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ARTICLE INFO ABSTRACT

Keywords: Normal prostate development is highly dependent of an equilibrated hormonal regulation, so that sensible in-
Metalloestrogen terferences during this period may predispose the gland to lesions during aging. Industrial activities have in-
Antiandrogens creased the exposure of this gland to active elements found in environment, such as aluminum (Al). Al presents

Androgen receptor
Estrogen receptor alpha
Ventral prostate
Female prostate

toxic effect for living beings, having the potential to disrupt the development and growth of several organs and
systems. Therefore, the aim of this study was to evaluate whether the prenatal exposure to Al may alter the
development and morphophysiology of the gerbil prostate (Meriones unguiculatus). Pregnant females were orally
exposed to aluminum chloride (100 mg/kg/day) from 17th to 21th gestational day. Following the birth, the male
and female pups were euthanized with 1 (PN1) and 90-days-old (PN90). The prostates were collected for bio-
metrical, three-dimensional reconstruction, morphometrical, stereological, and immunohistochemical analysis.
Results indicated that Al decreases the body weight of PN1 males and females, and also reduce the anogenital
distance of PN1 females. Moreover, Al changed the prostate developmental patterns of PN1 animals, causing an
increase in proliferative status and decreasing androgen receptor immunostaining. The results suggest that Al-
promoted changes were permanent, since low androgen receptor frequency, increased serum testosterone levels
and high proliferation index were observed in adult gerbils. This study demonstrated that body and prostatic
changes were more pronounced in females than in males, and that Al performed as an endocrine-disrupting
chemical in gerbils.

1. Introduction

Aluminum (Al) is the most profuse metallic element found in earth
crust, being present as several chemical forms in soil, water and air
(Nampoothiri et al., 2017). Al salts are present in industry, civil con-
struction, kitchen dishes, water, food, personnel products and medicine
(Oda, 2016). Examples of different Al forms include aluminum oxide,
aluminum chlorohydrate, aluminum hydroxide, aluminum chloride and

aluminum phosphate (Cardiano et al., 2017).

The main absorption ways of the Al include inhalation, ingestion
and dermal contact (Mouro et al., 2018). Through oral diet, an adult
ingest almost 5-40mg of Al daily (Yokel and McNamara, 2001).
However, according to the Joint FAO/WHO Expert Committee on Food
Additives (JECFA), the accepted limit for Al ingestion corresponds with
2 mg/kg/week (Crisponi et al., 2013).

Although the gastrointestinal absorption of Al is relatively low, the

Abbreviations: AGD, anogenital distance; Al, aluminum; AlCl;, aluminum chloride; AR, androgen receptor; DAB, diaminobenzidine; EB, epitelial buds; ERa, es-
trogen receptor alpha; GO, gestational day zero; G17, 17th day of gestation; G24, 24th day of gestation; HE, hematoxylin-eosin method; JECFA, Joint FAO/WHO
Expert Committee on Food Additives; MGMT, Os-methylguanine-DNA methyltransferase; PaM, paraurethral mesenchyme; PBS, phosphate buffer saline; PCNA,
proliferating cell nuclear antigen; PeM, periurethral mesenchyme; PN1, one day of post-natal life; PN90, ninety days of post-natal life; PrC, prostate complex; SM,
smooth muscle; UGS, urogenital sinus; VMP, ventral mesenchymal pad; VP, ventral prostate
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Fig. 1. Schematic representation of the experimental protocol employed in this study. The interval between GO (day of mating) and PNO (day of birth) represents the
gerbil gestational period. The interval between G17 and G24 represent the days of aluminum exposure. The PN1 and PN90 represents the euthanasia period.

exposure to biologically active forms has been increased, mainly in
pregnant, newborns, and children (Callan et al., 2013; Fanni et al.,
2014). When absorbed, the Al ions accumulate inside brain, bones,
liver, and kidneys, disturbing processes of cell signaling and growth
(Dhivya Bharathi et al., 2018).

Recent researches with animals and human models have demon-
strated the toxicant potential of Al, and its participation in the devel-
opment of several pathologies, such as bone disturbances, anemia, and
neurodegenerative diseases including Alzheimer, Parkinson, and en-
cephalopathies (Lifeng et al., 2013; Erazi et al., 2016; Zhu et al., 2016;
Nampoothiri et al., 2017; Zahedi-Amiri et al., 2018).

