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A jaboticaba extract prevents prostatic damage
associated with aging and high-fat diet intake}
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Aging and overweight are involved in prostatic lesion development, due to their association with cell pro-
liferation, hormonal imbalance and angiogenesis. The jaboticaba fruit is rich in bioactive compounds,
showing potential chemopreventive action such as the capacity to modulate hormones and angiogenesis
hallmarks. This study aimed to evaluate the jaboticaba extract (PJE) effect on the prostate morphology
and on molecules related to hormone signaling and angiogenesis, during aging and/or high-fat diet
(HFD) intake. Seventy FVB mice were distributed into experimental groups: YG group (young: 3 month old
mice), AG group (aged: 11 month old mice), HfAG group (aged + HFD), JAGI group (aged + 2.9 g kg™*
PJE), JAGII group (aged + 5.8 g kg™ PJE), HfJAGI group (aged + HFD + 2.9 g kg™t PJE) and HfJAGII
group (aged + HFD + 58 g kg‘1 PJE). The ventral prostate was collected for morphological, immuno-
histochemistry and western-blotting analysis after 60 days of treatment. All PJE treatments promoted
hormonal signaling balance and inhibited angiogenesis in the prostates of aged or HFD-fed aged mice,
leading to the maintenance of healthy prostate morphology. A high dose of the PJE (JAGII and HfJAGII
groups) led to the best capacity to reduce AR (58.40% and 74.42%; p = 0.0240 and p = 0.0023), ERa
(30.29% and 45.12%; p = 0.0004 and p < 0.0001), aromatase (39.54% and 55.94%; p = 0.0038 and p =
0.0020), and VEGF (50.81% and 67.68%; p < 0.0001) and increase endostatin immunoexpression.
Moreover, HFD intake intensified the hormonal and angiogenic alterations in the aged mouse prostates,
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contributing to the increase in premalignant lesion incidence. The PJE exerted a dose-dependent positive
effect on aged or HFD-fed aged mouse prostates, contributing to the gland microenvironment recovery,
mainly due to the hormonal and angiogenic balance. Therefore, we suggest that the PJE can be a poten-

rsc.li/food-function tial candidate for prostatic lesion prevention.

occurs during late life, which is characterized by a
progressive decrease of androgen associated with high estro-

Introduction

Aging is an important risk factor for the development of
prostate disorders, including prostate adenocarcinoma, the
second most frequent type of cancer among men in the
world."* It is known that there is an increase in the incidence
and mortality due to prostate cancer in men over the age of
fifty, which makes the aging population a worldwide
concern."? Also, studies show that hormonal imbalance
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gen levels.>® The stimulation of aromatase during this period
of life contributes to increasing androgen conversion into
estrogen, exacerbating the hormonal alterations, directly
related to the development of prostate premalignant
lesions.®™®

Angiogenesis plays an essential role in prostate lesion
dynamics.”* This process is natural in the organism, leading
to the formation of new blood vessels."> The imbalance
between angiogenic inducer and inhibitor factors in the pros-
tate stimulates this process, leading to nutrient and oxygen
supply for cell proliferation and cancer progression in this
gland.’®™ In addition, there are different angiogenesis mole-
cular markers related to the stimulus or suppression of this
process such as vascular endothelial growth factor (VEGF) and
endostatin, respectively.'>'* VEGF promotes the proliferation,
differentiation and migration of endothelial cells."*'*> On the
other hand, endostatin has the opposite action, blocking the
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proliferation and migration of endothelial cells, besides indu-
cing their apoptosis.'>*®

It is known that the incidence of overweight has increased
in the aging population in the last few years."” Several studies
have demonstrated the relationship between obesity or over-
weight and prostatic alterations.'®'® Obesity is characterized
by the accumulation of adipose tissue, and both the amount
and quality of fat intake are important factors for its
development.'®?° According to previous studies, high-fat diet
(HFD) intake during aging promoted overweight in mice®’
besides being correlated to prostate cancer onset.>??
Furthermore, studies have shown that obesity-associated dys-
functions, such as inflammation, hyperinsulinemia and dysli-
pidemia, are involved in cell proliferation and tissue remodel-
ing in the prostate.>*°

Different authors have pointed out that weight gain directly
influences the homeostasis of the sex hormone, which is corre-
lated with changes in the serum level of testosterone and estro-
gen, leading to an imbalance in the interactions between the
prostatic epithelial and stromal cells.">* Moreover, the dis-
turbance of prostatic homeostasis, triggered by HFD intake,
stimulates other processes such as cell migration and angio-

genesis, increasing permeability and lesion
19,27

vascular
invasiveness.

Taking into consideration all the above information,
different natural compounds have been studied to prevent or
delay prostatic alterations.?® Harper et al.”® confirmed that epi-
gallocatechin-3-gallate, a natural polyphenol, delayed prostate
cancer development in a transgenic animal model. Quercetin,
a natural flavonoid, regulated cell proliferation, anti-apoptotic
markers and androgen receptor (AR) levels in an in vivo pros-
tate cancer model.>® In addition, green tea in association with
quercetin reduced tumor growth and the VEGF level in xeno-
graft prostate tumors.

