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A B S T R A C T

Aims: The purpose of this study was to describe a suitable experimental model for studying aging-related

prostate disorders including cancer.

Materials and methods: 12-month old Wistar rats were kept in control conditions (n= 12) or treated (n= 16) for

6 months with Silastic implants filled with testosterone (T) and estradiol (E2). After the experiment period (at

18 months of age), animals were euthanized and the prostate and other organs were harvested, dissected,

weighed, and processed for morphological, ultrastructural and molecular analyses.

Key findings: We demonstrated that male rats of Wistar strain nicely recapitulate the carcinogenesis process

taking place in the aging prostate through the arising of benign, precancerous and malignant lesions, and above

all yields a modest incidence of spontaneous PCa (~36%). Moreover, our results highlight that 100% incidence

of PCa and precancerous lesions such as prostatic intraepithelial neoplasia and proliferative inflammatory

atrophy were achieved in this rat strain after T + E2 treatment, without changing the broad spectrum of changes

that naturally emerge in the prostate at advanced ages. Such enhancement of precancerous lesions and tumors

was linked to a decreased expression of E-cadherin and β-catenin in parallel with an increase in Vimentin and N-

cadherin, hallmark modifications of epithelial-mesenchymal transition.

Significance: Our findings provide solid evidence that aged Wistar rats may be an excellent model for studies

regarding human prostate biology and related disorders including cancer.

1. Introduction

Living long enough, nearly all men will develop some histologically

detectable alteration in the prostate. This fact puts the advancing age as

the major risk factor for some prostate diseases including the prostate

cancer (PCa), one of the most frequently diagnosed neoplasms world-

wide and whose incidence raises sharply from the 4th decade of life

[1,2]. The relationship between aging and the prostate diseases likely

reflects an exacerbation of factors that influence the gland throughout

life, particularly the increased androgen:estrogen ratio [3–8]. In this

regard, researches conducted in rats have shown that the chronic ex-

posure to androgenic and estrogenic compounds strongly predisposes

the prostate gland to develop dysplastic foci and adenocarcinomas at

senescence [9–15].

The use of laboratory rodents in experimental research has ex-

pressively advanced our comprehension of PCa biology. Since the

arising of precancerous lesions and the eventual detection of tumors in

the prostate gland is a long and silent process, preclinical investigations

performed in spontaneous models of PCa are assumed to be time-con-

suming and still have to cope with the relatively low incidence of tu-

mors [16]. Furthermore, the incidence of spontaneous PCa varies ac-

cording to animal strain [3,17,18]. Thus, efforts have been employed

over the last decades to design in vivo models capable of yielding a high

frequency of prostate tumors in a shorter period of time. These models

include rats or mice that undergo chemical, genetic or tissue re-

combinant interference (reviewed by [16,19]), which have been ap-

plied to generate new insights into the initiation, progression, and

treatment of PCa. However, the adoption of contrived and highly ab-

normal conditions to truncate the long latency period needed for PCa

development does not precisely provide the ideal properties to mimic

the natural history of the disease [20]. Therefore, defining new PCa

models that yield a high incidence of malignant lesions spontaneously
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or through less drastic interferences could be valuable to proper un-

derstand the molecular basis underlying the disease.

In the early 1970s, Morris Pollard showed that male rats of Wistar

strain are genetically predisposed to develop prostatic adenocarcinoma

at senescence [21]. More recently, we have presented evidence that

aged Wistar rats are highly susceptible to the onset of histopathological

alterations that mimic most of those affecting the human prostate and

include both non-neoplastic and neoplastic lesions [6]. Such data entice

attention to the potential use of these animals as a suitable experi-

mental model for studying aging-related prostate disorders including

PCa. However, a systematic evaluation of the changes affecting the

prostates of Wistar rats as well as their incidence, is still lacking.

Moreover, it is not known whether a sex steroid-induced imbalance

during the window in which this rat strain becomes more susceptible to

the onset (12 months) and intensification (18 months) of prostatic al-

terations could enhance the development of specific lesions such as

adenocarcinomas. Therefore, the aim of the present study was to pro-

vide a detailed description of the broad spectrum of changes found in

the prostate of Wistar rats at 18 months of age, and compared the in-

cidence of each lesion between control and the age-matched rats treated

with testosterone plus estradiol.

2. Materials and methods

2.1. Ethics statement

The experimental procedures involving animals were approved by

the Ethical Committee for Animal Experimentation of the UFMG (pro-

cess No. 344/2018) and conducted in accordance to the ARRIVE

(Animal Research: Reporting In Vivo Experiments) guidelines.

2.2. Experimental approach

Male Wistar rats were obtained from the Central Animal House of

the Universidade Federal de Minas Gerais (UFMG) and kept in a proper

animal facility under controlled environmental conditions (50 ± 10%

relative humidity, 22 ± 2 °C, 12 h light/ 12 h dark), with ad libitum

access to water and food (Nuvilab CR1, Nuvital Nutrientes S.A,

Colombo, Brazil). At 12 months of age, a group of animals (n = 16)

received two Silastic capsules (2.0 cm length each) tightly filled with

testosterone propionate (Cat. No. T-1875, Sigma-Andrich, USA) and

one of 1.0 cm length with estradiol (Cat. No. E-8515, Sigma-Andrich,

USA), both hormones in powder form. These animals (referred as

T + E2-treated rats) constituted the treatment group. The hormone-

containing implants were constructed from Silastic tubes (Cat. No. 508-

009, 1.98 mm inner diameter, 3.18 mm outer diameter, Dow-Corning

Fig. 1. Testosterone plus E2 treatment induces significant structural changes in the rat prostate at 18 months of age. (A) Experimental design. (B) Kaplan-Meier plot

showing statistically similar survival curves between groups. (C) Progressive weight loss in the T + E2-treated animals over the experiment course. (D) Gross

morphology of whole prostatic complex with seminal vesicles and each dissected prostate lobe highlighting the difference in the size and appearance between groups.

