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Summary 
Endocrine disruptors (EDs) are ubiquitous substances both in the 
environment and everyday products that interfere with the 
hormonal system. Growing evidence demonstrates their adverse 
effects on the organism, including the reproductive system and 
the prostate, owing to their (anti)estrogenic or antiandrogenic 
effects. Since EDs can interact with steroid hormone actions 
on-site, understanding the levels of intraprostatic EDs in 
conjunction with steroids may hold particular significance. The 
aim of this study was to develop and validate a method for 
determining estrogens, various groups of EDs (bisphenols, 
parabens, oxybenzone and nonylphenol) and phytoestrogens in 
their unconjugated and conjugated forms in prostate tissue by 
liquid chromatography-tandem mass spectrometry, and 
subsequently analyze 20 human prostate tissue samples. The 
method enabled 20 compounds to be analyzed: estrogens 
(estrone, estradiol, estriol), bisphenols (bisphenol A- BPA, BPS, 
BPF, BPAF, BPAP, BPZ, BPP), parabens (methyl-, ethyl-, propyl-, 
butyl-, benzyl- paraben), oxybenzone, nonylphenol and 
phytoestrogens (daidzein, genistein, equol) with LLOQs between 
0.017-2.86 pg/mg of tissue. The most frequently detected EDs in 
prostate tissues were propylparaben (conjugated and 
unconjugated forms in 100 % of tissues), methylparaben 
(unconjugated in 45 % and conjugated in 100 %), ethylparaben 
(unconjugated in 25 % and conjugated in 100 %), BPA 
(unconjugated in 35 % and conjugated in 60 %) and oxybenzone 
(both forms in 45 %). To the best of our knowledge, this is the 
first study detecting EDs, phytoestrogens and estriol conjugate 
(E3C) in the prostate. E3C was the most abundant estrogen in 
prostatic tissue. This highlights the need for further explorations 
into estrogen metabolism within the prostate. 
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Introduction 
 

The incidence of prostate cancer (PCa) has been 
on the rise over the past 40 years [1], and it now stands as 
one of the most frequently diagnosed cancers in men in 
the Czech Republic [2] as well as in other countries [3,4]. 
Apart from factors like age, race, inflammation, and 
genetic background, environmental factors are also 
suspected to play a role in the development of PCa. 
Among these are diet, smoking, and exposure to certain 
endocrine-disrupting chemicals (EDs). EDs can interfere 
with the hormonal system in the body through various 
mechanisms [5]. Given that the prostate gland relies 
heavily on hormones throughout life, it is expected that 
these chemicals may alter prostate physiology [6,7].  

In fact, a majority of both human and animal 
studies have reported an increased risk of PCa associated 
with developmental and adult exposure to EDs (reviewed 
in [6]). The most frequently examined EDs included 
pesticides, bisphenol A (BPA), polychlorinated 
biphenyls, diethylstilbestrol, vinclozolin and dioxins. In 
addition, other well-known EDs include bisphenols, 
parabens, phthalates, per- and poly-fluorinated 
compounds (PFAS), polybrominated diphenyl ethers 
(PBDE) and other phenolic substances such as triclosan, 
alkylphenols and oxybenzone. They are present in 
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personal care products (parabens, triclosan, oxybenzone, 
phthalates), food and drink packaging (bisphenols, 
phthalates, PFAS), common household products (PBDE, 
PFAS), and other materials such as thermal receipts 
(bisphenols), toys (phthalates), outdoor equipment 
(PFAS) and pesticides. Humans are exposed to EDs 
through ingestion, inhalation and dermal contact 
throughout their life, including intrauterine development 
[5,8]. 

Phytoestrogens are compounds of natural origin 
and can be found in soy beans and many soy-derived 
products [9]. They exhibit both estrogenic and 
antiestrogenic activities depending on the concentration 
of endogenous estrogens in the body, since they compete 
for binding sites on the estrogen receptor (ER). When 
endogenous estrogen levels are high, phytoestrogens can 
act as antagonists on the ER due to their lower potency. 
Conversely, when natural estrogen levels are low, 
phytoestrogens can act as agonists on the ER [10]. 
Phytoestrogens can possess both endocrine-disrupting 
and potentially beneficial effects [11-13]. The role of 
phytoestrogens in prostatic diseases is a topic of 
widespread discussion (reviewed in [14-16]), but a recent 
meta-analysis [17] reported on the positive effects of 
daidzein and genistein on reductions of PCa risk.  