Similarly, several types of fruits have been highlighted as
being natural promising alternatives to protect different
tissues and to prevent metabolic damage, due to their high
bioactive compound content, and they have shown antioxidant
and anti-inflammatory properties.>'* A recent study by our
research group demonstrated the anti-inflammatory, anti-
oxidant and anti-obesity effects of the jaboticaba peel extract.*!
Jaboticaba is a Brazilian fruit, which is round, has a purple
peel, and has a white and sweet pulp with about four seeds
inside.*® Furthermore, a high content of polyphenols that
show therapeutic functions was found in this fruit peel, such
as anthocyanins, ellagic acid, quercetin, gallic acid and
epicatechin.**®

Thus, considering the beneficial effects of the jaboticaba
peel and the high incidence of damage in the prostate due to
aging and overweight, we aimed to evaluate the prostate micro-
environment after treatment with jaboticaba peel extract (PJE)
in high-fat-fed aging mice. This study focused on morphologi-
cal features, hormonal parameters and angiogenesis consider-
ing the importance of these processes in malignant and pre-
malignant lesion development in the prostate during aging
and high-fat diet intake.
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Materials and methods
Jaboticaba peel extract (PJE)

The preparation method of the PJE has been patented and is
described by Lamas et al.*' and Maréstica Junior et al.>® In
brief, freeze-dried jaboticaba peel (Myrciaria cauliflora (Vell.)
Berg) was mixed with an ethanol solution, which was later
removed from the preparation. The detailed characterization
of the PJE, used in the study herein, including the nature of its
bioactive compounds and its antioxidant activity in vitro, was
described by Lamas et al.**

The doses of the PJE used in the present study were based
on the previous data reported by our group.>! The high-per-
formance liquid chromatography analysis of the dried extract
showed that it contained 13.28 mg g™ * cyanidin-3-O-glucoside,
1.428 mg g ' delphinidin-3-O-glucoside, 0.196 mg g~ ellagic
acid, 0.02 mg g~ rutin and 0.017 mg g~ " gallic acid.*"*” We
also observed the presence of the following bioactive com-
pounds in the PJE based on the fragmentation pattern of the
analytical standard: HHDP-galloylglucose, bis-HHDP-glucose
(casuariin), bis-HHDP-glucose isomer (pedunculagin), HHDP-
galloylglucose isomer, (—)-epicatechin, galloyl-bis-HHDP-
glucose (casuarinin), galloyl-bis-HHDP-glucose (casuarictin),
HHDP-digalloylglucose (tellimagrandin I), kaempferol hexoside,
chlorogenic acid, HHDP-trigalloylglucose (tellimagrandin II), pen-
tagalloyl hexose, myricetin-thamnoside, quercetin-3-rhamnoside
(quercitrin), quercetin and naringenin.>* Based on these results,
the experimental mice ingested the following daily quantities of
these compounds according to the doses administered: 2.9 g
kg™' PJE dose (4.65 mg cyanidin-3-O-glucoside, 0.5 mg delphini-
din-3-O-glucoside, 0.07 mg ellagic acid, 0.007 mg rutin and
0.006 mg gallic acid) and 5.8 g kg™ PJE dose (9.3 mg of cyanidin-
3-O-glucoside, 1 mg delphinidin-3-O-glucoside, 0.14 mg ellagic
acid, 0.014 mg rutin and 0.012 mg gallic acid).

Animals and experimental design

Seventy male FVB mice were provided by the Multidisciplinary
Center for Biological Investigation on Laboratory Animal
Science of the University of Campinas. This research was
approved by the Committee for Ethics in Animal Research of
the University of Campinas (protocol no. 3421-1).

The mice were randomly divided into seven experimental
groups (n = 10): the YG group: 3 month old mice treated with
water (PJE vehicle) daily by gavage and a standard diet (Nuvital
CR1, Colombo, Parand, Brazil/composition: 22 g% protein;
53 g% carbohydrate; 4.5 g% lipid and 2.9 kcal g'). The AG
group: 11 month old mice receiving the same treatment as the
YG group. The HfAG group: 11 month old mice treated with
water (PJE vehicle) daily by gavage and a HFD (composition:
20 g% protein; 50 g% carbohydrate; 21 g% lipid and 4.5
keal g7'). The JAGI group: 11 month old mice treated with the
PJE (2.9 g PJE per kg body weight) daily by gavage and a stan-
dard diet. The JAGII group: 11 month old mice treated with
the PJE (5.8 g PJE per kg body weight) daily by gavage and a
standard diet. The HfJAGI group: 11 month old mice treated
with the PJE (2.9 g PJE per kg body weight) daily by gavage and
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a HFD. The HfJAGII group: 11 month old mice treated with the
PJE (5.8 g PJE per kg body weight) daily by gavage and a HFD.

The animals were kept individually in cages, under con-
trolled lighting conditions (12 hour light-dark cycle), with
food and drinking water ad libitum. All the mice were treated
for 60 days. At the end of the experimental protocol, the
animals were weighed on a semi-analytical scale (Marte AS
5500, Sdo Paulo, Brazil), anesthetized with xylazine hydro-
chloride (5 mg kg™' i.m.; K6nig, Sao Paulo, Brazil) and keta-
mine hydrochloride (60 mg kg™ i.m.; Fort Dodge, Iowa, USA).
The mice were euthanized by increasing the anesthetic level
and ventral prostate samples were collected.