(E) Scatter plots showing the circulating level of testosterone, dihydrotestosterone, and estradiol. (F) Wet weights of reproductive and non-reproductive organs. All

paired organs were weighted together. AP: anterior prostate. DP: dorsal prostate. LP: lateral prostate. VP: ventral prostate. BU: bulbourethral gland. ED/EP: epi-

didymis containing the efferent ductules. SV: seminal vesicle. n.s: not statistically significant.
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Corporation, USA) as previously described [14], and placed sub-

cutaneously under sterile surgical conditions into the flank region of

anesthetized rats (ketamine-xylazine in combination at 60 and 8 mg/kg

of body weight, respectively). To ensure consistent steroid release over

time, the implants were replaced at 15 months and kept until animals

reached 18 months of age. Control animals (n = 12) received empty

Silastic implants. The animals were constantly monitored for changes in

food consumption and health appearance.

2.3. Sample collection and processing

After deep intraperitoneal anesthesia (87 mg ketamine/kg and

13 mg xylazine/kg), the animals were perfused through the left ven-

tricle with Ringer's solution followed by 10% neutral buffered formalin

(NBF). The ventral, dorsal, lateral, and anterior prostatic lobes were

dissected, weighed, immersed for at least 24 h in the NBF fixative so-

lution, and then processed for paraffin embedding. Immediately prior to

fixation, a small fragment (~50 mg) of each prostatic lobe was snap

frozen in liquid nitrogen and stored at −80 °C. Additionally, other

reproductive (seminal vesicle, bulbourethral gland, testis, and epidi-

dymis) and non-reproductive (spleen, kidney, adrenal and pituitary

gland) tissues were removed, weighed and processed for future studies.

Paired organs were weighted together.

2.4. Hormone measurements

Plasma samples were obtained after blood collection in heparin-

coated tubes through cardiac puncture and followed by centrifugation

(at 800 g for 5 min). The concentrations of testosterone, dihy-

drotestosterone, and estradiol were assessed in the plasma of control

and T+ E2-treated rats with commercial ELISA Kits (Cat. No. EIA-5396,

EIA-5761, and EIA-1559, DRG Instruments GmbH, DE). The assays

were performed in duplicate and followed the manufacturer's instruc-

tions.

2.5. Stereology and histopathological assessment

Microscopic alterations between groups were evaluated by using

routine histology and stereological analysis. For this, NBF-fixed and

paraffin-embedded fragments of the prostates were sectioned at 5 μm,

stained with hematoxylin and eosin (HE) or periodic acid-Schiff (PAS),

and then scanned in a digital pathology system (Panoramic MIDI II,

3DHISTECH, HU). In addition, cryosections of 12 μm thickness from

ventral prostates embedded in OCT compound (Sakura Finetek, USA)

were stained with oil red to detect lipid-rich contents.

The relative proportion of each compartment of the gland was de-

termined through stereological assessment. For the measurement, the

Table 1

Microscopic alterations and their incidence in the prostate of control and T + E2-treated Wistar rats at 18 months of age.

Histopathology Cytological aspects Differential features (Control vs.

T + E2)

Incidence of epithelial lesions No.

(%)

p value

Entity Control T + E2

Hydropic vacuolation Luminal cells with cytoplasmic vacuolation of

presumably aqueous appearance. Nuclei often flattened

and disposed toward to the periphery.

None. VP (only) 4 (36,4) 11 (91.7) 0.0094⁎

Squamous metaplasia Basal cells undergoing aberrant proliferation that

confer to the glandular epithelium a squamous

stratified appearance.

None. LP (only) 3 (27.3) 5 (41.7) 0.6668

Mucinous metaplasia Luminal cells of globet-like morphology with

accumulated mucinous materials in their supranuclear

area of the cytoplasm.

None. VP (only) 1 (9.1) 1 (8.3) > 0.999

Abscess Massive inflammatory infiltrate with the predominance

of granulocytes closely associated with an injured

epithelium

None. LP (only) 3 (27.3) 11 (91.7) 0.0028

Hyperplasia Cellularity augmentation leading to epithelium

unfoldings.Predominance of proliferating luminal cells

with no nuclear atypia.

Epithelial unfolding is more

pronounced in T + E2.

Overall 11 (100) 12 (100) > 0.999

LP 11 (100) 6 (50.0) 0.0137⁎

VP 10 (90.9) 11 (91.7) > 0.999

DP 10 (90.9) 11 (91.7) > 0.999

AP 10 (90.9) 12 (100) 0.4783

Simple atrophy Predominance of luminal cells with reduced height and

scant cytoplasm. Cells are often in interphase and non-

associated to inflamatory infiltrate.

None. Overall 11 (100) 12 (100) > 0.999

LP 7 (63.6) 12 (100) 0.0373⁎

VP 10 (90.9) 8 (66.7) 0.3168

DP 9 (81.8) 9 (75.0) > 0.999

AP 4 (36.4) 3 (25.0) 0.3707

Proliferative inflammatory

atrophy (PIA)

Predominance of atrophic luminal cells and normal-

appearing basal cells. Cells often proliferate and are

neighbored by inflammatory foci.

Widespread in T + E2 and may be

found in continuity with HG-PIN.

LP (only) 4 (36,4) 11 (91.7) 0.0094⁎

Low grade prostatic

intraepithelial neoplasia

(LG-PIN)

More than two layers of cells with normal or slightly

enlarged nuclei sustained by a preserved basement

membrane.

Unifocal in control and multifocal in

T + E2.

