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Introduction

Androgen deprivation therapies are highly applicable 
in cases of prostate cancer.1–3 Androgens play a reg-
ulatory role in the pathogenesis of prostate cancer 
through androgen receptors (AR).4 Androgen depri-
vation alters AR levels, mediating the epithelial-mes-
enchymal transition of the prostate and interfering 
with the development of prostate cancer.5 It is esti-
mated that approximately 50% of patients diagnosed 
with prostate cancer will receive androgen depriva-
tion as a treatment.6–9 This process can occur through 

chemical or surgical castration (orchiectomy), which 
results in the suppression of testicular androgen lev-
els.1 Studies indicate that orchiectomy, associated 
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Summary 
Orchiectomy induces atrophy of epithelial cells in the prostate gland, stimulated by androgen deprivation. The objective of 
the current study was to assess the changes arising from tissue remodeling during short periods of androgen deprivation 
in the ventral prostate of Mongolian gerbils. Adult male gerbils were divided into groups: control and castrated, 
euthanized on the 3rd (Ca3d), 7th (Ca7d), and 14th (Ca14d) days post-orchiectomy (n = 7/group). The ventral lobe of 
the prostate was submitted for histological, stereological, morphometric, serological, and immunohistochemical analyses. 
Castration promoted a reduction in the weight of the ventral prostate. It altered the relative proportion of prostate 
tissue compartments, such as a decrease in the epithelium and non-muscular stroma and an increase in the muscular 
stroma. In addition, we observed that the number of Cd-68 positive cells increased in the Ca3d group, which represents a 
period of androgen deprivation not previously reported in the literature for Mongolian gerbils. Matrix metalloproteinase-9 
quantification revealed a decrease in the Ca7d group compared to the Ca3d. In addition, the frequency of Tumor Necrosis 
Factor alpha increased in the Ca14d group, influenced by the duration of testosterone deficiency. The findings contribute to 
the understanding of prostate tissue remodeling after castration, as well as highlighting the rapid alterations in the prostate 
microenvironment in a short period following castration:  (J Histochem Cytochem XX: XXX–XXX, XXXX)
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with the administration of antiandrogenic drugs, is an 
effective therapy for benign prostatic hyperplasia and 
prostate cancer.10,11

Although testosterone (T) is the primary circulating 
plasma androgen in the prostate, the predominant 
androgen is the hormone dihydrotestosterone (DHT), 
formed from T by the action of the enzyme 5α-
reductase.12 T and DHT bind to the same type of 
receptor, the androgen receptor (AR), but cause differ-
ent physiological effects.13 In addition to these hor-
mones, other androgenic hormones are present in the 
organism, including Dehydroepiandrosterone (DHEA) 
and Sulfate-Dehydroepiandrosterone (SDHEA), two 
precursors of steroid hormones produced by the adre-
nal glands that are converted into androgens in periph-
eral tissues, such as the prostate.14-17 The adrenal 
glands are responsible for the production of approxi-
mately 5% of T,12 which remains circulating through 
the body even after the removal of the testicles. 
However, this percentage of T is insufficient to assure 
homeostasis in the epithelium and prostatic stroma.18

After castration, the prostatic epithelium regresses 
and smooth muscle cells (SMCs) start to adapt to the 
stromal compartment.19,20 This adaptive process 
reduces the activity of epithelial structures and leads to 
a reduction in the secretion present in the lumen.21,22 
Furthermore, SMCs play an important role in inducing 
epithelial death by releasing death signals from stromal 
cells or inhibiting the production of survival factors.22–24 
Epithelial atrophy occurs due to apoptosis of these cells 
in the face of hormonal ablation.22 This cell death pro-
cess is related to the recruitment of lymphocytes, mast 
cells, and macrophages25–27 and is signaled by the 
action of TNF-α (tumor necrosis factor alpha).28 In addi-
tion to alterations in the prostate epithelium, the prostate 
stroma can undergo remodeling caused by androgen 
deprivation.29 These alterations may be related to matrix 
metalloproteinases (MMPs) such as MMP-2 and MMP-
9. These enzymes can degrade components of the 
extracellular matrix, such as collagen, elastin, and pro-
teoglycans, and cause rearrangement of the stroma.30

The use of experimental models, such as the 
Mongolian gerbil, to understand the relationships 
between the tissue compartments has allowed clarifi-
cation of the responses of the prostate to different con-
ditions.31–34 These studies allow us to expand the 
knowledge on the histophysiology of this gland, which 
is of great importance for homeostasis and functional-
ity of the male genital system. Therefore, the current 
study aimed to analyze the process of tissue remodel-
ing of the ventral prostate of gerbils in different periods 
of androgen deprivation, with a focus on understand-
ing the role of some cellular components in the pros-
tate stroma and epithelium.