While various techniques exist for detecting EDs 
in biological fluids like urine, plasma, or seminal plasma, 
there is currently a lack of analytical methods for directly 
assessing EDs in prostate tissue, despite the potential 
risks associated with EDs influencing prostate health. 
EDs, much like steroids, exist in both unconjugated and 
conjugated forms within the human body, primarily as 
sulfates and glucuronides. Unconjugated forms can be 
measured directly through straightforward methods 
involving precipitation or extraction steps, or through 
more time-intensive processes that include derivatization 
steps to enhance sensitivity. Conjugated forms can also 
be measured directly [18,19], but it is more common to 
first hydrolyze these analytes and then analyze them in 
their de-conjugated form. 

This study addresses two aims. First, to develop 
and validate a method for the determination of estrogens 
and various groups of estrogen-like EDs (parabens, 
bisphenols, phytoestrogens, oxybenzone, nonylphenol) in 
prostate tissue in their unconjugated as well as conjugated 
forms. Second, to use this methodology to analyze  
20 non-cancerous prostate tissues samples from patients 
that underwent robotic radical prostatectomy due to 
localized prostate carcinomas.  

Materials and methods 
 
Chemicals and reagents 

The reference standards of estrone (E1),  
17β-estradiol (E2) and estriol (E3) and deuterated 
standards of estrone (d4E1) and estriol (d2E3) were 
purchased from Steraloids (Newport, RI, USA). 
Standards of bisphenol A (BPA), bisphenol A 
glucuronide (BPAG), bisphenol A sulfate (BPAS) 
bisphenol S (BPS), bisphenol F (BPF), bisphenol AF 
(BPAF), bisphenol AP (BPAP), bisphenol P (BPP), 
bisphenol Z (BPZ), methylparaben (MP), ethylparaben 
(EP), propylparaben (PP), butylparaben (BP), 
benzylparaben (BenzylP), 4-n-nonylphenol (NP), 
daidzein, daidzein glucuronide, genistein, equol, 
oxybenzone and deuterated standards of BPA (d16BPA), 
NP (d4NP) and E2 (d3E2) as well as ammonium fluoride 
trimethylchlorsilane (TMCS) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Deuterated standards of 
MP (d4MP) and PP (d4PP) were purchased from Chiron 
(Trondheim, Norway). Deuterated EP (d4EP) and BP 
(d4BP) were obtained from EQ Laboratories GmbH 
(Augsburg, Germany). Deuterated daidzein (d4Daidzein) 
and genistein (d4Genistein) were purchased from Cayman 
Chemical Company (Ann Harbor, MI, USA). Internal 
standards of BPZ (d6BPZ), BPP (d16BPP), BPAP 
(d5BPAP) and BPAF (13C12BPAF) were purchased from 
Toronto Research Chemicals Canada (Toronto, ON, 
Canada). Deuterated BPS (d4BPS) was synthesized from 
tetrabrominated BPS via catalytic dehalogenation as 
reported previously [20]. Ethyl acetate (≥ 99.9 %) and  
n-hexane (≥ 99 %) were supplied by VWR International 
(Wayne, PA, USA). Methanol (≥ 99.9 %,) and water 
were from Honeywell Research Chemicals (Charlotte, 
North Carolina, USA). All solvents and reagents were of 
LCMS grade. 

 
Study population and sample collection 

The prostate samples were obtained from men 
attending the Department of Urology, Military University 
Hospital, Prague that underwent robot-assisted radical 
prostatectomy due to PCa. All procedures were 
performed with a da Vinci Xi Surgical System (Intuitive 
Surgical, Sunnyvale, CA, USA). The non-cancerous 
prostate tissue, as demonstrated by histopathological 
examination, was used in this study. Immediately after 
surgery the samples were frozen and stored in glass vials 
in -80 °C until analysis. Pooled tissue samples were used 
for validation experiments, and tissue samples from  
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20 patients were subsequently analyzed by the newly 
developed method. 

The study adhered to the Declaration of Helsinki 
(2000) by the World Medical Association. The protocol 
received approval from the Ethics Committee of the 
Military University Hospital Prague under the reference 
number 108/15-26/2020. Informed written consent for the 
use of biological materials for research purposes was 
obtained from all subjects participating in the project. 

