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Experimental data demonstrated the negative impact of maternal protein malnutrition (MPM) on rat
prostate development, but the mechanism behind the impairment of prostate growth has not been well
understood. Male Sprague Dawley rats, borned to dams fed a normal protein diet (CTR group, 17% protein
diet), were compared with those borned from dams fed a low protein diet (6% protein diet) during ges-
tation (GLP group) or gestation and lactation (GLLP). The ventral prostate lobes (VP) were removed at
post-natal day (PND) 10 and 21, and analyzed via different methods. The main findings were low birth
weight, a reduction in ano-genital distance (AGD, a testosterone-dependent parameter), and an impair-
ment of prostate development. A delay in prostate morphogenesis was associated with a reduced testos-
terone levels and angiogenic process through downregulation of aquaporin-1 (AQP-1), insulin/IGF-1 axis
and VEGF signaling pathway. Depletion of the microvascular network, which occurs in parallel to the
impairment of proliferation and differentiation of the epithelial cells, affects the bidirectional flux
between blood vessels impacting prostatic development. In conclusion, our data support the hypothesis
that a reduction in microvascular angiogenesis, especially in the subepithelial compartment, is associated
to the impairment of prostate morphogenesis in the offspring of MPM dams.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Malnutrition is a global problem, affecting mainly developing
countries. Among the population, pregnant women and newborns
are the most affected by malnutrition, leading to increased risks of
morbidity and mortality for newborn infants (Gao et al., 2012). The
idea that maternal exposure to adverse conditions impacts off-
spring health has been defined as a developmental origin of adult
disease, also called the ‘‘Barker hypothesis” (Barker et al., 1989).
It states that poor conditions during intrauterine life can result in
permanent changes in physiology and metabolism. Due to obvi-
ously ethical considerations, there are few data about the effects
of fetal programming on human health. Thus, the use of animal
models is an important research tool in an attempt to elucidate
the relationship between intrauterine malnutrition and diseases
in adult life. In this sense, one of the most studied models is dams
fed a low protein diet (Cezar de Oliveira et al., 2016; Ozanne, 2001;
Ozanne et al., 1999; Pinho et al., 2014; Rinaldi et al., 2013; Sene
et al., 2013; Vega et al., 2016).

Although the effects of maternal protein malnutrition (MPM)
have been first described with regard to the cardiorespiratory sys-
tem in the last decade, experimental models have demonstrated
that MPM also affects offspring reproductive parameters, such as
decreased reproductive capacity in female and male rats
(Guzmán et al., 2006, 2014) or impairment of sexual accessory
gland development associated with reduction in circulating testos-
terone levels (Ramos et al., 2010; Rinaldi et al., 2013). Ramos et al.
(2010) demonstrated a delay in dorsal prostate maturation in the
offspring of rats fed a low protein diet during lactation. Other
authors subsequently demonstrated impairment in prostate mor-
phogenesis at post-natal day (PND) 1(Pinho et al., 2014) or matu-
ration at PND30 and 120 in the offspring of dams fed a low
protein diet during gestation (Rinaldi et al., 2013).

In addition to prostate androgenic dependence (Cunha et al.,
1987), other factors such as insulin-like growth factors (IGFs),
cytokines and adhesion molecules are also important to develop-
ment, maturation and maintenance of glandular function (Timms
et al., 1994; Prins and Putz, 2008). Another key factor is the nutri-
tional support and oxygen supplied by blood vessels (Wong et al.,
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Table 1
Composition of the control and low protein diets.

Ingredientes (g/kg) Control diet 17% of
protein

Low protein diet 6% of
protein#

Cornstarch 397 480
Caseín (84%) 202 71.5
Dextrin (90–94%) 130.5 159
Sucrose 100 121
Soybean oil 70 70
Fiber 50 50
Mineral mix (AIN 93%)* 35 35y

Vitamin mix (AIN 93)* 10 10
L-Cystine 3 1
Choline bitartrate 2.5 2.5

Total energy (kcal g�1) 3.76 3.76

# The low protein diet was prepared by PragSoluções (PragSoluções, SP, Brazil).
Diets were supplemented with L-Cystine as sulfur amino acid.