Material and Methods

Animals

To perform this study, 28 adult male gerbils (Meriones 
unguiculatus) (3 months of age) were maintained in 
the Animal Breeding Center of the Institute of 
Biosciences, Humanities and Exact Sciences (IBILCE) 
of the São Paulo State University (UNESP) in polyeth-
ylene cages, with a wood shaving substrate, under 
controlled conditions of luminosity and temperature 
(23ºC), being provided with filtered water and rodent 
food ad libitum. The experiments were conducted 
according to the standards defined by the National 
Council for the Control of Animal Experimentation 
(CONCEA, Brazil), and the procedures were approved 
by the Ethics Committee on the Use of Animals at 
IBILCE/UNESP (protocol number 123/2015).

Experimental Design

Male Mongolian gerbils were divided into groups (n = 
7): control intact (C) and castrated (Fig. 1). When the 
animals reached 90 days of age, the castrated group 
was anesthetized to perform the orchiectomy with 1 
ml/kg of the solution containing Ketamine and Xylazine, 
in the proportion of 10:3, respectively. The animals 
were then maintained under observation and eutha-
nized on the 3rd (Ca3d), 7th (Ca7d), or 14th (Ca14d) 
day after castration, each of these days representing a 
group of the castrated animals. Each group had seven 
animals, totaling 28 animals, and no animals died dur-
ing the experiment. The animals in the control group 
were euthanized at the end of the experiment (104 
days of age).

Biometric Analysis

On the day of euthanasia, all animals received an 
overdose of anesthetic (three times the dose used for 
surgery) administered subcutaneously. They were 
then weighed and euthanized by decapitation. We col-
lected the body blood (through the rupture of cervical 
vessels), adrenal glands, and prostate complex. The 
prostate complex was weighed with all lobes. The ven-
tral prostate was separated and weighed. The relative 
weights of the prostate complex and ventral prostate 
were calculated as a proportion by dividing the organ 
weight by the body weight.

The ventral prostate was fixed in 4% paraformal-
dehyde, dehydrated in ethanol, clarified in xylol, and 
then included in Histosec (Merck, Germany). The 
ventral lobe of the prostate was sectioned at 4 µm 
and stained by the histochemical techniques 
Gömori’s Reticulin (to identify the reticular fibers of 
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the prostatic stroma) and Gömori’s Trichrome (to 
identify the SMCs and collagen).

Stereological and Morphometric Analysis

Stereological analyses were performed on slides 
stained with Gömori’s Trichrome to obtain the relative 
volume of the different prostatic compartments. In 
total, 35 random fields (5 fields for each animal in each 
group, n = 7) were digitized with a BX61VS camera 
(Olympus Corporation, Tokyo, Japan) coupled to an 
Olympus VS120 Virtual Microscopy Slide Scanning 
System (VS120-S5) at 200× magnification for stereo-
logical analysis and at 1000× magnification for mor-
phometric analysis, using the same light intensity. To 
avoid bias in the analyses, the entire slide was photo-
graphed and then, using randomization software, the 
five fields from each slide that were analyzed were 
randomly selected. A histological section of the medial 
region of the ventral prostate was selected so that all 
regions of the organ would be represented.32 The 
measurements were obtained according to the M130 
multipoint test system proposed by Weibel (1978),35 
and applied to the prostate by Huttunen and collabora-
tors (1981),36 using Image Pro-Plus 6.0 software 
(Media Cybernetics, Inc., MD). Using Weibel’s method, 
the relative frequency of each compartment was then 
quantified in each field, taking into account the 

following characteristics: epithelial (glandular epithelial 
cells) and luminal compartments (space surrounded 
by glandular epithelium that stores the secretion prod-
uct), muscular stroma (region surrounding the epithe-
lium and formed by smooth muscle tissue), 
non-muscular stroma (region of the stroma that does 
not contain SMCs, formed by connective tissue and 
rich in extracellular matrix fibers and including the 
nerves), and blood vessels (all arteries and veins 
included in their lumens) of the ventral prostate were 
calculated. The quantification of collagen fibers in the 
tissue was also performed using Weibel’s M130 multi-
point test, mentioned above, using histological sec-
tions stained with Gömori’s reticulin.