Several studies have been shown the hazardous potential of Al in
development and physiology of reproductive system (Domingo, 1995;
Mouro et al., 2018). Researches with mice and rats confirmed the
embryotoxic and teratogenic effects of Al (Benett et al., 1975). Adult
females exposed to Al presented injured ovary, which caused a dis-
rupting of several enzymes and hormones involved either in oxidative
metabolism or normal ovary function (Fu et al., 2014). In male rodents,
the exposure to Al promoted testis lesions in association with hormonal
imbalances (Sun et al., 2011; Zhu et al., 2014; Falana et al., 2017).
However, there is a lack of studies evaluating the effects of Al exposure
on the prostate.

The prostate is an accessory gland of mammal reproductive system.
The development, growing, and prostate secretory function are regu-
lated mainly by steroids hormones (Marker et al., 2003). This gland is
also found in female rodents and women, and is called female prostate
or Skene's paraurethral gland (Zaviacic and Ablin, 2000; Flamini et al.,
2002; Santos et al., 2006; Perez et al., 2016).

Studies have demonstrated that the exposure to environmental
compounds during critical phases of development leads to permanent
changes in prostate morphophysiology (Hond and Schoeters, 2006;
Prins et al., 2008; Lima et al., 2015). Moreover, researches showed that
several metals may exert estrogenic activities when in contact with
organism. These substances are referred as metalloestrogens (Darbre,
2006). Since is known that pregnant women ingest high quantity of Al
due the use of antacids for dyspepsia treatment (Domingo, 1995; Fanni
et al., 2014), it is important to evaluate if the consumption of Al during
gestational period may cause toxicity on the prostate development of
the fetuses. Therefore, the aim of this study was to evaluate the effects
of gestational exposure to Al on prostate development in newborn and
adult male and female gerbils (Meriones unguiculatus).

2. Material and methods
2.1. Animals and experimental design
The animals were provided by the Sao Paulo State University

(UNESP; Sao José do Rio Preto) and maintained under controlled
conditions of light and temperature. To avoid exposing the animals to
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endocrine-disrupting chemicals, all animals were housed in new poly-
ethylene cages and filtered water was provided from glass bottles.
Gerbils were fed with rodent food ad libitum (Presence, Labina-Purina®;
composition: 23% proteins, 4% fats, 5% fibers and 12% minerals).
Animal handling and experiments were approved by the Institutional
Ethics Committee of the Federal University of Goids (CEUA-UFG 110/
15).

We used 20 adult female and 20 adult male gerbils (Meriones un-
guiculatus, Muridae: Gerbillinae), all between 3 and 4 months old, for
mating. We randomly matched one male to one female to form in-
dependent families. The mating day was determined by the presence of
spermatozoa in the vaginal smears; this day was considered as gesta-
tional day zero (GO), being the initial day of the gestational period
(Sanches et al., 2014). Two experimental groups were formed, as fol-
lows: Control group: ten pregnant females received oral doses of 0.9%
saline solution from the 17th (G17) until the 24th day of gestation
(G24); Aluminum group (AD): Ten pregnant females received oral doses
of aluminum chloride (AICl3, Sigma catalogue n° 06220/Fluka, purity
=99.0%, LDso: 3450 mg/kg) from the G17 until G24 (100 mg/kg/day
diluted in 0.9% saline solution — 20.2 mg Al/kg/day; 1/35 LDs).

Aluminum dose employed in this work was based on the study
performed by Sun et al. (2011). After the birth, males and females were
separated and the gerbils were euthanized at either one (PN1) or ninety
days of post-natal life (PN90) (Fig. 1). All pups (n = 8/group) were
weighed and immediately euthanized by decapitation. Pups anogenital
distance (AGD) was measured, and then the prostate was dissected out.
Adult animals (90 days old; n = 8/group) were euthanized by cervical
dislocation. The body weight and prostatic complex (PrC — correspon-
dent urethral segment, ventral, dorsolateral, and dorsal prostate lobes
in males; urethral segment, corresponding vaginal segment and pro-
static ducts and alveoli for females) were weighed. These fragments
were dissected out using a Leica stereoscopic microscope (Leica, Ger-
many).