 
Sample preparation 

The method is based on a previously published 
method for determining EDs and estrogens in human 
plasma [21], with optimization for prostatic tissue 
preparations. A frozen prostate sample (approximately  
20 mg) was wrapped in aluminum foil, placed in liquid 
nitrogen, and then pulverized with a hammer. The 
homogenized prostate tissue was transferred into a glass 
tube and weighed. Next, 1 ml of 0.9 % of saline was 
added, followed by liquid-liquid extraction by hexane-
ethylacetate (v:v 3:2; 3 ml, 2 mins). The aqueous phase 
was frozen in dry ice, allowing the organic phase 
containing unconjugated steroids and EDs to be decanted 
into a clean glass tube. The organic phase was evaporated 
to dryness using a vacuum concentrator. Subsequently, 
the samples were reconstituted in 100 μL of 50 % 
methanol, transferred into an Eppendorf tube and 
underwent centrifugation (15000 g, 5 mins). The 
supernatant was moved to a glass vial with an insert and 
30 μL was used for the LC-MS/MS analysis of 
unconjugated analytes. 

To determine conjugated analytes, the aqueous 
phase with remaining conjugated steroids and EDs was 
precipitated by 2 ml of iced methanol. The samples were 
centrifuged (3000 rpm, 5 min) and the supernatant was 
transferred to a clean glass tube and evaporated to 
dryness. Chemical deconjugation by trimethylchlorsilane 
(TMCS) followed: 500 uL of 1 M TMCS was added to 
each sample and incubated 1 h in 55 °C. Then 
approximately 100 mg of sodium bicarbonate was added 
and again evaporated to dryness. The dry residues were 
finally reconstituted in 100ul of 50 % MeOH and 
processed the same way as unconjugated steroids. 

Each batch consisted of two calibration sets, the 
samples and quality control (QC) samples; these included 
a doublet of the pooled matrix and a doublet of pooled 
matrix with the addition of 10pg of each analyte (except 
BPA, BPS and MP, where the addition was 40pg). 

 

Liquid chromatography- tandem mass spectrometry  
(LC-MS/MS) conditions 

Liquid chromatography was performed on  
an ExionLC AD liquid chromatography system (Sciex, 
Concord, Canada). A Kinetex Biphenyl column (100 mm 
× 3 mm, 2.6 μm; Phenomenex, Torrance, CA, USA) with 
corresponding Security Guard ULTRA cartridge system 
(UHPLC C18 for 3mm ID biphenyl column; 
Phenomenex, Torrance, CA, USA) was used for the 
separation. A water (A)- methanol (B) system was used 
with a post-column infusion of 6 mmol of ammonium 
fluoride in the water. A gradient elution started at  
a concentration of 50 % B during the initial  
0-0.8 minutes, gradually ascending to 98 % B  
(0.8-6 min), followed by a further increase to 100 % B  
(6-9.4 min). Subsequently, there was a drop to 50 % B 
(9.4-9.6 min), after which the concentration was 
sustained at 50 % B from 9.6 to 12 min. The retention 
times for the analytes are indicated in Table 1. 

A QTRAP 6500+ mass spectrometer (Sciex, 
Concord, Canada), equipped with an electrospray 
ionization (ESI) probe operating in negative ionization 
mode, was used for the detection of the analytes. The 
mass spectrometer conditions were as follows: ion spray 
voltage of -4500 V, temperature of 500 °C, curtain gas at 
35.0 psi, ion source gas 1 at 40.0 psi, and ion source gas 2 
at 50.0 psi. Multiple reaction monitoring (MRM) 
transitions are listed in Table 1. 

 
Method validation  

In order to be validated according to guidelines 
for bioanalytical method validation, the following 
parameters were examined: selectivity, specificity, 
sensitivity, accuracy, precision, recovery and stability.  

The lower limit of quantification (LLOQ) was 
calculated as the 5x signal to noise ratio. Accuracy, 
precision and recovery were determined by a pentaplicate 
analysis of prostate tissue at 4 different concentrations: 
(I) pooled prostate tissue, (II) pooled prostate tissue with 
the addition of 10pg of all analytes except MP, BPA and 
BPS, which were spiked with 40 pg (into 20mg of tissue), 
(III) pooled prostate tissue with the addition of 50 pg of 
all analytes except MP, BPA, BPS with 200 pg (into 
20 mg of tissue), (IV) pooled plasma with the addition of 
120 pg of all analytes except MP, BPA, BPS with 480 pg 
(into 20mg of tissue). Within-run and between-run 
precision were expressed as the coefficient of variation 
and accuracy was calculated as follows: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑐𝑐 (𝐴𝐴) − 𝑐𝑐 (𝐵𝐵)

𝑐𝑐 (𝐶𝐶)
 𝑥𝑥 100 
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where c (A), c (B) and c (C) represent the mean 
concentration of the analyte in the spiked sample, the 

mean concentration in the non-spiked sample and the 
spiked concentration, respectively. 