Overall 10 (90.9) 12 (100) 0.4783

LP 9 (81.8) 12 (100) 0.4545

VP 8 (72.7) 10 (83.3) 0.6404

DP 8 (72.7) 11 (91.7) 0.3168

AP 6 (54.5) 11 (91.7) 0.0686

High grade prostatic

intraepithelial neoplasia

(HG-PIN)

Three or more layers of crowded cells of irregular size

and often exhibiting enlarged nuclei with prominent

nuclei, sustained by a preserved basement menbrane.

Unifocal and usually present tufted

and cribriform architecture in

control. Multifocal and mostly of flat

pattern in T + E2.

Overall 7 (63.6) 12 (100) 0.0373⁎

LP 6 (54.5) 9 (75.0) 0.4003

VP 3 (27.3) 6 (50.0) 0.4003

DP 0 6 (50.0) 0.0137⁎

AP 0 10 (83.3) <0.0001⁎

Adenocarcinoma Predominance of crowded cells exhibiting dysplastic

features and undergoing proliferation. Basal cells are

often absence in nearly but not all tumors.

Mostly invasive and poorly

differentiated in T + E2.

Overall 4 (36.4) 12 (100) 0.0013⁎

LP 4 (36.4) 12 (100) 0.0013⁎

VP 1 (9.1) 6 (50) 0.0686

DP 2 (18.2) 6 (50) 0.1930

AP 0 (0.0) 1 (8.33) > 0.999

LP: lateral prostate. VP: ventral prostate. DP: dorsal prostate. AP: anterior prostate.
⁎ Statistically significant difference between control and treated (p < 0.05).
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prostate compartments were subdivided into epithelium (normal or

altered), lumen (with secretion or having sloughed and/or in-

flammatory cells), and stroma (fibers and connective tissue cells, peri-

alveolar smooth muscle layer, blood vessels, and inflammatory foci).

For all animals, 10 images were randomly taken (at 40× magnifica-

tion) from each prostatic lobe and the proportion of compartments was

determined by counting the coincident points in a graticulate system

with a total of 135 points. The results were expressed as the percentage

per constituent.

The histopathological alterations observed in the prostate of control

and treated rats were described based on previous investigations

[22,23]. In this approach, each prostatic lobe was fragmented into 2 to

4 parts, and at least 8 different sections (stained with HE or PAS) from

each fragment were evaluated. The tissue sections were scored for the

presence of lesions that include epithelial vacuolation, metaplasia, hy-

perplasia, atrophy, prostatic intraepithelial neoplasia, and adenocarci-

noma. The results were expressed as the incidence of animals affected

by each lesion.

2.6. Immunohistochemistry and immunofluorescence

We performed immunohistochemical and immunofluorescence

assays to evaluate the epithelial cell type predominant in each prostatic

lesion and the expression status of markers implicated with tissue

homeostasis and tumorigenesis. For this purpose, tissue sections of NBF-

fixed and paraffin-embedded prostate fragments were obtained after

serial sectioning at 4 μm and submitted to the protocol previously es-

tablished [24]. The panel of antibodies used herein is specified in Table

S1 and includes markers of basal cells (CK5, CKHMW), cellular pro-

liferation (MCM7), epithelial-mesenchymal transition (E-cadherin, N-

cadherin, and Vimentin), and ion transport (NA+/K+-ATPase).

After mounting the slides, the immunofluorescence images were

acquired using the inverted Nikon Eclipse Ti confocal microscope

coupled to an A1 scanning, while those from immunohistochemistry

assays were obtained in the 3DHISTECH Panoramic MIDI II slide

scanner.

2.7. Transmission electron microscopy (TEM)

Fragments of approximately 1 mm3 from the ventral prostate were

fixed in 2,5% glutaraldehyde for 24 h and post-fixed in 2% osmium

tetroxide and then proceeded for standard epoxy resin embedding.

Digital images were acquired after examination of ultrathin sections

with a Tecnai- G2-Spirit FEI/Quanta electron microscope, operating at

Fig. 2. Hydropic vacuolation in the ventral prostate

epithelium of T + E2-treated Wistar rats. (A)

Panoramic view of the ventral prostate epithelium

highlighting numerous unstained dilated vacuoles.

Insert represents few epithelial vacuolation observed

in the control group. (B) PAS and oil red staining

showing absence of positive content inside the va-

cuoles. (C) Cytoplasmic vacuoles in the initial (black

arrowhead), intermediate and final (white arrow-

head) stages of formation. (D and D′) Ultrastructure

of vacuolated epithelial cells. In the supranuclear

region, rough endoplasmic reticulum cisternae (RER)

and numerous secretory vesicles (black arrowhead)

were seen close to small spaces containing residual

material that appears to be the initial stage of va-

cuolation (white arrowhead). As the vacuolation

advances, the vacuoles become dilated and merge

with each other, as shown in v1, v2, and v3. (E)

Confocal microscopy image showing NA+/K

+-ATPase expression (red) in the vacuole surface.

Cell nucleus was labeled with DAPI (blue). Insert

represents an overlap of the image with bright field.

Lu: lumen. S: stroma. (For interpretation of the re-

ferences to color in this figure legend, the reader is

referred to the web version of this article.)
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120 kV.

2.8. Protein extraction and Western blotting

Frozen tissues (50 mg) from the ventral and lateral prostates were

macerated in dry ice and then solubilized in 150 μL of urea buffer (8 M

urea, 20 mM Tris-HCl pH 7.5, 0.5 mM EDTA pH 8.0, 5% protease in-

hibitors) using a rotor-stator homogenizer. After centrifugation

(10 min, 14.000 g, 4 °C), the supernatant fraction was collected from

each sample (n = 5 per group) and the protein content was determined

by spectrophotometer (NanoDrop 1000, Thermo Scientific, USA).

Western blotting assays were used to evaluate changes in total

protein levels of E-cadherin, β-catenin, N-cadherin, and vimentin, re-

cognized markers implicated with epithelial-mesenchymal transition.

