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Abstract

Prostate cancer (PCa) is among the most frequently diagnosed malignancies in aging men and remains a major public
health concern, highlighting the need for effective and safe preventive strategies. Annona crassiflora Mart. seed extract
(ASE) was evaluated using the transgenic adenocarcinoma of the mouse prostate (TRAMP) model. Animals were divided
into control and ASE-treated groups evaluated from 8-12 to 12—-16 weeks of age. Control groups received the vehicle
(water containing 10% DMSO), whereas ASE-treated groups received 100 mg/kg body weight of ASE. The preservation
of hepatic histoarchitecture and normal body weight gain demonstrated that ASE was well tolerated and did not show
hepatotoxic effects. ASE treatment increased the frequency of healthy prostatic epithelium in early prostate lesions (pre-
dominantly low-grade prostatic intraepithelial neoplasia (LGPIN)) and late prostate lesions (high-grade prostatic intraepi-
thelial neoplasia (HGPIN) and well-differentiated adenocarcinoma (WDAC)) of PCa. Furthermore, ASE reduced HGPIN
incidence in the ASE 12-16 group, showing a lower incidence of WDAC. In addition, ASE reduced androgen receptor
(AR) protein levels as well as cytoplasmic and nuclear AR localization in late prostate lesions (HGPIN and WDAC) of
PCa. ASE also induced apoptosis through multiple pathways, including upregulation of BID, BAD, and BAX, activation
of caspase-8, caspase-9, and caspase-3, and downregulation of BCL-2, BCL-xL, and MCL-1. Thus, ASE promotes a
pro-apoptotic environment unfavorable to tumor survival. Taken together, these results reinforce the potential of ASE to
modulate prostatic homeostasis, indicating a promising strategy with chemopreventive effects and potential as an adjuvant
therapy against PCa.
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Abbreviations

ABTS 2,2'-Azinobis-(3-ethylbenzothiazoline-6-sul-
fonic acid)

Apaf-1 Apoptotic protease activating factor-1

AR Androgen receptor

ASE Annona crassiflora Seed extract

BAD BCL2-associated death agonist

BAK BCL-2 antagonist killer

BAX BCL-2-associated X protein

BCL-2 B-cell lymphoma 2

Bel-xL  B-cell lymphoma-extra-large

BID BH3-interacting domain death agonist

DHT Dihydrotestosterone

DMSO  Dimethyl sulfoxide

FADD Fas-associated death domain protein

FRAP Ferric Reducing Antioxidant Power

HGPIN  High-grade prostatic intraepithelial neoplasia

LGPIN  Low-grade prostatic intraepithelial neoplasia

MCL-1  Myeloid cell leukemia-1

ORAC Oxygen Radical Absorbance Capacity

PCa Prostate cancer

PCNA Proliferating cell nuclear antigen

TRAMP  Transgenic Adenocarcinoma of the Mouse
Prostate

WDAC  Well-differentiated adenocarcinoma
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Introduction

Among men, prostate cancer (PCa) is as the second most
frequently diagnosed malignancy and primarily affects
individuals over 60 years of age (Bergengren et al. 2023).
Projections indicate that 313,780 cases of PCa will be diag-
nosed in 2025 and that approximately 3.5 million people
will be living with the disease in the United States; in addi-
tion, this number is expected to rise to 4.2 million by 2035
(Wagle et al. 2025). PCa develops from mutations in healthy
cells, transforming them into cancerous cells and initially
leading to the development of low-grade prostatic intraepi-
thelial neoplasia (LGPIN), followed by high-grade prostatic
intraepithelial neoplasia (HGPIN), adenocarcinoma, and, in
some cases, metastasis (Saranyutanon et al. 2020; Kulac et
al. 2024).

PCa development and maintenance have been associated
with testosterone action, as well as its more potent form,
dihydrotestosterone (DHT), which binds to the androgen
receptor (AR) and activates its signaling pathways. This
activation can influence cell proliferation and inhibit apop-
totic mechanisms (Basak et al. 2022). Apoptosis is a form
of programmed cell death that plays an important role in
cancer prevention and therapy. Thus, when the apoptotic
process is inhibited, tumor progression is favored due to the
increased survival of cancer cells (Gupta et al. 2023). Life
expectancy has increased significantly in recent decades;
therefore, PCa incidence in the male population is also
expected to rise, making it essential to develop new strate-
gies for the prevention or treatment of the disease (Schatten
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2018). Animal models and novel compound have proven to
be effective preclinical tools for studying chemopreventive
effects (Kido et al. 2019).