* Vitamin and mineral mixtures were formulated to meet the American Institute
of Nutrition AIN-93G recommendation for rodent diets (Reeves et al., 1993).
y Potassium phosphate, monobasic, was added to the salt mix of this diet to
maintain phosphorus at the levels found in the control casein diet (3 g/kg of diet)
and the calcium:phosphorus ratio has been kept at 1.3 in both diets.
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2014). Vasculature is also responsible for delivery signaling mole-
cules for prostate morphogenesis (Carmeliet, 2005). Development
of the microvessel network and growth/elongation of the prostatic
buds during glandular morphogenesis are closely related, both spa-
tially and temporally (Wong et al., 2014). Among the regulatory
genes involved in the angiogenesis process, the most studied is
the vascular endothelial growth factor (VEGF) and its receptor
VEGFR (Ferrara et al., 2003).

Although endothelial cells do not express androgen receptors
(AR), studies have demonstrated the indirect involvement of
androgens in the maintenance of the vascular structure and
increased expression of angiogenic factors such as VEGF, VEGF-B,
PLGF, and FGF-2, which act in a paracrine fashion, inducing
endothelial proliferation (Prins et al., 1991). Considering the
importance of nutritional and oxygen supplied by blood vessels
for prostate morphogenesis, maturation and maintenance, we
assessed whether maternal protein malnutrition impacts the pro-
cess of angiogenesis in the ventral prostate of rat offspring. We
demonstrated that, in parallel to the impairment of proliferation
and differentiation of the epithelial cells, there is an intense reduc-
tion in prostate microvascular angiogenesis in offspring fromMPM,
especially in the subepithelial compartment, collaborating for the
delay of ventral prostate morphogenesis.
2. Material and methods

2.1. Animals and experimental design

In our experiment, we used an established low protein diet
(Pinho et al., 2014; Rinaldi et al., 2013; Sene et al., 2013), provided
by PragSoluções (PragSoluções, SP, Brazil). All procedures
described in this study were approved by the Biosciences Insti-
tute/UNESP Ethics Committee for Animal Experimentation (Proto-
col number 670). Adult female (90 days of age, n = 30) and male
(90 days of age, n = 10) Sprague Dawley rats were obtained from
the Central Stock breeder at the State University of Campinas
(Campinas, SP, Brazil). The animals were maintained under con-
trolled temperature conditions (22 to 25 �C), relative humidity
(55%), and a 12 h photoperiod, with free access to water and chow.

Virgin female rats were mated overnight with established male
breeders and after confirmation of mating; pregnant rats were
housed individually in standard rat cages. They were fed an isoca-
loric and normosodic normal diet (17% protein) or low protein diet
(6% protein) during gestation or during gestation and lactation
(Table 1). To maximizing lactation performance, litters were
reduced to eight pups at PND1: four males and four females
(Fischbeck and Rasmussen, 1987; Rinaldi et al., 2013). Thus, the
dams were divided into three experimental groups: Control
(CTR), fed normal protein diet; Gestational low protein (GLP), fed
low protein diet during gestation; and Gestational and lactational
low protein (GLLP), fed low protein diet during gestation and
lactation.

Maternal body weight was determined at the beginning of ges-
tation (GD1) and at the end of the gestational period (GD21). The
difference between body weight at GD1 and GD21 was used to
demonstrate maternal bodyweight variation. Food intake of the
dams and pups was measured throughout the experimental period.
To calculate the relative food intake, the value of ingested food was
divided by the bodyweight of the rats. The ano-genital distance
(AGD) of male offspring was determined using a digital caliper
(Digimess�, Brazil) on PND1, 10 and 21. On PND 10 and 21, male
rats from the CTR, GLP and GLLP groups (n = 15/group) were
weighed and then euthanized using sodium pentobarbital anesthe-
sia (30 mg/kg, i.p.) followed by decapitation. Blood samples were
collected from ruptured cervical vessels. At PND10 and PND21,
the VP lobes were removed, weighed and processed as described
below. Such as prostate development in rodents starts at the end
of the gestational period and continues after birth, the ingestion
of a low protein diet during pregnancy and lactation affects the
period of intense prostate development (Prins and Putz, 2008).
2.2. Hormone assay

For hormones measurement, blood samples (n = 6/group) from
each animal were collected at the time of euthanasia. Serum was
obtained after centrifugation (2400g for 20 min) and stored at
�20 �C. The concentrations of testosterone (Abcam, ab178663,
CA, UK) at PND10, IGF-1 (R&D, MG100, MA, USA) at PND10 and
21 and insulin (Millipore, EZRMI-13 k, MA, USA) at PND10 and
21 were determined by colorimetric method following the protocol
of the manufacturers. The sensitivities of these assays were
0.06 pg/mL for testosterone, 0.1 ng/mL for insulin and 3.5 pg/mL
for IGF-1. The intra-assay and inter-assay variations were <10%
for testosterone, 3.6 and 9.2% for the insulin and 5.6% and 9.1%
for IGF-1.
2.3. Histological procedure