2.2. Light microscopy

The prostate glands were fixed by immersion in methacarn (me-
thanol, chloroform and acetic acid - 6:3:1) for three hours at 4 °C, or 4%
paraformaldehyde (buffered in 0.1 M phosphate, pH 7.2) for 24 h. After
fixation, the tissues were washed in water, dehydrated in ethanol series,
clarified in xylene, embedded in paraffin (Histosec, Merck, Darmstadt,
Germany), and sectioned at 5 um on a Leica microtome (Leica RM2155,
Nussloch, Germany). The sections were stained by hematoxylin-eosin
(HE). The histological sections were glued on glass slides with Entellan
mounting medium (Merck, Darmstadt, Germany). The specimens were
analyzed using Zeiss Axioscope Al light microscope (Zeiss, Germany),
and the images were digitalized using CellSens Standard software v1.6
(Olympus, Japan).
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Table 1
Biometrical and stereological data obtained for the male and female prostate
during AICl; treatment.

Male Female
Control Al Control Al
“Biometry

One-day-old
Body weight 3.8 + 0.14 3.3 £ 0.09° 3.4 * 0.08 2.9 = 0.07
(€3]
AGD (mm) 0.83 = 0.03 0.81 = 0.05 0.47 = 0.03 0.25 = 0.01

Ninety-days-old
Body weight 62.5 + 2.8 67.0 + 1.0 51.8 = 1.6 62.3 + 3.4
(€3]
PrCweight (g)  0.73 + 0.08 0.87 + 0.04 0.16 + 0.02 0.22 * 0.01
PrC relative 115 = 1.0 13.0 = 05 3.1 = 0.3 35 * 0.1
weight
x1073)

"Stereology (%)

One-day-old
Epithelial buds 25.4 = 1.6 31.0 = 1.3 15.2 = 0.7 19.2 £ 1.0
Mesenchyme 56.1 = 1.5 447 = 1.7 65.3 = 1.2 60.4 = 1.4
Smooth 185 = 1.2 243 + 1.7 195 = 1.3 204 + 1.2
muscle

Ninety-days-old
Epithelium 19.5 = 3.0 248 + 1.6 19.4 = 1.3 275 + 1.5
Lumen 58.0 = 2.6 49.7 = 3.2 36.4 = 3.5 28.3 = 3.9
Stroma 142 = 1.1 133 £ 16 278 £ 1.6 29.2 + 2.3
Smooth 8.3 + 0.7 122 = 1.1 16.4 = 1.9 150 = 1.3
muscle

2 Anogenital distance (AGD) and body, prostate complex (PrC), and relative
PrC weight in control and Al-treated gerbils (n = 8/group). Relative weight
corresponds to the ratio between PrC and body weight. Values are means +
standard error of the means (SEM).

b Stereological data obtained for the male and female prostate during Al
treatment (mean + SEM; n = 30 fields in 5 animals/group).

* Statistically significant differences between control and Al group (p < .05).

2.3. Three-dimensional reconstruction

Three-dimensional reconstruction was performed to determine the
pattern of prostatic budding and branching in both male and female
PN1 gerbils (n = 1 animal/group). Serial histological sections were
obtained from the urogenital sinus (UGS) and further stained by HE.
The serial sections were sequentially digitalized. The alignment and the
reconstruction of the UGS structures were performed with the
Reconstruct software (Fiala, 2005). Digital images were submitted to
morphometric analysis of the developing prostate buds. We determined
the number, area, and sectional perimeter of epithelial outgrowths buds
(ventral in males and paraurethral in females). These parameters of the
male and female prostate epithelial buds were determined as the sum of
all buds in a central section of each gland (n = 5 prostates/group).

2.4. Stereology

The stereological analyses were carried out using Weibel's multi-
purpose graticulate with 130 points and 10 test lines (Weibel, 1963) to
compare the relative frequency of each component of prostatic tissue,
as described by Vilamaior et al. (2006). We chose 30 microscopic fields
at random from each experimental group (six fields per animal; n = 5).
We determined the relative values by counting the coincident points in
the test grid and dividing them by the total number of points. Stereo-
logical analysis was performed using Image-Pro Plus software v6.1 for
Windows (Media Cybernetics Inc., Silver Spring, MD, USA).