Nowadays, natural products and plant-derived bioac-
tive compounds have attracted considerable attention as
promising agents for cancer prevention and treatment due
to their multitarget biological activities and relatively low
toxicity profiles. Several phytochemicals, including poly-
phenols, flavonoids, terpenoids, and alkaloids, have dem-
onstrated antioxidant, anti-inflammatory, antiproliferative,
and pro-apoptotic effects in different experimental cancer
models (Nelson et al. 2022; Awad et al. 2023; Bouabdallah
et al. 2024). Natural compounds such as safranal, a major
constituent of saffron (Crocus sativus), have been shown
to induce apoptosis through redox imbalance, disruption
of cellular energy homeostasis, protein destabilization, and
DNA damage in tumor cells (Nelson et al. 2022). Likewise,
saffron-derived compounds, including crocin, crocetin, and
safranal, significantly inhibited tumor growth in prostate,
cervical, liver, and lung cancer models (Awad et al. 2023).
In addition, medicinal plants traditionally used in folk medi-
cine, such as Tribulus terrestris, have emerged as important
sources of bioactive compounds with anticancer, antioxi-
dant, anti-inflammatory, and immunomodulatory activities,
mainly attributed to their high content of steroidal sapo-
nins, flavonoids, tannins, and terpenoids (Bouabdallah et
al. 2024). Polyphenolic compounds have also demonstrated
selective anticancer effects by acting as pro-oxidants in
tumor cells while exerting cytoprotective antioxidant effects
in normal tissues. For example, Hibiscus sabdariffa extract
enhanced the selective toxicity of cisplatin against non-
small cell lung cancer cells while simultaneously protecting
hepatic tissue from chemotherapy-induced toxicity, effects
associated with phenolic compounds such as quercetin,
rutin, chlorogenic acid, gallic acid, and caffeic acid (Hamza
et al. 2023). Collectively, these findings reinforce the grow-
ing interest in natural products as promising chemopreven-
tive and adjuvant therapeutic agents capable of modulating
oxidative stress, apoptosis, and tumor progression.

Accordingly, the Transgenic Adenocarcinoma of the
Mouse Prostate (TRAMP) model, which presents char-
acteristics similar to those of human PCa, represents an
interesting model for evaluating PCa progression (Kido et
al. 2019). The main challenge of chemoprevention stud-
ies in PCa is to effectively delay tumor progression while
avoiding adverse effects (Kido et al. 2019). In consequence,
bioactive compounds present in plant species have been rec-
ognized as natural agents with chemopreventive potential
against cancer (Chhabra et al., 2018). These compounds can
act by preventing cellular mutations, inhibiting the uncon-
trolled growth of already mutated cells, and preventing the
progression of premalignant lesions to malignant lesions

(Chhabra et al., 2018). Importantly, in vivo models provide
critical information that cannot be fully reproduced in cell
culture systems, including tumor microenvironment interac-
tions, lesion progression dynamics, tissue architecture alter-
ations, systemic toxicity, and pharmacological responses
during prostate carcinogenesis (Ittmann et al. 2013; Kido et
al. 2019; Sailer et al. 2023).

Brazil has one of the richest plant biomes in the world,;
however, this valuable ecosystem remains underexplored.
Native Brazilian species are rich sources of bioactive com-
pounds, although the direct consumption of native Brazilian
fruits and their derived products remains limited (Santos et
al., 2023). Polyphenols are secondary metabolites widely
distributed in fruits, spices, nuts, and other plant-derived
foods and are recognized for their antioxidant, anti-inflam-
matory, and anticancer properties, demonstrating consider-
able potential for anticancer drug development (Ahmad et
al. 2022).

Araticum (Annona crassiflora Mart.) is a native Brazil-
ian fruit predominantly found in the Cerrado biome that
remains underexplored despite its promising phytochemical
composition. 4. crassiflora can be consumed fresh or incor-
porated into food products (Costa et al. 2025). Previous
studies have demonstrated promising effects of this species
against liver and cervical cancer models (Justino et al. 2021;
Rosa et al. 2021). The peel and seed are among the least
explored fractions of the fruit and are commonly discarded
after consumption. Nevertheless, these fractions are rich in
phenolic compounds and acetogenins and exhibit high anti-
oxidant capacity, which has stimulated interest in investi-
gating the potential effects of these fractions against PCa
(Arruda et al. 2018). To date, only two studies have investi-
gated the effects of 4. crassiflora in PCa, one of which was
conducted by our research group (Prado et al. 2020; Lemos
et al. 2025). In PCa cell lines, both peel and seed extracts
reduced cell viability and induced apoptosis in LNCaP cells,
with the seed extract showing the most pronounced effects
(Lemos et al. 2025).

Despite these promising findings, important gaps remain
regarding the chemopreventive potential of 4. crassiflora
seed extract, particularly in vivo, especially in prostate given
its complexity. Therefore, the objective of this study was to
evaluate the effects of 4. crassiflora seed extract (ASE) on
delaying tumor progression in TRAMP mice and to inves-
tigate its ability to modulate apoptotic pathways during the
early prostate lesions (predominantly LGPIN) and late pros-
tate lesions (including HGPIN and WDAC) of PCa.

@ Springer
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Materials and methods
Characterization of araticum seed extract (ASE)

Ripe fruits of A. crassiflora were cleaned and manually
peeled, and the seeds were freeze-dried. The extraction
protocol was previously described by Lemos et al. (2025).
Briefly, the freeze-dried and ground seeds were homoge-
nized with a hydroalcoholic solution in a thermostatic shak-
ing bath (Lemos et al. 2025). Detailed characterization of
the phenolic compounds present in ASE and evaluation of
its in vitro antioxidant activity were previously performed
by the same research group. The main compounds present in
ASE were identified and quantified using a mass spectrome-
try method based on multiple reaction monitoring (LC-MS/
MS-MRM) (Lemos et al. 2025). Total phenolic compounds
were also quantified using the Folin—Ciocalteu method.
Antioxidant capacity was evaluated using three different
assays: Oxygen Radical Absorbance Capacity (ORAC),
Ferric Reducing Antioxidant Power (FRAP), 2,2'-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Impor-
tantly, the extract used in the present study corresponds to
the same extract previously used by Lemos et al. (2025),
thus ensuring methodological standardization between
studies.