Morphological analysis

The ventral prostate samples from five mice per group were
fixed in Bouin’s solution for 24 hours. The samples were
rinsed with ethanol (70%), dehydrated, diaphanized and
embedded in plastic polymers (Paraplast Plus, St Louis, MO,
USA). The prostate samples were sectioned into 5 pm thick
slices using a micrometer (Hyrax M60, Zeiss, Germany). The
slides were stained with Masson’s Trichrome (Luz & Zancheta
Neto, 2002) and 10 random images (400x magnification) per
animal were captured using NIS-Elements software and a
Nikon Eclipse E-400 microscope (Nikon, Tokyo, Japan). Then,
using the Image Pro-Plus software, a grid containing 432 inter-
sections was projected over these images. A total of 4320
points were evaluated per animal, and each point was classi-
fied according to the following parameters: healthy epi-
thelium, prostatic intraepithelial neoplasia (PIN), atrophic epi-
thelium, acini lumen, fibromuscular layer and inflammatory
infiltrates. Thus, the percentage of each parameter for each
experimental group was established based on the total
number of intersections. The numbers of microacini and well-
differentiated adenocarcinoma foci were quantified in 10
random fields per animal at 400x magnification. The identifi-
cation of the above-described prostatic features was based on
the descriptions made by Billis,*® De Marzo et al,*® Kido
et al.,"® and Roy-Burman et al.*'

Immunohistochemistry

The ventral prostates from the same animals used in the mor-
phological analysis were sectioned into 5 um thick slices using
a micrometer (Hyrax M60, Zeiss, Germany) and placed on sila-
nized slides for analysis. The protocol used was previously
described by Montico et al.,'° using the following antibodies
for antigen detection: rabbit polyclonal AR (sc-816 - Santa
Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal ER«
(sc-71064 - Santa Cruz Biotechnology, Santa Cruz, CA), mouse
monoclonal VEGF (sc-53462 - Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit polyclonal CD31 (sc-1506 - Santa Cruz
Biotechnology, Santa Cruz, CA) and mouse monoclonal endo-
statin (ab 64569 - Abcam, Cambridge, MA). The slides were
incubated for 2 hours with the following HRP-conjugated sec-
ondary antibodies: goat anti-mouse IgG (W4021, Promega
Corporation, Madison, WI, USA) or goat anti-rabbit IgG
(W4018, Promega Corporation, Madison, WI, USA). 3,3-
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Diaminobenzidine (Sigma-Aldrich) was used to detect the
activity of the peroxidase conjugated with the secondary anti-
bodies, forming a brown precipitate. Harris’ hematoxylin was
used for counter-staining.

After that, 10 random fields were captured (400x magnifi-
cation) per animal using a Nikon Eclipse E-400 microscope
(Nikon, Tokyo, Japan) with the NIS-Elements software. The
immunostaining frequency was graded on a 0-3 scale, accord-
ing to the percentage of positive staining areas: the percentage
of positive areas for each antigen: 0 (absence of immuno-
staining) 0%; 1 (weak immunostaining) 1-33%; 2 (moderate
immunostaining) 34-66%; and 3 (intense immunostaining)
more than 66%."° This methodology was also performed
without the primary antibodies in all immunohistochemical
analyses, used as negative controls.

Determination of the microvessel density (MVD)

The MVD was determined by CD31 immunostaining per-
formed in five animals per group. Ten random images (400x
magnification) were captured per animal using a Nikon
Eclipse E-400 microscope (Nikon, Tokyo, Japan) with the
NIS-Elements software. The mean MVD was determined by the
average count of microvessels present in the 10 fields. The
maximum MVD was considered to be the highest density in a
field per animal. These protocols followed the methods
described by Weidner et al.** and Hochberg et al.*?

Western blotting

Five ventral prostate samples per group were frozen at —80 °C
and used in this analysis. These fragments were homogenized
in a RIPA (radio-immunoprecipitation assay) buffer containing
a protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO,
USA) using a Polytron homogenizer (Kinematica). The protein
concentration of each sample was determined using the
Bradford reagent (Bio-Rad Laboratories, Hercules, CA, USA).
An aliquot of each sample containing 50 pg of protein was
applied in SDS-polyacrylamide gel under reducing conditions
and transferred to nitrocellulose membranes (Amersham).
This experiment followed the protocol previously described by
Kido et al.** The membranes were blocked with bovine serum
albumin (1%-5%), and incubated overnight with the following
primary antibodies: rabbit polyclonal AR (sc-816 — Santa Cruz
Biotechnology, Santa Cruz, CA), mouse monoclonal ERa (sc-
71064 - Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal aromatase (ab 19995 - Abcam, Cambridge, MA),
mouse monoclonal VEGF (sc-53462 - Santa Cruz
Biotechnology, Santa Cruz, CA), mouse monoclonal PCNA (ab
29 - Abcam, Cambridge, MA) and mouse monoclonal f-actin
(sc-81178 - Santa Cruz Biotechnology, Santa Cruz, CA). Then,
the membranes were washed with Tris-buffered saline and
Tween 20, and incubated for 2 hours with the following HRP-
conjugated secondary antibodies: goat anti-mouse IgG
(W4021, Promega Corporation, Madison, WI, USA) or goat
anti-rabbit 1gG (W4018, Promega Corporation, Madison, WI,
USA). The membranes were incubated with a chemilumines-
cence solution (Pierce Biotechnology Western Blotting) for
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5 minutes in order to detect the bands, which were captured
using a G-Box Chemi system with the GeneSnap (Syngene,
Cambridge, UK) image acquisition software. The band inten-
sity was quantified by densitometry using Image] software.
The results were expressed as mean percentage correlated to
the p-actin band intensity.

Statistical analyses

The statistical analyses of the morphological, MVD, and
western blotting evaluations were carried out by analysis of
variance (one-way ANOVA) followed by Tukey’s multiple range
post-test. A significance limit of p < 0.05 was considered. All
these data were expressed as mean + standard deviation.*®
Pearson’s correlation test was performed to obtain correlation
values () between the PIN frequency and the cell proliferation
value, measured by means of PCNA relative quantification.