 
 
Table 1. Retention times, LLOQs, precursor and fragment ions, and MS optimized conditions (declustering potential, DP; collision 
entrance potential, CEP; collision energy, CE; collision cell exit potential, CXP) for all analytes. Entrance potential (EP) was set to -10 V 
for all analytes. Values for the confirmation ion are given in the brackets. 
 

Analyte 
Retention 
time (min) 

LLOQ 
(pg/mg 
tissue) 

Precursor 
ion 

Quantification 
ion 

Confirmation 
ion 

DP (V) CE (V) CXP (V) 

E1 5.51 0.017 269.1 145.0 143.0 -100 -48 (-58) -17 (-19) 
d4E1 5.49 

 
273.0 147.0 145.1 -133 -52 (-72) -13 (-17) 

E2 4.57 0.027 271.0 183.2 145.2 -140 -52 (-54) -17 (-13) 
d4E2 4.53 

 
275.1 185.1 145.1 -105 -56 (-54) -17 (-15) 

E3 2.75 0.042 287.0 186.9 147.1 -5 -52 (-54) -11 (-13) 
d2E3 2.74 

 
289.1 173.0 147.1 -90 -48 (-52) -19 (-21) 

BPA 3.73 1.571 227.1 212.0 133.0 -30 -24 (-32) -17 (-15) 
d14BPA 3.67 

 
241.1 223.0 141.9 -45 -28 (-32) -23 (-17) 

BPS 1.73 2.000 248.9 108.0 91.9 -95 -34 (-40) -5 (-11) 
d4BPS 1.72 

 
252.9 110.0 94.0 -55 -36 (-42) -51 (-11) 

BPF 2.91 0.500 199.0 93.0 105.1 -45 -30 (-28) -15 (-11) 
d10BPF 2.85 

 
209.1 97.2 110.2 -105 -28 (-30) -5 (-7) 

BPAP 4.8 0.150 289.1 274.1 273.2 -45 -26 (-46) -15 (-33) 
d5BPAP 4.78 

 
294.1 279.2 199.8 -55 -30 (-36) -31 (-23) 

BPAF 3.77 2.857 335.0 265.0 197.0 -60 -30 (-50) -17 (-23) 
13C12BPAF 3.76 

 
347.0 277.1 188.2 -45 -32 (-58) -29 (-33) 

BPZ 5.03 0.150 267.2 173.0 223.1 -105 -36 (-44) -21 (-19) 
d6BPZ 5.01 

 
273.1 179.1 147.0 -90 -36 (-46) -23 (-17) 

BPP 5.9 0.450 345.2 330.2 133.0 -140 -34 (-42) -29 (-13) 
d16BPP 5.86 

 
361.2 343.0 325.2 -115 -36 (-52) -55 (-45) 

MP 2.14 1.212 151.0 92.0 136.0 -40 -26 (-20) -13 (-15) 
d4MP 2.12 

 
155.0 96.0 140.0 -35 -28 (-20) -47 (-9) 

EP 2.79 0.086 164.9 92.0 93.0 -40 -30 (-26) -11 (-11) 
d4EP 2.77 

 
169.0 96.0 141.1 -25 -30 (-20) -11 (-9) 

PP 3.48 0.162 179.0 92.0 136.0 -60 -28 (-22) -13 (-15) 
d4PP 3.47 

 
183.0 96.0 140.0 -45 -30 (-22) -15 (-17) 

BP 4.1 0.500 193.0 92.0 136.0 -60 -30 (-24) -11 (-9) 
d4BP 4.11 

 
197.0 96.0 141.0 -55 -30 (-22) -47 (-19) 

BenzylP 4.54 0.048 227.0 92.0 136.0 -45 -28 (-20) -43 (-9) 
NP  5.94 0.500 219.1 106.0 59.2 -80 -28 (-34) -15 (-7) 
d4NP 5.93 

 
223.2 110.0 141.0 -40 -30 (-12) -15 (-23) 

Oxybenzone 5.78 0.500 227.0 211.1 193.9 -60 -28 (-14) -11 (-15) 
d3Oxybenzone 5.76 

