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a b s t r a c t

Estrogen is suspected to play a role in the pathogenesis of benign prostatic hyperplasia (BPH) and prostate
cancer. To clarify the role of estradiol (E2) in the prostatic tissues (prostatic tissue E2) during the develop-
ment of prostatic disorders, we developed a new sensitive and specific quantification method for prostatic
tissue E2 using liquid chromatography–tandem mass spectrometry (LC–MS/MS). For the solid-phase
extraction, E2 was purified by anion-exchange through an Oasis MAX cartridge. In addition, after the for-
mation of 3-pentaflurobenzyl-17�-pyridinium-estradiol derivative (E2-PFBPY), E2-PFBPY was purified
by cation-exchange through an Oasis WCX cartridge. These processes in the LC-MS/MS method improved
the specificity and sensitivity for prostatic tissue E2 measurement, compared to the radioimmunoassay
(RIA) method. The validation tests showed that intra-day and inter-day precisions were both within ±15%
enign prostatic hyperplasia
olid-phase extraction
ge

(except for 15.5% of the inter-day precision of the lowest concentration), with the accuracy ranging from
88 to 110%. The quantification limit of this assay was 0.15 pg/tube in our method, which was 80-fold
more sensitive than that of the RIA method. With the use of our present method, the median E2 levels
in the prostatic tissues in patients with BPH (n = 20, median age: 71 years) were 12.0 pg/g tissue (95%
confidence interval = 9.1–22.6 pg/g tissue). Furthermore, the E2 levels increased significantly with aging.
These results showed that our present method would be useful for elucidating the role of prostatic tissue

pros
E2 in the development of

. Introduction

The role of estrogen in the development of prostatic disor-
ers, including benign prostatic hyperplasia (BPH) and prostate
ancer (PCa), is poorly understood. It is known that estrogen
an indirectly reduce serum androgen levels via the suppression
f hypothalamic–pituitary–gonadal axis [1,2], whereas the direct
ffects of estrogen on the prostatic tissues are still equivocal. Sev-
ral reports have revealed that the aromatase enzyme is expressed
n both BPH and PCa tissues [3]. Two subtypes of estrogen recep-
or are also expressed in the prostatic tissues; estrogen receptor

in the stroma and estrogen receptor � predominantly in the

pithelium [4,5]. In human BPH tissues, increased accumulation
f estradiol (E2) is observed in the nuclei of stromal cells [6], and
tromal E2 levels increase with aging [7]. Moreover, in the Noble
at model, the co-administration of E2 and testosterone induces

∗ Corresponding author. Tel.: +81 27 220 8322; fax: +81 27 220 8318.
E-mail address: seiji@showa.gunma-u.ac.jp (S. Arai).

039-128X/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
oi:10.1016/j.steroids.2009.09.004
tatic disorders with a small amount of tissue samples.
© 2009 Elsevier Inc. All rights reserved.

the development of epithelial dysplasia and adenocarcinoma in
the dorsolateral prostate [8], whereas the development of E2- and
testosterone-related dysplasia is completely prevented by a syn-
thetic estrogen receptor antagonist [9]. These findings evidence the
synthesis of estrogen in the prostatic tissues, and suggest that E2
may contribute to the pathogenesis of BPH and PCa in collabora-
tion with the estrogen receptors. Therefore, the measurement of E2
levels in the prostatic tissues is essential for the elucidation of the
direct effect of E2 on the development of BPH and PCa.

Despite this, only a few reports have investigated E2 levels in
the prostatic tissues [6,7,10,11]. In their methods, the levels of pro-
static tissue E2 are measured using radioimmunoassay (RIA), and
the validation of their methods has not been performed sufficiently
below the level of 10 pg. We had previously developed and vali-
dated a precise method for the prostatic tissue E2 measurements

by RIA [12]. The sensitivity of our method using RIA was low, and
over 1 g of the prostatic tissue was required for a precise analysis.