Samples of VP from different experimental groups (n = 5/group)
were fixed for 4 h in Methacarn (70% methanol + 20% chloroform
+ 10% acetic acid). The samples were then dehydrated in ethanol,
diaphanized in xylene and embedded in Paraplast (Sigma Co, Saint
Louis, MO). 5 lm sections were produced in rotative microtome,
collected in silanized slides and stored until the time of use. The
slides were stained with hematoxylin-eosin (HE) for morphological
and stereological analyses. The sections were analyzed using a
Leica DMLB 80 microscope connected to a Leica DC300FX camera.
The digitalized images were analyzed using Leica Q-win software
Version 3 for Windows.

The relative proportion of the VP components (epithelium,
stroma and lumen) was determined by stereological analysis
(Weibel et al., 1966). Random measurements were performed in
10 different fields (400X) and from five different individual pro-
static lobe sections. The relative values were determined by count-
ing the coincident points of the test grid and dividing them by the
total number of points. The results were expressed as a percentage
of each component and a proportion of the total area analyzed.



Table 2
Biometric parameters of pregnant rats.

Dams Parameters Experimental groups

CTR GLP

Body weight GD 1 (g) 232.53 ± 25.28 237.84 ± 20.08
Body weight GD 21 (g) 368.04 ± 16.49A 342.97 ± 17.42B

Body weight gain (g) 135.50 ± 18.28A 102.44 ± 28.75B

Food consumption (g) 393.68 ± 27.92 429.00 ± 35.54
Food consumption/BW 1.24 ± 0.40 1.29 ± 0.27

Data are expressed as mean ± SD. Different letters demonstrate statistically
difference between experimental groups with p < 0.05. BW: Body weight; GD:
Gestational Day; CTR: Control group; GLP: Gestational Low Protein group.
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2.4. Determination of smooth muscle a-actin, ki67, AR and p63 indices
at PND10

In order to determined whether MPM interferes with molecular
markers of cellular differentiation, we conducted an immunohisto-
chemical analysis of Ki67, AR, p63 and a-actin in VP lobes at
PND10 (5 pool of 2 VP/group). Histological sections were subjected
to antigen retrieval in a pressure cooker, with 10 mM sodium
citrate buffer pH 6.0, for 30 min. The slides were immersed in a
solution containing 3% hydrogen peroxide diluted in methanol to
block endogen peroxidase for 10 min. The sections were then
washed in PBS, followed by treatment with 3% milk diluted in
PBS to block unspecific protein-protein interactions. The slides
were incubated overnight at 4 �C with the following primary anti-
bodies: monoclonal anti-Ki-67 (diluted 1:150; ab16667-Abcam�);
polyclonal anti-androgen receptor (AR, 1:100; sc816-Santa Cruz�);
rabbit monoclonal anti-p63 (1:200; 5849 Bio SB), and mouse mon-
oclonal a-actin (1:100, sc32251-Santa Cruz�), all diluted in 1% BSA
in PBS. The sections were washed 3 times in PBS for 5 min and
incubated with the specific secondary antibodies conjugated with
peroxidase, at room temperature. The reactions were developed
using diaminobenzidine (DAB) and counterstained with hema-
toxylin. The Ki67, AR and p63 indices were expressed as percent-
ages of positive cells from the total cells, counted in five
histological sections of five VP lobes per group at 400X. Approxi-
mately 8000 cells were counted per experimental group. The
results were expressed as mean ± SD.

2.5. Determination of microvascular density (MVD) and VEGF
signaling molecules

The MVD was determined in five histological sections of five VP
lobes (400x) at PND10 and PND21 and immunostained for mono-
clonal anti-aquaporin 1 (AQP-1, 1:100, AB2219-MilliporeTM), a
water channel protein strongly expressed in most microvascular
endothelial cells (Verkman, 2002). The MVD was determined by
stereological analysis (Weibel et al., 1966). Data are expressed as
a percentage of microvessels per total area analyzed. The prostatic
localization of VEGF and VEGFR, a central molecular signal
involved in the angiogenic process, was also investigated. The
slides of VP from all experimental groups at PND10 and PND21
were processed for immunohistochemistry (as described above)
by using the primary antibody anti-VEGF (1:100; sc152-Santa
Cruz�) and VEGFR (1:100; sc6251-Santa Cruz�).

