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ARTICLE INFO ABSTRACT

Keywords: The brominated flame retardants (BFRs), 1,2-dibromo-4-(1,2 dibromoethyl)cyclohexane (TBECH) and 2,3-dibro-
TBECH mopropyl-2,4,6-tribromophenyl ether (DPTE) bind to the androgen receptor (AR). in vitro bioassays have shown
DPTE that TBECH is a potent androgen agonist while DPTE is a potent AR antagonist. Both TBECH and DPTE alter gene
i?;;g;nic expression associated with AR regulation. However, it remains to be determined if TBECH and DPTE can affect

the prostate. For this reason, we exposed CD1 mice to a 1:1 mixture of TBECH diastereomers o and B, a 1:1
mixture of y and §, and to DPTE, and tested their effects on prostate growth, histology and gene expression
profiles. Castrated mice were used to study the androgenic effects of TBECHap and TBECHyS while the antag-
onistic effects of DPTE were studied in non-castrated mice. We observed that testosterone and TBECHyd
increased body and prostate weights while TBECHop affected neither of them; and that DPTE had no effect on
body weight but reduced prostate weight drastically. Histomorphometric analysis of the prostate revealed
epithelial and glandular alterations in the TBECHyS group comparable to those in testosterone group while al-
terations in the TBECHap group were less pronounced. DPTE displayed androgen antagonist activity reminiscent
of castration. The transcription profile of the prostate was altered by castration and exposure to testosterone and
to TBECHYS reversed several of these changes. Testosterone and TBECHyS also regulated the expression of
several androgen responsive genes implicated in prostate growth and cancer. While DPTE resulted in a drastic
reduction in prostate weight, it only affected a small number of genes. The results indicate that TBECHyd and
DPTE are of high human health concern as they may contribute to changes in prostate growth, histology and
function.

Anti-androgenic
Gene expression

1. Introduction BFRs increased from 145,000 tons in 1990 to 310,000 tons in 2000

worldwide, and reached 465,000 tons in Europe alone in 2006, resulting

Androgens are required for growth, development, and proper pros-
tate function [1,2]. Androgens function by binding and activating the
androgen receptor (AR), which then regulates gene transcription [3,4].
Altered AR activity can result in abnormal prostate development [2,4].
Anthropogenic compounds that act as AR agonists or antagonists may
disrupt the endocrine system by interfering with the biological activity
of sex hormones and are of great concern for their possible effects on
human health [5].

Brominated flame retardants (BFRs) are widely used in commercial
and industrial products to reduce their flammability [6,7]. The use of
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in increased levels in the environment [6-8]. Due to their toxic effects on
the endocrine, metabolic, neurological and reproductive pathways
[9-11], several BFRs have been banned and new BFRs have been
introduced as replacements.

An emerging BFR, 1,2-Dibromo-4-(1,2dibromoethyl)cyclohexane
(TBECH) is produced as a 1:1 mixture of TBECH aff under the trade
name Saytex BCL-462 (Albermarle Corporation, Baton Rouge, LA, USA).
TBECH was first detected in 1996 in sediments near a plastics plant in
Haifa, Israel [12]. TBECH has since been detected in indoor air at con-
centrations up to 440 pg/m°® and in dust up to 130 pg/m®, in the food
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web of internal waters and marine waters, in marine mammals, in
human breast milk and in serum of school children in China, thus posing
a potential threat to humans [13-20]. Although the exact amount of
usage is difficult to obtain, the annual production volume of TBECH in
the U.S. was estimated to be in the range of 226 tons per year in 2002
[21,22]. The presence of 4 chiral carbons in TBECH results in four di-
astereomers, a, f3, y, and §, each of which has its own pair of enantio-
mers. Technical mixtures of TBECH contain equimolar amounts of the a
and f diastereomers, which are thermally converted to the y and & di-
astereomers at temperatures above 123 °C [23].

Using in vitro studies, we identified TBECH as an androgen agonist in
humans, chicken and zebrafish [24-27]. While TBECHy and TBECHS are
equally potent as dihydrotestosterone (DHT) in activation of human AR,
TBECHa and TBECHp are partial AR agonists [25,26]. Exposure to
TBECH results in upregulation of several AR responsive genes including
the induction of prostate specific antigen (PSA), a biomarker for prostate
cancer (PCa) [25].

Another BFR, 2,3-dibromopropyl-2,4,6-tribromophenyl ether
(DPTE), first reported in 1929 [28], was produced and distributed under
the trademark Bromkal 73-5 PE by Chemische Fabrik Kalk until a fire
incidence in a factory in 1985. Later, the production of DPTE was
stopped and its distribution remains unknown [29]. Reported concen-
trations of DPTE are up to 1940 pg/kg dry weight (dw) in sewer slime
[30] and 1200 pg/kg in household dust [31]. We recently identified
DPTE as an androgen antagonist that downregulates AR and androgen
response genes in humans, chicken and zebrafish cell lines [32-34].

Besides affecting AR regulation, TBECH also alters thyroid hormone
and sex hormone levels in rats, birds and fish [35-37]. TBECH di-
astereomers also interfere with reproductive functions in animals [38,
39]. DPTE on the other hand is shown to be antiandrogenic, detected in
the marine food web and in food markets in China, and frequently
detected in animals and humans [29,40-43]. However, the effects of
DPTE on reproductive functions remain to be determined. The prostate
is an important organ for reproduction and is sensitive to endocrine
disrupting compounds [44]. We, therefore, analyzed the effects of
TBECH and DPTE on mouse prostate growth, histology and gene regu-
lation. We also evaluated the androgen-regulated gene networks in
response to these compounds to obtain a better understanding of the
possible effects of BFRs on prostate development.

2. Materials and methods
2.1. Compounds and chemicals

As the individual TBECH diastereomers were not available and as the
commercial mixture is a 1:1 mixture of TBECHaf we used a 1:1 mixture
of TBECHof in the present study. We also used a 1:1 mixture of the
TBECH diastereomers that are formed following a fire, TBECHYS.
TBECH, DPTE, allyl 2,4,6-tribromophenyl ether (ATE), and 2-bro-
moallyl 2,4,6-tribromophenyl ether (BATE) were synthesized at 98 %
purity by Wellington Laboratories (Guelph, Canada) whereas testos-
terone enanthate (TE), 2,2,4,4'-Tetrabromodiphenyl ether (BDE-47)
and 2,2',4,4',5-pentabromodiphenyl ether (BDE-99) were purchased
from Sigma Aldrich (USA). The inclusion of ATE, BATE, BDE-47 and
BDE-99 in the study was made to compare the tissue distribution of
TBECH and DPTE to these substances.

For chemical analysis, the analytical standard for ATE was obtained
from AccuStandard (New Haven, CT, USA). BATE, BDE-47 and BDE-99
standards were obtained from Cambridge Isotope Laboratories (And-
over, MA, USA). DPTE was obtained from Wellington Laboratories
(Guelph, ON, Canada) and TBECH from Wellington Laboratories
(Guelph, ON, Canada) and Sigma-Aldrich (now Merck KGaA, Darmstadt,
Germany). Stock solutions of chemicals were prepared in toluene.
Labeled (13C) internal standards (BDE-47 and BDE-99) were bought
from Cambridge Isotope Laboratories (Tewksbury, MA, USA). The
labeled compounds were used as internal standards and were added to
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the samples before extraction, to correct for losses during the clean-up
procedure. In the quantification procedure 13C-labeled BDE-47 was
used as an internal standard for ATE, BATE, DPTE and TBECH, and 13C-
labeled BDE-99 for the native BDE-99. Labeled (13C) PCB 208 was used
as a recovery standard (added to samples prior to injection) and was
bought from Wellington Laboratories (Guelph, ON, Canada).