Liquid chromatography–tandem mass spectrometry
(LC–MS/MS) has recently considered to be a useful method
for quantification of steroid hormones because of its accuracy

http://www.sciencedirect.com/science/journal/0039128X
http://www.elsevier.com/locate/steroids
mailto:seiji@showa.gunma-u.ac.jp
dx.doi.org/10.1016/j.steroids.2009.09.004


1 roids 7

a
c
S
h
t
o
f
e
u
w
(
m
o

m
a
a
l
i

2

2

S
f
z
w
J
I
W
(
c
a

2

t

4 S. Arai et al. / Ste

nd sensitivity [13], but no investigators have performed the pre-
ise measurement of prostatic tissue E2 levels using LC–MS/MS.
olid-phase extraction is widely used for the purification of steroid
ormone before LC–MS/MS analysis. Oasis MAX cartridges have
he ability of anion-exchange, which is one of the retention meth-
ds of solid-phase extraction and a selective isolation procedure
or acidic compounds such as phenols, including E2 and other
strogens [14–16]. Therefore, an Oasis MAX cartridge might be
seful for the specific purification of prostatic tissue E2. Moreover,
e had recently developed a new derivatization method for E2

Fig. 1) [17,18] that might improve the sensitivity of quantification
ethod for prostatic tissue E2 using LC–MS/MS compared to that

f the previous RIA method.
In this study, we developed and validated a new determination

ethod for prostatic tissue E2 levels using Oasis MAX extraction,
nd a new derivatization method for E2 followed by LC–MS/MS
nalysis. Furthermore, we investigated age-related changes of E2
evels in the prostatic tissues with BPH, to elucidate the role of E2
n the development of BPH.

. Experimental

.1. Materials and reagents

Standard E2 was purchased from National Institute of Health
ciences (Tokyo, Japan). [1,2, 3, 4-13C4]-E2 (E2-C4) was purchased
rom Hayashi Pure Chemical Ind. Ltd. (Osaka, Japan). Pentafluroben-
yl bromide and 2-fluoro-1-methylpyridinium p-tolensulfonate
ere purchased from Tokyo Chemical Industry Co. Ltd. (Tokyo,

apan). Triethylamine was purchased from Wako Pure Chemical
ndustries Ltd. (Osaka, Japan). Oasis MAX (60 mg, 3 ml) and Oasis

CX (60 mg, 3 ml) cartridges were purchased from Waters Co.
Milford, MA, USA). An InertSep SI cartridge (500 mg, 3 ml) was pur-
hased from GL sciences Inc. (Tokyo, Japan). All solvents were of
nalytical grade.
.2. LC–MS/MS

For LC–MS/MS, an API-5000 triple stage quadrupole mass spec-
rometer equipped with a positive electrospray ionization (ESI)

Fig. 1. Derivatiza
5 (2010) 13–19

source (Applied Biosystems Inc., Foster City, CA, USA) and a Shi-
madzu HPLC system (SCL-10Avp system controller, LC-20AD pump,
SIL-HTc column oven, CTO-20A auto-sampler; Shimadzu Co. Ltd.,
Kyoto, Japan) was employed. The column was Xterra MS-C18 col-
umn (100 mm × 2.1 mm i.d., 3.5 �m, Waters Co., Milford, MA, USA)
and used at 40 ◦C. The mobile phase consisting of 0.1% HCOOH (Sol-
vent A) and CH3CN/CH3OH (50:50) (Solvent B) was used with a
gradient elution of A:B = 50:50–40:60 (0.0–3.0 min), 40:60–20:80
(3.0–7.0 min), 0:100 (7.0–9.0 min), and 50:50 (9.0–12.0 min) at
a flow rate of 0.4 ml/min. E2 and E2-C4 were analyzed as their
3-pentaflurobenzyl-17�-pyridiniums (PFBPY derivatives) by ESI-
MS/MS. The ESI-MS/MS conditions were as follows: declustering
potential, 100 V; spray voltage, 5500 V; collision gas, nitrogen, 6 psi
(gas pressure); collision energy, 40 eV; curtain gas, nitrogen, 12 psi
(gas pressure); and ion source temperature, 550 ◦C. The precursor
and product ions of PFBPY derivatives were as follows: m/z 544.2
and 339.0 for E2-PFBPY; and m/z 548.2 and 343.2 for E2-C4-PFBPY.

2.3. Analytical methods of estrogen

2.3.1. Prostatic tissues
Prostatic tissues were obtained from 20 patients to whom open

or transurethral surgery for BPH without hormonal therapy had
been performed at Gunma University and its affiliate hospitals.
The prostatic tissues were excised immediately after collection
and stored at −80 ◦C until analysis. All tissues were obtained in
accordance with the requirements and approval of the Commit-
tee for Human Ethics and Experimentation at Gunma University,
Isesaki Municipal Hospital, and Kiryu Kosei General Hospital. Writ-
ten informed consent was obtained from all participants.