2.6. Western blotting

Frozen samples of VP lobes (n = 5/group) from all experimental
groups at PND10 and PND21 were homogenized in extraction buf-
fer (50 mM Tris-HCl, 0.25% Triton-X 100) and centrifuged, with the
total protein determined as proposed by Bradford (Bradford, 1976).
A total of 35 lg was analyzed by electrophoresis using SDS-PAGE
gel. Protein was trans-blotted onto the nitrocellulose membrane
(Millipore, USA). Blots were blocked in 5% non-fat milk diluted in
PBS and incubated with the follow primary antibodies: anti-VEGF
(1:1000; sc152-Santa Cruz�); anti-VEGFR (1:1000; sc6251-Santa
Cruz�); and anti-aquaporin-1 (1:1000; AB 2219-MilliporeTM). The
blots were washed in PBS and incubated with a specific secondary
antibody for one hour. After washing with PBS again, the reactions
were detected using an ECL kit (Amersham, USA). The substrate
was removed from the membranes, and ECL signals were captured
using a CCD camera (ImageQuant LAS 4000 mini�; GE
HealthcareTM). The integrated optical densities (IODs) of the
targeted protein bands were measured using Image J, which was
downloaded from the NIH website (http://rsb.info.nih.gov.ij/).
The expression levels were normalized to the b-actin (1:800;
sc1615-Santa Cruz�) and the normalized results were expressed
as the mean ± SD.
2.7. Statistical analysis

The statistical analyses were performed using GraphPad Prism�

software (version 5.00, Graph Pad, Inc., San Diego, CA). The CTR and
GLP dam groups were compared using the ‘‘t” test with Welch cor-
rection. The other results were submitted to analysis of variance
(ANOVA), followed by the ‘‘Tukey-Kramer” test. The results were
expressed as mean ± SD and differences were considered statisti-
cally significant when p < 0.05.
3. Results

3.1. Reproductive parameters of dams throughout pregnancy and pups
at PND0

There is no difference between the bodyweight of the dams at
the beginning of the experiment (GD1). At the end of the gesta-
tional period (GD21), both maternal bodyweight and weight-gain
were lower in the restricted group than the CTR. The absolute
and relative food consumption did not differ between the experi-
mental groups (Table 2). These parameters were also evaluated
in the dams at the beginning (PND1) and end of the lactation per-
iod (PND21). After birth (PND1), maternal bodyweight did not
change among the experimental groups. However, there was a
decrease in both restricted groups at PND21, with more evident
reduction in the GLLP group compared to the CTR and GLP groups
(Table 3). The maternal absolute food consumption was reduced in
both restricted groups, with a significant difference detected
between all groups (CTR > GLP > GLLP). The relative food consump-
tion was lower in the GLLP group than the other age-matched
groups (Table 3). No differences were observed in litter size, gesta-
tional length and male/female ratio between experimental groups
(data not shown). At birth, the male pups borned of undernour-
ished dams showed low birth weight, as well as reduced AGD com-
pared to those in the CTR group (Table 4).
3.2. Hormones and biometric parameters of male pups at PND10 and
21

At PND10, the testosterone levels were significantly reduced in
both restricted groups (GLP and GLLP) compared to CTR (Fig. 1A).
The insulin quantification demonstrated no statistical differences
among experimental groups at PND10. However, at PND21, the
insulin levels decreased significantly in the restricted groups
compared to the CTR (Fig. 1B). The IGF-1 levels were lower in the
restricted groups at both ages, compared to the CTR group.
Interestingly, at PND21, there is also a statistical difference IGF-1
levels between GLP and GLLP (Fig. 1C).
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Table 3
Biometric parameters of dams at PND1 and PND21.

Parameters
(n = 10/group)

Experimental groups

CTR GLP GLLP

Body weight PND 1 (g) 238.75 ± 26.50 235.78 ± 20.68 231.50 ± 24.56
Body weight PND 21 (g) 236.76 ± 17.93A 224.03 ± 18.83A 193.73 ± 13.00B

Body weight variation (g) 1.99 ± 15.40A 11.74 ± 12.37A 36.14 ± 14.85B

Food consumption (g) 677.80 ± 84.05A 550.26 ± 93.91B 372.54 ± 85.35C

Food consumption/BW 2.78 ± 0.54A 2.55 ± 0.31A 1.94 ± 0.50B

Data are expressed as mean ± SD. Different letters demonstrate statistically
difference between experimental groups. BW: Body weight; CTR: Control group;
GLP: Gestational Low Protein group; GLLP: Gestational and Lactational Low Protein
group; PND: Post Natal Day.