Animals and experimental procedures

Sixty male TRAMP mice (C57BL/6-Tg
(TRAMP)8247Ng/IxFVB/NJ F1/]) were obtained from
the Multidisciplinary Center for Biological Research at the
State University of Campinas (CEMIB/UNICAMP). Ani-
mals were randomly allocated into four experimental groups
(n=15/group): Control 8-12, ASE 8-12, Control 12-16,
and ASE 12-16, to evaluate the ASE effects during different
stages of prostate lesion progression in the TRAMP model.

| Experimental design |

Experimental groups:
Control (DMSO)
ASE (100mg/Kg)

Fig. 1 Experimental design of the TRAMP mouse study and experi-
mental groups. Schematic illustration created using BioRender.com

@ Springer

The chosen age intervals were based on the well-established
age-dependent progression of prostate carcinogenesis in
TRAMP mice, in which PIN lesions predominate between
8-12 weeks, whereas more advanced lesions, including
HGPIN and adenocarcinoma, become increasingly frequent
between 12—16 weeks of age (Greenberg et al. 1995; Gin-
grich and Greenberg 1996; Kaplan-Lefko et al. 2003; Ber-
man-booty et al. 2012; Kido et al. 2019).

The Control 8—12 and ASE 8-12 groups began treatment
at 8 weeks of age and were euthanized at 12 weeks of age.
The Control 12—16 and ASE 12-16 groups began treatment
at 12 weeks of age and were euthanized at 16 weeks of age.
ASE-treated animals received ASE at a dose of 100 mg/kg
body weight diluted in 10% DMSO by oral gavage, five
times per week for four weeks. Control animals received
only the vehicle solution (10% DMSO diluted in water)
under the same administration protocol (Fig. 1). Due to the
low aqueous solubility of ASE, DMSO was used to ensure
adequate solubilization and homogeneous administration
throughout the experimental period. Similar concentra-
tions of DMSO have been previously employed in in vivo
studies involving plant-derived extracts and hydrophobic
compounds, without evidence of significant systemic tox-
icity (Colucci et al. 2008; Nasir et al. 2020; Emiru et al.
2021). During the experimental period, the animals were
monitored daily for signs of distress or toxicity, including
behavioral alterations, mortality, and body weight changes.
In addition, liver analyses were performed to investigate
potential treatment-related systemic toxicity. These data are
presented in the Supplementary Material.

The dosing criteria were based on previous preclinical
studies involving species of the Annonaceae family, particu-
larly Annona muricata, which presents phytochemical char-
acteristics similar to ASE (Yang et al. 2015; Ebenyi et al.
2024). In addition, the chosen ASE dose (100 mg/kg body
weight) was defined based on preliminary pilot experiments
conducted by our research group using different concen-
trations (50 and 100 mg/kg body weight) in the TRAMP
model. Based on the initial efficacy and safety observa-
tions obtained in these experiments, the 100 mg/kg dose
was chosen for further mechanistic investigation of PCa
progression. During the experimental period, animals were
monitored daily for clinical signs of toxicity or distress,
including behavioral alterations, mortality, and body weight
changes. In addition, histopathological analyses of the liver
were performed to evaluate potential systemic toxicity asso-
ciated with ASE or vehicle administration, as described in
the Supplementary Material.

After the treatment period, animals were weighed using a
Denver P-214 analytical balance (Denver Instrument Com-
pany, Arvada, CO, USA), anesthetized with 2% xylazine
hydrochloride (5 mg/kg, i.m.; Konig, Sdo Paulo, Brazil) and
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Fig. 2 Representative photomicrographs of cancer progression in the
dorsolateral lobe of the TRAMP mice. Abbreviations: EP: Healthy
Epithelium, HGPIN: high-grade prostatic intraepithelial neoplasia,

10% ketamine hydrochloride (60 mg/kg, i.m.; Fort Dodge,
IA, USA), and euthanized by cardiac puncture under deep
anesthesia. The dorsolateral prostate lobes were collected
for subsequent analyses (CEUA no. 6174-1/2023).

Histopathological analysis

Samples from dorsolateral lobe of the prostate of five ani-
mals per group were fixed in Bouin’s solution, dehydrated
in ethanol, cleared in xylene, and embedded in Paraplast,
following previously established protocols (Rossetto et
al. 2023; Montico et al. 2023; Santos et al. 2024). Sec-
tions (5 pm) were obtained using a Hyrax M60 microtome
(Zeiss), mounted with 3—4 sections per slide, stained with
hematoxylin and eosin, and imaged at 40 x magnification
(Nikon Eclipse E-400, Tokyo, Japan).