Initially, 40 μg protein was loaded onto an 8% SDS-PAGE, separated by

electrophoresis and then transferred to nitrocellulose membranes. After

blocking with 5% BSA/TBST solution, the membranes were incubated

overnight at 4 °C with the primary antibodies diluted in blocking solu-

tion. The immunoreaction was visualized after exposure for 1 h at room

temperature to horseradish peroxidase (HRP)-conjugated secondary

antibody followed by ECL detection (Cat. No. 20-500-500, Biological

Industries, USA). Protein levels were compared between groups by

evaluating the signal intensity of target protein bands normalized to

that of β-actin (internal control) [25].

2.9. Statistical analyses

Statistical analyses were carried out by using the GraphPad Prism 7

analytical tools. After assessment of normality with the D'Agostino-

Pearson test, quantitative variables from control and T + E2-treated

rats were compared by two-tailed unpaired t-test or the Mann-Whitney

test, when appropriate. The data were presented as mean ± standard

error of the mean (SEM). As a categorical data, the incidence of pro-

static lesions between groups was presented as frequency and analyzed

by Fisher's exact test. Differences were considered significant when

obtaining a p < 0.05.

3. Results

3.1. Macroscopic and microscopic changes in the rat prostates in parallel to

increased levels of testosterone and estradiol

To drive histopathological alterations in the prostate, intact 12-

month old Wistar rats were treated for 6 months with Silastic implants

containing testosterone plus estradiol. Control animals received empty

implants (Fig. 1A). The survival analysis showed that although 5 out of

28 animals died over the experimental course (1/12 controls; 4/16

treated), the long-term hormone exposure was tolerated by the majority

(75%) of the animals (Fig. 1B). The treated rats terminated the ex-

periment period in a good health appearance similar to controls, even

after undergoing a progressive weight loss of 82 ± 13 g (Fig. 1C). As

expected by the hormonal treatment, the concentration of testosterone,

dihydrotestosterone, and estradiol was significantly higher in the

plasma of T + E2-treated rats (Fig. 1E).

The treatment induced notorious macroscopic modifications in re-

gard to sizes and appearance of the prostatic complex, especially the

lateral prostate, which presented firm and dense bands of yellow-brown

tissue (Fig. 1D). In addition, the weight of all the prostate lobes was

significantly higher in T + E2-treated than in control animals (Fig. 1F).

The treatment schedule appeared to play primary adverse effects

Fig. 3. Metaplastic lesions in the prostate of senile Wistar rat. (A) Lateral prostate acinus exhibiting squamous metaplasia. CKHMW and MCM7 staining were used to

identify basal and proliferating cells, respectively. (B) Ventral prostate epithelium undergoing mucinous metaplasia characterized by atypical cells showing a strong

PAS positive content and surface well delimited by E-cadherin staining. The figures were taken from control animals. Lu: lumen. S: stroma.
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mainly on the organs most responsive to steroid hormones, since dif-

ferences in weights and gross morphology were also observed for

seminal vesicle, testis, epididymis, and pituitary gland, but not for other

organs such as kidney, adrenal gland, and spleen (Fig. 1D, F and Fig.

S1A). As previously portrayed in this type of chronic intervention

(13–15), testicular atrophy and pituitary adenomas were commonly

found in T + E2-treated rats (Fig. S1A, B).

At the microscopic level, significant modifications were detected in

the prostatic tissue after treatment. As evidenced by stereological

analysis (Table S2), such modifications were more prominent in the

lateral followed by the ventral, dorsal and anterior prostates, and in-

cluded: (i) marked decrease of acini and ductus with normal features

associated with higher prevalence of epithelial sites exhibiting histo-

pathological alterations; (ii) increased density of blood vessels and in-

flammatory foci in the stroma; (iii) prevalence of leukocytes and

sloughed epithelial cells into the lumen; and (iv) lobe-specific variation

in the thickness of perialveolar smooth muscle layer.

3.2. Chronic combination of testosterone plus estradiol enhances the

incidence of benign, pre-malignant and cancerous lesions in the prostate

epithelium

A broad spectrum of lesions was observed in the rat prostate at

18 months of age, in both control and treatment group; however, the

changes observed in control animals were punctual and restricted to

few epithelial areas randomly distributed alongside acini and ducts

with unaltered morphology, whereas a large extent of the prostatic

epithelium of T + E2-treated animals presented some histopathological

alteration (for an overview, see Fig. S2). The changes included benign,

pre-malignant and tumor lesions, whose incidence and extent varied

according to experimental group and prostate lobe (Table 1). For a

better understanding, herein we provide a detailed comparative

description of each epithelial lesion that arose in the prostates of con-

trol and treated rats.

3.2.1. Hydropic vacuolation

Some epithelial cells presenting cytoplasmic vacuoles were ob-

served primarily in the ventral prostate epithelium. They likely corre-

spond to atypical luminal cells, based on the absence of CK5 and

CKHMW staining (data not shown). Notably, the treatment with T + E2
functioned as a potent inducer of epithelial vacuolation, since the

number of animals presenting vacuolated epithelial cells was sig-

nificantly higher in the treatment group (4/11 controls vs. 11/12

treated, p = 0.0009, Table 1). The vacuoles were often larger and oc-

cupied a space of the epithelium that could fit two or more luminal cells

(Fig. 2A and C). After careful histological and ultrastructural analysis,

we found that the vacuolation appeared to involve a progressive bal-

looning of vesicles in the supranuclear cytoplasm which coalesced to

form dilated vacuoles. As the vacuoles increase in size, they merge with

each other and usually force the nucleus and residual cytoplasm toward

the cell margin (Fig. 2C, D). Thus, it was possible to see within the same

epithelial area, cells exhibiting visible cytoplasmic vacuoles at different

stages of formation (Fig. 2C). Noteworthy, the vacuoles neither pre-

sented electron-dense content nor were stained for HE, PAS or oil red,

thereby being structures of presumably aqueous character (Fig. 2B–D).