2.3.2. Sample preparation (Fig. 2)
The frozen prostatic tissues were pulverized in liquid nitrogen

to powder, and then homogenized in 10 times volume of distilled
water using an Ultra-Turrax homogenizer (IKA, Staufen, Germany)

in an ice bath. The homogenized sample (50–100 mg) was trans-
ferred to a test tube, and 100 pg of E2-C4 was added as an internal
standard to the homogenized sample, which was then extracted
with 3 ml of ethyl acetate. After evaporation, the extract was dis-
solved in 0.25 ml of CH3OH, diluted with 1 ml of distilled water, and

tion of E2.



S. Arai et al. / Steroids 7

t
c
0
w
t
e
b

2
2

1
b
t
d
0
a
c
c
a
o
n
a
0
p
e
A
P
d
c
C
w
C
w
t
2
d

2

p

Fig. 2. Flow sheet of the analytical method.

hen applied to an Oasis MAX cartridge which had been successively
onditioned with 3 ml of CH3OH, 3 ml of distilled water, 1 ml of
.2 M NaOH, and 3 ml of distilled water. The cartridge was washed
ith 3 ml of CH3OH and 2 ml of HCOOH/50% CH3OH (2:98), and

hen E2 was eluted with 3 ml of HCOOH/80% CH3CN (2:98). After
vaporation, the residue was subjected to derivatization described
elow.

.3.3. Derivatization of E2 with pentaflurobenzyl bromide and
-fluoro-1-methylpyridinium p-tolensulfonate

E2 was dried perfectly using a vacuum desiccator at 40 ◦C for
h. The dried E2 was reacted with 0.1 ml of pentaflurobenzyl
romide/CH3CN (1:40) and 50 �l of 0.8% KOH at 53 ◦C for 1 h using a
hermostat, and then 3-pentafluorobenzyl-estradiol (E2-PFB) was
ried under a steam of nitrogen. The residue was dissolved in
.25 ml of ethyl acetate, diluted with 1 ml of hexane, and then
pplied to an InertSep SI cartridge, which had been successively
onditioned with 3 ml of ethyl acetate and 3 ml of hexane. The
artridge was washed with 1 ml of hexane and 2.5 ml of ethyl
cetate/hexane (10:90), and then E2-PFB was eluted with 2.5 ml
f ethyl acetate/hexane (50:50). E2-PFB was evaporated to dry-
ess using a centrifugal evaporator, and then dried perfectly using
vacuum desiccator at 40 ◦C for 1 h. E2-PFB was then reacted with
.2 ml of mixed solution (20 mg of 2-fluoro-1-methylpyridinium
-tolensulfonate in 1 ml of dichloromethane) and 30 �l of tri-
thylamine/dichloromethane (1:10) at room temperature for 1.5 h.
fter reaction, the sample was dried under a stream of nitrogen. E2-
FBPY was dissolved in 0.5 ml of CH3OH and diluted with 0.5 ml of
istilled water, and then the mixture was applied to an Oasis WCX
artridge which had been successively conditioned with 3 ml of
H3CN, 3 ml of CH3OH and 3 ml of distilled water. The cartridge was
ashed successively with 1 ml of 0.3% ammonia solution, 3 ml of
H3CN and 2 ml of HCOOH/50% CH3OH (2:98), and then E2-PFBPY
as eluted with 2 ml of HCOOH/80% CH3CN (2:98). After evapora-

ion, the residue was dissolved in 0.1 ml of the mobile phase, and
0 �l of the solution was subjected to an LC–MS/MS analysis, as
escribed above.
.3.4. Calibration of standard curves
Seven concentrations of standard E2 (0.15–100 pg/tube) were

ut into each tube. Subsequently, 100 pg of E2-C4 was added to each
5 (2010) 13–19 15

standard tube as internal standards. E2 was isolated from each solu-
tion, and then E2 was derivatized as described above and subjected
to an LC–MS/MS analysis. The calibration curve was constructed
by plotting the peak area ratio (analyte steroid/internal standard)
against the amount of analyte steroid.

2.4. Validation of the analytical method

2.4.1. Assay accuracy
The prostatic tissue samples (9 mg) collected from 5 individuals,

which were spiked with (spiked samples) or without (un-spiked
samples) E2, were prepared. An internal standard was added to
each sample, and the resulting sample was then measured as
described above. The assay accuracy was evaluated by analyzing
the recovery rate, which was defined as Fs/F0 × 100%, where Fs and
F0 were the measured amounts of E2 in the spiked samples and
those of un-spiked samples and the spiked amount, respectively.
The spiked amounts of E2 were 0.5 pg and 10 pg.