Acetone, n-hexane, dichloromethane and toluene (all SupraSolv)
were bought from Merck KGaA (Darmstadt, Germany). Diethyl ether
(GPR Rectapur) was bought from VWR International (Stockholm, Swe-
den) and tetradecane from Sigma-Aldrich, now Merck (Darmstadt,
Germany).

2.2. Animals and treatments

The experiments were carried out using 42-day old male CD1 mice
purchased from Charles River (via Indipendenza, 11 - 23885 Calco LC —
Italy). Animal handling and experimental procedures were carried out in
a certified animal facility (certification no: EL 25 BIO 031-033; approval
for animal experiment: No 715488/11.11.2019) under full veterinary
monitoring in accordance with EU Directive 2010/63/EU on the pro-
tection of animals used for scientific purposes. A licensed experimental
protocol (license number 82830-30) was used as follows. Mice were
treated humanely to alleviate distress and discomfort and the experi-
mental protocol was approved by the Institutional Animal Care Com-
mittee of the National Hellenic Research Foundation. Mice were kept at
22 + 2°C, 55-60 % humidity, under a constant photoperiodic cycle (12
h light:12 h darkness) and with free access to standard pelleted rodent
diet and sterilized tap water. Thirty-six mice were orchiectomized under
anesthesia by intraperitoneal injection of 10 mg ketamine/kg body
weight (bw) and 50 mg valium/kg bw. Analgesia during the 1-week
recovery period was achieved by intraperitoneal injection of carprofen
(20 mg/kg bw/day). Seven days after orchiectomy, castrated (C) mice
were allocated randomly into four groups of 9 animals and similar initial
BW and BW average in each group, and received daily, for 9 consecutive
days, a subcutaneous injection of TBECHuap (1 mg/Kg bw/day),
TBECHY5 (1 mg/Kg bw/day), TE (0.4 mg/Kg bw/day; Sigma-Aldrich) or
vehicle (corn oil containing 10 % DMSO). Similarly, non-castrated (NC)
mice were distributed randomly into two groups of 9 animals each and
received daily for 9 consecutive days a subcutaneous injection of DPTE
(1 mg/Kg bw/day) or the above vehicle. All injected compounds were
dissolved in DMSO and diluted with 9 volumes of corn oil to a final
concentration of 10 mg/mL. Dosing of mice was based on BW as assessed
daily and dose volumes did not exceed 0.5 pl/g of BW. A schematic
representation of the procedure is shown in Fig. S1. The BWs of the mice
were recorded daily. Mice were sacrificed by cervical dislocation at day
10, whole prostate tissue from six mice was collected, snap-frozen in
liquid nitrogen, and stored in liquid nitrogen for RNA extraction, while
whole prostate tissue from three mice was fixed in formalin for 24 h and
embedded in paraffin for histopathological examination. In the light of
the principle of 3Rs for the welfare of animals [45], which asks for an-
imal numbers used in research to be reduced as much as possible, the
prostates of three castrated animals were used for histopathological
examination, given that three biological replicates is the minimum for
any statistical analysis, and the prostates of the remaining six castrated
animals were amassed in one group used for RNA isolation, since
castration-induced prostate involution results in a tiny mass available
for mRNA isolation. To determine the tissue distribution of the tested
compounds, 6 intact mice were injected with a mixture of DPTE, TBECH
(equal amounts of TBECHap and TBECHY3), ATE, BATE, BDE-47, and
BDE-99 (1 mg/Kg bw/day), for 6 consecutive days. On day 7, mice were
sacrificed by cervical dislocation followed by decapitation. Trunk blood,
prostate, liver, fat, testis and brain samples were collected and circu-
lating and tissue levels of each of the compounds were determined. All
the determinations were performed in triplicates.
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2.3. Sample preparation for compound distribution analysis

All tissue samples were stored in liquid nitrogen before pretreatment
and extraction, and all glassware was heated at 550 °C and washed with
pure organic solvents before use. The samples were homogenized with
dried Na2S04 using a mortar until a powdery consistency was achieved.
Extractions were performed in open columns using two solvents mixes;
acetone and n-hexane (5:2) then n-hexane and diethyl ether (9:1). The
extracts were enriched with internal standards and cleaned-up on a
multi-layer silica column packed with glass wool, KOH-silica, neutral
silica, 40 % (w/w) H2S04 silica, and Na2504, pre-rinsed with solvent
and eluted with a mixture of n-hexane and dichloromethane (1:1).
Finally, prior to GC-MS analysis a recovery standard (13C-labeled PCB
208) was added to the extracts.

2.4. GC-MS analysis

The analytes were quantified using Single Ion Monitoring (SIM)
mode by gas chromatography (GC)-high-resolution mass spectrometry
(HRMS) with a resolution (at 10 % valley) of about 10000 using an
Agilent 6890 gas chromatograph (Agilent Tech., Santa Clara, CA, USA)
coupled to an Autospec Ultima mass spectrometer (Waters Corp., Mil-
ford, MA, USA). The samples were injected using splitless mode and the
compounds separated on a 60 m x 0.25 mm id, DB5-MS column (0.25
pm film, Agilent J&W, Santa Clara, CA, USA). The oven temperature was
initially held at 180 °C for 2 min then increased by 5 °C per min to 260
°C, then increased by 10 °C-325 °C and held constant for 8 min. The
HRMS was operated with electron impact ionization with electron en-
ergy of 35 eV and the ion source temperature was set at 250 °C. Due to
limits in the detection system TBECH is reported as a sum of all
diastereomers.

2.5. Quality assurance

Laboratory blanks were analyzed in parallel to the samples to ensure
that contamination during homogenization, clean-up and instrumental
analysis did not significantly influence the results. No BFRs were found
in the laboratory blanks. A BFR was considered detected if its signal-to-
noise ratio was >3. The limit of detection (LOD) was based on the signal-
to-noise in the quantification standard. The average recoveries of the
internal standards 13C-labeled BDE-47 and BDE-99 were 81 % and 74
%, respectively. The levels given for BFRs were not calculated using
corresponding labeled standards.

2.6. Histopathological analysis

Prostates were fixed in 10 % neutral-buffered formalin (Atom Sci-
entific) and embedded in paraffin. Paraffin sections (4 pm) were cut
using a Thermo Scientific Shandon finesse E + microtome. Sections were
stained with hematoxylin (Harris Acidified)/ eosin (Atom Scientific
1%), using a Thermo Scientific Gemini AS H&E slide stainer. Microscope
slides were examined, and images were taken by standard light micro-
scopy using a Leica DM750 microscope and a Leica ICC50W camera
respectively.