This hypothesis of hydropic vacuolation was corroborated by the in-

tense expression of NA+/K+-ATPase located especially in the vacuole

surface (Fig. 2E), which is suggestive of hydrolytic imbalance.

3.2.2. Squamous metaplasia

The prostate of aged Wistar rats also displayed areas of squamous

metaplasia, a benign lesion in which the aberrant proliferation of basal

cells conferred to the prostatic epithelium a squamous stratified ap-

pearance (Fig. 3A). The accurate identification of this lesion was

Fig. 4. Hyperplasia and abscess in the prostate of senile Wistar rats. (A) Hyperplastic epithelium from the lateral prostate of T + E2-treated animals showing

cellularity augmentation and projecting moderate unfolding toward the lumen. Hyperplastic foci were actively proliferating as they presented immunoreactivity for

MCM7, and showed predominance of luminal cells (CKHMW negative). (B) Occasionally in the treatment group, the anterior prostate also exhibited areas of basal cell

hyperplasia, as detected by the high number of CKHMW-positive cells. (C) Prostate abscess in the lateral prostate of a T + E2-treated rat. This lesion shows focal areas

with vast infiltrate of polymorphonuclear cells (*) reaching the lumen and rupture of the associated epithelium, as indicated by the absence of epithelial cells

expressing E-cadherin. MCM7-positive proliferating cells were observed in the lesioned epithelium. Lu: lumen. S: stroma.
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performed by using the routine histology in association with im-

munohistochemical staining for recognized markers of basal cells

(CKHMW) and cellular proliferation (MCM7). Acini exhibiting squa-

mous metaplasia were observed only in the lateral prostate. The

number of animals having this lesion was quite similar between groups

(3/11 control vs. 5/12 treated, p = 0.6668, Table 1).

3.2.3. Mucinous metaplasia

It was characterized by cells displaying goblet-like morphology and

that accumulate mucinous materials (strongly positive for PAS) in their

supranuclear cytoplasm (Fig. 3B). Based on the absence of CKHMW

staining, the mucinous cells likely correspond to luminal cells (Fig. 3B).

These metaplastic cells occurred scattered or forming small groups in

the ventral prostate epithelium and affected only one animal of each

group (Table 1). The atypical cells presented a precise delimitation as

indicated by the staining pattern of the membrane-anchored protein E-

cadherin (Fig. 3B).

3.2.4. Hyperplasia

Present in the prostate of all control and treated rats (Table 1),

hyperplasia was identified by a glandular epithelium showing cellu-

larity augmentation and immunopositivity for MCM7 (Fig. 4A). In the

control group, hyperplastic acini were punctual and showed slight to

moderate unfolding toward the lumen. Conversely, numerous hyper-

plastic sites projecting moderate to extensive epithelial unfolding that

often occupied a great area of the lumen were found within the pros-

tates of T + E2-treated rats (Fig. 4A). In most cases, hyperplastic cells

corresponded to luminal cells as they did not express CKHMW, except

in the anterior prostate of some treated rats, where basal cell hyper-

plasia was also observed (Fig. 4B).

3.2.5. Abscess

Focal areas presenting a vast inflammatory infiltrate with pre-

dominance of polymorphonuclear cells closely associated with a le-

sioned epithelium were observed in the prostate of few controls but

almost all T + E2-treated rats (3/11 controls vs. 11/12 treated,

p = 0.0028, Table 1) (Fig. 4C). These areas were found only in the

lateral prostate and correspond to abscesses, in which the acute in-

flammatory response leads to injury of the associated epithelium. Such

tissue damage was easily observed since the epithelium in contact with

the inflammatory infiltrate underwent a discontinuity, as confirmed

histologically and by the absence of epithelial cells expressing E-cad-

herin specifically at this site. In addition, it was common to detect

MCM7-positive epithelial cells in the lesioned epithelium (Fig. 4C).

Fig. 5. Atrophic lesions in the prostates of senile Wistar rats. (A) Representative ventral prostate of a control animal exhibiting atrophic luminal cells (CK5 negative).

Double arrow highlights the difference in height between normal-appearing and atrophic cells. (B) Atrophic lesion in the lateral prostate of a T + E2-treated rat

showing features of PIA, in which the lesioned acini are actively proliferating (MCM7 positive) and occur in a tight association with inflammatory cells that surround

the acini (#) and/or localize within the epithelium (arrowheads) and lumen (*). PIA exhibited a characteristic enrichment of basal cells (CKHMW positive). (C) Some

PIA lesions occurred in continuity with HG-PIN. Lu: lumen. S: stroma. bv: blood vessel. PIA: proliferative inflammatory atrophy. HG-PIN: high grade prostatic

intraepithelial neoplasia.
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3.2.6. Atrophies

Another frequently observed prostatic lesion was epithelial atrophy,

in which ducts and acini were lined by a cubic to squamous epithelium

composed of luminal cells with reduced height and scant cytoplasm, as

well as normal-appearing basal cells (Fig. 5). Regardless of experi-

mental group, epithelia undergoing atrophy were observed in the

prostate of all animals (Table 1). Despite the majority of atrophies were

histologically correspondent to focal simple atrophies, this group of

lesions showed to be heterogeneous among prostate lobes and even

within the same gland. Accordingly, in the ventral prostate, which was

the lobe with the highest extent of atrophic lesions, it was possible to

observe glands either partially or completely lined by an atrophic epi-

thelium (Fig. 5A). Particularly in the lateral prostate, glandular atrophy

often corresponded to proliferative inflammatory atrophy (PIA), as such

lesions were actively proliferative and occurred in a tight association

with inflammatory cells surrounding the acini and/or located within

the epithelium and lumen (Fig. 5B and C). Differently from simple

atrophy, PIA also exhibited a characteristic enrichment of basal cells

that usually were arranged beneath or alongside the atrophic luminal

cells (Fig. 5B). Importantly, the chronic treatment with T + E2 po-

tentiated the development of PIA, as these lesions were found wide-

spread in the lateral prostate of almost all treated rats (11/12, ~92%).