2.4.2. Assay precision
The prostatic tissues (3 mg), which were spiked with various

amounts of E2, were used for the determination of the assay preci-
sion. Internal standard was added to each sample, and the resulting
sample was then measured as described above. The intra-day pre-
cision was evaluated by measuring the resulting samples (n = 5) on
the same day. The inter-day precision was evaluated by measuring
the resulting samples for 3 days (n = 5, each day). The recovery rate
was also measured as described above. The spiked amounts of E2
were 0.15 pg, 0.25 pg, 5 pg, and 50 pg.

2.5. Statistical analysis

The correlation between the prostatic tissue E2 levels and age in
patients with BPH was analyzed using Spearman rank correlation
coefficients. E2 levels below the quantification limit were set equal
to the lower limit of quantification for statistical analysis; which
might have introduced bias in favor of not finding a significant dif-
ference. All data were analyzed using SPSS software v.11.0 (SPSS,
Inc., Chicago, IL). Tests were two-sided, and P values of less than
0.05 were considered to be statistically significant.

3. Results

3.1. Recovery of E2 during purification with Oasis MAX and Oasis
WCX cartridges

After conditioning an Oasis MAX cartridge with NaOH solu-
tion, E2 was retained to the solid-phase, whereas other neutral
steroids (e.g., testosterone) were recovered from the liquid-phase
that passed though the solid-phase (Fig. 3). The mean recovery rates
of E2 and testosterone were 83.4% (n = 2) and 98.6% (n = 2), respec-
tively. After conditioning an Oasis WCX cartridge with ammonia
solution, E2-PFBPY was retained to the solid-phase. The mean
recovery rate of E2-PFBPY from an Oasis WCX cartridge was 88%
(n = 2).

3.2. Development of method of quantitative analysis

3.2.1. LC–MS/MS
The molecular cation was only observed at m/z 544.2 for E2-
PFBPY as a base peak (Fig. 4a). Collision of the molecular ion of
E2-PFBPY (Fig. 4b) gave the characteristic product ions at m/z 339.0
(ring A moiety of E2-PFBPY which cleaved ring C moiety), m/z 181.0
(the pentaflurobenzyl moiety), and m/z 110.0 (the pyridinium moi-
ety). MRM transition of m/z 544.2 to m/z 339.0 was chosen by means
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false results, since the prostatic tissue E2 levels are known to be very
low [12]. In contrast, the calibration curves of LC–MS/MS are lin-
ig. 3. Recovery of E2 and testosterone from the solid-phase and the liquid-phase
hat passed through an Oasis MAX cartridge.

f providing the highest signal to the noise ratio and lowest back-
round peak, whereas the highest ESI responses were obtained by
sing MRM transition of m/z 544.2 to m/z 110.0. The typical MRM
hromatogram of E2 was shown in Fig. 5. The resolution of the peak
emonstrated no interfering peak.

.2.2. Calibration curve and limit of quantification
Standard calibration curve for E2 was linear, and coefficient of

orrelation was beyond 0.999. Regression analysis of five standard
alibration curves showed a mean (SD) slope of 0.0042 (0.0001) and
mean y intercept of 0.00028 pg (0.00013 pg) within the range of
.15–100 pg/tube. Relative error (n = 5) and coefficient of variation
n = 5) at the lowest level on the standard curve were −6.7% and
3.4%, respectively. Signal to the noise ratio at the lowest level on
he standard curve was more than 10. The limit of quantification
as defined as the lowest level on the standard curve of the analyte
ith an acceptable accuracy (relative error < ±20%) and precision
coefficient of variation < ±20%), and with signal to the noise ratio
f not less than 5. According to this definition, the lower limit of
uantification for E2 was 0.15 pg/tube.

Fig. 4. Mass spectra of (a) E2-PFB
5 (2010) 13–19

3.3. Assay accuracy and precision

The assay accuracy for E2 was defined as the recovery rate
described above. Mean (SD) recoveries in E2 assays were 104.1%
(9.3%) for 0.5 pg of spiked amount and 98.6% (5.1%) for 10 pg
(Table 1). All the assay accuracies ranged from 85 to 115%. The
intra-day assay precision (relative standard deviation, RSD) and the
inter-day assay precision (RSD) for E2 were 1.3–6.9% and 3.1–15.5%,
respectively (Table 2). All the assay precisions were within ±15%,
except for 15.5% of the inter-day assay precision at the lowest
spiked concentration.