Results

The PJE prevented lesions in the prostates of both aging and
HFD-fed aging mice

PJE treatment led to the reduction of morphological damage
in the prostates of aging mice. Both JAGI and JAGII groups
showed a low relative percentage of epithelium atrophy (4.46%
and 3.62%; p = 0.0072), PIN (5.22% and 4.64%; p = 0.0024),
and inflammatory cells (0.11% and 0.04%; p = 0.0161) and a
reduction in the number of well-differentiated adeno-
carcinoma foci (2.17 and 1.4; p = 0.0077) compared to the AG
group (6.6%, 11.14%, 0.8% and 4.33, respectively) (Fig. 1B, C,
F and G). The increase in the relative percentage of healthy epi-
thelium (21.83%; p = 0.0075) in the JAGII group was identified
by comparing this group to the JAGI (13.63%) and AG
(12.61%) groups, pointing out the beneficial dose-dependent
effect of the PJE on the ventral prostate (Fig. 1A). Moreover,
only treatment with a high dose of the PJE (JAGII group)
reduced the fibromuscular layer thickness (11.35%; p = 0.0162)
in relation to the AG group (15.33%) (Fig. 1E). Fig. 2(J-O) show
the representative images of the morphological pattern
observed in the prostates of the JAG I and JAG II groups.

Both the groups treated with the HFD and the PJE (HfJAGI
and HfJAGII groups) showed an increase in the relative percen-
tage of healthy epithelium (13.31% and 19.70%; p = 0.0002)
and acini lumen (59.36% and 63.36%; p = 0.0049) compared to
the HfAG group (6.72% and 38.86%, respectively) (Fig. 1A and
D). Moreover, the HfJAGI and HfJAGII groups demonstrated a
low relative percentage of PIN (7.73% and 2.78%; p = 0.0002),
in addition to a reduction in the number of foci of well-differ-
entiated adenocarcinoma (4.0 and 2.6; p = 0.0002) and in the
number of microacini (2.67 and 2.67; p = 0.0052) in relation to
the HfAG group (22.89%, 6.67 foci and 6.33 microacini,
respectively) (Fig. 1B, G and H). The dose-dependent effect of
the PJE could be confirmed by the relative percentage of PIN
once this parameter was reduced in the HfJAGII group com-
pared to the HfJAGI group (7.73% and 2.78%; p = 0.0052)
(Fig. 1B). The relative percentage of atrophic epithelium
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Fig. 1 Analysis of histopathological parameters in the ventral prostate
of mice from different experimental groups. (A) Healthy Epithelium (%).
(B) Prostatic Intraepithelial Neoplasia (%). (C) Atrophic Epithelium (%). (D)
Acine Lumen (%). (E) Fibromuscular Layer (%). (F) Inflammatory Infiltrate
(%). (G) Number of Well-differentiated Adenocarcinoma. (H) Number of
Microacini. Different lower case letter indicates a statistical difference.

decreased only in the HfJAGII group (4.50%; p = 0.0002) in
relation to the HfJAGI (6.5%) and HfAG (7.59%) groups, which
is another indication of the dose-dependent effect of the PJE
(Fig. 1C). The prostatic stroma showed a thin fibromuscular
layer around the acini (12.76% and 9.58%; p = 0.0002) and a
decrease in the relative percentage of inflammatory cells
(0.34% and 0.08%; p < 0.0001) in both the HfJAGI and HfJAGII
groups compared to the HfAG group (22.20% and 1.74%,
respectively) (Fig. 1E and F). Moreover, the relative percentage
of inflammatory cells was even lower in the HfJAGII group
than in the HfJAGI group (p < 0.001) (Fig. 1F). Fig. 2(P-U)
show the representative images of the morphological pattern
observed in the prostates of the HfJAGI and HfJAGII groups.

The PJE decreased cell proliferation

Both PJE treatments were effective, reducing the proliferation
rate in both the JAGI and JAGII groups (47.4% and 48.07%; p =
0.0135) compared to the AG group (110.45%), and also in both

This journal is © The Royal Society of Chemistry 2020



Food & Function

Paper

Fig. 2 Photomicrographs of the ventral prostate morphology in the experimental groups. (A—C) YG group. (D—F) AG group. (G-I) HfAG group. (J-L)
JAGI group. (M-0Q) JAGII group. (P—R) HfJAGI group. (S—U) HfJAGII group. Scale bar = 50 pm. (Ep): epithelium; (St): stroma; (L): lumen; (*): fibromuscular
layer; (thin arrow): prostatic intraepithelial neoplasia; (thick arrow): inflammatory infiltrate. Sections stained with Masson’s Trichrome (A—U). Representative
photomicrographs of the ventral prostate morphology of the other animals from each experimental group can be seen in Fig. 1 of the ESL}

the HfAGI and HfAGII groups (48.25% and 43.8%; p = 0.0005)
compared to the HfAG group (125.47%) (Fig. 3A). In order to
verify a possible correlation between the PIN frequency and
PCNA levels, Pearson’s coefficient was determined, which
showed a high and positive correlation (7 = 0.9104; p = 0.0044).