2.5. Immunohistochemistry

Tissue sections were subjected to immunohistochemistry to detect
androgen receptor (AR), estrogen receptor-alpha (ERa), proliferating

34

Experimental and Molecular Pathology 107 (2019) 32-42

cell nuclear antigen (PCNA), and O°-methylguanine-DNA methyl-
transferase (MGMT) (n = 3 animals/group). The sections were depar-
affinized, rehydrated through alcohol of decreasing series, and antigen
retrieval was performed in a citrate buffer (pH 6.0). For detection of
primary antibodies, the Leica BIOSYSTEMS NovolLink Polymer
Detection System (RE7150-K, United Kingdom) kit was used. This
comprises sequential stages interspersed with washing steps, which
were made with phosphate buffer saline (PBS). Endogenous peroxidase
activity was neutralized with Novocastra Peroxidase Block (3% hy-
drogen peroxide with stabilizers), and after Novocastra Protein Block
(0.4% casein in PBS with stabilizers) was used to reduce the non-spe-
cific binding of the primary antibody and polymer. Primary antibodies
reactive to AR (rabbit polyclonal IgG, N-20, sc-816, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), ERa (rabbit polyclonal IgG, MC-
20, sc-542, Santa Cruz Biotechnology), PCNA (mouse monoclonal
IgG2,, SC 56, Santa Cruz Biotechnology, CA, USA) and MGMT (mouse
monoclonal, clone E-1, SC-166528, Santa Cruz Biotechnology, CA,
USA) were employed at a dilution of 1:100 overnight at 4 °C. On the
next day, Novocastra Post Primary (rabbit anti mouse IgG) and
Novolink™ Polymer (anti-rabbit Poly-HRP-IgG) were used as secondary
antibodies. The sections were stained with DAB Chromogen (1.74% w/v
3,3’-diaminobenzidinem in a stabilizer solution) and Novolink™ DAB
Substrate Buffer (Polymer: buffered solution containing <0.01% hy-
drogen peroxide and preservative) (proportion 1:20), and finally
counterstained with Hematoxylin. The histological sections were ana-
lyzed using a Zeiss Axioscope Al light microscope (Zeiss, Germany).

2.6. AR, ERa and PCNA quantification

For AR, ERa, and PCNA quantification, 20 microscopic fields (n = 3
animals/group; magnification of 400 x) were used for each experi-
mental group. In each field, the total number of positive epithelial,
stromal, and mesenchymal cells was obtained as a relative frequency
(%) in relation to the total number of cells. In the AR quantification,
between positive and negative cells, we counted 46,573 cells; for ERa
quantification we counted 14,911 cells; and, in PCNA quantification,
we counted 28,357 cells. All these analyses were performed using the
image analysis system previously described.

2.7. Serum testosterone dosage

Blood samples of male and female PN90 gerbils were obtained by
cardiac puncture immediately after euthanasia (n = 6 animals/group).
We were unable to obtain sufficient blood volume for the dosages of
PN1 gerbils. Serum was obtained by centrifugation (1200g, 20 min)
and stored at —20 °C. Circulating serum testosterone levels were ob-
tained by Competitive Enzyme immunoassay (Monobind Inc.,
AccuBind, Lake Forest, USA). Testosterone sensitivity was 0.0576 ng/
ml.

2.8. Statistical analyses

The hypothesis tests employed to determine statistical significance
were the Mann-Whitney U test for non-parametric distributions and the
t-test for parametric distributions. The data were analyzed using
Statistica 7.0 software (StarSoft, Inc., Tulsa, OK, USA). The level of
significance was set at 5% (p < .05). Values are presented as mean =+
standard error of mean (SEM).

3. Results
3.1. Biometry
Intrauterine exposure to Al significantly decreased the body weight

of newborn male and female. We also observed a reduction of the AGD
in females of PND1 group. Between adult animals, only the females of
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Fig. 2. Three-dimensional reconstruction model of
one-day-old gerbil prostate. Ventral prostate in con-
trol (a, b) and Al-treated male gerbil (c, d).
Paraurethral glands in control (e, f) and Al-treated
female gerbil (g, h). Blue: urethral epithelium (UR);
yellow: epithelial buds (EB); red: smooth muscle
layer (SM); light blue: ventral mesenchymal pad in
males (VMP) and paraurethral mesenchyme in fe-
males (PaM). D — V corresponds to the dorsoventral
axis of the urethra. (i) Number, area, and perimeter
of EB in one-day-old male and female gerbils
(mean + SEM; n =05 prostate glands/group).
*Statistically significant differences between control
and Al group (p < .05). (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

MALE FEMALE
CONTROL Al CONTROL Al
Buds number 9.0+1.1 11.0+1.0 3403 56+0.4*
Area (um?) 14404.4 £ 1178 20416.0 = 1007* 3800.9 + 581.2 6066.2 + 566.4*
Perimeter (um) 1570.0 £ 67 2521.7 +380.1* 453.0 £ 60.5 793.4 £ 108.1*

Al group had an increasing of the body weight (Table 1).