2.7. RNA extraction and microarray analysis

Total RNA was extracted from liquid nitrogen-frozen tissue following
the enzymatic lysis protocol provided with the RNeasy Mini Kit (Qiagen,
Venlo, Netherlands). The quantity and quality of the RNA samples were
analyzed with a NanoDrop ND-100 UV-vis spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA). RNA integrity (RIN) was
estimated using an Agilent Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA, USA) device with an RNA 6000 Nano Assay kit (Agilent
Technologies). The samples with RIN values of 7-10 were used for
further analysis. Microarray analysis was performed on Cambridge
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Genomic Services (Department of Pathology, Cambridge University,
Cambridge, UK) using Illumina Bead Station 500 according to manu-
facturer’s instructions. Preprocessing of the raw microarray data (pre-
sented as. txt files) was performed using Partek Genomics Suite 6.6
(Partek Incorporated, Missouri, USA). Data were normalized and an FDR
corrected p value of p < 0.05 was used to identify significantly differ-
entially expressed genes (DEGs). The regulated genes were then used for
gene set enrichment analysis (GSEA) based on Gene Ontology (GO)
annotations. GO enrichment analyses were performed with a p value
threshold of 0.05 on Partek Genomics Suite 6.6 and overrepresented GO
biological process terms were determined. To find significantly enriched
pathways, functional annotation analyses were conducted using the
DAVID Bioinformatics Database (https://david.nciferf.gov/home.jsp).
Common genes were identified by comparing data from different con-
ditions and presented as a Venn diagram.

2.8. Quantitative real-time PCR (qRT-PCR) validation

Equivalent amounts of the total RNA were converted to cDNA using
gScript cDNA synthesis kit (Quanta Biosciences, USA) according to the
manufacturer’s instructions. qRT-PCR was performed on a CFX96 Real-
Time PCR Detection System using SsoAdvanced SYBR Green (BioRad,
USA). Thermocycling conditions for SYBR Green comprised a denatur-
ation step at 95 °C for 5 min, followed by 40 cycles at 95 °C for 2 s and 60
°C for 30 s. The primers used for the analyses were either obtained from
PrimerBank (https://pga.mgh.harvard.edu/primerbank/) or designed
using Primer-BLAST, (NCBI-NIH, https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) and are presented in Table S1. The comparative Ct
method was used to calculate the relative gene expression using the
formula 2(-AACt) for gene expression patterns and the formula 2(-ACt)
for ratios of gene expression (85). Beta actin (Actb) was used as a
normalizing control to analyze gene expression. This gene was chosen
because there was no change in the mRNA expression in our microarray
data.

2.9. Statistical analysis

All the statistical analysis was performed using the Graphpad Prism
software, version 8 (GraphPad, USA) and one-way ANOVA with Dun-
nett’s multiple comparison test. To quantify histological changes,
Welch’s t-test was used.

3. Results
3.1. Tissue distribution

To determine TBECH and DPTE organ distribution in relationship to
other chemicals, a mixture of ATE, BATE, BDE-47, BDE-99, TBECH and
DPTE was injected subcutaneously into mice and the levels were
analyzed in prostate, liver, fat, testis, brain and blood of mice (Table 1).
The level of DPTE and BDE-47 exceeded that of the other compounds
and was highest in fat, followed by prostate, liver, testis, brain and
blood. The distribution of all six compounds across the 6 tissues showed
similar patterns. Interestingly, the level of DPTE was ~10-fold higher
than TBECH in the prostate. Due to the unavailability of detection sys-
tem for individual TBECH diastereomers, we report the total TBECH
concentrations.

3.2. Body weight and prostate weight

We determined the effects on BW and prostate weight (PW)
following separate injections of DPTE, TBECHop, TBECHy3 and TE
(Fig. 1). Both TE and TBECHYS injections resulted in a small but sig-
nificant increase in BW (9.0 and 8.1 % respectively). As the mice grew
during the experiment the PW was determined as percentage of the BW.
In the NC mice the PW was 6.25 % of the BW. Following castration, the
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Table 1

Compound distribution in tissues. Mice received daily injections of mixture for 6
days. On day 7 the mice were sacrificed; selected tissue samples were collected,
and compound concentrations were measured and expressed as ng of compound
per g of fresh tissue. The data (n = 3) is presented as mean + standard error of
the mean (SEM).

Compound  Fat Prostate Liver Testis Brain Blood

ATE 173 £ 50 + 15 20+ 6 7.0 + 0.57 + <0.1
18 1.0 0.21

BATE 305 + 81 +£ 25 20+ 7 11+1 0.60 £ <0.1
27 0.07

DPTE 4162 + 842 + 221 + 78 £ 12 4.8 + <1
308 226 87 0.01

TBECH 473 + 39 +12 7.2+ 52+ 0.43 + 0.10 +
46 2.3 0.1 0.05 0.01

BDE#47 1751 + 489 + 177 + 73+13 82+ 0.77 +
70 143 51 1.0 0.29

BDE#99 217 + 0.92 + 0.35 + 0.15 + 0.04 + 0.03 +
0.19 0.17 0.16 0.01 0.02 0.01

PW was drastically reduced to 2.04 % of the BW. Injection of TE in C
mice abrogated the effect of castration (PW 5.74 % of the BW) while
injection of TBECHYS resulted in a small but significant increase in PW to
3.25 % of the BW. Injection of DPTE into NC mice mimicked the effect of
castration as the PW was reduced to 2.45 % of the BW.

3.3. Histopathological analysis
To determine if the different treatments resulted in physiological

alterations of the prostate, we performed histopathological analysis on
prostate tissue following castration and treatments with TBECH, DPTE
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and TE. We stained prostate sections and examined three of its com-
partments: ventral prostate (VP), dorsolateral prostate (DLP), and
anterior prostate (AP). The histology results revealed that the main
architectural and epithelial alterations in the different treatment groups
were observed in VP and DLP, while AP did not show any significant
change among the groups.

More specifically, in the NC mice, VP and DLP showed moderate to
large acini lined by mainly cuboidal to low columnar epithelium with
only focal minimal epithelial tufting and infoldings (Figs. 2A, 3 A and 4
A). In the C mice, the VP and DLP appeared to be atrophic compared to
the NC mice with a significant decrease in the number and size of the
acini (Figs. 2B and S2). Furthermore, in the C mice, adipose tissue was
observed in the stroma, while the lining epithelium was low to tall
columnar, with minor tufting (Figs. 3B, 4 B and S2). Meanwhile, low
mitotic activity was observed in the NC mice, while no mitotic activity
was observed in the other groups of animals (Figs. 3A and 4 A).

In the TE-treated mice, VPs showed a significant increase in the total
number of acini compared to the C and NC mice. In both the VP and DLP,
the mean diameter of the acini was significantly larger than in the C
mice and similar to that of the NC mice (Fig. S2). Prominent tufting and
focal papillary formations were also observed particularly at the pe-
ripheral (i.e. distal from the urethra) region of the VP and DLP (Figs. 3C
and 4 C) [46,47].

In the TBECHof-treated mice, prominent adipose tissue was
observed within the stroma (Fig. 2D). The number of acini in the VP was
significantly reduced compared to the NC and TE mice, while the acini
diameter in the DLP was significantly larger than in the C mice and
comparable to TE mice. The lining epithelium was columnar with less
tufting and infoldings compared to the NC and TE mice and with

Fig. 1. Body and prostate weight change during the
exposure period.

