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a b s t r a c t

Puberty is an important period for the growth and maturation of the male reproductive system, and is
also a critical window for endocrine or environmental interference. The physiological levels of circulating
insulin and hyperglycemic control are important factors for a normal prostate growth. Hyperglycemia
during puberty is reported to retard the growth of the prostate gland, with remarkable effects on the
epithelial compartment. Here, we investigated the impact of hyperglycemia along with a simultaneous or
late insulin replacement on the ventral prostate growth in rats during puberty, paying special attention
to the deposition of collagen fibers and activities of gelatinase, matrix metalloproteinase-2 (MMP-2),
and �9 (MMP-9). Hyperglycemia was induced by streptozotocin (STZ) administration in 40-day-old male
Wistar rats. A subset of hyperglycemic rats underwent an early insulin replacement (three days after the
STZ administration), and another subset underwent a late insulin replacement (twenty days after the STZ
administration). Animals were euthanized at 60 and/or 80 days of age. The ventral prostatic lobe was
processed for picrosirius red staining, type I and III collagen immunohistochemistry, and gelatin
zymography. Hyperglycemic animals showed an increased area of collagen fibers in the prostate, which
was composed both types of collagens. MMP-2 activity was significantly reduced in the hyperglycemic
animals, while MMP-9 activity was very low and showed no alteration. The simultaneous and late insulin
administration restored collagen content and MMP-2 activity. In conclusion, puberty is a critical window
for prostate maturation and type-1 diabetes-induced hyperglycemia affects the ratio of the prostatic
parenchymal and stromal growth, leading to fibrotic tissues by also MMP-2 down regulation.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

The prostate development is a complex process that involves
multiple signal pathways, including endocrine, paracrine, and
autocrine, besides the transcription factors [1,2]. The prostate
development in rats starts at gestational day 17e18 under an in-
fluence of androgen [3]. In response to the fetal testicular andro-
gens, the epithelial buds emerge from the wall of the urogenital
sinus, grow into the surrounding urogenital sinus mesenchyme, in
a process called “branching morphogenesis” [4]. After birth,
, Institute of Biosciences, Sao
9, Brazil.
o).
branching morphogenesis is followed by intense cell proliferation
and ductal canalization [5,6]. At puberty (approximately 6 weeks or
40 days old), under the influence of hormones, the prostate grows
in size, begins its secretory activity, and acquires the physical and
functional characteristics of an adult prostate around the age of 12
weeks [7].

For the prostate to develop normally, a regulated stromal
remodeling is required to permit the growth of the epithelial
structures within the stroma. The proteolytic activity of the matrix
metalloproteinases (MMPs), particularly MMP-2 and MMP-9, also
known as gelatinases, is extremely important for the extracellular
matrix remodeling during the prostate growth, development
[8e10], gland atrophy [11], and regrowth [12].

MMPs belong to a family of zinc-dependent endopeptidases,
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which are structurally related, active at neutral pH, and can catalyze
the normal turnover and degradation of protein components of the
extracellular matrix (ECM) [13,14]. MMPs exert an important role in
the morphogenetic and normal physiological conditions, such as
embryonic development, angiogenesis, cell proliferation, cell
motility, tissue remodeling, and tissue repair [15,16]. Besides their
physiological role, MMPs are also involved in various pathological
processes, such as inflammation, fibrosis, vascular diseases, and
cancer [17e20], wherein their activities are generally deregulated.

Diabetes mellitus is a metabolic disorder characterized by hy-
perglycemia resulting from a defective insulin secretion, function,
or both [21]. The prevalence of diabetes mellitus is increasing
globally at an alarming rate owing to population growth, lack of
activity, aging, obesity, lifestyle, and other factors, may be respon-
sible for this increase. Data from the World Health Organization
(WHO) showed that, about 422 million people worldwide have
diabetes [22].