This journal is © The Royal Society of Chemistry 2020

The PJE favored the steroid hormone balance, interfering in
ERa« signaling

The results obtained in aging mice treated with the PJE con-
firmed the dose-dependent effect of the extract on hormonal
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Fig. 3 Western-blotting analysis of PCNA, AR, ERa, aromatase and
VEGF levels in the ventral prostates of mice from different experimental
groups. (A) Relative frequency of PCNA. (B) Relative frequency of AR. (C)
Relative frequency of ERa. (D) Relative frequency of aromatase. (E)
Relative frequency of VEGF. (F) Illustration of the band pattern analyzed
for the different molecules quantified and for the endogenous standard
used. Different lowercase letters indicate a statistical difference.
Illustrations of the other bands quantified for each molecule can be
seen in Fig. 7 of the ESI.{

response, reinforcing its action in the signaling of steroid hor-
mones. Both the JAGI and JAGII groups demonstrated a low
immunoexpression of ERa (weak immunostaining) in relation
to the AG group. Nevertheless, only a high dose of the PJE led
to a decrease in the relative density of AR (58.40%; p = 0.0240)
and ERa (30.29%; p = 0.0004) in the JAGII group compared to
the AG group (84.09% and 71.58%, respectively). Moreover,
there was a reduction in the relative density of aromatase in
the JAGII group (39.54%; p = 0.0038) compared to the JAGI
(81.74%) and AG (98.13%) groups (Fig. 3D). Fig. 4(D, E, K and
L) show the representative images of the AR and ERa immuno-
staining pattern observed in the prostates of the JAGI and
JAGII groups.

Both doses of the PJE, in the HfJAGI and HfJAGII groups,
were effective in reducing the relative density and the immuno-
reactivity of AR (19.65% and 74.42%; p = 0.0023; weak
immunostaining) and ERa (50.93% and 45.12%; p < 0.0001;
weak immunostaining) compared to the HfAG group (118.46%
and 103.52%, respectively) (Fig. 3B and C; Table 1). The dose-
dependent effect of the PJE was observed in the relative
density of aromatase once a low relative density of this enzyme
was confirmed in the HfJAGII group (55.94%; p = 0.0020) in
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Fig. 4 Immunoreactivity of AR and ERa in the ventral prostates of mice
from the YG group (A and H), AG group (B and 1), HfAG group (C and J),
JAGI group (D and K), JAGII group (E and L), HfJAGI group (F and M) and
HfJAGII group (G and N). Scale bar = 50 pym. (Ep): epithelium; (St):
stroma; (L): lumen; (thin arrow): immunostaining. Epithelial and stromal
immunoreactivity was graded as described in Table 1. Representative
photomicrographs of the ventral prostate AR and ERa immunoreactivity
observed in the other animals from each experimental group can be
seen in Fig. 2 and 3 of the ESI.}
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Table 1 Immunoreactivity positive frequency in the experimental groups
Experimental groups
YG AG HfAG JAGI JAGI HfJAGI HfJAGII
AR Ep 3 2 3 2 2 2 2
St 3 2 3 2 2 2 2
ERa Ep 0 0 0 0 0 0 0
St 1 2 3 1 1 2 2
VEGF Ep 1 3 3 3 2 1 1
St 1 2 3 2 2 1 1
Endostatin Ep 3 2 1 3 3 3 3
St 3 1 1 1 3 2 3

Distribution according to predominant range: 0 (0% - absence of immunostaining), 1 (£33% - weak immunostaining), 2 (33-66% - moderate
immunostaining), and 3 (>66% - intense immunostaining). Ep: epithelium; St: stroma.

relation to the HfJAGI (81.74%) and HfAG (97.41%) groups
(Fig. 3D). Fig. 4(F, G, M and N) show the representative images
of the AR and ERa immunostaining pattern observed in the
prostates of the HfJAGI and HfJAGII groups.

PJE treatment downregulated the angiogenesis process
response

The treatment with the PJE downregulated the angiogenic
pathways, in a dose-dependent manner, in the different aging
experimental groups. The JAGI and JAGII groups showed a
reduction in the relative density of VEGF (58.09% and 50.81%j;
p < 0.0001) and mean MVD (7.7 and 6.7; p = 0.0013), besides
increased epithelium immunolabeling of endostatin (intense
immunostaining) compared to the AG group (128% and 12.9,
respectively) (Fig. 3E; Tables 1 and 2). The dose-dependent
effect of the PJE was confirmed since only a high dose of the
PJE, in the JAGII group, reduced the epithelium immunolabel-
ing of VEGF (moderate immunostaining) and also increased
the stromal immunoreactivity of endostatin (intense immuno-
staining) in relation to the AG group (Table 1). Fig. 5(D, E, K,
L, R and S) show the representative images of the CD31, VEGF
and endostatin immunostaining pattern observed in the pros-
tates of the JAGI and JAGII groups.

Both doses of the PJE, in the HfJAGI and HfJAGII groups,
reduced the relative density and the immunolabeling of VEGF
(126.48% and 67.68%; p < 0.0001; weak immunostaining) in
relation to the HfAG group (160.79%) (Fig. 3E; Table 1). In
addition, the HfJAGI and HfJAGII groups also demonstrated a
decrease in the mean and maximum MVD (8.7 and 5.3 mean
MVD; p = 0.0092; 15.6 and 11.0 maximum MVD; p = 0.0032)
and an increase in the immunolabeling of endostatin in both

Table 2 Determination of the microvessel density (MVD) (mean + SD)

the epithelium and stroma (intense immunostaining) in
relation to the HfAG group (13.3 mean MVD; 19.7 maximum
MVD) (Tables 1 and 2). The dose-dependent effect of the PJE
was reinforced by the reduction in the maximum MVD (p =
0.0032) and in the relative density of VEGF (p < 0.0001) in
addition to the improved stromal immunoreactivity of endosta-
tin (intense immunostaining) in the HfJAGII group compared
to the HfJAGI group (Fig. 3E; Tables 1 and 2). Fig. 5(F, G, M,N,
T and U) show the representative images of the CD31, VEGF
and endostatin immunostaining pattern observed in the pros-
tates of the HfJAGI and HfJAGII groups.