TBECHap, TBECHYS, TE- and vehicle-injected castrated (C)
mice were weighed before and after the 10 days exposure (A).
Body weight (BW) before injection was set at 100 %. Body
T weight increase of non-castrated mice (NC) injected with
vehicle- or DPTE (B). After exposure, the prostate was weighed
(PW) and related to body weight (C and D). Statistical signif-
icance was tested using one-way ANOVA with Dunnett’s mul-
J_ tiple comparison test.

103.8

2.45

*k%k

A B
102.8 100.7 108.6 1085 106.9
130 . 120 4 106.9
*%
*
120
a - | 2 1101
7] = [%2]
® ©
£ 10 -l- T 5
S == = e
= 100 R
% £ % 904
90
80 80
O & & ¥ RS
e
& &
&0 2
C 204 287 325 574 625 D
6.25
10
10 Jr, *k*k _|_
8
. s T |
m S 6
S5 6 IS ==
X * %)
° = c 4
& 4 =
i
: =og== :
2| &2
0
0 %O
N
& &L
KL



C. Bereketoglu et al.

Reproductive Toxicology 102 (2021) 43-55

Fig. 2. Change of histological characteristics of ventral and dorsolateral prostate; low magnification. (A) Ventral prostate (VP) and Dorsolateral prostate
(DLP) (x20) for non-castrated (NC) mice: no areas of hyperplasia or atrophy. (B) VP and DLP (x20) for C mice: reduction in the number and size of acini; adipose
tissue in the stroma. (C) VP and DLP (x20) for TE mice: hyperplasia, with increase in the number of acini (compared to NC and C mice). (D) VP and DLP (x20) for
TBECHap mice: reduction of the number of acini (compared to NC and C mice), most prominent in VP, and adipose tissue in the stroma. (E) VP and DLP (x20) for
TBECHYS mice: increase in number of acini especially in the VP (compared to NC mice). (F) VP and DLP (x20) for DPTE mice: reduced number of acini compared to

NC mice.

Fig. 3. Change of histological characteristics of ventral prostate; high magnification. (A) Ventral prostate (VP) (x400) for NC mice: mitosis (inset), focal tufting
(arrow), thin fibromuscular layer around each duct and loose stroma. (B) VP (x400) for C mice: columnar epithelium and stromal adipose tissue (arrow). (C) VP
(x400) for TE mice: focal tufting and papillary formation of the epithelium (arrow). (D) VP (x400) for TBECHap mice: cuboidal to proliferative, stratified epithelium.
(E) VP (x400) for TBECHyS mice: tufting with apoptotic bodies (inset) and elongated nuclei. (F) VP (x400) for DPTE mice: cuboidal to low columnar epithelium,

without signs of hyperplasia.

significantly lower height in the DLP compared to TE mice (Figs. 3D, 4 D
and S2).

In the TBECHyd-treated mice, features of hyperplasia were identified
(Figs. 2E, 3 E and 4 E). The total number of acini in both the VP and DLP
and acini diameter in DLP were significantly higher compared to C mice
and the epithelium was prominently tufted (Figs. 3E, 4 E and S2). In the

47

VP and DLP, tufting was extended in the peripheral and proximal ducts,
and nuclei were focally elongated and slightly hyperchromatic.
Apoptotic bodies were frequently encountered (Figs. 3E and 4 E).
Finally, the DPTE-treated mice showed a significant decrease in the
number of acini compared to the NC mice in both the VP and DLP
(Figs. 2F and S2). The epithelium was cuboidal to low columnar (Figs. 3F
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Fig. 4. Change of histological characteristics of dorsolateral prostate; high magnification. (A) Dorsolateral prostate (DLP) (x400) for NC mice: mitosis (inset)
and columnar epithelium with moderate epithelial tufting. (B) DLP (x400) for C mice: thin fibromuscular layer and columnar epithelium; minimal tufting and
infoldings. (C) DLP (x400) for TE mice: prominent tufting of the epithelium. (D) DLP (x400) for TBECHap mice: less tufting than in the NC or TE mice, but more
prominent compared to the C mice. (E) DLP (x400) for TBECHyYS mice: increased tufting compared to NC and C mice, similar to that observed in TE mice. (F) DLP

(x400) for DPTE mice: cuboidal to low columnar epithelium, minor tufting.

and 4 F) and the mean diameter of acinar lumens was similar to that of

the NC mice (Fig. S2).
3.4. Transcriptomic analysis

Microarray analysis was used to identify genes regulated by TE,
TBECHap, TBECHYS and DPTE using RNA isolated from mouse prostate.
Comparison of gene expression in C compared with NC mice showed
that castration altered the expression of 1183 genes among which 586
were upregulated and 597 were downregulated (Fig. 5; Table 2).
Treatment of C mice with TE affected higher number of genes than
castration alone (695 upregulated and 628 downregulated). Of these NC
and TE had 356 common upregulated and 307 common downregulated
genes. The remaining genes were either unique to NC or TE. TBECHYyd
affected fewer genes than TE (217 upregulated and 248 downregulated).
Of these 128 upregulated genes were in common with NC while 163
were in common with TE. Likewise, TBECHyd had 122 downregulated

A TBECHYb TE
2
TBECHap 2 44 8 Ne
0 (F) 240
4 ©
8 y OO

5430419d17rik, 9530002b09rik, Abo,

Apof, Atp6vic2, Defb50, Dnaaf3 Extll,

Fah, Gbf1, Loc546006, Msmb Pfkfb4,
Preb, Rnu6, Ttc7b, Vegfa

Table 2

Differentially regulated genes. Number of significantly differentially expressed
genes (DEGs) in TBECHap, TBECHYS and TE-injected mice and vehicle-injected
non-castrated (NC) mice compared with vehicle-injected C mice.

NC TE TBECHYS TBECH«f
Downregulated genes 597 628 248 27
Upregulated genes 586 695 217 34
Total genes 1183 1323 465 61

genes in common with NC and 156 downregulated genes in common
with TE. Thus, there was a substantial overlap in gene regulation be-
tween NC, TE and TBECHyS. On the other hand, treatment with
TBECHup, affected only a few genes (34 upregulated and 27 down-
regulated). Analysis of gene expression in DPTE treated group demon-
strated that only 13 genes were downregulated, and 28 genes were

B TBECHYd TE
77 263
TBECHap 48 NC
0 ® 200
3 1 AR 267
y (B)
2 / w14
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Atpl0b, Bex2, Cd74, Cdc42ep),
Cirbp, Cxadr, Fabp$5, Noxal, Rnf145
Serpinbla, Slc16all, Swap70

Fig. 5. Venn diagram analysis. Differentially expressed prostate genes in TBECHap-, TBECHy3- and TE-injected castrated (C) and vehicle-injected NC mice as
compared to vehicle-injected castrated mice. Comparison of the significantly upregulated genes (A) and the significantly downregulated genes (B). Numbers of genes
expressed differentially are shown in the diagrams. The letters in the brackets refer to heatmaps in Fig. S9.
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upregulated (Fig. 6; Table 3).