Studies have shown that abnormalities in the activity and
expression of MMPs and a consequential change in the constitution
of ECMmacromolecules are involved in the pathogenesis of several
diseases, including complications related to diabetes mellitus in
different organs, both in humans and in experimental animals
[23e27]. We had previously shown that streptozotocin (STZ)-
induced diabetes in the rats diminishes, but does not abolish,
prostate growth during puberty. At 80 days of age, the prostate of
the diabetic animals weighed approximately 50% lesser than the
age-matched control glands, and treatment of diabetic rats with
insulin was able to rescue the prostate growth and its morphology
[28].

Because of the importance of MMPs, particularly MMP-2 and
MMP-9, in the understanding of events involved in the growth and
remodeling of the prostate, we believe that the slower growth of
the prostate gland in diabetic animals, at least in part, could be
related to the altered activity of these enzymes and the consequent
change in the quantity and quality of the ECM. Thus, the objective of
this study was to investigate whether the chronic hyperglycemia
resulting from STZ-induced diabetes and the insulin replacement
thereafter interfere with the activities of MMP-2 and MMP-9 and
collagen content in the ventral prostate stroma during puberty.

2. Materials and methods

2.1. Animals

Wistarmale rats (n¼ 60) were supplied by theMultidisciplinary
Center for Biological Investigation of the University of Campinas,
CEMIB - UNICAMP. The animals were maintained under controlled
temperature conditions (22e25 �C), relative humidity (55%), and a
12 h photoperiod (light period beginning at 7 a.m.). The animals
had free access to water and chow. This study was approved by the
Biosciences Institute/UNESP Ethics Committee for Animal Experi-
mentation (Protocol number 42/07).

2.2. Diabetes induction in rats

The procedure for inducing diabetes has been described by
Porto et al. [28]. Briefly, diabetes was induced in male rats (40-day-
old) with STZ (Sigma Aldrich™, St. Louis, MO, USA). STZ was
administered intravenously (i.v.) into the caudal vein in a single
dose of 40 mg/kg dissolved in a citrate buffer (0.1 M, pH 4.5) (Steger
1990). The control rats received the same volume of citrate buffer
(i.v.). The glucose concentrations in the blood were measured 3
days after the induction of diabetes. The rats with blood glucose
levels higher than 250 mg/dL were included in the diabetic group.
Three days (referred to as “simultaneous”) and 20 days (“late”) after
the STZ injection, the diabetic rats received protamine zinc insulin,
long-acting insulin (Novolin®), via subcutaneous injection at a dose
of 3U/100 g of body weight/day for 17 and 20 consecutive days,
respectively.

2.3. Experimental groups

The rats were divided into six groups (n ¼ 10 per group): two
control groups consisting of the animals euthanized at 60 (C60) and
80 days of age (C80), two diabetic groups consisting of the animals
euthanized at 60 (D60) and 80 (D80) days of age, a diabetic group of
animals with simultaneous replacement of insulin (DI60) eutha-
nized at 60 days of age, and a diabetic group of animals with late
insulin replacement euthanized at 80 days of age (DI80). At the end
of each experiment, the animals were weighed, had their fasting
blood glucose levels (12 h) examined, and were euthanized with an
overdose of sodium pentobarbital (30 mg/kg of body weight)
injected intraperitoneally. The ventral prostate (VP) glands were
removed, weighed, fixed, and processed for histochemistry, or
immediately frozen in liquid nitrogen for immunohistochemistry
or protein extraction for gelatin zymography.

2.4. Histological processing

The ventral prostates were fixed by immersion in 4%
paraformaldehyde/phosphate-buffered saline (PBS) solution for
24 h, and processed for paraffin embedding. Five-micrometer his-
tological sections were stained to Picrosirius red staining [29] for
the detection of total collagen fibers (both type I and type III
collagen fibers were stained red) by stereological analysis [30].
Image-Pro Plus software version 4.5 for Windows was used to
digitalize the images of each histological section. Analyses were
carried out using a DMLB Leica Microscope and the images were
obtained by a Leica DFC300FX digital camera connected to the
microscope.