Morphometry was also performed to obtain the height/
thickness of the epithelial cells and the layer of SMCs, 
respectively. In this analysis, 210 measurements were 
obtained per group (6 fields/animal, n = 7). The slides 
were stained by the Gömori’s Trichrome. They were digi-
tized with a BX61VS camera (Olympus Corporation, 
Tokyo, Japan) coupled to an Olympus VS120 Virtual 
Microscopy Slide Scanning System (VS120-S5), with the 
Image program Pro-Plus (Media Cybernetics).

Serum Hormone Level

Hormonal measurements were determined by ELISA 
using a high-sensitivity kit for T (Monobind Inc. Lake 

Figure 1.  Schematic of the experimental design of the Control and Castrated groups (Ca3d, Ca7d, and Ca14d).
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Forest, CA) and SDHEA (IBL International, Hamburg, 
Germany—items number 52151 and number 5204) 
following the manufacturer’s instructions. The reading 
was performed in a microplate reader (Epoch Multi-
Volume Spectrophotometer; System-BioTek 
Instruments, VT, and TECAN—Infinite F50).

Immunohistochemical Analysis

The primary antibodies used were: anti-Androgen 
Receptor (AR, rabbit polyclonal IgG, N-20, sc-816; 
Santa Cruz Biotechnology, Santa Cruz, CA, 1:75 dilu-
tion), anti-Cd-68 (goat polyclonal IgG M-20, sc-7084; 
Santa Cruz Biotechnology, 1:50 dilution), anti-Cd-163 
(rabbit polyclonal IgG M-96, sc-33560; Santa Cruz 
Biotechnology, 1:50 dilution), anti-MMP-2 (monoclonal 
mouse, sc-13595; Santa Cruz Biotechnology, 1:50 
dilution), anti-MMP-9 (monoclonal mouse, sc-21733; 
Santa Cruz Biotechnology, 1:50 dilution), and anti-
TNF-α (rabbit monoclonal IgG, D2D4, XP, # 11948; 
Cell Signaling, Danvers, MA, 1:75 dilution). Antigen 
retrieval was performed in pH 6.0 citrate buffer at 92C 
for 45 min. The blocking of endogenous peroxidases 
was performed with 3% H2O2 for 15 min and nonspe-
cific protein reactions were blocked with 5% skimmed 
milk in TBSt for 30 min (for the AR, Cd-68, MMP-2, 
MMP-9 and TNF-α protocols) and 60 min (for the 
Cd-163 protocol). Histological sections were incubated 
with primary antibodies overnight at 4ºC. Subsequently, 
they were incubated with secondary antibodies labeled 
with peroxidase (AR, Cd-68, Cd-163 protocols: rabbit 
ABC Staining System SC-2018; Santa Cruz 
Biotechnology) or polymer (MMP-2, MMP-9, TNF-α 
protocol: DAKO EnVision, Dual Link System-HRP, 
Dako, CA) for 40 min at 22ºC. Immunoreactive staining 
was detected by diaminobenzidine (DAB; Sigma, St. 
Louis, MO) for approximately 30 seconds and counter-
stained with Harris Hematoxylin. The slides were then 
dehydrated in ethanol, clarified, and mounted on 
Canadian balsam and evaluated using conventional 
light microscopy.

The relative frequency of AR-positive epithelial and 
stromal cells was obtained from the count of 4000 
cells in each compartment, per experimental group, in 
serial sections (n = 7) and calculated as the percent-
age of immunoreactive cells. In addition, the absolute 
frequency of immunoreactivity for Cd-68 (n = 7), 
Cd-163 (n = 7), and TNF-α (n = 5) was measured, 
counting all immunoreactive cells present in the histo-
logical section. The expression of MMP-2 and MMP-9 
by optical density (OD) (n = 5) was also determined. 
The images were captured using the Olympus BX60 
photomicroscope and the slide scanner (Olympus 
BX-UCB). The software Image-Pro-Plus (Average 

Cybernetics) and Image J with plugin IHC profiler37 
were used to count the number of immunoreactive 
cells and to quantify the intensity of immunostaining, 
respectively.