3.5. Validation of microarray data

To verify the transcriptomic data, qRT-PCR analysis was performed
with the RNA samples used in the microarray experiments. Nine genes,
which were upregulated or downregulated were selected based on
substantial changes in expression in the microarray and/or their
involvement in significantly overrepresented biological processes. Of
these 9 genes, 3 (beta-microseminoprotein; Msmb, Apolipoprotein F; Apof
and fatty acid binding protein 5, epidermal; Fabp5) were common for
TBECHap, TBECHYS, TE and NC, 4 (NK3 homeobox 1; Nkx3-1, FK506
binding protein 5; Fkbp5, cyclin-dependent kinase inhibitor 1A; Cdkn1A and
Crystallin Mu; Crym) were common for TBECHyS, TE and NC. One gene,
the androgen receptor (Ar) was common for TE and NC and 1 (Insulin like
growth factor binding protein 3; Igfbp3) was common for TBECHyS and TE.
Overall, the microarray data and qRT-PCR data were highly consistent
with a Pearson correlation of above 0.95 for the compared genes
(Fig. S3).

3.6. Pathway analyses of differentially expressed genes and gene ontology

To determine the affected biological processes and gain insights into
the functional consequences of castration and the different treatments,
GSEA and functional analyses of the DEGs were performed. GSEA
indicated that the significantly enriched biological processes for NC
compared to C involve, response to stress, localization and transport,
including organic substance, vesicle-mediated, nitrogen compound and
intracellular transport (Table 4; Fig. S4). Many of the DEGs after TE
administration were associated with response to stress, localization,
transport, immune system related processes and metabolism (Table 4;
Fig. S5). Most of the significantly enriched processes following TBECHYd
treatment were associated with metabolic processes (including positive
regulation of protein, small molecule, and cellular modified amino acid
metabolic processes), cell cycle associated processes and catabolic pro-
cesses (Table 4; Fig. S6). TBECHap treatment resulted in enrichment of
immune system related, cell adhesion, localization and transport pro-
cesses (Table 4; Fig. S7). Significantly altered genes in response to DPTE
were clustered in several processes, particularly regulation processes
including negative regulation of nitrogen compound, macromolecule,
cellular and protein metabolic processes along with apoptotic signaling
pathway processes (Table 4; Fig. S8). The complete list of significantly
enriched GO terms of TE, TBECHap and TBECHyd treated C mice
compared to vehicle-treated C mice, of vehicle-treated NC mice
compared to vehicle-treated C mice and of DPTE-treated NC mice
compared to vehicle treated NC mice is available as Supporting infor-
mation 1.

Further analysis of the GO enrichment data revealed that certain
processes were regulated in response to different treatments, including
immune system processes (NC, TE, TBECHyd and TBECHof), apoptotic
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Table 3

Differentially regulated genes. Number of significantly differentially expressed
genes (DEGs) in DPTE-injected mice and vehicle-injected castrated (C) mice
compared with vehicle-injected NC mice.

C DPTE
Downregulated genes 586 13
Upregulated genes 597 28
Total genes 1183 41

processes and epithelial cell proliferation (NC, TE and TBECHYS),
regulation of lymphocyte proliferation (NC, TE and TBECHap), regula-
tion of cell cycle (TE, TBECHYS and DPTE), steroid biosynthetic pro-
cesses, steroid metabolic processes and prostate gland epithelium
morphogenesis (NC and TE). Notably, several processes involved in
prostate gland development, growth and morphogenesis were signifi-
cantly enriched in response to TE treatment (Table 5).

In order to determine the significantly enriched pathways, the DEGs
were further analyzed using DAVID Bioinformatics Database. Enriched
pathways included TNF and prolactin signaling pathways (NC and TE),
NF-kappa B and p53 signaling pathways (TE and TBECHYS), cell cycle
(TE and DPTE), steroid biosynthesis (NC), PCa (TE) and for TBECHYS,
initiation of oocyte maturation by progesterone (Table 6). Although no
pathway was affected by all four treatments, there were several DEGs
shared between these pathways, particularly DEGs involved in the
regulation of the PCa pathway.

3.7. Comparative analysis of DEGs responsive to castration, TE, TBECH
and DPTE

We hypothesized that treatment with TE would reverse the expres-
sion of genes affected by castration. We also hypothesized that the gene
expression profiles of TE and the strong androgen agonist TBECHYd
would be similar while the expression profiles of the androgen antago-
nist DPTE would be similar to castration. In order to test this, we first
compared the regulated genes in response to TBECHaf, TBECHYS, TE
and NC (Figs. 5; S9). We observed 17 upregulated and 12 downregulated
common genes across all four treatments. Comparison of TBECHyS, a
strong androgen agonist, with TE and NC showed that they shared 116
upregulated genes and 107 downregulated genes. Comparison of TE
with NC showed that these treatments shared 240 upregulated and 207
downregulated genes. For the complete list of genes see Supporting in-
formation 2. Thus, TE treatment reversed the levels of 60 % of the genes
downregulated by castration and 53 % of the upregulated genes. This
leaves a substantial number of genes that are not related to direct
androgen regulation following castration. A large number of these genes
were involved in cellular transport functions (Fig. S4). In addition,
TBECHYS showed a similar gene expression pattern with TE resulting in
approximately 30 % commonly upregulated and 34 % commonly
downregulated genes (Figs. 5; S9). Thus, while TBECHYS is a potent
androgen agonist, it also regulates genes that are not androgen
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Fig. 6. Venn diagram analysis. Differentially expressed prostate genes in DPTE-injected NC mice and vehicle-injected castrated (C) mice as compared to vehicle-
injected NC mice Comparison of the significantly upregulated genes (A) and the significantly downregulated genes (B). Numbers of genes expressed differentially are

shown in the diagrams. The letters in the brackets refer to heatmaps in Fig. S9.
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Table 4

Top 10 biological processes. Gene ontology (GO) enrichment analysis was per-
formed using Partek Genomic Suite 6.6 and overrepresented biological processes
were determined. Ranking of biological processes are shown based on p values in
the process. All groups were compared to vehicle-injected castrated mice.

GO ID GO Term DEGs  Pvalue
6810 Transport 250 Z7O BE-
51234 Establishment of localization 252 1'535]5_
2.24E-
51179 Localization 277 15 4
34976 Response to endoplasmic reticulum 34 6.43E-
stress 12
6388 ER to Golgi vesicle-mediated 25 7.12E-
transport 12
NC 9.87E.
71702 Organic substance transport 143 1'1
16192 Vesicle-mediated transport 92 1(;70]3
48193 Golgi vesicle transport 34 (1)91 LE-
71705 Nitrogen compound transport 120 (1)944E
2.13E-
46907 Intracellular transport 93 09 3
6950 Response to stress 219 113‘251]3_
2684 Positive regulation of immune system 86 3.16E-
process 10
51716 Cellular response to stimulus 199 ‘1‘(;)7]3
51179 Localization 287 411;31E
44281 Small molecule metabolic process 138 ?07515
TE 6.16E.
51234 Establishment of localization 258 1'0
. . 1.49E-
2682 Regulation of immune system process 115 09
2.55E-
6810 Transport 248 0 955
48518 Positive regulation of biological 380 3.52E-
process 09
2252 Immune effector process 52 2998E
51247 Positive 'regulatlon of protein 53 9.79E-
metabolic process 06
. 1.46E-
44281 Small molecule metabolic process 51 05
6575 Cellular 'modlﬁed amino acid 12 2.47E-
metabolic process 05
. . 2.96E-
9894 Regulation of catabolic process 31 05
1901564 Organonitrogen compound metabolic 108 4.23E-
process 05
TBECHYS 8284 Posane r'egulatlon of cell 35 6.36E-
proliferation 05
45787 Positive regulation of cell cycle 18 g'SSOE_
Positive regulation of epithelial cell 8.98E
60054 proliferation involved in wound 3 0'5
healing
42176 Regulation of protein catabolic 18 9.51E-
process 05
1901987 Regu?a.tmn of cell cycle phase 15 1.25E-
transition 04
Adaptive immune response based on
somatic recombination of immune 4.15E-
2460 . . . 4
receptors built from immunoglobulin 05
superfamily domains
TBECHap 22408 Negat.lve regulation of cell-cell 5 7.25E-
adhesion 05
51179 Localization 20 3;17 6E-
6810 Transport 18 3'428]5_