The HFD intensified hormonal imbalance and angiogenesis in
the prostate during late life, increasing the lesion incidence in
this gland

The morphological analysis of the AG group showed a
reduction in the relative percentage of healthy epithelium
(12.61%; p = 0.0001) and acinar lumen (53.52%; p = 0.0092)
compared to the YG group (21.57% and 62.33%, respectively)
(Fig. 1A and D). Moreover, the AG group showed an increase in
the relative percentage of epithelium atrophy (6.60%; p =
0.0004) and PIN (11.14%; p = 0.0003) and more well-differen-
tiated adenocarcinoma foci (4.33; p = 0.0114), a large number
of microacini (3.17; p = 0.024) and a proliferative rate improve-
ment (110.45%; p = 0.0153) in relation to the YG group (3.78%,
2.68%, 0.75 foci, 1.2 microacini and 45.84%, respectively)
(Fig. 1B, C, G, H and 3A). A hypertrophic and hyperplastic pro-
static stroma was observed in the AG group. The presence of a
thick fibromuscular layer around the acini (15.33%; p =
0.0103) and a high relative percentage of inflammatory cells
(0.80%j; p = 0.04) were confirmed in this group compared to

Experimental Groups

YG AG HfAG JAGI JAGII HIJAGI HIJAGII
Mean MVD 6.8+ 1.2% 12.9 +1.7° 13.3 +3.1° 7.7 +1.7° 6.7 + 2.3 8.7 +2.1° 5.3+0.1%
Maximum MVD 11.0 + 2.5° 19.6 + 1.5° 19.7 + 1.5° 12.2 +2.8° 11.7 £ 4.1° 15.6 + 1.9 11.0 + 1.4°

Different lowercase letters indicate a statistical difference.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Immunoreactivity of CD31, VEGF, and endostatin in the ventral prostates of mice from the YG group (A, H and O), AG group (B, | and P), HfAG
group (C, J and Q), JAGI group (D, K and R), JAGII group (E, L and S), HfJAGI group (F, M and T) and HfJAGII group (G, N and U). Scale bar = 50 pm.
(Ep): epithelium; (St): stroma; (L): lumen; (thin arrow): immunostaining. Epithelial and stromal immunoreactivity graduation and microvessel determi-
nation are given in Tables 1 and 2, respectively. Representative photomicrographs of the ventral prostate VEGF, endostatin and CD31 immuno-
reactivity observed in the other animals from each experimental group can be seen in Fig. 4, 5 and 6 of the ESI.

the YG group (9.5% and 0.14%, respectively). Fig. 2(A-F) show HFD-fed aging mice (the HfAG group) showed intensified
the representative images of the morphological pattern morphological alterations, such as an increase in the relative
observed in the prostates of the YG and AG groups. percentage of PIN (22.89%; p = 0.0026), in the number of well-
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differentiated adenocarcinoma foci (6.67; p = 0.0075) and in
the number of microacini (6.33; p = 0.0015) in relation to the
AG group (11.14%, 4.33 foci and 3.17 microacini, respectively)
(Fig. 1B, G and H). In addition, the relative percentage of epi-
thelium atrophy (7.59%; p = 0.9183) and the proliferative rate
(125.41%; p = 4761) in the HfAG group were as high as those
in the AG group (6.6% and 110.45%) (Fig. 1C and 3A). These
alterations were associated with a reduction in the relative per-
centage of healthy epithelium (6.72%; p = 0.0037) and acinar
lumen (38.86%; p = 0.0154) in the HfAG group compared to the
AG group (12.61% and 53.52%, respectively) (Fig. 1A and D).
Also, the HfAG group showed a hypertrophic and hyperplastic
prostatic stroma, where a thick fibromuscular layer around the
acini (22.20%; p = 0.0077) and a high relative percentage of
inflammatory cells (1.74%;j p = 0.0227) were observed compared
to the AG group (15.33% and 0.8%, respectively) (Fig. 1E and F).
Fig. 2(G-I) show the representative images of the morphological
pattern observed in the prostates of the HfAG group.

The aging mice, in the AG group, showed alterations in the
hormone-related molecules, such as a reduction in the relative
density of AR and its immunoexpression (84.09%; p = 0.0266;
moderate immunostaining) compared to the YG group
(127.84%) (Fig. 3B; Table 1). Moreover, the AG group demon-
strated a high relative density of aromatase (98.13%; p =
0.0001) in addition to an increase in the relative density and
immunoexpression of ERa (71.58%; p = 0.0047; moderate
immunostaining) compared to the YG group (23.78% and
17.73%, respectively) (Fig. 3C and D; Table 1). Fig. 4(A, B, H
and I) show the representative images of the AR and ER«a
immunostaining pattern observed in the prostates of the YG
and AG groups.

The HFD intake by aging mice increased the relative
density of AR (118.46%; p = 0.0028) and ERa (103.52%; p =
0.0332) in the prostates of mice from the HfAG group com-
pared to the AG group (84.89% and 71.58%, respectively)
(Fig. 3B and C). These data are in agreement with those obtained
in the immunohistochemistry evaluation, which showed
increased epithelial and stromal immunoreactivity of AR
(intense immunostaining) and ER« (intense immunostaining) in
the HfAG group compared to the AG group (Table 1). The relative
density of aromatase in the HfAG group (97.41%; p = 9397) was
as high as that in the AG group (98.13%) (Fig. 3D). Fig. 4(C and
J) show the representative images of the AR and ERa immuno-
staining pattern observed in the prostates of the HfAG group.