Histopathological evaluation was performed using ten
randomly selected microscopic fields per animal. Each pros-
tatic region was divided into four quadrants using NIS-Ele-
ments (Nikon) imaging software. In each quadrant, epithelial
alterations were classified according to a predefined grad-
ing scale as follows: (1) healthy epithelium, (2) low-grade
prostatic intraepithelial neoplasia (LGPIN), (3) high-grade
prostatic intraepithelial neoplasia (HGPIN), and (4) well-
differentiated adenocarcinoma (WDAC), based on Gingrich
et al. (1999) and Berman-Booty et al. (2012). Healthy epi-
thelium was characterized by a monolayer of cuboidal to
columnar cells with basally located round nuclei; LGPIN by
epithelial proliferation with an increased nucleus-to-cyto-
plasm ratio, elongated nuclei, and condensed chromatin;
HGPIN by epithelial stratification with papillary or cribri-
form projections without stromal invasion; and WDAC by
acinar and tubular structures with nuclear and cytoplasmic
atypia, high mitotic index, and stromal invasion (Gingrich
et al. 1999; Berman-booty et al. 2012; Kido et al. 2016;
Nogueira Pangrazi et al. 2018). The relative frequency of
each histopathological pattern was calculated as the pro-
portion of each classification relative to the total number of
evaluated foci within each experimental group.

Representative morphological features of each lesion
type are shown in Fig. 2.

L: lumen, LGPIN: low-grade prostatic intraepithelial neoplasia, St:
stroma. WDAC: Well-differentiated adenocarcinoma

Table 1 Primary and secondary antibodies used for Immunohisto-
chemistry analysis, including dilution and reference

Antibody Classification ~ Range Reference
dilution
Anti-mouse Secondary 1:100—  W4021, Promega
1:200 Corporation
Anti-rabbit Secondary 1:200 W4018, Promega
Corporation
AR Primary 1:100 ab74272, Abcam
BID Primary 1:200 Ab32060, Abcam
BCL-XL Primary 1:300 27648, Cell
Signalling
Caspase-3 Primary 1:100 Sc56053, Santa
Cruz Biotechnology
PCNA Primary 1:500 ab29, Abcam

Immunohistochemistry

Prostate samples from the dorsolateral lobe of five animals
per group were processed for immunohistochemical analy-
sis of caspase-3, BID, Bcl-xL, PCNA, and AR, following the
protocols described by Montico et al. (2023) and Rossetto
et al. (2023). Immunoreactivity for Bcl-xL, BID, and cas-
pase-3 was semiquantitatively scored (0—3) based on stain-
ing intensity and extent in ten fields at 400% magnification,
as described by Tuxhorn et al. (2002). The final reactivity
score was obtained by multiplying both indices and clas-
sified as follows: 0 = absent; 1-3 = weak; 4-6 = moderate;
and 7-9 = strong. Results were expressed as the percentage
of animals in each group exhibiting each reactivity pattern
(Tuxhorn et al. 2002; Montico et al. 2023; Rezende et al.
2025). Negative controls and antibody labeling details are
provided in the Supplementary Material. Detailed informa-
tion on the antibodies used, including dilution and supplier,
is described in Table 1.

Western blotting analysis

Samples from the dorsolateral prostate lobe of TRAMP mice
(n=5 per group) were collected and processed for protein
extraction as previously described by Lemos et al. (2025),
Rossetto et al. (2023), and Santos et al. (2024). Pixel densi-
tometry analysis was performed using Uni-Scan-It 6.1 soft-
ware, with B-actin used as an endogenous control (Rossetto

@ Springer
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et al. 2023; Santos et al. 2024; Lemos et al. 2025). Detailed
information on the antibodies used, including dilution and
supplier, is described in Table 2.

Statistical analysis

One-way ANOVA followed by Tukey’s post hoc test was
used for all statistical analyses performed using GraphPad
Prism software (version 8.01). Data were previously con-
firmed as parametric using the Shapiro—Wilk test, and sta-
tistical significance was set at p<0.05 (Montgomery 1991;
Zar 1999).

Results
Evaluation of treatment tolerability and safety

To assess tolerability and potential toxic effects associated
with ASE treatment and its dilution vehicle (water containing
10% DMSO), objective parameters of general health were
monitored throughout the experimental period. Administra-
tion of ASE (100 mg/kg body weight) or its vehicle, 5 days
per week, did not result in changes in body weight, and the
animals exhibited progressive and comparable weight gain
among groups, regardless of age. In addition, liver histo-
pathological analysis did not reveal structural alterations

Table 2 Primary and secondary antibodies used in Western blotting,
including antibody classification, dilution range, and reference

Antibody Classification ~ Range Reference
dilution
Anti-mouse Secondary 1:2000— W4021, Promega
1:5000 Corporation
Anti-rabbit Secondary 1:2000— W4018, Promega
1:5000 Corporation
AR Primary 1:500 ab74272, Abcam
BAX Primary 1:250 ab32503, Abcam
BCL-2 Primary 1:250 CS3869, Cell
Signalling
BID Primary 1:250 Ab32060, Abcam
MCL-1 Primary 1:500 54538, Cell
Signalling
BAD Primary 1:250 92928, Cell
Signalling
BCL-XL Primary 1:1000 27648, Cell
Signalling
Caspase-3 Primary 1:500 Sc-56053, Santa
Cruz Biotechnology
Caspase-8 Primary 1:1000 47908, Cell
Signalling
Caspase-9 Primary 1:500 Sc-56076, Santa
Cruz Biotechnology
PCNA Primary 1:500 ab29, Abcam
B-actin Primary 1:500 Sc 81,178, Santa

Cruz Biotechnology

@ Springer

indicative of hepatotoxicity. Detailed data regarding body
weight monitoring and hepatic histological evaluation are
presented in the Supplementary Material (Figures S1, S2
and S3).