Table 4
Male offspring biometric parameters at PND0.

Parameters (n = 12) Experimental groups

CTR GLP GLLP

Body weight (g) 7.23 ± 0.81A 5.83 ± 0.96B 5.79 ± 0.88B

AGD (mm) 2.84 ± 0.42A 2.62 ± 0.28B 2.51 ± 0.33B

Data are expressed as mean ± SD. Different superscript letters indicate significant
differences among experimental (p < 0.05). AGD: Ano-Genital Distance; CTR: Con-
trol Group; GLP: Gestational Low Protein group; GLLP: Gestational and Lactational
Low Protein group.
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The absolute measurement of the pups bodyweight, AGD, and
VP weights were significantly lower in both undernourished
groups than the age-matched CTR groups at both ages
(CTR > GLP > GLLP). The reduction was more evident in the GLLP
compared to the other groups (Fig. 2A and Table 4). Although we
observed a tendency toward reduction in VP relative weight in
both restricted groups compared to the age-matched CTR group,
a statistical difference was only detected at PND21 (Table 5).

3.3. Morphology and morphometric analyses of the ventral prostate at
PND10 and PND21

In both ages, the prostatic lobes from the restricted groups
demonstrated an evident delay in glandular development and mat-
uration compared to the age-matched CTR groups. At PND10, the
VP lobes from the restricted groups showed an evident impairment
of cellular polarization and acinar luminization (Fig. 2B). Although
glandular growth progressed throughout the experimental period,
the delay in glandular maturation persisted until PND21 in
restricted groups. At this point, a decrease in luminal area was
observed, associated with an increase in the stromal compartment
(Fig. 2B). These results were confirmed by morphometric-
stereological analyses (Table 5).
Fig. 1. Serum levels of testosterone (A), insulin (B) and IGF-1 (C) in the offspring from CTR
means statistically significantly among experimental groups with P < 0.05.
3.4. Determination of Ki67, AR, p63 and a-actin expression

The ki67 positive cells were detected in both the prostatic
epithelial and stromal compartments. However, the number of
ki67 positive nuclei was reduced in the restricted groups (Fig. 3),
mainly in the GLLP group compared to the CTR group. The AR
was also detected in the nuclei of both the epithelial and stromal
cells. In the CTR group, the positive cells were detected mainly in
the nuclei of luminal epithelial cells, However, in restricted groups,
the number of positive epithelial cells was markedly reduced
(Fig. 3). The immunostaining for p63 protein, a molecular marker
of basalphenotype cells, demonstrated an increase of basal cell
number in the restricted groups compared to the CTR group
(Fig. 3). The intensity of a-actin immunoreaction was visually
reduced in the GLP and GLLP groups compared to the CTR group.
This result suggests a delay in the process of mesenchymal cell dif-
ferentiation into smooth muscle cells in the VP of the undernour-
ished offspring (Fig. 3). The determination of the Ki67, AR and
p63 indices confirmed the results observed in the immunohisto-
chemistry reaction (Fig. 3).
3.5. Determination of AQP-1, VEGF and VEGFR expression and
microvascular density (MVD)

The VP of undernourished groups presented a reduced expres-
sion of VEGF in at both ages (PND10 and PND21), with significant
differences observed between the GLLP groups and the age-
matched groups (Fig. 4). The VEGF-R expression also significantly
decreased in the restricted groups, between all experimental
groups (GLLP < GLP < CTR) (Fig. 5). The immunostaining for AQP-
1, used to visualize the VP microvasculature, demonstrated an
intense reduction in blood supply, mainly in the subepithelial cap-
illaries, in the restricted group compared to the CTR group at PND
10 (Fig. 6). This reduction persisted until PND21. The determina-
tion of MVD confirmed the results of the immunohistochemistry
analysis (Table 5).