Regarding the angiogenesis process, the AG group demon-
strated a high relative density and immunoexpression of VEGF
(128%; p < 0.0001; intense epithelium immunostaining and
moderate stromal immunostaining) in addition to an increase in
the mean MVD (12.9; p < 0.0001) compared to the YG group
(26.14%; 6.8 mean MVD, respectively) (Fig. 3E; Tables 1 and 2).
Also, a decrease in the immunoexpression of endostatin was
observed in the AG group (moderate epithelium immunostaining
and weak stromal immunostaining) in relation to the YG group
(Table 1). Fig. 5(A, B, H, I, O and P) show the representative
images of the CD31, VEGF and endostatin immunostaining
pattern observed in the prostates of the AG and YG groups.

This journal is © The Royal Society of Chemistry 2020
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The HFD intake by aging mice increased the relative
density of VEGF in the HfAG group (160.79%; p = 0.0284) com-
pared to the AG group (128%) (Fig. 3E). These data are in
agreement with those obtained in the immunohistochemistry
evaluation, which showed high stromal immunolabeling of
VEGEF in the HfAG group (intense immunostaining) compared
to the AG group (Fig. 5]; Table 1). Moreover, the HfAG group
showed a low epithelium immunolabeling of endostatin (weak
immunostaining) in relation to the AG group (Table 1). Fig. 5
(C, J and Q) show the representative images of the CD31, VEGF
and endostatin immunostaining pattern observed in the pros-
tates of the HfAG group.

Discussion

The study herein presented, for the first time, the positive
effect of the jaboticaba extract (PJE) on the prostatic disturb-
ance induced by aging in vivo. The results showed that the PJE
promoted a dose-dependent hormonal and angiogenic homeo-
stasis in the ventral prostates of aging mice associated with or
not associated with HFD intake. These effects were related to
the prevention of prostatic microenvironment imbalance and
cell proliferation reduction, leading to the maintenance of the
healthy morphology of this gland in aging or HFD-fed aging
mice.

A previous study by our research group focused on the
development of the PJE and characterization of its bioactive
compounds, indicating that the PJE has a similar phenolic
profile to that found in the literature.>"*>*® In addition, the
PJE has a high phenolic and flavonoid content, and also a
high in vitro antioxidant capacity compared to methanolic or
aqueous jaboticaba extracts'”*® and other fruit extracts such
as grape peel, mulberry and raspberry extracts.’>' The
patented method used in its preparation and the solvent type
and concentration are some important aspects which contribu-
ted to the maintenance of the high phenolic content in the
PJE and its improved in vitro antioxidant capacity.”* Thus, we
believe that the large amount and variety of bioactive com-
pounds present in the PJE contributed to the broad, synergic
and positive effects of the PJE observed in the present study.

The PJE positive dose-dependent action was seen herein by
the intense effective response of the damaged prostate tissue
to the treatment with a high dose of the PJE in both aging and
HFD-fed aging mice. Also, our results showed that the PJE
capacity to reduce prostatic lesions is associated with its effect
in reducing cell proliferation in this gland. One of the polyphe-
nol pathways that could have an involvement in these findings
is through cell cycle arrest and apoptosis stimulation, which
occurred preferentially via the p53-dependent pathway, regulat-
ing both p21 and Bax molecules.”® In addition, polyphenols
have the capacity to reduce the expression of the MAPK signal-
ing pathway molecules that trigger the transcription of genes
related to cell proliferation.>® Thus, polyphenols can regulate
the expression of molecules that induce cell proliferation, such
as steroid hormones and mitogenic factors, at the ligand and
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receptor level, preventing the development of prostatic prolif-
erative lesions.>®

This is the first report demonstrating that treatment with
the PJE interferes in prostatic steroid hormone pathways
altered by aging, reducing the levels of AR, ERa and aromatase.
Based on the literature,”>® we believe that these effects could
have a direct implication in the reduction of cell proliferation
rates, contributing to the reduction of epithelial changes,
malignant lesions and stromal hypertrophy, triggering the
normal epithelial-stromal interaction and the morphological
maintenance in aging or HFD-fed aging mice.

Nevertheless, besides the lack of data regarding polyphenol
action on the prostates of aging mice, there are some studies
showing that polyphenols from different sources can reduce
AR expression in cell culture or in rodent prostate cancer
models.”®*%%* According to different authors, the main mecha-
nisms by which polyphenols reduce the level of AR could be
summarized as follows: (i) reduction of testosterone production
in Leydig cells; (ii) suppression of AR expression by affecting
upstream pathways related to inflammation or oxidative stress;
(iii) interference in AR nuclear translocation; and (iv) reduction
of weight gain and, consequently, decreasing leptin secretion,
which regulates the circulation of the sex steroids.>*™®
Corroborating these data, a previous study by our group con-
firmed that the PJE, the same used herein, had the ability to
reduce the weight gain of aging mice, leading to anti-inflamma-
tory and antioxidant properties.”’ Thus, we could suggest that
the broader capacity of the PJE to interfere in interconnected
pathways related to the accumulation of body fat, inflammation,
and oxidation could have a significant role in the reduction of
AR in aging or HFD-fed aging mouse prostates observed herein,
possibly regulating the androgen action at the receptor level.