3.4. The E2 levels in BPH

Twenty patients at 58–82 years of age (median, 71 years) under-
went open or transurethral surgery for BPH. The median prostatic
tissue E2 levels in patients with BPH were 12.0 pg/g tissue (95%
confidence interval = 9.1–22.6 pg/g tissue). The prostatic tissue E2
levels increased significantly with aging (rs = 0.51, P = 0.02; Fig. 6).

4. Discussion

In this study, we developed a sensitive and specific analyt-
ical method for quantifying E2 in the prostatic tissue by using
LC–MS/MS for the first time. Several reports have suggested that
local E2 may contribute to the pathogenesis of BPH and PCa [19,20],
but only a few groups have reported the details of prostatic tissue
E2 [6,7,10–12]. All of these previous reports have determined pro-
static tissue E2 levels by RIA methods. However, it is well known
that the dose–response curves using RIA data are non-linear, and
consequently various curve-fitting methods have been used for the
determination by RIA [21,22]. Despite use of various curve-fitting
methods, only a segment of the standard curve is linear. Thus, low
levels of the steroid hormones are usually determined at a portion
of the calibration curve where the variance is large. These findings
have been previously confirmed by various reports [23–25]. There-
fore, measurement of prostatic tissue E2 levels by RIA may lead to
ear, and consequently LC–MS/MS avoids the bias at low levels of E2
within the range of the calibration curves. Hsing et al. report the low
reproducibility of the RIA method as compared to the LC–MS/MS

PY and (b) its product ion.
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ig. 5. Typical LC–MS/MS chromatograms of PFBPY derivatives obtained from (a) sta

ethod for quantifying serum E2 [13]. Nelson et al. report that RIA
nd LC–MS/MS give different measurement results for serum E2
elow the level of 13.5 pg/ml [26]. These findings demonstrate the

sefulness of LC–MS/MS method for the determination of low levels
f prostatic tissue steroid hormones, such as E2. Furthermore, when
sing LC–MS/MS method, the tandem MS can increase specificity
f analytical steroid hormones, since the molecular ion is cleaved

able 1
ssay accuracy.

Patient Matrices Spiked (pg)

1

Prostatic tissue (9 mg)

0
0.5

10.0
2 0

0.5
10.0

3 0
0.5

10.0
4 0

0.5
10.0

5 0
0.5

10.0

a Values were obtained by addition of spiked amount and measured amount of un-spik
b Recovery rate: measured value/expected value × 100.

able 2
ntra-day and inter-day assay precision.

Matrices Spiked (pg) Intra-day assay

Measured (pg)a RSD (pg)b Re

Prostatic tissue (3 mg)

0 0.15 ± 0.02 –
0.15 0.30 ± 0.02 6.9 10
0.25 0.41 ± 0.02 4.4 10
5.00 5.06 ± 0.15 2.9 9

50.00 50.24 ± 0.65 1.3 10

a Mean ± SD for the intra-day (n = 5) and inter-day (3 days, n = 5 for each day) assay var
b Relative standard deviation.
c Recovery rate: measured value/expected value × 100. Expected values were obtained

ase.
E2 (0.5 pg) + internal standard and (b) prostatic tissue (100 mg) + internal standard.

twice and there is little chance for contamination by impurities
(Fig. 4).

The derivatization of steroid hormones is essential for improv-

ing the detection sensitivity of LC–MS/MS due to the low ionization
of steroid hormones [16]. We had previously measured the serum
E2 levels by LC–MS/MS using reversed-phase extraction and deriva-
tization procedure to form E2-PFBPY, and the quantification was

Measured (pg) Expected (pg)a Recovery rate (%)b

Not detected – –
0.52 0.50 104.0
9.76 10.00 97.6
0.13 – –
0.54 0.63 85.7
10.61 10.13 104.7
0.09 – –
0.55 0.59 93.2
9.21 10.09 91.3
0.18 – –
0.75 0.68 110.3
9.90 10.18 97.2
Not detected – –
0.44 0.50 88.0
9.98 10.50 99.8

ed sample.