ASE exerted chemopreventive effects and
attenuated malignant lesions and cell proliferation

ASE treatment increased the frequency of healthy epithe-
lium in animals across all experimental groups (Fig. 3A). In
the ASE 8-12 group, a reduction in both LGPIN and HGPIN
lesions was observed (Fig. 3B and C). Regarding WDAC, no
statistical difference was detected between the Control 8—12
and ASE 8-12 groups. In older animals (12-16 weeks of
age), no changes were observed in LGPIN lesions (Fig. 3B).
However, ASE treatment reduced the incidence of HGPIN
lesions (Fig. 3C). In addition, the ASE 12—16 group showed
a lower incidence of WDAC (3.53%=+0.55) compared with
the respective control group (8.7%=1.14) (Fig. 3D).

Regarding cell proliferation, reduced PCNA immuno-
localization was observed in the ASE-treated groups at
all evaluated ages (Fig. 4A, B, C, D and E). However, a
decrease in PCNA protein levels, as determined by West-
ern blot analysis, was observed only in animals aged
12—-16 weeks (Fig. 4F).

ASE reduces AR expression and influences its
cytoplasmic retention in early prostate lesions
(predominantly LGPIN)

ASE treatment reduced AR immunolabeling in both the
nucleus and cytoplasm of prostate epithelial cells during the
late prostate lesions (including HGPIN and WDAC) (12—
16 weeks of age) stages of PCa when compared with their
respective control groups (Fig. 5A, D, and E). In the ASE
8—12 group, lower AR immunolabeling was observed in the
nucleus compared with the cytoplasm, suggesting greater
suppression of functional AR signaling in PCa lesions char-
acterized predominantly by LGPIN compared with lesions
containing HGPIN and WDAC (Fig. 5A). Regarding AR
protein levels determined by Western blot analysis, no sta-
tistically significant differences were observed between the
control and ASE-treated groups at 812 weeks, whereas
a reduction in total AR protein levels was observed in
the ASE-treated group at 12—-16 weeks compared with its
respective control (Fig. 5F).
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Fig.3 A-D: Relative frequency (%) of healthy epithelium (A), LGPIN
(B), HGPIN (C), and WD adenocarcinoma (D). E-L: Representative
photomicrographs of the main histopathological findings observed in
the Control 8-12 (E-F), ASE 8-12 (G—H), Control 12-16 (I-J), and
ASE 12-16 (K-L) groups. Left panels (E, G, I, and K) show images at
40 x magnification, whereas right panels (F, H, J, and L) show higher
magnification (100 x) images of the regions indicated by dashed rect-
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angles in the corresponding left panels. Sections were stained with
hematoxylin and eosin (H&E). Data are presented as mean+SD (n=5
per group). Statistical significance: *p<0.05, **p<0.01, ***p<0.001,
*¥***¥p<(0.0001. Abbreviations: ASE, Araticum seed extract; HGPIN,
high-grade prostatic intraepithelial neoplasia; L, lumen; LGPIN, low-
grade prostatic intraepithelial neoplasia; St, stroma
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Fig. 4 Immunohistochemical analysis and protein expression of
PCNA levels in the dorsolateral lobe of the TRAMP mouse prostate.
A Relative frequency (%) of PCNA-positive cells in the 8-12- and
12—16-week-old groups. B-E Representative photomicrographs of
PCNA immunostaining in the Control 8-12 B, ASE 8-12 (C), Con-
trol 12-16 (D), and ASE 12-16 (E) groups. Images were obtained at
40 x magnification and counterstained with hematoxylin. Arrows indi-

cate positive PCNA immunostaining. ) Western blot analysis of PCNA
protein expression in the 8—12- and 12—16-week-old groups, with rep-
resentative bands of protein blots shown on the right. Data are pre-
sented as mean=+SD. Statistical significance was considered between
the Control and ASE groups within the same age period (¥*p<0.05;
**p<0.01)
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Fig.5 Immunohistochemical analysis and AR protein expression in the
dorsolateral prostate lobe of TRAMP mice. A Relative frequency (%)
of nuclear and cytoplasmic AR immunolabeling in the prostate epithe-
lium of the Control 8-12, ASE 8-12, Control 12-16, and ASE 12-16
groups. Statistical comparisons are indicated by brackets. Asterisks (*)
indicate significant differences between Control and ASE groups at the
same age, whereas the hash symbol (#) indicates significant differences
between nuclear and cytoplasmic AR immunolabeling within the same
experimental group. B-E Representative photomicrographs of AR

Fig.6 Transgenic adenocar-
cinoma of the mouse prostate
model protein levels at 8—12 and
12—-16 weeks old, after ASE treat-
ment. Representative protein blot
bands. Statistical significance was
considered in the the Control and
ASE groups from the same time
point (* p<0.05; ** p<0.01; ***
p<0.0001)
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ASE induced apoptosis through activation of
the intrinsic and extrinsic pathways during PCa
progression characterized by HGPIN and WDAC
lesions