50

Reproductive Toxicology 102 (2021) 43-55

Table 4 (continued)

GO ID GO Term DEGs  Pvalue
L93E-
7162 Negative regulation of cell adhesion 5 3493
51234 Establishment of localization 18 6.57E-
04
71621 Granulocyte chemotaxis 3 7.32E-
04
71702 Organic substance transport 12 1.04E-
03
97530 Granulocyte migration 3 1.13E-
03
31058 Positive regulation of histone 3 1.32E-
modification 03
51172 Negative regulatlon' of nitrogen 1 5.04E-
compound metabolic process 04
10605 Negative regulation of ) 1 8.57E-
macromolecule metabolic process 04
31324 Negatlve. regulation of cellular 11 9.19E-
metabolic process 04
51248 Negatlvc? regulation of protein 7 1.26E-
metabolic process 03
A . 1.35E-
97190 Apoptotic signaling pathway 4 03
DPTE Negative regulation of metabolic 1.91E-
9892 11
process 03
39960 Nega’flve regulat.lon of cellular 6 4.75E-
protein metabolic process 03
1033 Negative regl'ﬂatlon of protein 4 5.02E-
phosphorylation 03
48518 Positive regulation of biological 16 5.97E-
process 03
Regulation of protein 6.45E-
1932 phosphorylation 7 03

responsive genes (ARGs) which is in line with TBECH altering other
signaling pathways, including those involved in thyroid function [37].

DPTE treated mice had 9 upregulated and 9 downregulated genes in
common with castration (Fig. 6). Since the number of DEGs in response
to DPTE was small, we also compared the DEGs of DPTE with TBECHap,
TBECHYS and TE. We did not observe any common DEGs in these
comparisons (data not shown).

3.8. Androgen responsive gene expression patterns in prostate in response
to treatments

To identify the androgenic and anti-androgenic activities of TBECH
and DPTE, we further compared the regulated genes with ARGs obtained
from the androgen responsive gene database [48]. Several differentially
expressed ARGs were identified. Seventeen upregulated and 12 down-
regulated genes were common to all treatments with 3 of the upregu-
lated and 2 of the downregulated genes being ARGs (Supporting
information 3). Common to the TBECHyS, TE and NC treatments were
24 upregulated and 23 downregulated ARGs. Of the 9 upregulated and 9
downregulated genes common to DPTE and C, 5 upregulated and 5
downregulated genes were ARGs (Fig. 7). Ten upregulated and 15
downregulated ARGs were common to both TBECHyd and TE treat-
ments. Analysis of the fold-change patterns of these ARGs using scat-
terplot showed a high correlation between the different treatments
(Fig. S10). Taken together, the patterns of ARGs expression confirm that
TBECHYS has androgenic activity acting in similar manner to TE and
that DPTE displays anti-androgenic activity, having common ARGs with
C.

3.9. Identification of genes involved in prostate cancer progression

Analysis of differentially expressed ARGs associated with PCa
revealed several genes (Table 7), common to TBECHYd exposure, TE
exposure and NC mice [49-60]. Among the ARGs, Msmb, Defbl and
Nkx3.1 were highly regulated in these three groups. In addition we
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Table 5

Biological processes with potential roles in androgen regulation. Gene ontology
(GO) enrichment analysis was performed using Partek Genomic Suite 6.6 and
overrepresented biological processes were determined. The number of differ-
entially expressed genes (DEGs) is indicated.

GO ID GO Term NC TE TBECHyd  TBECHap  DPTE

43066  Regulation of 114 136 43
apoptotic process
Regulation of
lymphocyte
proliferation
Immune system
process

Regulation of cell
cycle

Regulation of
epithelial cell
proliferation
Steroid biosynthetic
process

Steroid metabolic
process

Prostate gland 5 5
epithelium

morphogenesis

Regulation of 8
intracellular steroid

hormone receptor

signaling pathway

Epithelial cell 3
differentiation

involved in prostate

gland development

Branching involved in 3
prostate gland

morphogenesis

Prostate gland growth 4
Regulation of 3
epithelial cell

proliferation involved

in prostate gland

development

50670 24 24 3

2376 89 127 36 8

51726 80 29 5

50678 29 30 16

6694 12 11

8202 21 25

60740

33143

60742

60442

60736
60768

Table 6

Pathways selected based on their potential roles in androgen regulation. Func-
tional annotation analysis was performed on DAVID Bioinformatics Database.
KEGG and BioCarta pathway mapping were used in analysis and over-
represented pathways were determined. The number of differentially expressed
genes (DEGs) is indicated.

Pathway NC TE TBECHYd DPTE
TNF signaling pathway 12 20
Prolactin signaling pathway 13
Prostate cancer 12
Steroid biosynthesis 5
NF-kappa B signaling pathway 21 7
Cell cycle 18 3
How progesterone initiates the oocyte 4
maturation

identified two PCa associated genes, namely Wwcl and Gadd45b [61,
62], that were common to DPTE exposure and castration (Table 7).

4. Discussion

Androgens regulate a wide range of developmental and physiological
processes and are critical for proper differentiation, maturation and
maintenance of the prostate gland. Androgen signaling stimulates pro-
liferation and secretory activity and inhibits cell death via binding and
activating AR [1,2,63]. Disruption of androgen signaling can cause
several developmental disturbances of secondary male sexual charac-
teristics, including reduced sperm counts, increased infertility, testicular
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dysgenesis syndrome, testicular cancer and PCa [64,65]. Understanding
how BFRs influence androgen regulation is of a high concern not only for
our basic understanding of their possible long-term impact on health but
also for developing possible preventative actions.

Using a combination of molecular modeling and in vitro bioassays,
we have earlier shown that TBECH activates the human AR [26] and
regulate ARGs, such as prostate specific antigen (PSA) in LNCaP cells
[25]. We have also shown that the androgenic effects of TBECH di-
astereomers are highly dependent on the amino acid composition of AR
ligand binding domain. Thus, AR mutations found in PCa can increase
the potency of AR activation [66]. In addition, TBECH shows species
specificity in AR responses due to small differences in AR sequence
[32-34]. We also discovered DPTE as a potent anti-androgen [32] with
similar potency in all so far studied species [32-34].

