steroid conjugates were as follows: DHTG [M−H−; m/z = 465]; 3�-
and 3�-Diol-17G [M−H−; m/z = 467]; DHTS [M−H−; m/z = 369]; 3�-
and 3�-Diol-17S [M−H−; m/z = 371]; TibS [M−H−; m/z = 391.5];
3�- and 3�-OH-TibS [M−H−; m/z = 393.5].

2.5. LC separation of estrogen PFB derivates
Chromatographic separation of the estrogen PFB derivatives
was conducted using a YMC Silica column (250 mm × 4.6 mm i.d.,
5 �m particle size, 120 Å pore size, Waters) heated to 40 ◦C. Sol-
vent A was hexane and solvent B was isopropanol/hexane (30:70,
v/v). The LC conditions were as follows: 2% solvent B at 0 min
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nd 2 min, 10% solvent B at 5 min, 20% solvent B at 12 min, 50%
olvent B at 22 min, and 24 min, 2% solvent B at 28 min and
5 min with a flow rate of 0.9 mL/min. A post-column flow-rate
f 0.5 mL/min was used to prevent the source from becoming con-
aminated with carbon deposits. Pre-column filters (2 �m; Alltech,
eerfield, IL) were used to protect the column from particulate
atter.

.6. ECAPCI of estrogen PFB derivates

A TSQ 7000 (Thermo Fisher) mass spectrometer was operated
n the APCI negative ion mode under the following condi-
ions: vaporizer temperature 500 ◦C, heated capillary temperature
00 ◦C, corona needle discharge current 15 �A, sheath gas pres-
ure (nitrogen) 20 psi, auxiliary gas (nitrogen) 15 (arbitrary units).
he parent and daughter resolution settings were of 0 V for
he methoxy compounds and 10 V for all other analytes and
nternal standards. The [M−PFB]− ions of the analytes were
ltered through the first quadrupole, and collision-induced dis-
ociation (CID) was performed using argon as the collision gas
t 3.0 mTorr in the second (rf-only) quadrupole. Product ions
ere then detected in the third quadrupole. Collision energies
ere optimized for each analyte, and ranged from 25 eV to

5 eV (Table 3). MRM transitions were performed as shown in
able 3.

.7. Sample preparation for LC–ECAPCI/MS analysis

Heparinized male human plasma was allowed to thaw. Plasma
liquots (1 mL) were transferred to 10 mL glass centrifuge tubes.
n aliquot (10 �l) of analyte solution of the appropriate concen-

ration was added to each sample using a dedicated microsyringe,
ollowed by vortex mixing. This was followed by an aliquot (10 �l;
ng) of internal standard solution, which was added using another
edicated microsyringe. Samples were vortex mixed for 1 min, and
mL of ethyl acetate was added. This mixture was mechanically

haken for 1 h, followed by centrifugation at 4000 RPM for 5 min.
he samples were then placed at −20 ◦C and the lower phase was
llowed to freeze, after which the supernatant was transferred by
ecantation into a new 5 mL glass centrifuge tube and evaporated to
ryness under nitrogen at 37 ◦C using an N-Evap Analytical Evap-
rator (Organomation, Berlin, MA). Methanol (200 �l) was added
o the dried samples, followed by vortex mixing for 2 min. Water
800 �l) was then added, and the samples were vortex-mixed again.
he reconstituted solution was then placed on a C18 solid phase
xtraction (SPE) cartridge (7 mm/3 mL Empore C18 Standard Den-
ity Extraction Disk Cartridges, 3 M, St. Paul, MN), which had been
re-conditioned with 0.5 mL of methanol and 0.5 mL of water.
his cartridge was placed inside a 15 mL plastic centrifuge tube
Fisher Scientific). All samples and washes were eluted through
he SPE cartridge by centrifugation at 1800 RPM for 3 min. The car-
ridge was washed sequentially with 1 mL of water and 0.3 mL of

ethanol/water (20:80, v/v). The cartridges were then transferred
o a new 15 mL plastic centrifuge tube and the analytes were eluted
ith 0.3 mL of methanol. The resulting eluate was transferred to a

.8 mL plastic centrifuge tube (Fisher Scientific), and evaporated to
ryness under nitrogen at 37 ◦C.