ASE treatment induced apoptosis in TRAMP mice at dif-
ferent ages. In both the 8—12- and 12—16-week-old groups,
ASE increased the levels of pro-apoptotic proteins such as
BAX and BAD (Fig. 6A and B).
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mean=SD. Statistical significance was considered at p<0.05
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ASE increased BID protein levels only in animals aged
12-16 weeks (Fig. 7D and H). BID was further evaluated
according to the intensity of immunolabeling in the pros-
tate epithelium. In 8—12-week-old mice, moderate to intense
immunoreactivity was observed. In the control group,
labeling was predominantly moderate (100%), whereas in
the ASE-treated group, intense immunolabeling predomi-
nated in 60% of the evaluated tissue, and 40% of the ani-
mals exhibited moderate labeling (Fig. 7A, B and C). In
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Fig. 7 Immunohistochemical analysis and protein expression of BID
levels in the dorsolateral lobe of the TRAMP mice prostate. A Graph
showing the relative frequency of Bid immunostaining in the 8—12-
and 12-16-week-old groups. B-E Representative photomicrographs
of cytoplasmic Bid immunostaining in the 8-12- and 12—16-week-old
groups: B Control 8-12, C ASE 8-12, D Control 12-16, and E ASE

12—-16-week-old mice, BID immunolabeling ranged from
weak to moderate and intense levels. In the control group,
weak (20%) and moderate (80%) labeling were observed. In
contrast, the ASE-treated group showed a predominance of
intense labeling (60%), while the remaining animals exhib-
ited moderate labeling (40%) (Fig. 7A, D and E). Interest-
ingly, BID immunolabeling appeared more pronounced in
epithelial regions associated with PIN lesions than in pre-
served prostatic epithelium, although a specific quantitative
comparison between these regions was not performed.

Regarding caspase activation, increased levels of pro-cas-
pase-9 and caspase-9 proteins were observed in ASE-treated
animals compared with controls at both ages (Fig. 6C and
D). Pro-caspase-3 protein levels were also increased in ASE-
treated animals in both experimental age groups (Fig. 6E).
No changes in caspase-3 levels were observed in the ASE
8—12 group; however, a significant increase was detected in
the ASE 12-16 group (Fig. 8F). Caspase-3 immunolabeling
in the 8—12 control group ranged from weak (40%) to mod-
erate (60%), whereas the ASE 8—12 group showed a pre-
dominance of moderate labeling (100%) (Fig. 8A, B and C).
In 12—-16-week-old mice, the control group exhibited pre-
dominantly weak to moderate immunolabeling. In contrast,
the ASE-treated group showed increased labeling intensity,
with 40% of the animals presenting moderate immunoreac-
tivity, 40% intense labeling, and only 20% weak labeling
(Fig. 8A, D and E).

F}
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BADVfi-actin

12-16. Magnification: 40 X ; counterstained with hematoxylin. Arrows
indicate positive cytoplasmic Bid immunostaining. F Western blot
analysis showing representative bands of Bid protein expression in the
Control and ASE groups at 8—12 and 12—-16 weeks of age. Differences
between the Control and ASE groups within the same time period were
considered statistically significant (*p<0.05; **p<0.01)

ASE did not affect caspase-8 protein levels in 8—12-week-
old mice (Fig. 6F). However, in 12—16-week-old mice, ASE
treatment resulted in increased caspase-8 protein levels
(Fig. 6F). In contrast, ASE treatment reduced the levels of the
anti-apoptotic proteins BCL-2 and MCL-1 in mice, regard-
less of lesion profiles (Fig. 6G and H). The anti-apoptotic
protein BCL-xL was also evaluated in terms of tissue immu-
nolocalization and total protein levels across experimen-
tal groups. A decrease in total BCL-xL protein levels was
observed in animals treated with ASE at both ages (Fig. 9F).
Regarding immunolabeling, the ASE-treated group showed
predominantly moderate labeling (70%), whereas the con-
trol group exhibited intense labeling (100%). A similar
pattern was observed in the ASE 12-16-week-old group
(Fig. 9A, B, C, D and E).

Discussion

Cancer is a complex and multifactorial disease characterized
by the transformation of normal cells into malignant cells,
a process associated with dysregulated cell proliferation
and the progressive accumulation of genetic and molecular
alterations. However, tumorigenesis does not depend exclu-
sively on tumor cells. Tumor development and progression
are strongly influenced by the tumor microenvironment,
which consists of a dynamic network of non-malignant
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Fig. 8 Immunohistochemical analysis and protein expression of Cas-
pase-3 levels in the dorsolateral lobe of the TRAMP mice prostate. A
Graph showing the relative frequency of Caspase-3 immunostaining
in the 8—12- and 12—-16-week-old groups. B-E Representative photo-
micrographs of cytoplasmic Caspase-3 immunostaining in the 8—12-
and 12—16-week-old groups: B Control 8-12, C ASE 8-12, D Control
12-16, and E ASE 12-16. Magnification: 40 x; counterstained with