3.2. Three-dimensional reconstruction of one-day-old animals

The ventral prostates (VP) of the control PN1 animals showed a
normal developmental pattern (Fig. 2). In males, the epithelial buds
(EB) elongated from the urethral epithelium following a V-shapped
pattern, reaching the ventral mesenchymal pad (VMP) (Fig. 2a-b). In
the female, a lower number of paraurethral EBs emerged from caudal
urethra, heading linearly to the paraurethral mesenchyme (PaM), lo-
calized in a cranial position of the urethral segment, near the bladder
neck (Fig. 2e—f). We found that the EBs may invade PaM unilaterally or
bilaterally, although few EB reach the PaM (Fig. 2f).

Newborn males exposed to Al did not show an increase of the EB per
sectional area (Fig. 2c—d; i). However, 3-D images showed an increase
of smooth muscle (SM) gap surrounding the urethral (Fig. 2c-d). As
expected, we observed that the ductal morphogenesis had a higher
extension of the urethra in this experimental group (Fig. 2d). Moreover,
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the EB showed an area and a sectional perimeter significantly higher
than that observed in control males (Fig. 2i).

Three dimensional analyses demonstrated that PN1 females exposed
to Al had an apparent increase of PaM (Fig. 2g-h). These animals
showed an increase in the number of the bilateral EB, area and sectional
perimeter (Fig. 2i).

3.3. Morphology and stereology

PN1 males exposed to Al showed a higher relative frequency of EB
and SM, and a decrease of mesenchymal compartment (Fig. 3a-b,
Table 1). PN90 males of the Al group presented prostates with higher
epithelial compartment (Fig. 4a), being surrounded by a thick smooth
muscle layer (Fig. 4b). Stereology data demonstrated that VP of Al adult
males had an increase in the epithelial and SM relative frequency
(Table 1).

The urethra of Al newborn females showed a higher number of
paraurethral EB, and a more vascularized mesenchyme (Fig. 5a-b).
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Fig. 3. Histological sections of ventral prostate in
one-day-old male gerbils. (a, b) HE method showing
the morphological aspects of this gland. Developing
UGS is composed of the urethral epithelium (UR),
which is surrounded by a layer of mesenchymal
periurethral tissue (PeM) and a discontinuous layer
of smooth muscle (SM). The ventral lobe of the gerbil
prostate is composed of several solid epithelial cords
(EB) that arise from the ventral UR epithelium, cross
a gap in the SM, reaching the ventral mesenchymal
pad (VMP). (c-e) AR-positive cells in EB, PeM, SM e
VMP (arrows). (f-g) PCNA-positive cells in EB
(dotted structures), PeM, SM e VMP (arrows). (h—j)
Cytoplasmic staining for MGMT was observed in SM
cells of the control and Al groups (arrows).

Stereological analysis showed that Al group had a significant increase of We also noted a decreasing regarding the AR-positive cells in all VP
the relative frequency in epithelial compartment, and a decrease of the compartments of treated newborn males. However, this reduction was
total mesenchyme (Table 1). We also observed that the prostate of Al significant only in PeM and VMP (Table 2). In PN90 males we did not
adult females presented a higher epithelial development (Table 1), observe differences regarding the immunostaining for AR between
showing hyperplasic alveoli with several infolded-epithelial areas control and Al groups (Fig. 4c—d; Table 2).

(Fig. 6a-b). All PN1 female prostate compartments (control and Al) showed AR-

positive cells (Fig. 5d-e). For the Al group, the immunostaining de-
creased in all compartments, although only the EB had a significant
3.4. Immunohistochemical analyses reduction (Table 3). PN90 females exposed to Al showed a significant
reduction of AR-positive cells in both epithelium and stroma (Fig. 6¢—d;

3.4.1. AR immunostaining Table 3).
In both PN1 male group (control and Al) we observed AR-positive
cells in EB, periurethral mesenchymae (PeM), SM, and VMP (Fig. 3c—e).
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Fig. 4. Histological sections of the ventral prostate in adult male gerbils. (a—b) HE method showing morphological aspects of the ventral prostate in control and Al
groups. In Al-treated gerbils the prostatic alveoli (AV) exhibited a more developed epithelium (Ep) and smooth muscle layer. Lumen (L), stroma (S). (c-d) AR-positive
cells in Ep and S (arrows). (e-f) PCNA-positive cells in Ep and S (arrows). (g-h) Cytoplasmic staining for MGMT in smooth muscle layer (arrows).