2.5. Stereological analysis

The relative frequency of the collagen fibers in the ventral
prostates from different experimental groups were determined by
an automatic detection of red color in 20 different microscopic
fields (x 20) and from 5 different individual prostatic lobe sections.
The collagen relative frequency was determined as a percentage of
the red-stained areas per total microscopic field area.

2.6. Immunohistochemistry for type I and type III collagen

The frozen sections of the ventral prostate (7 mm) fixed in cold
methanol for 20 min were collected on the silanized glass slides
that were blocked first with 3% hydrogen peroxide in methanol for
15 min, followed by 3% bovine serum albumin (BSA) in PBS for 1 h
at 25 �C. Next, the sections were incubated with the primary
monoclonal antibodies for 2 h at 25 �C: Type I Collagen, 1:300
(Genetex, GTX 26308) and Type III Collagen, 1:300 (Abcam, ab
6310-100). The primary antibody was detected using a secondary
peroxidase-conjugated antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Chromogen color development was accomplished
with 3,3ʹ-diaminobenzidine tetrahydrochloride (Sigma, St. Louis,
MO, USA). The slides were counterstained with hematoxylin. The
negative control was performed by abolishing the primary antibody
incubation step.

2.7. Protein extraction and zymography

The complete protocol for gelatin zymography was described by
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Justulin-Jr et al. [12]. Briefly, the frozen samples of VP were me-
chanically homogenized in an extraction buffer by crushing them
with the Polytron homogenizer. The samples was quantified by the
Bradford method [31]. The extracted protein (28 mg) from 5
different VPs from each experimental group were subjected to
electrophoresis, thereafter, the gels were incubated for 22 h in
50 mM Tris-HCl buffer, pH 8.4, containing 5 mM of CaCl2 at 37 �C.
Finally, the gels were stained with Coomassie Brilliant Blue R-250
(Sigma-Aldrich, St Louis, MO, USA). The gelatinolytic bands of
MMP-2 and -9 activities were scanned and analyzed by densi-
tometry. The bands of was analyzed by obtaining the integrated
optical density (IOD) of the bands using the software ImageJ. The
values were plotted in a histogram showing mean ± standard de-
viation of IOD for both MMPs, from all experimental groups.
2.8. Statistical analysis

Stereological values of the percentage area of the collagen fibers
are expressed as mean ± SD for the numeric data and as median
(Q1-Q3) for the data in percentage. For gelatinolytic bands of
zymography, one-way analysis of variance (ANOVA)was performed
to determine whether significant differences existed between the
groups (p < 0.05) and the TukeyeKramer multicomparison post-
hoc test was employed. A p-value of <0.05 was considered signif-
icant. The statistical tests were performed using Instat (version 3.0;
Graph-Pad, Inc., San Diego, CA, USA).
3. Results

3.1. General features of the experimental groups

All the diabetic rats utilized in this study showed blood glucose
levels above 300 mg/dL, along the experimental period. The
simultaneous and/or late insulin replacement was effective in
reducing the blood glucose levels of the diabetic rats to values close
to those of the control group animals (<120 mg/dL) (data already
published: Porto et al. 2011).
Fig. 1. Representative Picrosirius red stained sections of rat ventral prostates from control da
control day 80 (d), diabetic day 80 (e), and diabetic plus insulin treatment lately day 80 (f) e
interstitial space, and appeared thickened in diabetic animals. L, luminal space. Scale bars:
3.2. Histological and stereological analysis of the collagen fibers

Picrosirius red staining analysis of the ventral prostate from the
both ages of control group revealed only few and thin collagen fi-
bers (stained red). The induction of diabetes by STZ markedly
increased the area of collagen fibers in the ECM of the VP from
insulin-deprived diabetic rats, mainly at age of 80 days. The
simultaneous insulin replacement inhibited the accumulation of
collagen in the interstitial stroma, while late insulin replacement
significantly decreased the collagen deposition in the ECM (Fig. 1,
Table 1).