A} BCLxL L] BCL-xL
150

= Moderate
- otense
100

Rolation
Bcl-xUp-actin

Frequancy (%)

o

PO
fc &

e
d &

Exparimental grovgs

<% 8
l !525“ SV i

Fig. 9 Immunohistochemical analysis and protein expression of BCL-
xL levels in the dorsolateral lobe of the TRAMP mice prostate. A
Graph showing the relative frequency of BCL-xL immunostaining in
the 8—12- and 12—-16-week-old groups. B-E Representative photomi-
crographs of cytoplasmic BCL-xL immunostaining in the 8-12- and
12-16-week-old groups: B Control 8-12, (C) ASE 8-12, (D) Control
12-16, and E ASE 12-16. Magnification: 40 x; counterstained with
hematoxylin. Arrows indicate positive cytoplasmic BCL-xL immu-
nostaining. F Western blot analysis showing representative bands of
Bcl-xL protein expression in the Control and ASE groups at 812 and
12-16 weeks of age. Differences between the Control and ASE groups
within the same time period were considered statistically significant
(*p<0.05; **p<0.01)

cells, extracellular matrix components, signaling molecules,
and stromal interactions that collectively promote tumor
maintenance, invasion, and dissemination (Al Hrout et al.
2022). Therapeutic strategies capable of modulating both

@ Springer

hematoxylin. Arrows indicate positive cytoplasmic Caspase-3 immu-
nostaining. F Western blot analysis showing representative bands of
Caspase-3 protein expression in the Control and ASE groups at 8—12
and 12-16 weeks of age. Differences between the Control and ASE
groups within the same time period were considered statistically sig-
nificant (*p<0.05; **p<0.01)

tumor cells and the surrounding microenvironment have
attracted considerable interest in cancer research.

Natural bioactive compounds have emerged as promising
chemopreventive and therapeutic agents due to their multi-
target biological activities and relatively low toxicity pro-
files. Several studies have demonstrated that plant-derived
compounds may reduce unintended damage to healthy tis-
sues while simultaneously enhancing the efficacy of anti-
cancer therapies (Mohmmed Hegab et al. 2025). Among
these compounds, polyphenols stand out because of their
broad distribution in fruits, vegetables, teas, nuts, and other
plant-derived foods, as well as their wide range of biologi-
cal activities associated with antioxidant, anti-inflammatory,
antiproliferative, and anticancer effects (Hamdy et al. 2026).

Importantly, growing evidence indicates that polyphenols
can also regulate epigenetic and post-transcriptional mecha-
nisms involved in tumor progression. Bioactive compounds
such as epigallocatechin gallate, genistein, resveratrol,
curcumin, and quercetin have been described as modula-
tors of microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs) associated with cell proliferation, apoptosis,
inflammation, migration, and metastasis in different tumor
types, including PCa (Hamdy et al. 2026). Quercetin, one of
the major compounds identified in ASE, has been shown to
suppress oncogenic IncRNAs such as MALAT1 and UCAL
in PCa cells, thereby reducing epithelial-mesenchymal
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transition, invasion, migration, and resistance to both apop-
tosis and chemotherapy (Hamdy et al. 2026).

Among the phenolic compounds present in ASE, gallic
acid has attracted considerable attention due to its diverse
pharmacological activities. This natural phenolic compound
exhibits antioxidant, anti-inflammatory, antimicrobial, car-
dioprotective, and anticancer properties, reinforcing its
potential as a promising bioactive agent for preventing and
treating diseases associated with oxidative stress and cel-
lular dysregulation (Ali et al. 2025).

A. crassiflora by-products, particularly the seeds, have
become the focus of growing scientific interest due to their
rich content of bioactive compounds. 4. crassiflora seeds
are known to contain significant levels of phenolic com-
pounds, such as ellagic acid, gallic acid, rutin, and quercetin
(Prado et al. 2020; Oliveira et al. 2024). ASE has previously
been characterized by our research group, demonstrating
high antioxidant capacity as confirmed by three different
assays (ABTS, ORAC, and FRAP) (Lemos et al. 2025). Its
chemical profile revealed high concentrations of phenolic
compounds, including gallic acid, catechin, quercetin, and
rutin (Lemos et al. 2025). In addition, acetogenins are found
in abundance in this underexplored fraction of A. crassiflora
(Arruda & Pastore 2019).

Studies investigating the effects of A. crassiflora seeds
on PCa have been predominantly carried out in cell lines,
and therefore the underlying mechanistic pathways remain
poorly explored (Prado et al. 2020). Our research group
was the first to evaluate the effects of A. crassiflora seeds in
four PCa cell lines and one non-tumor cell line with distinct
morphological characteristics, demonstrating promising
pro-apoptotic effects in vitro (Lemos et al. 2025). However,
evidence regarding ASE activity remains largely restricted
to cell culture models, lacking validation in experimental
systems that more closely reproduce prostate carcinogen-
esis. Thus, the present study demonstrates, for the first
time, the pro-apoptotic and antitumoral effects of ASE in a
preclinical in vivo model of PCa, specifically in the dorso-
lateral lobe of TRAMP mice, focusing on the mechanistic
pathways involved in apoptosis regulation.

PCa development in TRAMP mice is characterized by
progressive morphological changes, maintenance of AR
signaling, increased cell proliferation, and, consequently,
suppression of apoptosis (Kido et al. 2019). In this model,
the dorsolateral lobe of the prostate is particularly relevant
for investigation, as it shares important similarities with the
peripheral zone of the human prostate, the region in which
most neoplasms originate, accounting for more than 60% of
cases (Rezende et al. 2025). Research investigating natural
compounds derived from plant species using the TRAMP
model has increased steadily, demonstrating both chemo-
preventive and therapeutic effects against PCa (Baseggio

et al. 2021). Nevertheless, in vivo studies evaluating the
effects of A. crassiflora remain scarce.