.8. PFB derivatization
After drying, samples were reconstituted in 100 �l of acetoni-
rile, and were treated with 100 �l of pentafluorobenzyl bromide in
cetonitrile (1:19, v/v), followed by 100 �l of ethanolic potassium
ydroxide (2:100, w/v). After vortex mixing, samples were allowed
o react at room temperature for 15 min, evaporated to dryness
y & Molecular Biology 121 (2010) 546–555

under nitrogen, and reconstituted in 200 �l of isopropanol/hexane
(2:98, v/v), 90 �l of which was injected on the LC.

2.9. Data analysis

Calibration curves ranged from 5 pg/mL to 1000 pg/mL. For each
curve, eight different concentrations, distributed over the entire
concentration range, were used. Peak height ratios between the
analytes and their respective internal standard were calculated
from each sample using Finnigan LCquan version 1.2 software.
The data were fit to a linear least-squares regression curve with
a weighting index of 1/x. A water blank, plasma blank, and plasma
blank spiked with internal standard were also processed with each
calibration curve.

2.10. Accuracy and precision

Five replicates of each quality control (QC) sample at each con-
centration level were processed and analyzed along with the 8
standard curve samples. The lower quality control sample (LQC),
middle quality control sample (MQC), and high quality control sam-
ple (HQC) were analyzed on three separate days, while the lower
limit of quantitation (LLOQ) samples were analyzed on 1 day only.
Assay accuracy was assessed by comparing means of the measured
analyte concentrations with the theoretical concentrations in the
QC samples. Within-day precision was expressed as percent rela-
tive standard deviation (% RSD) and was obtained by calculating
the percent ratio between the relative standard deviation of five
replicates (n = 5) and their mean at each concentration within the
same validation run. Inter-day precision, defined as percent rela-
tive standard deviation (% RSD) of three different validation runs
(n = 3) was also assessed.

2.11. Determination of steady state kinetic parameters

Initial rates of the NADPH dependent reduction of ketosteroids
and their conjugates catalyzed by AKR1C were measured using
a Hitachi F-2500 fluorescence spectrophotometer (Hitachi Amer-
ica Ltd., New York, NY) by monitoring the change in fluorescence
emission of NADPH. Excitation and emission wavelengths were
set at 340 nm and 450 nm, respectively. Changes in fluorescence
units were converted to nanomoles of cofactor by using standard
curves of fluorescence emission versus known NADPH concentra-
tions. Data were analyzed by nonlinear least-squares fitting to the
equation:

� = kcat[E][S]
Km + [S]

where � is the initial velocity, [E] and [S] are the total molar
concentrations of the enzyme and steroid substrate, respectively,
kcat (s−1) is the turnover number, and Km (�M) is the apparent
Michaelis–Menten constant for the steroid substrate.

3. Results

3.1. Metabolism of endogenous steroid conjugates by aldo–keto
reductase (AKR) 1C subfamily enzymes

The four aldo–keto reductase (AKR) 1C subfamily members
found in humans (AKR1C1–AKR1C4) have been shown to catalyze
the NADPH dependent reduction of 3-ketosteroids to yield 3�-

or 3�-hydroxysteroids with different stereochemical preferences
based on steroid substrate. For example, AKR1C2 is predominately
a 3�-HSD with DHT; while AKR1C1 is predominately a 3�-HSD with
the same substrate [12]. By contrast the same two enzymes con-
vert tibolone (a hormone replacement therapeutic pro-drug) only
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Fig. 1. LC–MS analysis of the reduction of DHTG catalyzed by human AKR1C iso-
forms. A, the ion chromatogram (m/z 450–500) of a mixture of authentic standards
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Fig. 2. LC–MS analysis of the reduction DHTS catalyzed by human AKR1C isoforms.
A, the ion chromatogram (m/z 350–400) of a mixture of authentic standards of

important since these are the estrogenic metabolites of the pro-
f DHTG and 3�-Diol-17G; B–F, corresponding ion chromatograms of reaction sam-
les containing no enzyme (B) and AKR1C1–AKR1C4 (C–F). Samples were prepared
s described in Section 2. Reproduced with permission from the American Society
f Biochemists and Molecular Biologists.