The Fig. 7 summarizes the main findings of our study. The MPM
impairs ventral prostate microvascular angiogenesis. In parallel,
we also observed a delay in epithelial cell proliferation and differ-
entiation. In this sense, we hypothesize there is a reduction of the
physiological bilateral flux of molecules involved in leading to a
delay in prostate morphogenesis in the male undernourished
offspring.
4. Discussion

The novelty of this study is to demonstrate the impairment of
microvascular angiogenesis occurs in parallel to the retardation
of cellular proliferation and differentiation, and it can be associated
, GLP and GLLP groups. The values represent mean ± SD. Different superscript letters



Fig. 2. A: Representative images of male rat offspring from Control (CTR), Gestational Low Protein (GLP) and Gestational plus lactational Low Protein (GLLP) diet groups at
PND1, PND10 and PND21. Note the smaller size of the animals in the GLP and GLLP groups B: Histological sections of the ventral prostate lobes from the CTR, GLP and GLLP
diet groups, stained with hematoxylin–eosin. Note lighter and reduced glandular acini associated with increased stromal compartment in GLP and GLLP groups. ep:
epithelium; s: stroma; l: lumen. In the Fig. 1A, scale bars represents 1 cm.
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Table 5
Biometric and morphological-stereological parameters of rat VP from different experimental groups.

Parameters (n = 12) Experimental Groups

CTR (PND10) GLP GLLP CTR (PND21) GLP GLLP

Biometric data
Body weight (g) 24.34 ± 2.23A 18.85 ± 2.70B 10.84 ± 1.98C 39.25 ± 9.37A 27.72 ± 6.82B 20.03 ± 3.87C

AGD (mm) 6.84 ± 0.64A 6.37 ± 0.73B 5.12 ± 0.57C 10.69 ± 2.54A 8.57 ± 1.55B 7.25 ± 1.07B

VP absolute weight (mg) 4.13 ± 1.65A 2.60 ± 0.83B 1.68 ± 0.69C 32.02 ± 7.95A 26.51 ± 5.60B 14.40 ± 3.87C

VP relative weight 0.17 ± 0.06 0.13 ± 0.03 0.14 ± 0.06 1.16 ± 0.29A 0.96 ± 0.18B 0.79 ± 0.15B

Relative frequency of VP compartments
Epithelium 52.53 ± 6.61A 47.94 ± 8.57B 46.17 ± 8.67B 35.71 ± 7.45A 45.45 ± 9.89B 48.05 ± 7.53B

Lumen 2.77 ± 2.30A 1.44 ± 1.50B 1.41 ± 1.42B 45.46 ± 12.47A 30.50 ± 6.16B 25.40 ± 8.96B

Stroma 44.69 ± 6.45A 50.51 ± 8.89B 52.32 ± 9.48B 19.79 ± 6.35A 26.82 ± 7.21B 29.63 ± 7.29B

MVD 14.76 ± 2.88A 9.77 ± 2.76B 9.54 ± 3.02B 10.77 ± 4.19 8.70 ± 2.23 8.89 ± 1.58
MVD/Stroma ratio 0.30 ± 0.07A 0.15 ± 0.04B 0.17 ± 0.06B 0.82 ± 0.47A 0.46 ± 0.23B 0.42 ± 0.15B

Values expressed as mean ± standard deviation. Different superscript letters indicate significant differences among experimental (p < 0.05). AGD: Ano-Genital Distance; CTR:
Control group; GLP: Gestational Low Protein group; GLLP: Gestational and Lactational Low Protein group; MVD: Microvascular Density; PND: post-natal day; VP: ventral
prostate.
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to the delay of ventral prostate morphogenesis in the offspring of
maternal protein restricted rats. The decrease in the prostate
angiogenic process probably occurs through downregulation of
AQP1, VEGF signaling and the reduction of the testosterone and
insulin/IGF axis.

A large number of clinical and experimental studies have
demonstrated the negative impact of maternal malnutrition on
the health of offspring, from low birth weight to the development
of metabolic syndrome, type 2 diabetes and cardiovascular dis-
eases with aging. Overall, our results regarding to offspring birth
weight, body weight gain and insulin or IGF-1 circulating levels
corroborate to the literature data (Barker et al., 1989, 1993;
Gosby et al., 2009; Langley-Evans and Sculley, 2006; Barker and
Thornburg, 2013; Dearden and Ozanne, 2014; Tarry-Adkins and
Ozanne, 2014; Hivert et al., 2015; Thornburg, 2015; Charles
et al., 2016). Thus, we believe that our data reinforce the impact
of maternal protein malnutrition on offspring development and
growth.