3.3. Type I and type III collagen immunohistochemistry

The immunostaining of type I and type III collagens showed
more immunoreactivity in the stroma of the VP from diabetic an-
imals. In contrast, both the control and diabetic rats, treated with
insulin (simultaneously or lately), showed moderate immuno-
staining of COL I and COL III with a similar intensity throughout the
prostatic stroma (Figs. 2 and 3).

3.4. Determination of MMP-2 and MMP-9 activity by zymography

The typical clear bands of the gelatinolytic activity of MMP-9
(the proenzyme (92 kDa) and active form (81 kDa) and MMP-2
(proenzyme (72 kDa), intermediate (64 kDa), and active form
(59 kDa) were visualized in the VP from all experimental groups at
both the ages analyzed (60 and 80 days) (Fig. 4A). Densitometric
analysis of MMP-2 and MMP-9 bands showed that all forms of
MMP-2 were significant reduced in the rat ventral prostate from
diabetic rats at both ages (Fig. 4B). In the animals treated with in-
sulin, both simultaneously and lately, the activity of MMP-2 was
restored (Fig. 4B). MMP-9 activity was very low and showed no
statistically significant differences among the experimental groups
(data not shown).

4. Discussion

Our study provides novel information about the effects of
y 60 (a), diabetic day 60 (b), diabetic plus insulin treatment simultaneously day 60 (c),
xperimental groups. Collagen fibers (arrows) are observed around acini, mainly in the
aef ¼ 50 mm.



Fig. 2. Representative immunohistochemistry for type I collagen on rat ventral prostate sections from control day 60 (a), diabetic day 60 (b), diabetic plus insulin treatment
simultaneously day 60 (c), control day 80 (d), diabetic day 80 (e), and diabetic plus insulin treatment lately day 80 (f) experimental groups. Positive reaction for type I collagen fibers
was observed in the around prostatic acini (arrows), exhibiting an increased intensity in the prostate from diabetic rats. Scale bars: a-f ¼ 50 mm.

Table 1
Effect of streptozotocin-induced diabetes and insulin treatment on collagen fibers relative frequency (%) of the rat ventral prostate.

Parameter DAB C D DI

Collagen fibers Relative frequency (%) 60 4,55
(3,65e5,52)

5,29*
(4,46e6,67)

3,36
(3,09e3,61)

80 4,54
(3,87e6,69)

8,12**
(6,51e10,02)

4,36
(2,98e6,96)

Values are expressed in median (Q1- Q3). Analyzed by Kruskall-Wallis. *p < 0.05 and **p < 0.01 when compared with age-matched control. DAB, days after birth; C, control; D,
diabetic; DI, diabetic plus insulin.

Fig. 3. Representative immunohistochemistry for type III collagen on rat ventral prostate sections from control day 60 (a), diabetic day 60 (b), diabetic plus insulin treatment
simultaneously day 60 (c), control day 80 (d), diabetic day 80 (e), and diabetic plus insulin treatment lately day 80 (f) experimental groups. Positive reaction for type III collagen
fibers was observed in the around prostatic acini (arrows), exhibiting an increased intensity in the prostate from diabetic rats. Scale bars: a-f ¼ 50 mm.
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chronic hyperglycemia during experimental diabetes on the activ-
ities of MMPs �2 and �9 during prostate growth in rats at puberty.
Our findings demonstrated that the activity of MMP-2, but not
MMP-9, decreased and promoted significant changes in the amount
of collagen fibers in the ventral prostate stroma from diabetic an-
imals. The density of collagen fibers was significantly increased in
the ventral prostate from diabetic animals. The accumulation of
collagen observed in the diabetic animals can have an important
impact on the behavior of the basal and secretory epithelial cells.
Collagen produced and secreted by a variety of stromal cells,

mainly fibroblasts, is the main fibrillar protein of the extracellular
matrix in most organs and provides the major structural support
necessary for the organization of cells making up the tissue [32].
Studies show that chronic hyperglycemia can lead to fibrosis in
different organs, the pathological condition typically characterized
by an accumulation of interstitial collagen, as observed in several