o its 3�-hydroxysteroid (estrogenic metabolite) form [13]. Sev-
ral other human AKRs, not involved in steroid metabolism, were
hown to catalyze the reduction of glutathionyl conjugates of 4-
ydroxy-2-nonenal [14]. These observations led us to ask whether
uman AKR1C1–AKR1C4 isoforms were capable of metabolizing
teroid conjugates e.g., glucuronides and sulfates. This required the
evelopment of LC–ESI/MS methods using negative ionization for
roduct profiling so that kinetic constants could be assigned to the
espective reactions with confidence.

The LC–ESI/MS method for detecting steroid conjugates was val-
dated as follows: linear standard curves were obtained in the range
.5–50 �g/mL in the reaction buffer for steroid conjugates (data not
hown). Replicate determinations (n = 3) of quality control samples
ere conducted at the low concentration (1.0 �g/mL), mid-range

oncentration (25 �g/mL), and high concentration (50 �g/mL) on
hree separate days. The intra- and inter-day accuracy of all quality
ontrol samples was within 100 ± 15% of theoretical with a preci-
ion (coefficient of variation) better than 15%.

Using DHTG as substrate LC–ESI/MS product profiling showed
hat AKR1C1–AKR1C3 all converted this substrate to 3�-Diol-
7G (RT = 7.4 min); while AKR1C4 converted DHTG to 3�-Diol-17G
RT = 12.6 min), Fig. 1. An authentic synthetic standard only existed
or 3�-Diol-17G but the 3�-isomer was positively identified based
n its molecular ion which is identical to that for the 3�-isomer
nd its retention time (see below). DHTS was next tested as
ubstrate for the AKR1C1–AKR1C4 isoforms. LC–ESI-MS product
rofiling showed that the product profile for the sulfate conjugate
as identical to that observed for free DHT. Thus AKR1C1 pro-
uced 3�-Diol-17S (RT = 13.6 min); AKR1C2 produced 3�-Diol-17S
RT = 18.1 min); and AKR1C3 and AKR1C4 produced mixtures of the

�- and 3�-isomers, Fig. 2. An authentic synthetic standard only
xisted for 3�-Diol-17S but the 3�-isomer was positively identi-
ed based on its molecular ion which is identical to that for the
�-isomer. Moreover, the elution order in the ion chromatogram
DHTS and 3�-Diol-17-S; B–F, corresponding ion chromatograms of reaction sam-
ples containing no enzyme (B) and AKR1C1–AKR1C4 (C–F). Samples were prepared
as described in Section 2. Reproduced with permission from the American Society
of Biochemists and Molecular Biologists.

for the glucuronide and sulfate conjugate products was the same:
3�-isomer > parent conjugate > 3�-isomer. The unexpected find-
ings are that both glucuronide and sulfate conjugates could be
reduced by AKR1C enzymes. Moreover, with DHTG and DHTS there
was an inversion of stereochemical preference for AKR1C2 produc-
ing a 3�-isomer with the first substrate and a 3�-isomer with the
second substrate.

Assignment of catalytic efficiencies (kcat/Km) to these reactions
for each enzyme isoform was then made based on fluorimetric
assays which monitored the concurrent consumption of NADPH
associated with the appearance of products followed by LC–ESI-MS,
Table 1. It was also found that the kcat/Km values for the reduction of
DHT and DHTG for AKR1C4 were unaffected by the presence of the
glucuronide group but were depressed for the reduction of DHTG
by AKR1C1, and AKR1C2. It was also found that the kcat/Km val-
ues for the reduction of DHT and DHTS for AKR1C1, AKR1C2 and
AKR1C4 were unaffected by the presence of the sulfate group. This
led to the conclusion that AKR1C enzymes can work equally well
on conjugated as well as free DHT [15].