With regard to reproductive parameters, it has been demon-
strated that MPM delays sexual maturation and decreases repro-
ductive capacity in adult female offspring (Guzmán et al., 2006).
In male offspring, there was an observed reduction in ano-genital
distance, testosterone levels (Ramos et al., 2010; Rinaldi et al.,
2013; Pinho et al., 2014) and reproductive capacity (Rodríguez-G
onzález et al., 2014). Although the negative effects of MPM on
the reproductive capacity of offspring has already been described,
the impact of maternal protein restriction on the pups prostates
has only gained attention in the last five or six years. The first
authors to highlight the result of maternal protein restriction on
the prostate were Ramos et al. (2010), who demonstrated a reduc-
tion in the glandular compartment of the dorsal prostate lobe in
the offspring of dams fed a low protein diet during lactation. Later,
other authors demonstrated a delay in prostate morphogenesis at
PND1 (Pinho et al., 2014) or maturation at PND30 and 120 in off-
spring from dams fed a low protein diet during gestation (Rinaldi
et al., 2013). These results have been associated with a reduction
in cellular proliferation and differentiation, influenced by
decreased testosterone and DHT serum levels in the male offspring
from restricted dams (Rinaldi et al., 2013; Pinho et al., 2014). In
this study, we also demonstrated a reduction in AGD and cellular
proliferation and differentiation, as well as highlighting the reduc-
tion of microvascular angiogenesis as a new event associated with
the impairment of prostate morphogenesis and growth in
restricted offspring.

Although prostate development and secretory function depend
on androgen stimulation, a plethora of cytokines, adhesion mole-
cules, growth factors, nutrients and oxygen (supplied by blood
vessels) are also essential for maintenance of prostatic growth
and function. Wong et al. (2014) suggested that there is a coordi-
nated spatial and temporal distribution of the vascular network
and tips of the prostatic ducts from an early stage of development
in mice. In our study, we demonstrated the distribution of a great
network of subepithelial capillaries in the CTR group, and a signif-
icant reduction of microvascular density, mainly at the subepithe-
lial region, in offspring from restricted dams. This result was also
confirmed by the calculation of the MVD/Stromal ratio, which
demonstrated that even the stromal compartment showed an
increase in the VP of restricted animals, in addition to the stromal
vasculature being reduced. We associated these changes to the
impairment of glandular morphogenesis in these animals. Our pro-
posal is supported by other studies that demonstrated a reduced
angiogenic process in pups born to low protein fed dams, including
in the brain, duodenum (Bennis-Taleb et al., 1999), pancreas
(Snoeck et al., 1990) and kidney medulla (Khorram et al., 2007).

In order to elucidate a possible pathway involved in the reduc-
tion of microvascular density in restricted pups, we investigated
the VEGFA and VEGFR2 protein expression in the VP offspring. Both
VEGFA and VEFR2 were downregulated in VP from restricted off-
spring, especially in the GLLP group. The VEGFA belongs to the
Platelet-derived growth factor receptor (PDGF) supergene family,
which also includes VEGFB, VEGFC, VEGFD, VEGFE, VEGFF and Pla-
centa Growth Factor (PlGF) (Ferrara et al., 2003). Among these,
VEGFA is found to be the proangiogenic factor that best induces
endothelial cell proliferation, sprouting, migration and tube forma-
tion (Tammela et al., 2005). VEGFA signaling is mediated by speci-
fic receptors, VEGFR1 and 2. VEGFR2 regulates the endothelial
mitogenic activity of VEGFA, whereas VEGFR1 acts as a negative
regulator of VEGFR2 (Cébe-Suarez et al., 2006). Moreover, studies
in humans and mice indicate the essential role of IGF-1 in develop-
mental angiogenesis (Smith et al., 1999), stimulating endothelial
differentiation, migration and formation of capillary-like structure
(Viana et al., 2015). Thus, the downregulation of VEGFA signaling
associated with reduction of circulating IGF-1 in protein restricted
offspring can be related to the decrease in microvascular density
and a delay in VP development. Similar results were observed by
Liu et al. (2014), who described how downregulation of VEGF sig-
naling plays a central role in the impairment of lung development
in the offspring of maternal protein restricted dams.