Analysis of the tissue distribution of compounds following injection
with a mixture of equal amounts of 6 BFRs indicated that the bio-
accumulation of the compounds was highest in fat followed by prostate
and liver. The accumulation of DPTE was higher than the other com-
pounds in all tissues. Previous studies have reported tissue distribution
of BFRs, including polybrominated biphenyls (PBBs) and poly-
brominated diphenyl ethers (PBDEs) [67-69] indicating that these
compounds primarily accumulate in fat. Consistent with our data, oral
administration of 2.2 mg BDE-99/kg BW resulted in highest accumula-
tion in fat and minor amounts in all other tissues [67]. In another study
with rats, oral administration of vinclozolin, a known anti-androgenic
compound, resulted in highest accumulation in fat and lowest in testis
[70]. Thus, the present results on tissue distribution of the compounds
are consistent with earlier studies.

Determination of the BW in response to treatments indicated that the
BW increased in TE- and TBECHyd-treated as compared to vehicle-
treated C animals whereas no significant increase was observed
compared to vehicle-treated NC animals, suggesting that TE and
TBECHYS prevented castration-induced weight loss. A study with NC
rats showed that 28 days exposure to TBECH at 10, 50, 250 and 1250
mg/kg doses through diet had no significant effect on BW whereas a
rapid decrease in BW was observed with a 5000 mg/kg dose [37] indi-
cating that the effects of TBECH on BW of NC mice are dose-dependent.
In the present study, DPTE exposure did not change the BW compared to
the NC animals. This is in contrast to a previous study where decreased
BW compared to NC controls was observed for rats orally administrated
with the anti-androgenic compounds vinclozolin and dibutyl phthalate
[71].

Analysis of changes in prostate size demonstrated that both TBECHy8
and TE exposure increased the PW significantly while DPTE exposure
reduced the PW to castration levels. The observed increase in PW by
TBECHYS and TE is in agreement with earlier studies where androgen
replacement following castration-induced prostatic involution, induced
regrowth and reprogrammed the genome of the prostate in several
model animals [2,72-76]. Consistent with the DPTE effect, earlier
studies have shown that exposure to anti-androgenic compounds results
in prostate involution similar to castration [77,78]. The effects of
TBECHYS and DPTE observed in the present study suggest that exposure
to these BFRs may alter the growth pattern of the prostate.

Histopathological analyses are widely used to probe for androgenic
and anti-androgenic effects of chemicals. Several previous studies have
shown that castration results in prostate atrophy, involving involution of
distal segments and changes associated with glandular regression, such
as decrease in epithelium folding and acini number and/or diameter;
and that androgen replacement returns the gland to its former size and
shape by regenerating the lost histological characteristics after castra-
tion [77,79-81]. Mouse prostate consists of four lobe pairs, VP, LP, DP
(often referred together as dorsolateral prostate, DLP) and AP [82]. Of
these, VP has a high sensitivity to androgen ablation and testosterone
replacement after castration [83]. Thus, several previous studies have
focused on the effects of androgenic/anti-androgenic compounds in the
VP [77,84]. In the present study, we observed significant effects of
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A C NC TE vd B C NC TE v8 C C DPTE Fig. 7. Heatmaps of differentially expressed androgen-
Adk Abee3 4 responsive genes. The ARGs list gathered from ARGDB was
Cdknld Arh Ce;,:’, Ce dcgg used as a reference to determine the ARGs affected in the
Chacl Arpgc 1B Dnajcl0 microarray analysis. A) Common upregulated ARGs among
Cited2 AvpriA Chacl vehicle-injected NC and TE- or TBECHy&-injected C mice. B)
Creld? Cd74 Pdia6 Common downregulated ARGs among vehicle-injected NC and
Defb] Dbp Casp2 TE- or TBECHyS-injected C mice. C) Common ARGs among
? I?bajﬁ Nfib Eps8L2 vehicle-injected C and DPTE-injected NC mice. GraphPad
Fkg 5 Efnal Gadd45B Prism 7 was used to represent genes as a heatmap.
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treatments on VP and DLP. Consistent with previous studies, the VP and
DLP of C mice were atrophic and displayed a significant decrease in the
number and size of acini compared to NC mice. Besides, the VP and DLP
of C mice showed low to tall columnar epithelium with minor tufting,
while there were more prominent epithelium tufting and infoldings in
the VP and DLP of NC mice. TE treatment reversed the number and size
of acini back to almost normal levels in both VP and DLP. These results
suggested that studying VP and DLP histological changes constitutes a
good experimental approach towards evaluating the
androgenic/anti-androgenic effects of TBECH and DPTE. Similar to C
group, treatment with DPTE significantly decreased the epithelial tufts,
papillae and infoldings as well as the number of acini in VP and DLP.
These findings are, therefore, consistent with those of previous studies,
in which anti-androgenic compounds such as flutamide, bicalutamide
and nilutamide resulted in tissue remodeling towards prostate involu-
tion similar to castration [77,78]. On the other hand, and similarly to
TE, TBECHYS treatment resulted in prominent tufting in the epithelium
and significantly increased the number of acini in the VP and DLP
compared to C mice, while the acini diameter showed an increase only in
the DLP. The TBECHof group did not show an increase in the number of
acini in any lobes but in acini diameter in the DLP with less tufting and
infoldings in epithelium compared to NC and TE mice. Considering these
current observations and our previous studies, we suggest that, in
contrast to DPTE, TBECH could induce prostate regrowth. In particular,
TBECHYS displayed strong TE-like AR agonist activity on the VPs and
DLPs of C animals, causing an increase in the number of acini, prominent
tufting or papillary formations of the epithelium and even slight cellular
atypia. TBECHap showed a weaker AR agonist activity compared to TE
and TBECHYS, with less acini and less epithelial tufting. On the other
hand, DPTE showed an AR antagonist activity, with a decrease in the
number of acini, and epithelium without prominent tufting and papil-
lary projections, when compared to NC and C mice. Taken together,
histopathological data suggest that TBECH and DPTE treatments induce
prostate regrowth and involution via androgenic and anti-androgenic
activities, respectively.

As exposure to TBECH and DPTE altered growth and histology of the
prostate, we performed microarray analysis on the different exposures to
better understand the involvement of androgenic and antiandrogenic
pathway regulation in the observed effects. We observed that several of
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the top enriched processes in response to castration were enriched after
TE administration and that treatment with TBECHy8 and TBECHup also
involved the same GO terms. Comparison of the present data with pre-
vious findings [2] on biological processes following castration and
androgen supplementation showed that several of the shared processes
were involved in androgen regulation. Of these, immune system pro-
cesses, regulation of apoptotic processes, epithelial cell proliferation,
and regulation of lymphocyte proliferation are initiated by castration
and repressed following hormone replacement [2,72]. Regulation of cell
cycle, steroid biosynthetic processes, steroid metabolic processes and
prostate gland epithelium morphogenesis were also significantly
enriched GO terms in response to treatment. The observed enrichment of
these molecular events is consistent with previous results showing that
castration and TE administration alter these processes [2,85].

Similar to GO enrichment analysis, we found that TE reversed the
effect of castration at the gene expression level in mouse prostate. Most
of the genes that were reprogrammed in response to TE were also
affected by TBECHyS, while TBECHof treatment affected a compara-
tively smaller number of genes. To better understand the androgenic and
anti-androgenic activities of TBECH and DPTE, we compared the regu-
lated genes with ARGs from the ARG database [48]. We identified
several ARGs shared by the different treatments. The higher number of
ARGs regulated by TBECHYS is in line with our earlier studies [24,25,27]
demonstrating that TBECHYS is a more potent androgenic compound
than TBECHap.