3.2. Metabolism of conjugates of synthetic steroids by aldo–keto
reductase (AKR) 1C subfamily enzymes

We extended our studies on the reduction of steroid conjugates
to include therapeutically relevant steroids. Tibolone is a hormone
replacement therapeutic and pro-drug [16,17]. It has been previ-
ously shown that AKR1C isoforms catalyze the reduction of tibolone
to its 3�- and 3�-hydroxy metabolites [13,18]. These reactions are
drug and their tissue specific formation may contribute to the tissue
selective estrogen properties of tibolone. By contrast TibS, 3�-OH-
TibS and 3�-OH-TibS are the major inactive metabolites of tibolone
[19].
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Table 1
Kinetic parameters for the reduction of DHT, Tib and their conjugates catalyzed by
AKR1C isoforms.

AKR1C1 AKR1C2 AKR1C4

DHT
kcat (min−1) 0.74 ± 0.03 1.98 ± 0.12 3.08 ± 0.15
Km (�M) 4.2 ± 0.5 2.9 ± 0.2 <0.2
kcat/Km (min−1 M−1) 1.8 × 105 6.8 × 105 >1.5 × 107

DHTG
kcat (min−1) 0.53 ± 0.03 0.24 ± 0.03 3.28 ± 0.08
Km (�M) 16.1 ± 2.4 4.1 ± 1.2 <0.2
kcat/Km (min−1 M−1) 3.3 × 104 5.9 × 104 >1.6 × 107

DHTS
kcat (min−1) 0.75 ± 0.05 1.0 ± 0.1 3.07 ± 0.07
Km (�M) 5.2 ± 0.8 4.2 ± 0.5 <0.2
kcat/Km (min−1 M−1) 1.4 × 105 2.4 × 105 >1.5 × 107

Tib
kcat (min−1) 0.88 ± 0.06 12.7 ± 3.7 1.83 ± 0.06
Km (�M) 0.76 ± 0.13 0.87 ± 0.34 1.02 ± 0.07
kcat/Km (min−1 M−1) 1.2 × 106 1.4 × 107 1.8 × 106

Ki (�M) – 0.7 ± 0.29 –

TibS
kcat (min−1) 1.9 ± 0.3 12.1 ± 2.7 1.20 ± 0.03
Km (�M) 2.5 ± 0.28 1.2 ± 0.5 0.5 ± 0.1
kcat/Km (min−1 M−1) 7.6 × 105 1.0 × 107 2.4 × 106

K (�M) – 2.1 ± 0.6 –
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Table 2
Limits of detection using APCI and ECAPCI for selected estrogen metabolites.

Analyte Negative APCIa

LOD (fmol)
ECAPCIb LOD (amol) Increasedc

sensitivity

Estrone 18.52 740 25-fold
2-methoxyestrone 8.33 170 50-fold
i

teady state parameters determined by fluorimetric assay. Values are given as
eans ± SD (n > 2). Values for AKR1C3 catalyzed reactions were not determined due

o low turnover.