Immunofluorescence

The histological slides were subjected to immunofluo-
rescence for the detection of muscle fibers by α-actin 
(monoclonal mouse IgG2a, sc-32251; Santa Cruz 
Biotechnology, dilution 1:100). Antigen retrieval was 
performed in pH 6.0 citrate buffer at 92C for 50 min. 
Nonspecific proteins were blocked using 5% skimmed 
milk in PBS (phosphate buffer solution) for 60 min, fol-
lowed by incubation with the primary antibody (anti-α-
actin) at 4C, overnight. The material was incubated in 
a secondary anti-mouse antibody, containing the fluo-
rochrome FITC (Fluorescein isothiocyanate) (sc-2010; 
Santa Cruz Biotechnology, dilution 1:200) for 2 hr. An 
appropriate mounting medium containing DAPI 
(Ultracruz Mounting Medium: sc-24941, for fluores-
cence with DAPI; Santa Cruz Biotechnology) was 
used. The images were analyzed using a Zeiss Axio 
Imager M2, Zeiss fluorescence microscope, Zeiss 
(Gottingen, Germany).

Statistical Analysis

The statistical analysis was performed with spread-
sheets and graphs using GraphPad Prism 6.00 soft-
ware. The data were subjected to the 
Kolmogorov-Smirnov test to analyze the normality of 
the distribution. Quantitative analysis was based on 
parametric (analysis of variance; ANOVA) and non-
parametric (Kruskal-Wallis) tests, followed by Tukey 
and Dunn multiple comparison tests, respectively. 
Differences were considered statistically significant 
when p<0.05.

Results

The Prostate Weight Reduced After 
Orchiectomy in the Gerbils

The biometric data show no differences in body weight 
when comparing the control group with the castrated 
groups (Table 1). However, the analysis of the relative 
weight of the prostate complex revealed a significant 
reduction in the Ca7d and Ca14d groups in compari-
son to Ca3d and Ca14d compared to the control group. 
The Ca3d group shows no statistical differences com-
pared to the control group (Table 1). Analysis of the 
weight of the ventral prostate demonstrated a reduc-
tion in the castrated groups compared to the C group 
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(Table 1). We did not find differences between the 
weights of the adrenal glands in the different experi-
mental groups (Table 1).

Stereology and Morphometry Analyses Showed 
a Reduction in the Proportion of Prostate 
Compartments in the Castrated Groups

Stereological analyses quantification revealed a 
decrease in the epithelial compartment in the Ca7d 
group compared to C and Ca3d, and there was no dif-
ference in the Ca14d group. We also verified a decrease 
in the relative volume of the lumen in the Ca14d group 
in comparison to C and Ca7d and there were no 
changes in the Ca3d group. However, analysis of the 
relative volume of the muscular stroma showed an 
increase in Ca14d compared to the other groups. The 
Ca7d group presented a decrease in the non-muscu-
lar stroma compared to the other groups. We also 
observed an increase in the relative volume of colla-
gen in Ca7d and Ca14d compared to the C and Ca3d 
groups. The Ca3d and Ca7d groups presented a 
reduction in the relative volume of blood vessels com-
pared to the C group (Table 1).

The morphometric analysis showed differences in 
the height of the epithelial cells and the thickness of 
the muscular stroma between the C and castrated 
groups. We observed a decrease in epithelial height in 
all castrated groups compared to C and in Ca7d 

compared to Ca3d and Ca14d. We also verified a 
decrease in the thickness of the muscular stroma cells 
in the Ca3d and Ca7d groups compared to C, and in 
Ca7d compared to the Ca14d group (Table 1).

Castration Altered the Distribution of Reticular 
and Collagen Fibers, and the SMCs

The morphological analysis revealed an apparent 
increase in the proportion of reticular and collagen fibers 
distributed at random, presenting different organizations 
in the Ca7d and Ca14d groups compared to the control 
group (Fig. 2H, K). In addition, the immunofluorescence 
for SMCs demonstrated changes in the distribution of 
these cells in the muscular stroma in the castrated groups 
mainly in the Ca14d group, which showed more sparse 
cells and more intense staining (Fig. 2C, F, I, L, M).

Castration Altered the Serum Levels of T, but 
not of SDHEA

The decline in circulating testosterone levels in cas-
trated animals can be seen as early as day 3 com-
pared to the control. In addition, a decline was 
observed in groups Ca7d and Ca14d compared to the 
control. However, when comparing testosterone levels 
among the three castrated groups, there was no differ-
ence between them (Fig. 3A). We did not observe dif-
ferences in SDHEA dosage (Fig. 3B).

Table 1.  Biometric, Stereological and Morphometric Parameters of Mongolian Gerbils in the Experimental Groups.