Furthermore, polyphenols have been described as enzyme
inhibitors, since they can interact with the binding site of
enzymes, reducing their activity.”® The literature shows that
both aging and obesity are related to the stimulation of aroma-
tase, altering the prostatic hormonal balance and creating a
supportive microenvironment, which can favor malignant
prostate growth.>® Thus, the capacity of the PJE to reduce the
aromatase level herein seems to be an important strategy to
control the hormonal imbalance in this gland. Previous
studies on the adipose tissue of HFD-fed mice and on breast
cancer cells showed that polyphenols reduced the level of
aromatase and suggested that it was related to a decrease in
the level of estrogen and cell proliferation.®®® According to
Wang et al.,®" polyphenols such as resveratrol can reduce the
expression of aromatase by interfering with a promoter of its
transcription in breast cancer cell culture. Therefore, the
ability of polyphenol to interfere in the expression or activity of
aromatase could have contributed to reduce its levels in the
aging or HFD-fed aging mouse prostates after PJE treatment.
The low level of AR observed herein could suggest a low level
of androgen circulation, which may also collaborate towards
the reduction of this enzyme.

The increased aromatization in different tissues has been
linked to a high estrogen level in different organs.®®> High
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levels of ERa, which were directly associated with cell prolifer-
ation, mechanisms of cell migration, and cancer onset, were
confirmed in the prostates of aging and obese rodents.'®°?
Interestingly, the reduction of aromatase by resveratrol in
breast cancer cell culture was also associated with the downre-
gulation of phospho-ERK-1/2 estrogen activated signaling,
suggesting low levels of this hormone.® However, a previous
study, evaluating a prostate cancer transgenic mouse model,
described that the polyphenol epigallocatechin-3-gallate did
not play a significant role in the ERa action mechanism.”® In
the present study, we believe that a broad spectrum of polyphe-
nols in the PJE exerted a synergic action towards prostate
hormone homeostasis. The low levels of aromatase decreased
the androgen conversion into estrogen, probably reducing the
level of this hormone, favoring ERa reduction. Thus, our
results demonstrated the capacity of the PJE to interfere in the
estrogen pathway by means of low levels of ERa. This effect
seems to be a differential of the PJE action, reinforcing its
therapeutic effect to prevent the development of malignant
lesions in the prostate.

Our present results also revealed that both doses of the PJE
presented an antiangiogenic effect, which is crucial to prevent
cell migration and invasion pathways in the prostates of aging
or HFD-fed aging mice.'>®* Several angiogenesis inhibitors
and polyphenols, from different sources, have demonstrated
the ability to prevent angiogenesis in cell cultures and in
in vivo prostate cancer models, mainly by decreasing VEGF and
MVD.'%*%% One important mechanism for angiogenesis
downregulation by polyphenols is their capacity to inhibit
VEGF binding to its receptor.°*®” Nevertheless, these results
were accompanied by endostatin immunoexpression
reduction.’® Endostatin can interact with other molecules
involved in the VEGF signaling pathway, decreasing angio-
genesis and cell proliferation, besides increasing the apoptotic
rate.®#®%%9 Therefore, our results suggested that the reduction
of VEGF might be one of the action mechanisms of the PJE.
These data possibly resulted in low MVD and angiogenesis,
which were associated with low premalignant and invasive
malignant lesions in the prostate. Nevertheless, the key point of
our findings is that the PJE prevented the angiogenic process
not only by decreasing the levels of VEGF and MVD, but also by
stimulating the immunoexpression of endostatin in aging and
HFD-fed aging mice. This result reinforces the broader action of
the PJE and its advantageous effect on the angiogenesis
process. We encourage the development of future research
focusing on the mechanisms of the PJE to improve the
expression of endostatin in order to clarify this perspective.

In addition, a disturbance in androgen homeostasis can
interfere with the vascular stability and the angiogenic
process.'®”® The endothelial cells also express AR, regulating
the cellular mechanism of integrity, viability and
proliferation.’®”° A previous study demonstrated that the treat-
ment with finasteride reduced the levels of VEGF and MVD in
aging mice by inhibiting the activity of 5a-reductase.'® Thus,
considering the effects of the PJE on hormonal receptors, we
could suggest a possible influence of the PJE on the vascular
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endothelium, decreasing the angiogenic process, which could
be related to the reestablishment of the hormonal balance in
both aging and HFD-fed aging mice.

There are several studies in the literature demonstrating the
deleterious effects of a HFD on the prostate.'®?%?
Nevertheless, this is the first research that shows the effect of
HFD intake on the prostates of aging mice, which was charac-
terized by typical harmful changes during late life. The intensi-
fication of prostatic damage in HFD-fed aging mice occurred
possibly due to the association of two factors related to pros-
tate injury. Thus, the HFD intake during aging led to a hormo-
nal imbalance, characterizing the prostatic microenvironment
favorable to the development of proliferative and invasive
lesions. Also, angiogenesis increased in HFD-fed aging mice,
in order to support the proliferative prostatic microenvi-
ronment triggered by HFD intake during late life. Montico
et al.'® showed that the angiogenesis process during aging is
compatible with the neovascularization observed in prostate
cancer in a transgenic mouse model, highlighting the impor-
tance of this process in prostatic lesions in late life. Therefore,
we emphasize the relevance of studies involving aging animals
which will be useful to understand or mitigate the relationship
between aging, increased adiposity, and prostatic lesions.

Conclusion

The broader action of the PJE involved the reestablishment of
hormonal homeostasis and the reduction of the angiogenic
process, which certainly contributed to the decrease of the pro-
liferative process in this gland. Also, treatments with the PJE
indicated different positive glandular responses, characterizing
a tissue protection role even after the administration of a low
dose of the PJE. The beneficial effect of the PJE was dose-
dependent in both experimental models, considering that only
a high dose of the PJE restored the healthy morphology of this
gland. Therefore, the PJE can be indicated as a potential thera-
peutic coadjuvant in the treatment or prevention of prostate
malignant and pre-malignant lesions associated with aging
and overweight.
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