The ability of AKR1C1–AKR1C4 isoforms to reduce TibS
as therefore examined. Incubation with recombinant
KR1C1–AKR1C4 followed by product profiling by LC–ESI/MS
n the negative ion mode showed that AKR1C1–AKR1C3 all
educed TibS to 3�-OH-TibS (RT = 9.8 min). By contrast AKR1C4
educed TibS to a mixture of the 3�- and 3�-hydroxy isomers
RT = 7.0 min and 9.9 min, respectively) (Fig. 3). Identification of the
roducts was unambiguous since authentic synthetic standards

ig. 3. LC–MS analysis of the reduction of TibS catalyzed by human AKR1C isoforms.
A) The ion chromatogram (m/z 200–400) of a mixture of authentic standards of TibS,
�-OH-TibS, and 3�-OH-TibS; (B–F) Corresponding ion chromatograms of reaction
amples containing no enzyme (B) and AKR1C1–AKR1C4 (C–F). Samples were pre-
ared as described in Section 2. Reproduced with permission from the American
ociety of Biochemists and Molecular Biologists.
a Underivatized analyte.
b PFB derivative.
c Negative ion APCI of underivatized sample compared with ECAPCI of PFB deriva-

tive.

were available which showed identical RT and negative molec-
ular ions. Assignment of catalytic efficiencies to these reactions
was again performed by conducting fluorimetric assays which
measured the consumption of NADPH, Table 1. These assays
revealed that the reduction of TibS occurred with similar catalytic
efficiencies to those reported for the reduction of tibolone by each
AKR1C isoform [12].

3.3. Analysis of estrogens by LC–ECAPCI/MS

Increased risk to breast cancer is associated with life-time
exposure to estrogens. Some estrogen metabolites are thought to
be genotoxic e.g., 4-hydroxy-17�-estradiol (4-OHE2) while oth-
ers are thought to be non-genotoxic and anti-proliferative e.g.,
2-hydroxy-17�-estradiol (2-OHE2) [20–23]. The balance between
these competing metabolic pathways may be an important deter-
minant of breast cancer risk, yet the immunochemical methods
available for quantifying endogenous E2 and its metabolites in
plasma have proved to be controversial [4–6]. Stable isotope
LC–MS-based methods can potentially resolve problems in estro-
gen quantification through the rigorous application of stable
isotope dilution methodology. Unfortunately, underivatized estro-
gens are relatively insensitive to conventional LC–ESI/MS-based
methods. Therefore, we developed LC–ECAPCI/MS methodology,
coupled with the use of PFB derivatives in order to substantially
improve the sensitivity of detection for plasma estrogens. In this
method, the nitrogen sheath gas is bombarded with electrons from
the coronal discharge to yield a nitrogen radical cation and a low
energy thermal electron [10] (Fig. 4). An E1 molecule modified to
have a high collision cross section through formation of electron
capturing PFB-ether derivative (Fig. 5) will then undergo highly
efficient dissociative electron capture. This results in the formation
of an intense M-PFB negative ion through the loss of a PFB radical.
Similar results have been obtained with other electron capturing
groups such as p-nitrobenzyl (PNB, Fig. 5) [24]. MRM analysis of the
transition m/z 269 → 145 which monitors the fragmentation of the
C and D rings upon CID provides the necessary rigor for unequivocal
identification of E1 [10]. The limit of detection (LOD) is estimated as
740 attomole and 140 attomole for E1 and 2-methoxy-E1, respec-
tively (Table 2). Thus, ECAPCI/MS was found to increase sensitivity
over traditional negative ion APCI by 25–50-fold.

3.4. Analysis of plasma estrogens by stable isotope dilution
LC–ECAPCI/MS

The specificity of the LC–ECAPCI/MS method was further
increased by the use of stable isotope labeled analogs as inter-
nal standards for each analyte and the use of normal-phase LC
for the separation of isomeric estrogens. The stable isotope dilu-
tion LC–ECAPCI/MS method was validated for the simultaneous

detection of E2 and seven of its plasma metabolites: 2-methoxy-E2,
4-methoxy-E2, 16�-hydroxy-E2, E1, 2-methoxy-E1, 4-methoxy-
E1, and 16�-hydroxy-E1 (Table 3). Typical chromatograms for male
plasma samples to which authentic estrogens had been were added
are shown for E2 and its metabolites (Fig. 6) and for E1 and its
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Fig. 4. Proposed mechanism for ECAPCI/MS. Reproduced with permission from Analytical Chemistry.