Experimental groups

Parameters Control Ca3d Ca7d Ca14d

Biometric data (n = 7)
  Body weight (g) 71.43 ± 5.85 67.43 ± 4.72 73.43 ± 5.74 74.57 ± 5.38
  Prostatic complex weight (mg) 604.4 ± 45.38a 627.0 ± 62.74a 316.8 ± 53.55a,b 158.0 ± 42.60b

  Prostatic complex relative weight (×10−3) 8.47 ± 0.42a,b 9.33 ± 1.14a 4.35 ± 0.93b,c 2.10 ± 0.53c

  Ventral lobe weight (mg) 28.81 ± 17.31a 10.34 ± 5.24b 12.40 ± 5.38b 7.42 ± 6.18b

  Ventral lobe relative weight (×10−4) 3.86 ± 2.50a 1.53 ± 0.76a,b 1.67 ± 0.68a,b 0.97 ± 0.78b

  Adrenal (g) 0.033 ± 0.005 0.036 ± 0.004 0.037 ± 0.007 0.038 ± 0.003
Stereological data (%)
  Epithelium 17.84 ± 7.65a 17.88 ± 7.95a 12.89 ± 5.05b 22.52 ± 9.73a,b

  Lumen 53.52 ± 13.34a 52.60 ± 15.68a,b 57.07 ± 16.94a 44.53 ± 13.82b

  Muscle stroma 8.22 ± 2.87a 10.12± 3.58a 10.44 ± 5.96a 14.08 ± 5.70b

  Non-muscle stroma 15.46 ± 9.45a 14.54 ± 11.22a 6.63 ± 6.00b 15.47 ± 7.98a

  Collagen 1.80 ± 1.35a 2.67 ± 2.11a 8.18 ± 4.63b 6.61 ± 3.75b

  Blood vessels 2.60 ± 2.33a 1.26 ± 1.33b 1.11 ± 1.38b 1.55 ± 1.74a,b

Morphometric data (µm)
  Epithelium 13.30 ± 4.72a 9.80 ± 3.72b 8.63 ± 2.74c 9.71 ± 3.14b

  Muscle stroma 8.51 ± 3.75a 7.47 ± 3.07b,c 7.07 ± 2.63b 7.77 ± 2.60a,c

Data was expressed as mean ± standard deviation.
Statistically significant differences (p≤0.05) are represented by a, b, c.
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Immunohistochemistry Analyses Showed an 
Increase in AR-Positive Cells, Macrophages, 
and TNF-α-Positive Cells and a Decrease in the 
MMP-9 Enzyme

We first performed immunohistochemistry to detect 
the androgen receptor (AR) in the nucleus of prostatic 
epithelial and stromal cells in all experimental groups 
(Fig. 4A–F). We verified an increase in AR-positive 
cells in both prostatic compartments of the castrated 

groups, especially in the Ca3d and Ca14d animals 
(Fig. 4G). However, we observed a decrease in these 
immunoreactive cells in the epithelium of Ca7d ani-
mals when compared to the Ca3d group (Fig. 4G).

We next evaluated the tissues for Cd-68 immunos-
taining, which revealed the presence of pan macro-
phages in the epithelial and stromal compartments in 
all experimental groups (Fig. 5A–F). Ca3d animals 
presented an increase in Cd-68 positive cells in the 
epithelium, while there were no significant changes in 

Figure 2.  Histological sections of the ventral prostate of gerbils stained by Gömori’s trichrome (A, D, G, J) and Gömori’s reticulin (B, 
E, H, K) and subjected to α-actin immunofluorescence (C, F, I, L, M) showing the alterations caused by the orchiectomy in the ventral 
prostate. Control Group (A-C), non-castrated animals. Castrated groups were euthanized after 3 (Ca3d) (D-F), 7 (Ca7d) (G-I), and 14 
days (Ca14d) (J-L). Epithelium (Ep), Lumen (Lu), stroma (St), smooth muscle cell layer (SMC), blue collagen fibers (arrowhead), reticular 
fibers (short arrows), collagen fibers (asterisk), smooth muscle in fluorescent green (long arrows). Scale bar 10µm (A, D, G, J), 20µm 
(B, E, H, K) and 100µm (C, F, I, L, M).
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the stroma. (Fig. 5 O). We also checked for the pres-
ence of Cd-163-positive macrophages in the stroma 
and in the prostatic intraepithelial region (Fig. 5G–N). 
However, we did not observe significant differences 
in the number of these cells among the experimental 
groups (Fig. 5P).