Inter-day assay

covery rate (pg)c Measured (pg)a RSD (pg)b Recovery rate (%)c

– 0.11 ± 0.05 – –
0.0 0.25 ± 0.04 15.5 97.4
2.5 0.36 ± 0.05 12.5 99.3
8.3 4.84 ± 0.30 6.3 94.7
0.2 49.34 ± 1.51 3.1 98.5

iation tests.

by addition of spiked amount and measured amount of un-spiked sample for each
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Fig. 6. Relation of the prostatic tissue E2 with ages.

ossible at the 0.1 pg/ml levels (un-published date). We had also
reviously measured the tissue E2 levels by the same method,
ut the inadequate purification resulted in low sensitivity of E2
data not shown). Thus, in this study, we improved the purification

ethod of E2.
Oasis MAX cartridges are made of divinylbenzene-N-

inylpyrrolidone copolymer backbone, on which quaternary
mine groups are covalently bonded [15]. Due to the presence of
hese quaternary amine groups, Oasis MAX cartridges can retain
cidic compounds, such as E2, through anion-exchange, which
s a subtype of ion-exchanges [14]. Thus, after conditioning an
asis MAX cartridge with NaOH solution, E2 was dissociated

rom proton and consequently could be efficiently retained to the
artridge, whereas other steroids could not be retained (Fig. 2).
ation-exchange is also a subtype of ion-exchanges used for
etention on the solid-phase [27]. Oasis WCX cartridges are made
f divinylbenzene-N-vinylpyrrolidone copolymer backbone, on
hich carboxylic acid groups are covalently bonded. Due to the
resence of these carboxylic acid groups, Oasis WCX cartridges
an retain strong basic compounds such as quaternary amine.
nterestingly, E2 has changed to have a basic feature after the
ormation of E2-PFBPY because of the presence of quaternary
mine on pyridinium. Thus, after conditioning an Oasis WCX
artridge with ammonia solution, proton in the cartridge was
issociated from carboxylic acid and consequently E2-PFBPY could
e efficiently retained to the cartridge.

These purification methods using solid-phase extraction and
erivatization procedure to form E2-PFBPY improved the speci-
city and sensitivity of prostatic tissue E2 by LC–MS/MS. Our
alidation studies demonstrated that both intra-day and inter-day
recisions were less than 20% and yielded mean E2 recoveries of
04% with calibration curve linearity of 0.999. Moreover, we con-
rmed a good linearity for each prostatic tissue (n = 5, 10–100 mg)

n the evaluation of the additivity of prostatic tissues (data not
hown). The quantification limit (0.15 pg/tube) for the prostatic
issue E2 in our present study by LC–MS/MS was 80-fold more sen-
itive than that of our previous method by RIA [12], and our new
ethod enabled the quantification of prostatic tissue E2 with only
small amount of tissue sample (16 mg). Our results on the quan-

ification of prostatic tissue E2 in BPH generally resembled those
n the previous reports, except for a study by Belis et al. [6,10,12].
n the RIA method by Belis et al., 500 mg of prostatic tissues are

sed for the measurement of tissue E2 level, and the validation of
his method has not been performed below the level of 20 pg. Thus,
he measurements of prostatic tissue E2 below the levels of 40 pg/g
issue may lead to false results, which may be the reason why their
esults are higher than those of other reports.

[

[

5 (2010) 13–19

As the incidence of BPH increases with aging, age-related
changes in the endocrine environment in the prostatic tissue must
be associated with the pathogenesis of BPH. Our present results
showed the prostatic tissue E2 levels increased significantly with
aging, which were consistent with the results of Krieg et al. [7].
They report that age-related increase of E2 levels in the prostatic
stroma and age-related decrease of 5-alpha dihydrotestosterone
(DHT) in the prostatic epithelium lead to the dramatic increase
of the ratio of estrogen to androgen in the prostatic stroma with
age. We had also previously reported that the ratio of E2 to DHT
level in the prostatic tissue increased with age and showed a sig-
nificant positive correlation with the proportion of the prostatic
stroma [12]. These findings suggest that the prostatic tissue E2 has
a synergistic role with prostatic tissue DHT in the pathogenesis of
BPH. Furthermore, in contrast with the age-related increase of the
prostatic tissue E2, the serum E2 levels remained unchanged with
aging [28]. This discrepancy suggests the increase of E2 synthesis
in the prostatic tissues with age, but no further reports are avail-
able about the changes of aromatase expression and activity in BPH
with aging. Therefore aromatase in BPH should be investigated in
the future to elucidate the relationship between aging and devel-
opment of BPH. Moreover, Hiramatsu et al. report that aromatase
expression and activity are identified in both BPH and PCa tissues
[3]. Ellem et al. report that aromatase expression is observed in PCa
cell lines and microdissected PCa cells [29]. Tsuchiya et al. report
that the aromatase gene polymorphism may be a prognostic pre-
dictor of metastatic PCa [30]. These reports suggest that estrogen
has a significant role in the development of PCa, as well as BPH.
Therefore, measurement of estrogen levels in the prostatic tissue
is necessary for elucidating the mechanism of both BPH and PCa
development. Furthermore, our sensitive method would provide
reliable results about the prostatic tissue E2 levels with a small
amount of tissue sample, such as a biopsy sample, and consequently
would be a powerful tool for future studies on the role of prostatic
tissue E2 in development of BPH and PCa.