Fig. 5. Estrone derivatives that provide increased LC–MS sensitivity compared with underivatized estrone.
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ig. 6. Stable isotope dilution LC–ECAPCI/MRM/MS analysis of E2 and metabolites.

etabolites (Fig. 7). Linear standard curves were obtained in the
ange 5–2000 pg/mL plasma for E2 and E1 (Fig. 8) as well as the
ther six E2 metabolites (data not shown). Replicate determina-
ions (n = 5) of quality control samples were conducted one day at
he LLOQ (5 pg/mL). They were conducted on three separate days
or the LQC (10 pg/mL), MQC (50 pg/mL), and HQC (500 pg/mL) on
hree separate days. The intra- and inter-day accuracy of all qual-
ty control samples was within 100 ± 15% of theoretical with a
recision (coefficient of variation) better than 15%. The method
an also be further modified by the inclusion of a hydrolysis
tep prior to extraction, where the plasma is treated with �-
lucuronidase/arylsulfatase step to release the free steroids.

. Discussion
Hydroxysteroid dehydrogenases (HSDs) belong to two
ene superfamilies (AKRs) and the short-chain dehydroge-
ase/reductases [25]. Historically many substrate specificity
tudies have been performed with these enzymes in which the

able 3
C–ECAPCI/MRM/MS analysis of estradiol and its metabolites.

Estrogen [M−PFB] parent ion (m/z)

Estradiol (E2) 271
[2H3]-estradiol (E2-D3) 274
2-Methoxy-E2 (2-MeO-E2) 301
[2H3]-2-methoxy-E2 (2-MeO-E2-D3) 304
4-Methoxy-E2 (4-MeO-E2) 301
[2H3]-4-methoxy-E2 (4-MeO-E2-D3) 304
16�-Hydroxy-estradiol (16�-OH-E2) 287
[2H4]-16�-hydroxy-estradiol (16�-OH-E2-D4) 291
Estrone (E1) 269
[2H4]-estrone (E1-D4) 273
4-Methoxy-E1 (4-MeO-E1) 299
[2H3]-4-methoxy-E1 (4-MeO-E1-D3) 302
2-Methoxy-E1 (2-MeO-E1) 299
[2H3]-2-methoxy-E1 (2-MeO-E1-D3) 302
16�-Hydroxy-estrone (16�-OH-E1) 287
[2H4]-16�-hydroxy-estrone (16�-OH-E1-D4) 291
Fig. 7. Stable isotope dilution LC–ECAPCI/MRM/MS analysis of E1 and metabolites.

basis of the assay is to monitor the formation or consumption
of NAD(P)H linked to the oxidation or reduction of a hydroxy or
ketosteroid. Assay validation is usually performed in discontin-
uous assays which rely upon separating substrate from product
by TLC and identifying unknowns by co-migration with authentic
synthetic standards. Often the TLC systems do not have sufficient
resolving power to separate all mixtures of stereoisomers of
interest and product identify is based on reactions with struc-
turally related steroid substrates. However, bacterial [26–28] and
mammalian HSDs [12,29] are also not always positional or stereo-
specific increasing the number of products possible. The problem
of product identity can be exacerbated if steroid conjugates are
examined as substrates since conjugates do not migrate from the
origin of normal-phase TLC plates.

We have used LC–MS methods to resolve the products of reac-

tions catalyzed by steroid hormone transforming AKRs [15,18].
We show that LC–ESI/MS in the negative ion mode provides suf-
ficient resolving power to generate umambiguous product profiles
for the reduction of steroid conjugates of DHT and the synthetic
steroid tibolone catalyzed by AKR1C isoforms. These methods

Product ion (m/z) Collision energy (eV) Retention time (min)

183 43 17.4
185 43 17.4
286 28 17.7
286 28 17.7
286 28 18.5
286 28 18.5
171 40 22.6
173 40 22.7
145 45 6.95
147 45 6.96
284 28 7.39
284 28 7.40
284 28 8.37
284 28 8.44
171 40 22.6
173 40 22.7
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[20–23].
ig. 8. Standard curves for E1 and E2 in the range of 5–2000 pg/mL. Linear regression
ines were obtained with r2 values of 0.998 or better.