The distribution of MMP-2 and MMP-9 was evalu-
ated in the prostatic compartments (Fig. 6A–J). The 
MMP-2 frequency did not demonstrate differences 
(Fig. 6K). However, we verified a decrease in MMP-9 in 
the Ca7d group compared to Ca3d (Fig. 6L). Finally, 
we investigated the frequency of TNF-α-positive cells 
in the tissue compartments of the ventral prostate (Fig. 
7A–E), and we observed an increase in Ca14d ani-
mals compared with the C and Ca3d groups (Fig. 7F).

Discussion

The androgens influence the remodeling of the pros-
tate gland after orchiectomy26,38,39 and alter the bal-
ance between cell proliferation and death in the 
prostatic tissue compartments.18,22,40 That said, we 
thus proposed to analyze the process of tissue 
remodeling of the ventral prostate of Mongolian ger-
bils in different periods of androgen ablation. The 
castration altered the distribution of the ventral pros-
tate compartments and the frequency of androgen 
receptors, macrophages, MMPs, and TNF-α, promot-
ing tissue reorganization.

The results showed a reduction in the relative vol-
ume of epithelial cells after 7 days of hormone depriva-
tion. There was also a decrease in the height of the 
ventral prostate epithelium in all castrated groups. The 
epithelial alterations were related to a decrease in 

secretory activity (such as the elimination of accumu-
lated secretions, and reduced functions of the endo-
plasmic reticulum and Golgi complex) and loss of 
epithelial cells via apoptosis, one of the factors that 
causes atrophy of the prostate gland.23,38 This atrophy 
is consistent with the results of the biometric analysis, 
which showed the influence of this hormonal ablation 
on the relative weight of the prostate complex and the 
ventral prostate in the castrated groups. Our results 
are consistent with Góes et al. (2007), who reported 
that the ventral lobe of the gerbil prostate is more 
responsive to the condition of androgen deprivation in 
a short period (7 days). The atrophy of the prostate 
epithelium in the face of androgen deprivation is 
related to the regulatory role that testosterone and 
DHT play in this gland. Testosterone is converted into 
DHT in the prostate and regulates the secretory func-
tion of the prostate, as well as the size of the prostate 
and its compartments.41,42

The morphometric analysis showed a decrease in 
the thickness of the muscular stroma in the castrated 
groups compared to the control group. This process 
can be caused by reducing the expression of some 
critical components, such as contractile proteins, which 
act in the contraction process. Cellular atrophy is char-
acterized by the accumulation of large lipofuscin gran-
ules in the cytoplasm and the decrease in cell volume.18 
This atrophic process has also been observed in telo-
cytes, cells associated with the epithelium and smooth 
muscle, which presented alterations in their phenotype 
in the face of orchiectomy.20 Studies indicate that SMCs 
have active androgen receptors and, with fibroblasts, 
are important elements in stromal reorganization after 
castration.18,43 However, when analyzing the relative 

Figure 3.  Orchiectomy alters the serum hormone levels of testosterone (A), but not of SDHEA (B). Statistical analyses were based on 
one-way ANOVA followed by Tukey (post hoc). ***p<0.001. Control group (C) and castrated groups were euthanized at 3 (Ca3d), 7 
(Ca7d), and 14 (Ca14d) days after the orchiectomy.
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volume of tissue compartments, muscle stroma 
increased in the Ca14d group in comparison to C. This 
increase in the stroma could indicate that although 
there is a decrease in the thickness of the muscular 

stroma, the decrease in the height of epithelial cells, 
indicates that, in the proportion between the compart-
ments, the muscular stroma occupies greater volume 
in the condition of the remodeled gland after the 

Figure 4.  Frequency of androgen receptor (AR)-positive cells increased in the castrated animals. Negative reaction control (B) slides 
were not incubated with primary antibody. Control (A), non-castrated animals. Castrated groups were euthanized at 3 (Ca3d) (C, D), 
7 (Ca7d) (E), and 14 (Ca14d) (F) days after the orchiectomy. AR positive cells are indicated in the epithelial compartment by smaller 
arrows and in the stromal compartment by larger arrows. The data represent averages of the relative frequency (%) of AR-positive 
cells and the error bars indicate the standard deviation. **, *** and **** indicate statistically significant differences (p<0.01; p<0.001; and 
p<0.0001 respectively), according to the Kruskal-Wallis test followed by the post hoc Dunn test (G). Scale bar 20µm.
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orchiectomy. Previous studies observed this same pro-
cess was during different castration periods.10,19

Smooth muscle cell is directly associated with col-
lagen fibers, and this association may indicate that 
these fibers play an active role in the reorganization of 
the extracellular matrix due to the involution of epithe-
lial structures after androgen depletion.44 Our results 
are consistent with these observations and indicate 
that castration results in significant reorganization of 
the collagen and reticular fibers, which are more dis-
persed in the Ca7d and Ca14d groups.