It is noteworthy that PIA was often found in continuity with prostatic

intraepithelial neoplasia, within the same acini (Fig. 5C). In contrast,

limited sites containing PIA were found in the lateral prostate epithe-

lium of control animals (36%, 4/11) (Table 1).

3.2.7. Prostatic intraepithelial neoplasia (PIN)

Lesioned areas compatible with PIN were defined through the ob-

servation of intraepithelial stratification sustaining luminal cells of

varying sizes and nuclear appearance, and a preserved basement

membrane (Fig. 6). PIN lesions were classified as low (LG-PIN) or high

grade (HG-PIN) according to the predominant morphological features

of epithelial cells. LG-PIN was characterized by more than two layers of

cells displaying normal or slightly enlarged nuclei with prominent nu-

cleoli (Fig. 6A), whereas the HG-PIN showed three or more layers of

crowded cells of irregular size often exhibiting enlarged nuclei with

prominent nucleoli and immunopositivity for MCM7 (Fig. 6B and C).

Regardless of experimental group, both PIN lesions affected mainly the

glands of the lateral prostate. However, LG-PIN and HG-PIN were

unifocal within the glands of control animals, since they uniquely af-

fected isolated sites scattered throughout the normal epithelium,

whereas in the treatment group, the lesions could be seen in multiple

epithelial sites. Noteworthy, as presented in Table 1, the number of

animals carrying HG-PIN was significantly higher in the treatment

group (7/11 controls vs. 12/12 treated, p = 0.0373). The same did not

occur for LG-PIN, since this lesion was commonly present in almost all

animals (10/11 controls vs. 12/12 treated, p = 0.4783). Moreover, the

architectural patterns of HG-PIN varied according to the experimental

group, as the lesion frequently assumed a tufted or cribriform pattern in

the lateral and ventral prostate of controls (Fig. 6A and B), respectively,

and a flatter architecture in the prostatic lobes of T + E2-treated rats

(Fig. 6C). It is important to emphasize that, because inflammatory foci

were frequently observed close to or associated with HG-PIN in the

treatment group (Fig. 5C and 6C), this proliferative lesion could be

misidentified as the reactive hyperplasia, a non-neoplastic/in-

flammatory lesion of the prostate [22,23]. However, the diagnostic

features to discriminate these lesions rule out the possibility of reactive

hyperplasia [23], as HG-PIN presented many atypical cells and the as-

sociated inflammatory infiltrate was not suppurative.

Fig. 6. Prostatic intraepithelial neoplasia in the prostates of senile Wistar rats. (A) Representative HE staining from the lateral prostate of a control animal presenting

a LG-PIN. (B) Ventral prostate of a control rat showing a HG-PIN with cribriform pattern and some proliferative MCM7-positive cells. (C) HG-PIN from the lateral

prostate after T + E2 treatment. Layers of epithelial cells with enlarged nuclei and prominent nucleoli (arrowheads), many of them in proliferation, are arranged in a

flat architecture. LG-PIN: low-grade prostatic intraepithelial neoplasia. HG-PIN: high-grade prostatic intraepithelial neoplasia.
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3.2.8. Adenocarcinoma

The occurrence of the premalignant lesions HG-PIN and PIA raised

the possibility of detecting tumors in the rat prostate at 18 months of

age. After a systematic screening of several histological slides from each

prostate lobe, we were able to detect lesions histologically-compatible

with adenocarcinomas in the prostates of both groups analyzed. The

malignant sites had an abnormal growth pattern with the predominance

of crowded, basophilic, dysplastic-appearing cells. The majority of tu-

mors were actively proliferative and did not present positive staining

for the basal cell markers CKHMW and CK5 in the epithelium (Fig. 7).

One exception was observed in a tumor growing in an intraductal

pattern within the lateral prostate of a control animal, where the re-

tention of the basal cell layer, characteristic in this type of adeno-

carcinoma, was observed (Fig. S3). However, it is important to note that

the effects of long-term hormone exposure for inducing prostatic ade-

nocarcinoma surpassed those of physiological aging. Indeed, while a

modest incidence of malignant lesions (4/11, 36%) was computed in

the control group, 100% (12/12) of T + E2-treated rats had adeno-

carcinomas in their prostates. Moreover, unlike the control group in

which both in situ and invasive adenocarcinomas were observed, the

majority of malignant sites found in the treated animals corresponded

to invasive adenocarcinomas arranged in a microacinar architecture or

entirely widespread in the stroma (Fig. 7). In consonance with the

observation of premalignant lesions, in both control and treated rats,

the lateral lobe was the major target for tumors, followed by the dorsal,

ventral, and anterior prostates (Table 1).

3.3. The effects of T + E2 treatment on the rat prostate include induction of

epithelial-mesenchymal transition

The epithelial-mesenchymal transition (EMT) is a cellular transdif-

ferentiation program highly implicated with the prostate tumorigenesis,

and both androgens and estrogens can modulate EMT-inducing signals

[26–28]. Thus, in this study, we sought to investigate whether the

Fig. 7. Adenocarcinoma in the prostates of senile Wistar rats. (A) Ventral prostate of a control animal showing malignant cells forming microacini. (B) Invasive

adenocarcinoma in the lateral prostate of a T + E2-treated rat. Microacini arrangement is present, as well as malignant cells diffused through the stroma in close

association with inflammatory infiltrate. (C) Treated anterior prostate in panoramic view, showing different stages of adenocarcinoma: 1 - adenocarcinoma in situ,

with dysplastic cells; 2 - microacini formations; 3 - poorly differentiated invasive adenocarcinoma spread through the stroma. Regardless of experimental group, the

majority of malignant sites showed high proliferative activity (MCM7-positive) and exhibited predominance of CKHMW-negative cells. S: stroma. Ne: normal

epithelium. bv: blood vessels. *: indicates microacini arrangement.
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enhanced malignant transformation of the prostate epithelium fol-

lowing chronic exposure to T + E2, such as that observed in the ventral

and especially in the lateral prostate, might be associated with changes

indicative of EMT.