3.4.2. ERa immunostaining

Regarding ERa immunostaining, we only detected ERa-positive
cells in female prostates of PN1 and PN90 groups (Fig. 5f-g; Fig. 6e-f).
These cells were observed in PeM, SM, and PaM of control and Al fe-
male groups (Fig. 5f-g). Quantitative analysis showed that the exposure
to Al promoted a significant increase in the ERa staining in PeM, SM,
and PaM (Table 3). Conversely, adult females demonstrated a sig-

nificant reduction of this nuclear receptor in the stromal compartment
(Fig. 6e-f; Table 3).
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3.4.3. PCNA immunostaining

We detected PCNA-positive cells in EB, PeM, SM, and PaM com-
partments of PN1 male gerbils (Fig. 3f-g). However, for the Al-treated
group these positive cells were more frequent (Table 2). PCNA-positive
cells were also observed in epithelial and stromal compartments in VP
in both control and Al PN90 males (Fig. 4e—f). However, the exposure to
Al resulted in a significant increase of PCNA-positive cells only in
prostatic epithelium (Table 2).

PN1 females presented prostates with PCNA-positive cells located in



L.S. Gomes et al.

CONTR

v s
r.l':p"’“ \\‘\

.3\

‘!\3:' é"r’;}g""’ 4

By -\*_&p"vf

B a\“, LS

ERa

MGMT

EB, PeM, SM, and PaM (Fig. 5h-i). After exposure to Al, all these
compartments became significantly more proliferative (Table 3). A
significant increase of this immunostaining was also observed in epi-
thelium and prostatic stroma of adult treated females (Fig. 6g-h;

Table 3).
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38

Experimental and Molecular Pathology 107 (2019) 32-42

Fig. 5. Histological sections of paraurethral glands in
one-day-old female gerbils. (a-¢) HE method
showing the morphological aspects of this gland.
Developing UGS in female gerbils has similar struc-
tures to those observed in males of the same age.
However, it can be seen that prostatic buds (EB,
dotted structures) arise from the lateral sides of the
caudal urethra (UR) and elongate within the peri-
urethral mesenchyme (PeM) until reaching the
paraurethral mesenchyme (PaM). Smooth muscle
layer (SM); Blood vessels (arrowread). (d-e) AR-po-
sitive cells in BE, PeM, SM and PaM (arrows). (f-g)
ERa-positive cells in PeM, SM and PaM (arrows). EB
was negative for ERa (dotted lines). (h-i) PCNA-
positive cells in PeM, BE (dotted), SM and PaM (ar-
rows). (j-k) Cytoplasmic staining for MGMT was
observed in SM cells of the control and Al groups
(arrows).

3.4.4. MGMT immunostaining
An intense cytoplasmic immunostaining for MGMT was observed in
the smooth muscle cells of PN1 males (Fig. 3h-j). However, in PN1
males exposed to Al, this marking was weak and scattered (Fig. 3j). In
both adult male groups, we observed a weak pattern of MGMT marking
inside the smooth muscle cells surrounding prostatic alveoli (Fig. 4g-h).
In both PN1 females (control and Al) we also noted cytoplasmic
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Fig. 6. Histological sections of the female prostate during adulthood. (a-b). HE method showing the morphological aspects of the female prostate. Al-treated glands
exhibited proliferative alveoli (AV). Epithelium (Ep), stroma (S). (c-d) AR-positive cells in Ep and S (arrows). (e-f) ERa-positive cells in S (arrows). (g-h) PCNA-
positive cells in Ep and S (arrows). (i-j) Weak cytoplasmic reaction for MGMT in smooth muscle cells of Al-treated female prostate.

reactions for MGMT in periurethral SM. However, these markings were 3.5. Testosterone levels

more intense for the Al group (Fig. 5j-k). In adult female prostates, we

noted weak cytoplasm reaction for MGMT in the periurethral SM Al-treatment caused a significant increase (p < .05) in serum tes-
(Fig. 6i). tosterone levels of the PN90 male and female gerbils (Fig. 7).
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Table 2
Frequency (%) of AR and PCNA-positive cells in the male gerbil prostate of all
experimental groups.