Analysis of serum T levels showed a decrease in 
circulating T in animals submitted to orchiectomy, as 
already observed in many studies.14,15,23,45 Research 
indicates that, in humans, the concentration of andro-
gens present in the organism reduces by approxi-
mately 59% after orchiectomy. However, 41% of these 
hormones are still present in the body even after the 
elimination of testicular androgens.15 Other studies 
have observed that 50% of DHT remained in the pros-
tate of orchiectomized patients.46 Thus, we observed a 
tendency to an increase in the serum levels of SDHEA 

in the castrated groups in comparison to C, mainly in 
Ca3d. These results indicate that the production of 
androgens remains active through the synthesis of 
these hormones in peripheral tissues and by greater 
activity of the adrenal glands, even after castration.

The hormonal alterations also affected androgen 
receptor expression. Many studies show that after cas-
tration, the expression of AR decreases, mainly in the 
ventral lobe of the rodent prostate.40,45,47 However, 
some studies report that around 24 to 48 hr after surgi-
cal castration, this decrease does not occur.47–49 Our 
results corroborate this information, as there was also 
no reduction in the frequency of AR in the ventral pros-
tate. The increase in these receptors can occur as a 
strategy, considering the dependence on androgens, 
for the maintenance of the gland, to avoid or delay the 
atrophy process. Husmannt and collaborators (1990) 
demonstrated that, in rats, most ARs are present in the 
nucleus of prostate cells from intact and castrated ani-
mals.47 Thus, the authors suggest that the AR remains 
in the nucleus even in the absence of ligands. 
Furthermore, this increase in AR after castration can be 

Figure 5.  Castration alters the distribution of Cd-68, but not of Cd-163 macrophages. Negative reaction controls (E, L), that were 
not incubated with primary antibodies (Cd-68 and Cd-163). Controls (A, B, G, H), non-castrated animals. Castrated groups were eutha-
nized at 3 (Ca3d) (C, I, J), 7 (Ca7d) (D, E, K, L), and 14 (Ca14d) (F, M, N) days after the orchiectomy. Intraepithelial macrophages are 
indicated by small arrows, and stromal macrophages by large arrows. The data represent averages of the number of macrophages by 
histological section marked with the anti-Cd-68 (O) and anti-Cd-163 (P) antibodies, and the error bars indicate the standard deviation. 
* and ** indicate statistically significant differences (p<0.05 and p<0.01, respectively), according to the Kruskal-Wallis test followed by 
the post hoc Dunn test (O). The data in (P) were tested via one-way ANOVA, followed by the post hoc Tukey test. St, stroma; Lu, 
lumen. Scale bar 10µm.
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Figure 6.  The immunohistochemistry shows the distribution of MMPs in the ventral prostate of all groups. Negative reaction controls 
(C, I), that were not incubated with primary antibodies. Control (A, F), non-castrated animals. Castrated groups were euthanized at 
3 (Ca3d) (B, C, G), 7 (Ca7d) (D, H, I), and 14 (Ca14d) (E, J) days after the orchiectomy. Positive staining in the epithelium and stroma 
(arrows) and the secretion present in the lumen (asterisk). The data represent averages of the quantification of the immunostaining 
intensity by optical density (OD) and the error bars show the standard deviation (K, L). * indicates a statistically significant difference 
(p<0.05), according to the Kruskal-Wallis test followed by the post hoc Dunn test (L). Scale bar 50µm.