Although the importance of VEGF to the angiogenic process rec-
ognized, it has been demonstrated that VEGF also exerts a central
role in mammary gland differentiation and milk production, since
inactivation of VEGF impairs mammary gland alveologenesis and
epithelial differentiation during lactation, and administration of
recombinant VEGF reversed this effect (Rossiter et al., 2007). In this



Fig. 3. Representative immunohistochemistry against Ki67, AR, p63 and smooth muscle actin in the VP from CTR, GLP and GLLP groups at PND10. Filled arrow: positive
epithelial nuclei; dashed arrow: negative epithelial nuclei; Arrowhead: positive stromal nuclei; dashed circle: cell division. Graphics represent the percentage of positive cells
for each marker in the VP from all experimental groups (n = 5/group). Data were expressed as mean ± SD. Different letters means statically differences with p < 0.05.
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study, we also observed impairment in cellular differentiation and
proliferation in restricted groups, as demonstrated by an increase
in p63 positive basal cells, a reduction in AR positive luminal cells
and the immunostaining of stromal a-actin. A reduction of cellular



Fig. 4. Representative immunohistochemistry against VEGFA in the VP from CTR, GLP and GLLP groups at PND10 and PND21. Graphics represent western blotting
quantification of VEGFA expression in the VP from all experimental groups (n = 5/group). Data were expressed as mean ± SD. Different letters means statically differences
with p < 0.05.
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differentiation markers was also demonstrated by Pinho et al.
(2014) in restricted offspring at PND1. Together, our results
demonstrated that a reduction in microvascular density, mainly
in the subepithelial region, can lead to an ineffective diffusion of



Fig. 5. Representative immunohistochemistry against VEGFR in the VP from CTR, GLP and GLLP groups at PND10 and PND21. Graphics represent western blotting
quantification of VEGFR expression in the VP from all experimental groups (n = 5/group). Data were expressed as mean ± SD. Different letters means statically differences
with p < 0.05.
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hormones, growth factors, and oxygen, resulting in decreased stim-
ulatory molecules related to cellular differentiation and glandular
morphogenesis. In addition to VEGF signaling, AQP1’s central role
as the inductor of angiogenesis has been demonstrated in both



Fig. 6. Representative immunohistochemistry against AQP-1 in the VP from CTR, GLP and GLLP groups at PND10 and PND21. Graphics represent western blotting
quantification of AQP-1 expression in the VP from all experimental groups (n = 5/group). Data were expressed as mean ± SD. Different letters means statically differences with
p < 0.05.
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the normal and pathologic condition (Saadoun et al., 2005). AQP1
belongs to a family of proteins expressed on the plasma membrane
of cells involved in fluid transport (Sha et al., 2011). AQP1 is
expressed in various organs and cells (microvascular endothelial



Fig. 7. Schematic view of the ventral prostate from CTR, GLP and GGLP groups
demonstrating the main findings of our study. In the restricted groups, the
impairment of glandular compartment occurs in parallel to the intense reduction in
the blood vessel supply and in the bidirectional exchange of nutrients, hormones
and growth factors between vascular network and prostatic tissues. At the cellular
levels, the maternal protein restriction was associated with the increase in the p63-
positive basal cells and the reduction in the AR-positive epithelial cells, as well as
epithelial cellular proliferation. Collectively, these changes lead to an intense delay
in the ventral prostate development in offspring from restricted dams.
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cells, kidney, central nervous system, eye, lacrimal and salivary
glands, respiratory apparatus, gastrointestinal tract, hepatobiliary
compartments, female and male reproductive system). An increase
in the expression of AQP1 has been associated with stimulation of
endothelial cell proliferation, migration and angiogenesis (Clapp
and De La Escalera, 2006). AQP1 is strongly expressed in most
microvasculature endothelial cells (Au et al., 2008; Kim and Jung,
2011) and it can be used as a molecular marker for vascular
microstructure. We believe that a decrease in AQP1 in restricted
groups may be associated with a reduction in microvascular den-
sity through downregulation of endothelial cell proliferation and
migration in the ventral prostate.

In summary, our results have shown a delay in proliferation/dif-
ferentiation rates in parallel to the impairment of angiogenesis
process in the prostate from MPM groups, especially in the subep-
ithelial region. These events can be implicate with prostatic sub-
development observed in offspring from restricted dams.

5. Conclusion

In conclusion, to our knowledge, this is the first study demon-
strating that MPM impairs prostatic microvascular angiogenesis
in male offspring. We propose that the reduction in subepithelial
microvasculature is associated with a delay in cellular proliferation
and differentiation, contributing to the impairment of prostate
morphogenesis and growth in offspring from protein restricted
dams.
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