Western blotting results showed that, while the total level of the

cell-cell adhesion molecules E-cadherin and β-catenin remained un-

changed in the ventral prostate, their expressions were drastically re-

duced in the lateral prostate of T + E2-treated rats (Fig. 8A). On the

other hand, the treatment upregulated the expression of vimentin and

N-cadherin in the ventral and especially in the lateral prostate (Fig. 8A).

Accordingly, in the lateral prostate of treated rats, epithelial cells fre-

quently expressed vimentin and N-cadherin, both mesenchymal pro-

teins that upon physiological conditions are absent in the epithelium.

These epithelial cells eventually presented an elongated mesenchymal-

like morphology and were found restricted to lesioned areas including

HG-PIN and invasive adenocarcinoma, which often showed flaws in

expressing epithelial markers such as E-cadherin (Fig. 8B). Altogether,

the chronic combination of testosterone plus estradiol affects the ex-

pression of epithelial and mesenchymal proteins characteristic of EMT

phenotype in a lobe-specific manner. This finding goes in line with the

higher incidence of tumors and the pre-malignant lesions HG-PIN and

PIA in the lateral prostate of T + E2 rats (Table 1).

4. Discussion

The present study explored two relevant issues for prostate health:

aging and the influence of androgen and estrogen balance. By using the

Wistar rat as an experimental model, we showed that at advanced ages,

the prostate is targeted by histopathological alterations including be-

nign, premalignant, and malignant lesions, which resemble the aging

human prostate in many respects. Strikingly, the incidence of most

prostatic alterations including precancerous lesions and adenocarci-

nomas increased expressively after treatment of middle-aged rats with

testosterone plus estradiol, an enhancement that was associated with

molecular changes hallmark of epithelial-mesenchymal transition

(EMT).

The results presented herein, as well as those from previous in-

vestigations [6,21,29,30], demonstrated that aged Wistar rats are

highly susceptible to the arising of prostate lesions. Even in the control

group, punctual areas exhibiting proliferative, atrophic, metaplastic

and inflammatory lesions were observed in the prostate. Since the

control animals received empty hormone implants, the changes ob-

served in this group are assumed to be spontaneous and resultant from

the aging process. It is important to highlight that, besides the non-

neoplastic lesions found in control rats, around 36% of them developed

Fig. 8. The effects of T + E2 treatment on the rat prostate include induction of epithelial-mesenchymal transition. (A) Representative images of Western blotting

assays followed by densitometric quantification of immunoreactive bands correspondent to EMT-associated proteins. Note that the changes were more pronounced in

the lateral than ventral prostate (B) In line with the main changes observed in total protein extracts, numerous prostate epithelial cells of T + E2-treated rats became

positive for vimentin and N-cadherin while showing flaw in the expression of E-cadherin (arrowheads). Such epithelial cells occurred restricted to areas with altered

morphology and portraying lesions such as invasive adenocarcinoma (arrows). Lower inserts highlight the presence of immunoreactive epithelial cells displaying

elongated morphology. Pictures were taken from the lateral prostate. VP: ventral prostate. LP: lateral prostate.
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malignant prostatic tumors. Such tumor rate is close to the 26% pre-

viously found for this rat strain at advanced ages [29] and far away

exceeds those observed in senescent mouse (< 1%) and hamster (2%)

[[31],32]. It also exceeds those reported for other rat strains, such as

NBL (0.45%, over 13 months old [9]), F344 (3,4%, at 24 months [33]),

Copenhagen (10%, at 36 months [3]), and AXC rats (17%, at 34 to

37 months [17]). Only the ACI/Seg rats aged 33 months and beyond

presented a higher incidence of PCa than the presently found, which

was reported to reach up to 80% [3,34]. These data suggest that the use

of Wistar rats provide advantages over other experimental animals,

since they present a modest incidence of spontaneous tumors within a

shorter period of time (18 months). Additionally, similar to that com-

monly found in elderly men, malignant tumors arising in the prostate of

aged Wistar rats corresponded to adenocarcinomas, as reported here

and by others [21,29].

Besides the animal's age and strain, the detection of naturally oc-

curring PCa is also dependent on the success in sampling the target

area. In this study, malignant lesions occurred in punctual areas sur-

rounded by normal-appearing acini and ducts and were not present in

the majority of histological slides. Such difficulty in sampling the

proper site of prostate lesions had been noticed by others [18,33].

Furthermore, doubts concerning histological discrimination between

the precancerous lesion HG-PIN and non-invasive adenocarcinoma

have made the diagnosis of PCa and the reliable estimation of its in-

cidence challenging. In this regard, we argue that our approach suc-

ceeded in detecting a tumor rate of 36% in untreated Wistar rats due to

an exhaustive evaluation of several histological slides taken from dif-

ferent regions of the prostate, in association with key im-

munohistochemical assays. This fact may explain why we hinted at the

possibility but did not confirm previously the occurrence of prostatic

adenocarcinomas in aged Wistar rats at that time [6].