References

[1] Salhanick HA, Hisaw FL, Zarrow MX. The action of estrogen and progesterone
on the gonadotropin content of the pituitary of the monkey (Macaca mulatta).
J Clin Endocrinol Metab 1952;12:310–20.

[2] Cook JC, Johnson L, O’Connor JC, Biegel LB, Krams CH, Frame SR, et al. Effects
of dietary 17 beta-estradiol exposure on serum hormone concentrations and
testicular parameters in male Crl:CD BR rats. Toxicol Sci 1998;44:155–68.

[3] Hiramatsu M, Maehara I, Ozaki M, Harada N, Orikasa S, Sasano H. Aromatase in
hyperplasia and carcinoma of the human prostate. Prostate 1997;31:118–24.

[4] Brolin J, Skoog L, Ekman P. Immunohistochemistry and biochemistry in detec-
tion of androgen, progesterone, and estrogen receptors in benign and malignant
human prostatic tissue. Prostate 1992;20:281–95.

[5] Enmark E, Pelto-Huikko M, Grandien K, Lagercrantz S, Lagercrantz J, Fried G, et
al. Human estrogen receptor beta-gene structure, chromosomal localization,
and expression pattern. J Clin Endocrinol Metab 1997;82:4258–65.

[6] Kozak I, Bartsch W, Krieg M, Voigt KD. Nuclei of stroma: site of highest estrogen
concentration in human benign prostatic hyperplasia. Prostate 1982;3:433–8.

[7] Krieg M, Nass R, Tunn S. Effect of aging on endogenous level of 5 alpha-
dihydrotestosterone, testosterone, estradiol, and estrone in epithelium and
stroma of normal and hyperplastic human prostate. J Clin Endocrinol Metab
1993;77:375–81.

[8] Bosland MC, Ford H, Horton L. Induction at high incidence of ductal prostate
adenocarcinomas in NBL/Cr and Sprague–Dawley Hsd:SD rats treated with a
combination of testosterone and estradiol-17 beta or diethylstilbestrol. Car-
cinogenesis 1995;16:1311–7.

[9] Thompson CJ, Tam NN, Joyce JM, Leav I, Ho SM. Gene expression pro-
filing of testosterone and estradiol-17 beta-induced prostatic dysplasia in
Noble rats and response to the antiestrogen ICI 182, 780. Endocrinology
2002;143:2093–105.

10] Belis JA. Methodologic basis for the radioimmunoassay of endogenous steroids
in human prostatic tissue. Invest Urol 1980;17:332–6.
11] Belis JA, Tarry WF. Radioimmunoassay of tissue steroids in adenocarcinoma of
the prostate. Cancer 1981;48:2416–9.

12] Shibata Y, Ito K, Suzuki K, Nakano K, Fukabori Y, Suzuki R, et al. Changes in
the endocrine environment of the human prostate transition zone with aging:
simultaneous quantitative analysis of prostatic sex steroids and comparison
with human prostatic histological composition. Prostate 2000;42:45–55.



roids 7

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[29] Ellem S, Schmitt J, Pedersen J, Frydenberg M, Risbridger G. Local aromatase
S. Arai et al. / Ste

13] Hsing AW, Stanczyk FZ, Belanger A, Schroeder P, Chang L, Falk RT, et al. Repro-
ducibility of serum sex steroid assays in men by RIA and mass spectrometry.
Cancer Epidemiol Biomarkers Prev 2007;16:1004–8.