 
230.0 211.1 184.2 -40 -32 (-32) -31 (-3) 

Daidzein 2.9 0.385 253.0 207.8 132.0 -120 -40 (-52) -23 (-15) 
d4Daidzein 2.89 

 
257.0 211.9 227.1 -115 -46 (-38) -23 (-19) 

Genistein 3.46 0.500 268.9 133.0 132.0 -90 -38 (-48) -17 (-17) 
d4Genistein 3.43 

 
273.0 136.9 163.0 -85 -44 (-54) -15 (-15) 

Equol 3.39 0.250 241.1 121.0 135.1 -50 -20 (-22) -13 (-21) 
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Autosampler stability was tested by analyzing 
the same set of 20 patients 24 hours after the first 
measurement, and the samples were compared with  
a freshly prepared calibration. The Wilcoxon test was 
used to evaluate the stability of the samples using 
MedCalc software version 22.009 (MedCalc software 
Ltd, Ostend, Belgium). Short-term temperature stability, 
long-term temperature stability, and freeze and thaw 
stability tests were not conducted, as the samples were 
and will be always processed immediately. The stock 
solution stability of EDs and steroids have been evaluated 
in previous studies [20,22]. In addition, the protocol was 
performed on dry ice to ensure constant cold conditions 
to prevent enzymatic activity in the tissue [23,24]. 

To evaluate the efficiency of the deconjugation 
process, we added a known quantity of commercially 
available sulfates (estrone sulfate – E1S, estradiol disulfate 
– E2-2S, estriol sulfate – E3S, bisphenol A sulfate – 
BPAS) and glucuronides (bisphenol A – BPAG, estrone 
glucuronide – E1G) to give a final amount of 100pg of 
unconjugated analyte. The experiment was performed in 
three sets of the 5 pooled prostate tissue samples and three 
sets of 5 pooled plasma matrix. The sulfates (E1S, E2-2S, 
E3S, BPAS) were added to the first set of 5 samples. E1G 
and BPAG were added to the second set of samples, and 
the third set of samples had no conjugates added. 

 
Results 
 
Method validation results 

In the steroid and ED-free prostate tissue, there 
were no interferences at the retention times of the 
analytes, indicating good selectivity. The eight-point 
calibration curve was linear in the examined range  
(2-500 pg/tube for analytes except MP, BPA and BPS 
where 8-2000pg/tube was used), with coefficients of 
determination showing a fit of the calibration line at 0.98 
and higher for all analytes. The method precision and 
accuracy parameters were in accordance with Food and 
Drug Administration [25] and European Medicines 
Agency [26] guidelines for bioanalytical method 
validation, as can be seen in Table 2. The LLOQ for each 
analyte is presented in Table 1. 

Post-preparative (autosampler) stability tests 
were performed for analytes that were detected in at least 
25 % of cases. No statistical difference was observed 
between freshly prepared samples and samples remaining 
24 h in the autosampler. Accordingly, analytes that were 
not detected in freshly prepared samples were also not 
detected after 24h. 

Table 2. Precision and accuracy for the individual analytes. The 
values that are below LLOQ, are marked as n.a (not applicable). 
  

Analyte Added 
(pg) 

Precision ( %) Accuracy 
(%) intra-day inter-day 

E1 

0 n.a n.a 
 

10 10.1 5.9 95.4 
50 11.0 5.1 95.7 

120 9.2 8.4 98.0 

E2 

0 n.a n.a 
 

10 17.9 3.2 102.4 
50 6.7 3.8 110.4 

120 5.6 1.8 109.6 

E3 

0 n.a n.a 
 

10 17.0 17.9 88.3 
50 12.5 5.2 100.0 

120 8.3 2.7 96.7 

BPA 

0 n.a n.a 
 

40 17.9 5.2 107.9 
200 7.8 6.7 95.3 
480 6.5 5.1 92.1 

BPS 

0 n.a n.a 
 

40 13.5 13.1 95.4 
200 3.2 0.9 94.6 
480 3.2 1.0 96.5 

BPF 

0 n.a n.a 
 

10 10.2 4.1 91.3 
50 6.8 2.8 93.1 

120 5.3 1.8 92.1 

BPAP 

0 n.a n.a 
 

10 9.2 3.3 99.4 
50 3.5 2.5 100.6 

120 4.6 1.7 102.5 

BPAF 

0 n.a n.a 
 

10 15.8 6.9 95.0 
50 4.2 2.2 100.7 

120 3.8 1.7 101.4 

BPZ 

0 n.a n.a 
 

10 9.3 1.4 98.6 
50 6.0 0.7 102.7 

120 5.4 2.1 100.9 

BPP 

0 n.a n.a 
 

10 14.8 5.5 94.1 
50 7.0 2.2 97.0 

120 7.9 3.9 98.4 

MP 

0 n.a n.a 
 

40 15.5 14.8 104.8 
200 8.1 4.9 102.2 
480 5.4 1.6 99.9 
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Table 2. (continued) 
 