The treatment with T + E2 provided an environment conducive to a

greater development of some specific lesions in Wistar rats. One of them

was prostatic adenocarcinoma, whose incidence rose from 36% to

100% after the treatment. Such an impressive increment in tumor rate

was accompanied by an enhancement of HG-PIN and PIA, recognized

precursor lesions of PCa [35]. This data suggests that, like the human

disease, PCa development in Wistar rat appears to result from a mul-

tistep process involving the onset and progression of premalignant le-

sions. Intriguingly, it has been thought that a prolonged period of

treatment with T + E2 is needed to effectively induce PCa in rats. For

instance, Drago (1984) [12] showed that the incidence of microscopic

carcinomas in the prostate of NBL rats jumped from 3.3% to 88% when

the treatment period went from 3 to 18 months or longer. Similarly,

Bosland et al. (1995) [14] demonstrated that the significant induction

of PCa was achieved in NBL and Sprague-Dawley rats after treatment

with T + E2 for approximately 12 months. Conversely, we succeeded in

inducing PCa in 100% of middle-aged rats followed by 6 months of

treatment. Therefore, it is reasonable to infer that such a high induce-

ment of PCa was not entirely due to the prolonged duration of treat-

ment, but rather the time-life period in which the changes in androgen

and estrogen levels occurs. In this line, by evaluating Wistar rats from 3

to 24 months of age, we have recently shown that changes in the cir-

culating and intraprostatic ratio of androgen:estrogen begin at

12 months and intensify at 18 months [6], the time window at which

we hereupon performed the treatment.

Recent studies on prostate cells have addressed that key factors

involved with EMT can be modulated by androgens and estrogens

[22–27,36]. By evaluating the expression of the EMT hallmark proteins

E-cadherin, N-cadherin, β-catenin, and vimentin, herein we presented

evidence that EMT might be linked to the greater development of

precancerous lesions and adenocarcinomas observed after T + E2
treatment. The EMT-associated modifications were more pronounced in

the lateral prostate, which was the prostatic lobe that exhibited the

highest incidence of histopathological alterations of premalignant and

malignant nature. These data are in agreement with other studies

showing that EMT is a putative mechanism of carcinogenesis and tumor

progression in the prostate gland [26,27], although they do not exclude

the possibility of androgens and estrogens may also be acting via other

mechanisms to induce the adverse effects presently observed, as such

hormones are well known to have a broad action in the prostatic tissue.

It has been shown that both androgen and estrogen play a role in

recruiting inflammatory cells to the prostate [37–39]. This fact entices

special attention because it was notorious the presence of neutrophils

and mononuclear inflammatory cells in the stroma and within the

lumen and epithelium of the prostate of all T + E2-treated rats, which is

indicative of active prostatitis [22]. Moreover, the treatment ex-

pressively increased the occurrence of prostate abscess. Although this

lesion is often caused by bacterial infections [40], the animals of both

groups were maintained under the same environmental conditions and

without documentable infections. Thus, the increased frequency of

abscesses in the treatment group is likely resulting from a complication

of prostatitis. Importantly, besides being the lobe more affected by in-

flammatory disorders, the lateral prostate was the major site where

premalignant lesions and adenocarcinomas arose. Although it was not

the focus of the current study, the proper identification of leukocyte

subsets as well as their products could be valuable to better understand

the crosstalk between inflammation and the enhancement of malig-

nancies in the prostate of T + E2-treated rats.

Furthermore, the hormonal intervention functioned as a potent in-

ducer of epithelial vacuolation. Vacuolated cells were primarily ob-

served in the ventral prostate epithelium, which has been noticed as the

prostatic lobe most susceptible to this alteration [6,18,41,42]. If on the

one hand this data highlights the influence of sex steroids triggering

vacuolation, on the other there is not yet a consensual term to designate

this morphological phenomenon in the prostate [6,18,22,41,42]. Ad-

ditionally, little is known about the nature of the vacuoles. In the pre-

sent investigation, we used a combination of light, confocal and

transmission electron microscopy to better characterize this alteration.

The ultrastructural changes in association with the absence of lipid or

glycoprotein rich content within the vacuole led us to propose the hy-

dropic degeneration as the most plausible cause of vacuolation. In line

with this piece of evidence, hydropic degeneration followed by va-

cuolation was also observed in the human prostate epithelium after

treatment with the estrogenic compound diethylstilbestrol (DES) [43].

Moreover, it was observed an intense expression of NA+/K+-ATPase at

the vacuole surface, which can disturb the equilibrium of osmotic

pressure and contribute to water inflow into the vacuole.

Given the above background, our results highlight the potential use

of aged Wistar rats as a suitable model to study prostatic lesions.

Besides its advantages in regard to the higher PCa incidence and shorter

latency period over the pre-existent spontaneous and hormonally-in-

duced rodent models [16,44], the proposed animal model could serve

as a valuable alternative to identify preventive or therapeutic measures

for the prostate gland. Accordingly, a plethora of non-neoplastic and

neoplastic lesions was presently described, thereby allowing evaluating,

simultaneously, whether a particular target exerts effective actions

against one or more histopathological alteration. On the other hand, for

researchers who aim to generate preliminary or rapid insights into

prostate diseases, the in vitro assays or other animal models such as

those established from more drastic conditions (e.g. genetically en-

gineered mice) might be more attractive. Nevertheless, a plausible al-

ternative to circumvent the relatively long period of animal aging

presently proposed would be purchasing animals at an advanced age, a

service already offered by some animal production facilities. Also, in

this study, we did not investigate if the invasive adenocarcinomas could

metastasize to other organs. Further investigations are needed to

evaluate the potential use of aged Wistar rats to study the metastatic

PCa.

G.H. Campolina-Silva, et al. Life Sciences 242 (2020) 117149

11



5. Conclusion

Taken together, our results provide solid evidence that male Wistar

rats may be useful as a suitable preclinical model for studying aging-

related prostate disorders including PCa. This statement is based upon

the observation that such rat strain nicely recapitulates the prostate

carcinogenesis through the arising of benign, precancerous and malig-

nant lesions, and above all naturally yields a modest incidence of PCa

that can be increased up to 100% following exposure to testosterone

plus estradiol.
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