AR PCNA
Control Al Control Al
One-day-old
EB 57.4 = 4.0 47.0 = 3.9 58 = 0.7 28.1 = 2.1*
PeM 79.4 = 2.3 57.9 + 2.2 6.1 = 0.8 10.6 = 1.2*
SM 442 = 4.1 339 * 45 8.7 = 0.8 23.2 + 2.1%
VMP 86.0 = 1.5 70.6 = 3.1% 125 = 1.2 154 = 2.7
Ninety-days-old
Epithelium 69.2 = 4.4 61.2 = 4.2 43 = 0.5 14.7 = 1.1*
Stroma 19.0 £ 1.5 185 + 1.5 5.3 = 0.8 82 + 1.1

Epithelial buds (EB), periurethral mesenchyme (PeM), smooth muscle layer
(SM), ventral mesenchymal pad (VMP). Values are means + standard error of
the means. Asterisks represent statistically significant differences between the
experimental groups (p < 0.05; n = 30 fields in 3 animals/group).

4. Discussion

The results showed that Al prenatal exposure changes develop-
mental patterns of the male and female gerbil prostates, promoting
permanent modifications whose remain in adult life.

The Al dose employed in this study did not cause abortions or signs
of external malformations. However, male and female gerbils exposed
to Al showed a significant reduction of body weight at birth. This
finding is an important indicative of the Al hazardous effects on the
health, which has also been reported in studies that evaluated Al
toxicity in rodent models (Hirata-Koizumi et al., 2011; Wang et al.,
2012; Novaes et al., 2018).

Further, we also found a significant reduction of the female AGD,
but not in males. The AGD is an efficient anthropometric measure to
evaluate the toxic effects of endocrine-disrupting chemicals on the re-
productive system (Liu et al., 2014). Some studies have been shown
that decreased AGD is related with antiandrogenic drugs exposure
(Castafno-Vinyals et al., 2012; Thankamony et al., 2016). This differ-
ential effect in males and females suggests that Al presents distinctive
mechanisms of endocrine disruption in both genders, and also shows
that the females seem to be more sensitive to this metal.

In general, three dimensional reconstruction and morphological
data showed that Al exposure changed the prenatal prostate develop-
ment in gerbils. PN1 prostates of females and males had an increase of
the area, EB relative frequency, and PCNA-positive cells. Moreover,
immunohistochemical data demonstrated a decreasing of AR im-
munostaining in both sexes, and an increase of the ERa-positive cells in
females. Thus, the increase either of the epithelial proliferative index or
in the EB area in Al-treated PN1 gerbils seems to be related with the
modulation of androgenic and estrogenic receptors.

Previous studies have already reported several Al adverse effects on
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the reproductive system of rodents (Domingo, 1995; Marwa et al.,
2017). In adult rats, Al exposure caused changes in the ovarian struc-
ture, and also decreased the expression of luteinizing hormone re-
ceptors (LHR) and follicle stimulating hormones receptors (FSHR), be-
sides increasing the serological levels of testosterone and decreasing
estradiol, progesterone, LH, and FSH (Wang et al., 2012; Fu et al.,
2014). In rats and mice, testis toxicity was related with a decreasing in
fertility and a lower AR expression (Guo et al., 2005; Sun et al., 2011;
Makutina et al., 2014; Miska-Schramm et al., 2017). Although these
studies have employed diverse methodologies, especially regarding the
age, route and exposure dose, all them indicated that Al acts as an
endocrine-disrupting chemical, changing either the serological hor-
monal levels or the expression of hormone receptors in gonads.

Although we have not succeed with ERa immunostaining in males,
the decreased frequency for AR in both males and females, besides an
increase of ERa in females, are indicatives that the Al also acted as an
endocrine disruptor in PN1 gerbil prostate. The higher immunostaining
for ERa in the prostatic mesenchymal cells can be associated with a
higher cell proliferation, since an elevated ERa expression is correlated
with higher cell proliferative index (Prins et al., 2001; Omoto et al.,
2005).

Therefore, we suggest that Al acted as an antiandrogenic compound,
blocking androgenic effects at AR level and modulating estrogenic re-
ceptor alpha in PN1 gerbil prostate. These findings corroborate with
other in vivo and in vitro studies that demonstrated Al as a metalloes-
trogen, with potential to bind to estrogen receptors and to promote
estrogen agonist responses (Martin et al., 2003; Darbre, 2006, 2009).