EP 

0 n.a n.a 
 

10 17.5 19.5 101.1 
50 6.9 3.9 98.3 

120 4.4 2.8 97.1 

PP 

0 n.a n.a 
 

10 10.0 0.9 104.8 
50 7.3 8.0 100.6 

120 4.5 3.9 102.2 

BP 

0 n.a n.a 
 

10 9.5 7.8 103.6 
50 2.6 0.8 105.7 

120 3.8 0.5 106.1 

BenzylP 

0 n.a n.a 
 

10 6.7 6.2 95.9 
50 10.5 1.7 102.6 

120 7.8 5.0 107.7 

NP 

0 n.a n.a 
 

10 11.4 9.2 93.8 
50 9.4 2.6 89.8 

120 6.3 5.9 93.3 

Oxybenzone 

0 n.a n.a 
 

10 22.4 7.0 107.9 
50 5.3 2.4 111.5 

120 4.7 5.9 104.5 

Daidzein 

0 n.a n.a 
 

10 12.5 6.1 95.5 
50 4.6 1.0 98.2 

120 4.7 2.4 99.0 

Genistein 

0 n.a n.a 
 

10 17.8 9.7 93.7 
50 10.1 3.7 98.9 

120 7.0 6.6 101.3 

S-equol 

0 n.a n.a 
 

10 7.6 4.4 97.6 

50 5.6 4.1 99.6 

120 6.8 4.2 101.0 

 
 
The efficiency of the deconjugation process by 

TMCS was tested where standards of sulfates or 
glucuronides were commercially available. Overall, 
TMCS showed good deconjugation efficiency for sulfates 
and poor deconjugation efficiency for glucuronides as can 
be seen in Table 3. The results of deconjugation were 
similar in both examined matrices (pooled prostate tissue 
vs pooled plasma). 

 

Table 3. Efficiency of deconjugation using TMCS, examined by 
adding a calculated amount of sulfates and glucuronides, 
respectively, to give a final amount of 100pg of unconjugated 
analyte. The values are expressed as deconjugation efficiency ± 
relative standard deviation (RSD) 
 

Analyte Matrix 
prostate tissue pooled plasma 

E1S 87±3 % 89±4 % 
E1G 20±18 % 1±8 % 
E2-2S 107±5 % 97±7 % 
E3S 75±8 % 77±16 % 
BPAS 87±10 % 85±12 % 
BPAG -0.5±25 % 1.5± 12 % 

 
 

Determination of EDs, phytoestrogens and estrogens 
from the non-cancerous prostate tissue of 20 patients 

The newly validated method was used for the 
determination of EDs, phytoestrogens and estrogens in 
non-cancerous prostate tissues of 20 patients that 
underwent radical prostatectomy due to localized prostate 
carcinoma. Chromatogram of each analyte is given in 
Figure 1. The most frequently detected EDs were PP, 
MP, BPA, oxybenzone and EP (conjugated as well as 
unconjugated forms), as can be seen in Table 4. Of the 
estrogens, E1 was the most abundant steroid in 
unconjugated form, and conjugated E1 and E3 were 
detected in 100 % of cases. The concentrations of 
conjugated analytes were usually higher, with the 
exception of oxybenzone, EP and BPA. Also, daidzein 
and genistein were detected in their conjugated form in  
2 cases (the same patients). Medians with 1st and  
3rd quartiles are given in Table 4 for cases where the 
analyte was detected in more than 50 % of cases, as this 
gives more information about the concentration 
distribution. Where detected cases were lower than 50 %, 
the mean with standard deviation is shown. 
 
Discussion  
 

The method presented here was focused on the 
determination of endogenous as well as exogenous 
substances in the human prostate. Knowledge of the 
presence of these compounds can subsequently shed more 
light on prostate physiology and pathophysiology. 