Figure 7.  Surgical castration promotes an increase in TNF-α positive cells. Negative reaction control (D) slides were not incubated 
with primary antibody. Control (A), non-castrated animals. Castrated groups were euthanized at 3 (Ca3d) (B), 7 (Ca7d) (C, D), and 14 
(Ca14d) (E) days after the orchiectomy. Immunoreactive cells are indicated by arrows. The data represents averages of the number of 
TNF-α positive cells by prostate area and the error bars show the standard deviation. * and ** indicate statistically significant differences 
(p<0.05 and p<0.01, respectively), according to the Kruskal-Wallis test followed by the post hoc Dunn test (F). Scale bar 50µm.
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explained by an overexpression of receptors as an 
alternative to testosterone deficiency. The same occurs 
in castration-resistant prostate cancer cells, which, after 
androgen deprivation, employ various compensatory 
mechanisms such as gene amplification of AR and 
mutation of the genes of this receptor.50 Furthermore, 
studies have shown that these cells can express cofac-
tors that activate AR through non-canonical pathways, 
allowing independence from androgens.51

According to Justulin and collaborators (2010), the 
castration process causes the recruitment of macro-
phages and mast cells that contribute to the increase in 
MMPs.52 These phagocytic cells also participate in reg-
ulation during the events of remodeling of the atrophic 
prostate.52 These phagocytes are attracted due to 
androgen deprivation and participate in the process of 
prostatic tissue remodeling.38,53 Macrophages are part 
of the phagocytic system and, in adult mammals, can 
be found in all tissues, exhibiting great morphological 
and functional diversity.54 We observed an increase in 
Cd-68 positive cells in the prostatic intraepithelial region 
in the Ca3d group. Castration causes the loss of epithe-
lial cells due to apoptosis,18 especially in the first 72 hr55 
and these apoptotic cells express changes in the cell 
surface that allow recognition, phagocytosis, and 
removal by macrophages.26,27 This removal occurs 
before cell lysis and prevents the release of intracellular 
toxins and apoptotic cell contents around the tissue, to 
avoid inflammation.26,56–59 The apoptotic cells that are 
phagocytized by macrophages form vacuoles known as 
“autophagosomes” or “autophagy vacuoles.” Some 
studies suggest that the formation of these vacuoles in 
the prostate epithelium leads to prostate atrophy after 
castration,11,60–62 which may explain the increase in 
intraepithelial macrophages in the Ca3d group.

The results indicate that these phagocytes are also 
acting in the tissue reorganization of the prostate, 
since this cell type can secrete different chemical 
mediators and enzymes that actively participate in tis-
sue remodeling, such as MMP-2 and MMP-9.63,64 
These enzymes are classified as gelatinases and play 
an important role in the degradation of the extracellu-
lar matrix during the tissue remodeling process,65 such 
as after orchiectomy.52,63 The MMPs are involved in the 
fibrillary collagen degradation process after the initial 
cleavage by collagenases.65,66 Thus, the decrease in 
MMP-9 could be related to the increase in the relative 
volume of collagen in the Ca7d group.

The production and activation of MMPs depend on 
several factors and cytokines, such as TNF-α.67,68 This 
protein is one of the main cytokines related to the regu-
lation of the immune and inflammatory response.69,70 
TNF-α is produced by several cell types and is involved 
in the processes of apoptosis, cell differentiation, infil-
tration, and immune responses.71,72 Studies reported 

the association of low testosterone concentration with 
increased serum levels of TNF-α in humans.73–75 
Based on this information, we believe that the period 
of testosterone deprivation influenced the increase in 
the frequency of TNF-α in the prostate of the Ca14d 
group in comparison to C and Ca3d. These results 
contribute to an increased understanding of the pros-
tate remodeling process, considering the alterations 
that involve immune cells and components of the 
extracellular matrix caused by orchiectomy, a topic still 
underexplored in experimental models.

The results obtained here provide a better under-
standing of the cellular and tissue behavior that occurs 
in the prostate after orchiectomy. These data can help 
us better understand what happens in human prostate 
cancer after treatment with androgen deprivation, 
which in many cases can recur, generating castration-
resistant cancer,76 as well as better understand the 
behavior of immune cells, contributing to the advance-
ment of the study of immunotherapies in the treatment 
of prostate cancer. The exploration of the mechanisms 
that lead to the changes observed in the prostate after 
castration is a limitation of the approach of the study; 
however, this does not compromise the conclusions 
obtained here, which can be evaluated infuturestudies.

Orchiectomy induces alterations in the prostatic 
architecture of gerbils, affecting the cellular arrange-
ment and composition of the extracellular matrix. The 
results of the current study outline the tissue altera-
tions observed after 3 days of androgen deprivation, 
highlighting the rapid response of the ventral prostate 
to hormonal fluctuations. The analysis of enzyme and 
cytokine expression, along with the characterization of 
the cellular microenvironment, aids in elucidating the 
mechanisms involved in post-orchiectomy tissue 
remodeling.
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