Prostate morphological changes found in PN1 animals seem to be
permanent, since adult gerbils exposed to Al during intrauterine life
showed higher levels of cell proliferation in both epithelial and stromal
compartments. In addition, adult males and females showed high serum
testosterone levels. However, the mechanisms that caused this gland-
ular hyperplasia during adult life are unknown, since females and males
showed different patterns of immunostaining for hormonal receptors.

In adult female prostate we observed a reduction of AR and ERa
immunostaining. For adult males, we did not observe any changing
regarding AR frequency. Thus, it is possible that Al has acted as a
systemic endocrine disruptor, leading to changes in the regulation of
the hyphotalamic-pituitary-gonadal axis. This hypothesis is supported
by evidences found in other models that related Al as capable of
changing the synthesis and releasing of pituitary hormones, thus dis-
rupting steroidogenesis and gametogenesis (Domingo, 1995; Yousef
et al., 2005; Wang et al., 2012; Zhu et al., 2014; Falana et al., 2017).

It is important to relate that we did not observe neoplastic lesions in
adult prostates. However, Al-exposed females showed a higher im-
munostaining for O(6)-methylguanina-DNA  meththyltransferase
(MGMT) in the cytoplasm of smooth muscle cells. MGMT is an enzyme
that works in DNA repairing, transferring methyl groups from DNA to
an own cystein residue (Christmann et al., 2011; Gongcalves et al.,
2013). Therefore, the higher immunostaining for MGMT in female

Table 3
Frequency (%) of AR, ERa, and PCNA-positive cells in the gerbil female prostate of all experimental groups.
AR ERa PCNA
Control Al Control Al Control Al
One-day-old
EB 46.2 = 4.1 26.2 = 3.2% - - 3.8 = 0.6 14.1 = 0.9*
PeM 327 £ 2.7 28.2 + 2.6 20.0 = 3.1 48.7 + 2.8 109 + 1.0 28.1 = 1.2%
SM 22.6 = 2.1 16.9 = 3.0 12.3 = 2.1 35.7 £ 2.1* 139 + 2.0 29.1 = 1.2%
PaM 67.4 = 3.4 63.9 = 3.8 48.4 = 2.6 62.2 = 1.7* 11.8 £ 1.5 29.9 = 1.5*
Ninety-days-old
Epithelium 41.2 = 3.0 29.4 + 3.3* - - 6.7 = 1.0 15.6 = 0.9*
Stroma 26.5 = 2.4 17.8 = 2.0* 66.0 = 2.7 25.6 = 3.7* 4.5 = 0.5 16.6 = 1.3*

Epithelial buds (EB), periurethral mesenchyme (PeM), smooth muscle layer (SM), paraurethral mesenchyme (PaM). Values are means + standard error of the means.

Asterisks represent statistically significant differences between the experimental groups (p < 0.05; n
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Fig. 7. Testosterone plasma levels (ng/mL) in control and Al-treated male and female adult gerbils (n = 6 animals/group). Values are mean * standard error of
mean. Asterisks represent statistically significant differences between the groups (p < .05).

prostates suggests that Al exposure results in a more susceptible status
for epigenetic modifications. This way, new studies must be performed
in order to evaluate the Al potential for causing epigenetic changes that
can predispose this gland to lesions during aging.

Several studies performed by our group have demonstrated that the
gerbil prostate is sensible to the action of endocrine-disrupting chemi-
cals in different phases of prostate development (Perez et al., 2012;
Biancardi et al., 2015; Campos et al., 2015; Lima et al., 2015; Perez
et al.,, 2016). However, this is the first study that demonstrates the
activity of Al as an endocrine-disrupting chemical on the male and fe-
male gerbil prostate. Therefore, the results of our study are important
for public health, since Al exposure has been increased during last
years, especially in newborn, child, and pregnant women (Crisponi
et al., 2013; Fanni et al., 2014). Thus, these findings may be useful for
public health policy organs in order to control Al employment in the
pharmaceutical and food industry, as well as to warn about the risks of
exposure to Al.

5. Conclusion

Al intrauterine exposure caused permanent alterations in develop-
ment and morphophysiology of the male and female gerbil prostate.
Body and prostatic changes were more pronounced in females than in
males, suggesting sex-specific effects of the Al in gerbils. Our data in-
dicate that Al promoted endocrine-disrupting responses in gerbils,
modifying the modulation of the androgen and estrogen receptors in the
prostate.
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