Numerous studies have proposed a potential role 
for estrogens in the initiation and advancement of PCa. 
(e.g. [27-31]) and the levels of unconjugated 
intraprostatic estrogens (mainly measured by 
radioimmunoassay) have been the subject of analysis of  
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Fig. 1. Chromatograms of the 20 analytes included in the method in prostate tissue. In cases where the analyte was not detected, the 
chromatogram from the calibration curve is shown (16 pg/tube for BP, BenzylP, E2, BPAP, BPAF, BPP, BPZ, Equol, and 64 pg/tube for 
BPF and BPAF). Respective concentrations of analytes in prostatic tissues were as follows: c(E1)=2.43 pg/mg, c(E3)=3.19 pg/mg, 
c(MP)=49 pg/mg, c(EP)=0.568 pg/mg, c(PP) =3.66 pg/mg, c(BPA)=5.25 pg/mg, c(BPS)=2.66 pg/mg, c(oxybenzone)=12.30 pg/mg, 
c(daidzein)=1.18 pg/mg, c(genistein)=1.38 pg/mg.  
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Table 4. Counts and detection frequency, medians and interquartile ranges (IQR) for each analyte in unconjugated and conjugated 
form in a set of prostate tissue samples (n = 20). Median with IQR was replaced by mean ± standard deviation in cases where 
detection frequency was lower than 50 %. These values are marked with an asterisk. 
 
 
 
 
Analyte  

unconjugated conjugated 
cases 

detected 
detection 
frequency 

(%) 

Median (IQR)  
(pg/mg) 

cases 
detected 

detection 
frequency 

(%) 

Median (IQR)  
(pg/mg) 

E1 16 80 0.024 (0.017;0.025) 20 100 1.788 (1.082;2.474) 
E2 1 5 0.027 1 5 0.351 
E3 1 5 0.027 20 100 3.039 (2.424;3.828) 
BPA 7 35 1.99±0.67* 12 60 1.675 (LLOQ;3.229) 
BPS 0 0 0 2 10 2.06±0.18 
BPF 0 0 0 0 0 0 
BPAP 0 0 0 0 0 0 
BPAF 0 0 0 0 0 0 
BPZ 0 0 0 0 0 0 
BPP 0 0 0 0 0 0 
MP 9 45 2.46±3.36* 20 100 29.70 (23.00;42.21) 
EP 5 25 0.37±1.15* 20 100 0.303 (0.199;0.525) 
PP 20 100 0.439 (0.296;0.923) 20 100 1.478 (1.079;2.663) 
BP 0 0 0 0 0 0 
BenzylP 0 0 0 0 0 0 
NP  0 0 0 0 0 0 
oxybenzone 9 45 1.61±1.70* 9 45 1.86±2.87* 
daidzein 0 0 0 2 10 0.43±0.18* 
genistein 0 0 0 2 10 0.57±0.23* 
S-equol 0 0 0 0 0 0 

 
 
many studies over the years (reviewed in [32]). 
Concentrations of unconjugated estrogens in benign 
prostate tissue measured in our study were within the 
same concentration ranges as reported by other authors 
[33-35]. As in our study, levels of unconjugated E1 have 
been found to be higher than unconjugated E2 [33,36]. 
Levels of conjugated estrogens in prostate tissue were 
approximately 2 orders of magnitude higher than their 
unconjugated counterparts. Completing the picture, 
conjugated E3 was found to be the most abundant 
estrogen in prostate tissue in our study.   

Findings from blood plasma/serum of healthy 
volunteers have found conjugated E1 levels one order of 
magnitude higher than unconjugated E1 [37,38]. In adult 
men, E1 sulfate is the most abundant circulating estrogen 
[31], and serum E1 sulfate has been suggested as  
a prognostic marker for PCa tumor aggressiveness, since 
mean E1 sulfate levels are significantly increased in 
patients with PSA >10ng/mL compared with patients 
with PSA < 10ng/mL [39]. Intraprostatic steroid 

concentrations have been reported to poorly correlate 
with their serum counterparts [33], so it would be 
interesting to investigate the relationship between 
intraprostatic E1 sulfate levels and tumor aggressiveness 
and prognosis in PCa patients. 