We further analyzed the roles of the ARGs identified in the present
study and identified several well-known PCa related genes. One of these,
Fkbp5, encodes an immunophilin that influences prostate physiology in
the presence of androgens [86]. It has been observed that Fkbp5
expression is upregulated in LNCaP cells following exposure to andro-
gens, implying that it may have a role in PCa [53]. In another study, the
expression of this gene was induced following testosterone replacement
after castration [2]. Consistent with these findings, we also observed
that TE and TBECHYyd induced Fkbp5 expression. Trpv6, a membrane
protein that functions as a calcium channel, is another promising
biomarker of tumor progression and has been shown to be strongly
expressed in advanced PCa [87]. TBECHYS significantly upregulated the
expression of Trpv6, further supporting that TBECH may be involved in
tumorigenesis.
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Table 7
Androgen responsive genes (ARGs) associated with prostate cancer. Data are
fold-changes of gene expression.

Gene ID C NC TE TBECHYS TBECHap DPTE
Msmb —37.99 37.99 71.01 49.08 19.75
Defb1 —27.93 27.93 18.51 12.20

Nkx3-1 —15.18 15.18 11.60 6.67

Gpx3 —6.89 6.89 5.45

Pycrl —4.40 4.40 6.24 3.16

Fkbp5 -3.23 3.23 5.62 3.34

Cited2 —2.96 2.96 4.34 2.57

Herpudl -2.73 2.73 2.01 1.92

Wipil —-2.51 2.51 2.21 2.01

Trpv6 —2.39 2.39 2.70

CdknlA -2.18 2.18 2.02 3.68

Vegfa -2.15 2.15 2.97 2.56 1.92
0Odcl1 —1.90 1.90 2.22 1.74

Zbtb16 -1.83 1.83 2.61 2.32

Iqgap2 -1.67 1.67 1.87

Timp4 11.86 4.28

Asrgll 2.32 1.61

Cyp27A1 2.18 2.20

Ccnd2 1.89 2.20

Ccnd3 1.88 1.50

Stim1 1.86 2.10

Fabp5 11.80 —11.80 —-10.74 -2.94 -2.89
Gsttl 6.61 —6.61 —3.25 -3.17

Pygb 3.60 —3.60 —2.26 -2.26

Dbp 3.54 -3.54 -3.26 -2.91

Pbx1 2.92 -2.92 -2.12 -1.97

nis 2.76 —2.76 —2.32 -1.53

Abcc3 2.71 -2.71 —-5.15 —2.66

AvprlA 2.50 —2.50 —-3.05 -2.69

Psmel 2.12 —2.12 —2.17 -1.76

Steap2 2.07 -2.07 -2.19 -2.09

Nfib 1.95 -1.95 -1.94 -1.75

Efnal 1.82 -1.82 -1.84 —-1.55

Tgfb2 1.70 -1.70 —1.52 —1.60

Wwcl 1.64 1.92
Gadd45b 1.61 1.54
Fbin1 —4.07 -2.86

Idh1 -2.62 -2.89

Socs2 —2.55 —2.27

Inmt —2.47 -2.39

Igfbp3 —2.07 -2.30

Nfkbia -1.91 —-1.56

Dpp4 -1.91 -1.91

Dkk3 -1.76 —1.64

Antxr2 -1.71 -1.51

We found that TE and TBECHYS repressed Steap2 expression and
induced CdknlA expression. This is in agreement with an earlier study
showing that repression of Steap2 resulted in induction of CdknlA thus
leading to cellular apoptosis [88]. It has also been reported that over-
expression of Steap2 induce normal prostate cells to migrate and invade,
suggesting that its expression may promote PCa progression [89].
However, the role of p21/Cdkn1A in PCa remains unclear as it has also
been reported that deletion of p21/CdknlA results in reduced prostate
tumorigenesis [54]. Altogether, the regulation of these genes by
TBECHYS in prostate is particularly important since it has been previ-
ously reported that these genes play major roles in the onset of PCa.
Based on these findings, TBECHYyd should be considered a high human
health concern due to the possible involvement in PCa initiation and/or
progression.

Of special interest for PCa was Msmb, a PCa biomarker secreted by
the epithelial cells of the prostate [49]. While castration significantly
downregulated this gene, it was highly upregulated in response to TE,
TBECHop and TBECHYS. Consistent with this observation, we previously
found that Msmb was upregulated by TBECHyS treatment in several in
vitro cell based assays [27,66,90]. We have previously observed that
Msmb is significantly downregulated in vitro in the human breast cancer
T47-D cell line and the non-transformed prostate RWPEL1 cell line and in
vivo in zebrafish following exposure to DPTE [32,34,90]. However, in
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the present study, DPTE did not show any effect on Msmb expression.
This suggests that DPTE-mediated Msmb regulation could be
context-dependent or that longer exposure time could be required for in
vivo effects in mice. Interestingly, we identified two PCa associated
genes, namely Wwcl and Gadd45b that were common to DPTE exposure
and castration (Table 7). It has been previously found that deletion of
Gadd45b results in suppression of testosterone-induced prostate hyper-
plasia in mice [62]. In another study, it has also been shown that Wwc1
is a positive regulator in PCa cell proliferation and motility using
LNCaP-C4-2 cell line [61]. Nkx3-1 is a negative regulator of epithelial
cell growth in prostate tissue and downregulation of this gene is asso-
ciated with prostate tumor progression [50,51]. Castration significantly
downregulated Nkx3-1, while TE and TBECHYS treatments upregulated
its expression. It has previously been reported that Nkx3-1 is signifi-
cantly repressed after castration and induced upon testosterone
replacement [2], which is in accordance with our observations.

The effects on prostate physiology caused by TBECH and DPTE in the
present study demonstrate that these compounds qualify as endocrine
disrupting substances. TBECHYS shows high similarities to testosterone
treatment, increases PW and reverses the action of castration. DPTE, on
the other hand, shows higher similarities to castration as the PW is
drastically reduced by either intervention. These compounds also alter
the transcriptome of mouse prostate, resulting in gene expression pat-
terns highly similar to those observed in PCa. The effects of environ-
mental exposures to pesticides on the development of PCa has been
extensively studied, and a significant correlation between exposure and
PCa has been identified [91-94]. In a recent study on the risk of
developing aggressive PCa, a significant correlation between exposure
to the organochloride dimethoate and PCa was established [95]. The
results of the present study add the BFRs TBECH and DPTE to the list of
compounds that may contribute to PCa development.

5. Conclusions

In the present study, we used an in vivo approach to investigate the
impact of TBECH and DPTE on prostate growth, histopathology and
altered gene expression of the mouse prostate. TBECHyd displayed
substantial androgenic activity and induced growth and histological
changes of the prostate, while DPTE displayed anti-androgenic proper-
ties that resulted in prostate involution similar to castration. The
comparative analysis of ARGs revealed that well-characterized PCa
genes are regulated in response to TBECHyd and DPTE. The present
findings demonstrate that TBECH and DPTE are of high human health
concern due to their histopathological effects and effects on the
expression of genes involved in PCa.
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