14] Kojima M, Tsunoi S, Tanaka M. High performance solid-phase analytical deriva-
tization of phenols for gas chromatography–mass spectrometry. J Chromatogr
A 2004;1042:1–7.

15] Kanaujia PK, Pardasani D, Gupta AK, Kumar R, Srivastava RK, Dubey DK. Extrac-
tion of acidic degradation products of organophosphorus chemical warfare
agents. Comparison between silica and mixed-mode strong anion-exchange
cartridges. J Chromatogr A 2007;1161:98–104.

16] Shimada K, Mitamura K, Higashi T. Gas chromatography and high-performance
liquid chromatography of natural steroids. J Chromatogr A 2001;935:141–72.

17] Honma S, Kawabe K. Japanese patent application No.-330,039 (2004).
18] Honma S, Yamashita K. The determination of hormone residues in meat. Horu-

mon To Rinsho 2007;55:201–9 (in Japanese).
19] Carruba G. Estrogen and prostate cancer: an eclipsed truth in an androgen-

dominated scenario. J Cell Biochem 2007;102:899–911.
20] Prins GS, Korach KS. The role of estrogens and estrogen receptors in normal

prostate growth and disease. Steroids 2008;73:233–44.
21] Dudley RA, Edwards P, Ekins RP, Finney DJ, McKenzie IG, Raab GM, et al. Guide-
lines for immunoassay data processing. Clin Chem 1985;31:1264–71.
22] Rodbard D, Lenox RH, Wray HL, Ramseth D. Statistical characterization of the

random errors in the radioimmunoassay dose–response variable. Clin Chem
1976;22:350–8.

23] Shiraishi S, Lee PW, Leung A, Goh VH, Swerdloff RS, Wang C. Simul-
taneous measurement of serum testosterone and dihydrotestosterone by

[

5 (2010) 13–19 19

liquid chromatography–tandem mass spectrometry. Clin Chem 2008;54:
1855–63.

24] Wang C, Catlin DH, Demers LM, Starcevic B, Swerdloff RS. Measurement of total
serum testosterone in adult men: comparison of current laboratory methods
versus liquid chromatography–tandem mass spectrometry. J Clin Endocrinol
Metab 2004;89:534–43.

25] Dorgan JF, Fears TR, McMahon RP, Aronson Friedman L, Patterson BH, Greenhut
SF. Measurement of steroid sex hormones in serum: a comparison of radioim-
munoassay and mass spectrometry. Steroids 2002;67:151–8.

26] Nelson RE, Grebe SKDJOK, Singh RJ. Liquid chromatography–tandem mass spec-
trometry assay for simultaneous measurement of estradiol and estrone in
human plasma. Clin Chem 2004;50:373–84.

27] Peru KM, Kuchta SL, Headley JV, Cessna AJ. Development of a hydrophilic
interaction chromatography–mass spectrometry assay for spectinomycin and
lincomycin in liquid hog manure supernatant and run-off from cropland. J
Chromatogr A 2006;1107:152–8.

28] Belanger A, Candas B, Dupont A, Cusan L, Diamond P, Gomez JL, et al. Changes
in serum concentrations of conjugated and unconjugated steroids in 40- to
80-year-old men. J Clin Endocrinol Metab 1994;79:1086–90.
expression in human prostate is altered in malignancy. J Clin Endocrinol Metab
2004;89:2434–41.

30] Tsuchiya N, Wang L, Suzuki H, Segawa T, Fukuda H, Narita S, et al. Impact of IGF-
I and CYP19 gene polymorphisms on the survival of patients with metastatic
prostate cancer. J Clin Oncol 2006;24:1982–9.


	New quantification method for estradiol in the prostatic tissues of benign prostatic hyperplasia using liquid chromatography-tandem mass spectrometry
	Introduction
	Experimental
	Materials and reagents
	LC-MS/MS
	Analytical methods of estrogen
	Prostatic tissues
	Sample preparation (Fig. 2)
	Derivatization of E2 with pentaflurobenzyl bromide and 2-fluoro-1-methylpyridinium p-tolensulfonate
	Calibration of standard curves

	Validation of the analytical method
	Assay accuracy
	Assay precision

	Statistical analysis

	Results
	Recovery of E2 during purification with Oasis MAX and Oasis WCX cartridges
	Development of method of quantitative analysis
	LC-MS/MS
	Calibration curve and limit of quantification

	Assay accuracy and precision
	The E2 levels in BPH

	Discussion
	References