lso highlight the danger of using one reaction to determine the
tereochemical course of another. Thus AKR1C2 will produce the
�-hydroxysteroid product from DHTG but the 3�-hydroxysteroid
roduct from DHTS. Knowing the product profiles has enabled
s to assign kinetic constants (Km, kcat and kcat/Km) to each of
he reactions with confidence. For AKR1C4 catalytic efficiency for
he reduction of DHT, DHTG and DHTS are unaltered by the pres-
nce of the conjugate group raising the possibility that conjugation
eactions (Phase 2 reactions) could precede reduction reactions
Phase 1 reactions). In liver we proposed that the conjugation
athway occurs first for DHT since 17�-hydroxy-5�-androstane-
�-glucuronide would be the expected metabolite if reduction
ccurred first but this product is not detected in the plasma or
rine. Instead the 3�-OH-DHTG is observed which would be con-
istent with reduction occurring after conjugation, i.e., the Phase 2
nzyme reaction occurs first [15].

For AKR1C2 and AKR1C4 we show that the catalytic efficiencies
or tibolone and TibS are similar again raising the issue that reduc-
ion of the 3-ketosteroid could follow 17�-sulfation. If tibolone
onjugation precedes reduction in any tissue, the estrogenic 3�-
nd 3�-hydroxy-tibolones would not form since they would be
resent as their 17�-sulfates. The difference in the balance between
eduction of tibolone or sulfation of tibolone could contribute to the
elective tissue estrogenic effects of the drug in post-menopausal
omen.

We have also exploited the power of stable-isotope dilution
C–ECAPCI/MS to reliably quantify plasma E1 and E2 and their

ownstream metabolites. The use of an electron capturing deriva-
ive such as PFB increases sensitivity by approximately 50-fold
ompared with conventional LC–MS methodologies employing
nderivatized estrogens. This level of sensitivity is required to
y & Molecular Biology 121 (2010) 546–555 553

analyzed estrogen metabolites in the plasma of post-menopausal
women where basal levels are in the low pg/mL range [10].

Stable isotope dilution LC–MS methods can provide the optimal
specificity for estrogen analysis because internal standards with
identical physicochemical properties to the relevant analytes are
carried through the entire analysis procedure. This makes it possi-
ble to compensate for losses that occur through all steps. Equally
important is the ability of the stable isotope analogs to act as car-
riers and prevent non-specific losses through binding to glassware
or other surfaces when the corresponding endogenous analytes
are present in only trace amounts. Furthermore, the endogenous
analyte has to meet three strict criteria in order to satisfy the con-
straints of the analytical method—it must have the same parent
ion, product ion as the authentic material, and the relative reten-
tion time to the internal standard should be identical from run
to run. Ideally, [13C]-estrogen analogs should be used as internal
standards but they have only recently become available and so
it has been necessary to used deuterium labeled analogs, which
elute slightly ahead of the protium forms under reversed phase
conditions or slightly after the protium forms under normal-phase
conditions. Therefore, differential suppression or enhancement of
ionization could still affect the quality of the analytical data. For-
tunately, [13C]-analogs of many estrogens have become available
recently from Cambridge Isotope Laboratories (Andover, MA), so it
should be possible to introduce another level of rigor by employ-
ing these standards in the future instead of the deuterium labeled
versions.