Fig. 4. (A) Representative zymography of the gelatinolytic activity observed in the rat
ventral prostate extracts from control day 60 (C60), diabetic day 60 (D60), diabetic plus
insulin treatment simultaneously day 60 (DI60), control day 80 (C80), diabetic day 80
(D80), and diabetic plus insulin treatment lately day 80 (DI80) experimental groups.
Note high activity of three bands of MMP2 (latent, intermediate and active forms;
72kDa/67kDa/59 kDa, respectively), while very low activity of the two bands of MMP-9
(latent and active forms; 92kDa/81 kDa, respectively) were observed. B) Densitometric
values of all bands of MMP-2 were summed and expressed in IOD. MMP-2 activity in
the ventral prostates from diabetic groups was significant different from age-matched
CT groups. MMP-9 activity showed no alteration (data not showed). * mean signifi-
cantly different from age-matched CT group with p < 0.05.
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diabetic complications, such as the micro and macro vascular dis-
eases, retinopathy, nephropathy, and cardiomyopathy [27,33e35].
The above studies support the hypothesis that chronic hypergly-
cemia, if not controlled, can cause an imbalance in the regulatory
factors that control the synthesis and/or degradation of the matrix
molecules in various tissues, which may finally result in the
development of fibrosis and impaired function of various organs.
Thus, the reduced ECM degradation contributed to the increased
collagen deposition/accumulation in the VP of diabetic animals in
our study.

In this study, the glycemic control achieved by insulin treatment
was effective in preventing and/or reversing the alterations in
MMP-2 activity and hence the collagen deposition in the VP of
diabetic rats. The simultaneous replacement with insulin in the
pubertal animals blocked the alterations caused by hyperglycemia
in the prostatic stroma. However, the most noteworthy observation
was that the changes generated in the rat prostate for a period of 20
days after the induced hyperglycemia were reversed with the 20
days of delayed treatment with insulin.

The mechanism by which hyperglycemia interferes with the
synthesis and/or degradation of the ECM molecules is not fully
understood, but diabetes is characterized by deep biochemical and
metabolic pathway changes, leading to changes in the biochemical
properties of the collagen molecule and decreased activity and/or
secretion of enzymes that regulate the extracellular matrix [34].

Diabetes is associated with a significant increase in the con-
centrations of glucose in the body fluids. Glucose and other sugars
covalently bind to themacromolecules in the body such as collagen,
through a process of non-enzymatic glycosylation [36]. These
glycosylation form “advanced glycation end-products” (AGEs), the
AGE-modified collagen has been observed in animal and human
diabetics [37e39]. Studies suggest that the AGE increases the
number of collagen cross-links, thereby making it more resistant to
proteolytic degradation by specific enzymes [40].

MMP-2 and MMP-9 (or gelatinases) are responsible for the final
degradation of fibrillar collagen after the initial cleavage by colla-
genases [41]. Our data demonstrate that chronic hyperglycemia in
the ventral prostate reduced the activity of MMP-2. We did not
observe significant differences in the activity of MMP-9 among
experimental groups. The reduction in the activity of MMP-2 in the
diabetic animals, therefore, appears to have a direct relationship
with the accumulation of collagen in the extracellular matrix
observed in these animals. Other authors have also reported
prostatic alterations in diabetic animals, such as increase in extra-
cellular matrix elements (collagen and chondroitin sulphate)
associated with increased inflammation and these authors consider
these changes possible precursors of prostatic diseases [42e44].

Together, our results showed hyperglycemia diminishedMMP-2
activity, inducing an increased accumulation of collagen fibers in
the prostatic stroma, which take places in the deleterious effects of
diabetes on prostatic growth. Exogenous insulin administration is
effective in preventing and restoring the adverse effects of hyper-
glycemia on the prostatic pubertal growth, showing how prostatic
tissue is markedly dynamic against such metabolic and hormonal
imbalance at this age.
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