To the best of our knowledge, no studies have 
analyzed EDs including phytoestrogens in the human 
prostate. Our study shows that EDs can spread to the 
human prostate from the blood, which is in accordance 
with the occurrence of EDs in other human organs such 
as adipose tissue [40-42], brain tissue [41,43] and liver 
[41]. Findings of associations between EDs and PCa from 
epidemiology studies are limited, though PCa patients 
were reported to have higher levels of urinary BPA than 
non-cancer patients, suggesting that BPA may serve as 
prognostic marker in PCa [44]. Given the ubiquity of EDs 
in the environment and human products, understanding 
their consequences on human health is crucial [45], and 
the ability to analyze intraprostatic EDs can be highly 
beneficial.  
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Oxybenzone is an endocrine disruptor with both 
antiandrogenic and (anti)estrogenic properties [46] that 
can be found not only in sunscreens to protect against UV 
radiation, but also in personal care products such as 
shampoos, creams and fragrances and in plastics, where it 
functions as a UV light absorber and stabilizer [47]. It is 
also ubiquitous in water, as waste water treatment plants 
are not able to effectively remove this substance [48]. 
Therefore, it is not surprising that detectable 
concentrations in urine were found in 96.8 % of  
US residents [49]. Oxybenzone levels in our study 
(ranging from 0 to 12.3 ng/g tissue) were similar to those 
reported by other authors in other human tissues such as 
breast [50] and adipose tissue [51].  

Generally, two approaches for steroid and ED 
deconjugation are available. First, biological (enzymatic) 
deconjugation using enzymes from mammals, bacteria 
(from Escherichia coli) or molluscs (mainly from Helix 
pomatia). Second, chemical deconjugation using various 
reagents including trimethylchlorsilane (TMCS), 
hydrochloric acid (HCl) or sulfuric acid (H2SO4) can be 
used [52]. Both methods have some advantages and 
disadvantages, and it is important to know which 
conjugates can be measured by which methods. 
Regarding enzymatic deconjugation, enzymes have either 
only β-glucuronidase activity (enzyme from E. coli) or 
both β-glucuronidase and aryl sulfatase activity  
(H. pomatia). However, H. pomatia does not contain all 
the sulfatases needed for the deconjugation of sulfates; 
3α-hydroxy-5β- and 3β-hydroxy-5-ene steroid sulfates 
are efficiently hydrolyzed, but 3α-hydroxy-5α-sulfates,  
C21 steroids sulfated at position 20 and C19 steroids 
sulfated at position 17 are not hydrolyzed [53]. 
Furthermore, H. pomatia also contains 3β-hydroxy-
steroid dehydrogenase activity leading to conversions of 
some steroids, e.g., the transformation of androst-5-ene- 
3β,17β-diol to testosterone and the conversion of 
dehydro-epiandrosterone to androst-4-ene-3,17-dione, 
leading to inaccuracies in steroid measurements [54]. 
Because of this, chemical deconjugation by H2SO4 has 
been considered the method of choice for measuring 
sulfated androgens [55] and chemical deconjugation by 
HCl for estrogenic sulfates and glucuronides [56]. We 
assessed the efficiency of chemical deconjugation using 

TMCS with commercially available standards of 
conjugates. The results indicated that TMCS effectively 
deconjugates sulfates, while it poorly hydrolyzes 
glucuronides. This was clear when comparing the 
deconjugation efficiency between BPA glucuronide and 
BPA sulfate and E1G and E1S, respectively. However, 
these results have to be interpreted with caution as only 
limited number of sulfates and glucuronides was 
examined. 

One of the strengths of this study lies in the 
measurement of deconjugation efficiency for individual 
analytes. This is of importance, considering that the 
deconjugation process varies across different analytes. 
However, many conjugated analytes do not have 
commercially available standards and therefore cannot be 
assessed in this way. Furthermore, estrogens and EDs 
were determined in a relatively small set of samples 
derived from patients suffering from Pca, so our results 
cannot be extrapolated to the general population. 
Nonetheless, this study lays the groundwork for future 
measurements of these analytes in larger cohorts.   
 
Conclusion 
 

Here we report a validated method for the 
measurement of unconjugated and conjugated estrogens 
and different classes of EDs in human prostate tissue. 
Using this method, we analyzed 20 non-cancerous 
prostate tissue samples from patients that underwent 
radical prostatectomy due to localized Pca. To the best of 
our knowledge, conjugated estriol as well as certain EDs 
such as parabens, bisphenols, phytoestrogens and 
oxybenzone were detected in human prostate tissue for 
the first time. These results give impetus to more detailed 
research into EDs and their role in prostate 
pathophysiology.   
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