Endogenous estrogens are not effectively ionized using con-
ventional ESI or APCI methodology. Therefore, it is necessary to
enhance their ionization characteristics by derivatization and three
approaches have been described. The first approach uses con-
ventional derivatization coupled with LC–ESI/MS. This approach
was exemplified by studies of the Ziegler and co-authors [30],
Yamashita et al. [31], and Xu and Spink [32] groups in which a dan-
syl (D), picolinoyl (P), or pyridyl-3-sulfonyl (PS) group is attached to
the 3-hydroxy moiety of the estrogen (Fig. 5). The second approach
involves the preparation of pre-ionized (quaternized) derivatives,
so that ionization is not required in the ESI source of the mass
spectrometer. This approach was exemplified by studies of the
Chen and co-authors [33], Higashi and co-authors [34], and Adamec
and co-authors [35] groups in which an N-methyl-2-pyridyl (MP),
1-(2,4-dinitro-5-fluorphenyl-4,4,-dimethylpiperazinyl (MPPZ), or
a N-methyl-nicotinyl (NMN) group is attached to the 3-hydroxy
moiety of the estrogen (Fig. 5). The third approach, which we
have pioneered, involves the preparation of an electron captur-
ing PFB derivative of the estrogen (Fig. 5) coupled with the use
of ECAPCI/MS. The Higashi group [24] has also explored the util-
ity of ECAPC/MS for estrogen analysis by using different electron
capturing derivatives such as PNB (Fig. 5).

The three derivatization strategies described are all capa-
ble of quantifying plasma estrogens in the low pg/mL range.
Therefore, in the future, we and others will be able to rigor-
ously establish the precise levels of individual estrogens that are
present in the plasma of post-menopausal women. The ratio of 4-
methoxy-estrogens to 2-methoxy-estrogens provides an indirect
measurement of the catechol estrogens 4-hydroxy-E2/4-hydroxy-
E1 and 2-hydroxy-E2/2-hydroxy-E1. This is potentially important
since the 4-hydroxylated catechols are considered to be geno-
toxic estrogens while the 2-hydroxy catechols are metabolized
very rapidly to 2-methoxy-estrogens that are considered to be
anti-proliferative and protective against mammary carcinogenesis
Hormone dependent malignancies also synthesize steroid hor-
mones in the tumor to drive tumor growth [36,37] and this explains
the effectiveness of aromatase inhibitors in treating breast cancer
in post-menopausal women and the potential use of 5�-reductase
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nhibitors in treating prostate cancer [38–42]. Considerable effort
as been made in diagnosing these tumors in terms of the presence
f nuclear receptors, real-time-PCR to measure transcript levels of
teroidogenic enzymes, and immunohistochemical approaches to
easure both receptor and enzyme levels. A characteristic property

ess developed which is a pre-requisite to complete the molecular
athology of these tumors are robust methods to measure intra-
umoral levels of estrogens and androgens. The methods we have
eveloped offer promise to measure steroid metabolomes within
rostate and breast tumor biopsy samples and the information
leaned could be used to determine treatment paradigm.

The regulation of ligand occupancy of nuclear receptors is often
overned by pairs of HSDs. For example regulation of the ER is gov-
rned by type 1 17�-HSD (which reduces E1 to E2) and by type
/4 17�-HSD (which oxidizes E2 to E1) [43–46], while regulation
f the AR is governed by AKR1C2 (which reduces 5�-DHT to 3�-
iol) and by HSD17B6 (which oxidizes 3�-diol to DHT) [47,48].
hus a component of measuring intra-tumoral levels of steroid
ormones is to distinguish between the intracrine formation of
etosteroids from hydroxysteroids. The LC–ECAPCI-MS method
equires derivatization to an electron capturing group. This can
e accomplished using the pentafuorobenzyl bromide or pentaflu-
robenzylcarboxymethoxime derivative, for hydroxysteroids and
etosteroids, respectively. The derivatization with pentafluoroben-
ylcarboxymethoxime was developed originally for EC negative
hemical ionization gas chromatography–MS of ketosteroids Alter-
atively, conventional derivatives such as N-hydroxy-oximes [49]
r pre-ionized derivatives such as those formed by the Girard T
eagent [50] could be employed to improve sensitivity of ketos-
eroid detection by ESI/MS or APCI/MS [51,52]. The next phase of
ur work will be to implement such methods.
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