The present study demonstrates that ASE exerts a pro-
tective effect on the prostatic epithelium of the dorsolateral
lobe in TRAMP mice during early prostate lesions (predom-
inantly LGPIN) and late prostate lesions (including HGPIN
and WDAC) of PCa. Furthermore, ASE slowed the pro-
gression of premalignant lesions and reduced the incidence
of WDAC, particularly in the ASE 12-16 group. These
findings suggest that ASE acts as a modulator of prostate
carcinogenesis, possibly through suppression of cell pro-
liferation, an effect supported by the observed decrease in
PCNA expression in both experimental age groups.

Supporting these findings, Yang et al. (2015) evaluated an
extract from 4. muricata leaves, a species with phytochemi-
cal composition similar to A. crassiflora, using a subcutane-
ous PC-3 xenograft model in male BALB/c nude mice. In
that study, extract administration inhibited prostate tumor
growth (Yang et al. 2015). Similarly, in TRAMP mice, bit-
ter melon (Momordica charantia) extract delayed PCa pro-
gression at 21 weeks of age, promoting greater preservation
of normal prostatic epithelium and reducing the frequency
of high-grade prostatic intraepithelial neoplasia (Ru et al.
2011). Likewise, administration of an isolated polyphenolic
fraction from green tea reduced the formation of palpable
tumors and inhibited metastasis to lymph nodes, liver, and
bone in TRAMP mice, accompanied by decreased PCNA
expression (Gupta et al. 2001).

Regarding AR signaling, ASE treatment promoted a
reduction in AR levels in both the cytoplasm and nucleus
of cells in the dorsolateral lobe of TRAMP mice at early
prostate lesions (predominantly LGPIN) and late prostate
lesions (including HGPIN and WDAC) of PCa. At early
prostate lesions, greater cytoplasmic AR retention was
observed in the ASE-treated group compared with nuclear
localization, suggesting that ASE may impair AR nuclear
translocation. Importantly, despite the altered subcellu-
lar distribution of AR observed by immunohistochemistry
during the early prostate lesions (predominantly LGPIN),
no significant differences were detected in total AR pro-
tein levels between the control and ASE-treated groups at
8-12 weeks of age. These findings suggest that alterations
in AR subcellular localization may occur during early pros-
tate lesions without proportional changes in total AR protein
levels. At the late stage of PCa, a marked overall reduction
in AR was detected, with decreased levels in both cellular
compartments and reduced protein expression, indicating an
effective suppressive effect on this signaling pathway. Col-
lectively, these findings indicate that ASE interferes with AR
signaling, a key pathway in prostate carcinogenesis, thereby
contributing to disease progression delay in this model.
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In TRAMP mice, PCa progression is characterized by
an initial androgen-sensitive profile followed by the devel-
opment of more aggressive lesions associated with andro-
gen independence, closely resembling disease progression
in humans (Mishra et al. 2024). Androgens, particularly
DHT, bind to AR in the cytoplasm, inducing conformational
changes that promote its dissociation from inhibitory pro-
teins (Cai et al. 2018; Chaturvedi and Dehm 2019). Subse-
quently, the AR—-DHT complex translocates to the nucleus,
where it binds to specific DNA regions, regulating the tran-
scription of genes involved in prostate cell differentiation
and survival (Cai et al. 2018; Chaturvedi & Dehm 2019).
Thus, AR expression and activity play a fundamental role
in the PCa microenvironment under both normal and neo-
plastic conditions (Zhou et al. 2015; Aurilio et al. 2020).
Accordingly, compounds capable of interfering with AR
signaling particularly those capable of reducing or blocking
AR activity, are considered promising therapeutic agents for
PCa treatment (Demian et al. 2024).

ASE has previously been shown to reduce AR levels in
LNCaP and 22Rv1 cells (Lemos et al. 2025). In agreement
with these findings, Tummala et al. (2017) demonstrated
that quercetin, alone or in combination with enzalutamide,
suppressed AR levels in a 22Rv1 xenograft model in SCID
mice (Tummala et al. 2017). Given that ASE contains sub-
stantial amounts of quercetin, as reported by our research
group (Lemos et al. 2025), this compound likely contrib-
utes significantly to AR suppression observed in PCa. AR
activation directly influences cell proliferation and may also
interact with cell death—related signaling pathways to regu-
late tumor progression (Wang et al. 2014). Accordingly, AR
plays a complex role in cell death mechanisms, including
apoptosis, necrosis, and autophagy (Wen et al., 2014). Nota-
bly, AR exhibits a dual role in apoptosis regulation, with
the capacity to either promote or inhibit apoptotic processes
depending on microenvironmental conditions and cellular
context (Wen et al., 2014).

Apoptosis is a programmed cell death process essen-
tial for tissue homeostasis and cancer suppression, and its
dysregulation contributes to tumor development and pro-
gression (Morana et al. 2022). Apoptotic signaling occurs
mainly through two interconnected pathways: the extrinsic
(death receptor-mediated) pathway and the intrinsic (mito-
chondrial) pathway (Yaacoub et al. 2016). In the present
study, ASE modulated proteins associated with both path-
ways, suggesting a coordinated pro-apoptotic effect during
PCa progression.

The extrinsic pathway is initiated through activation of
death receptors and subsequent recruitment of the adap-
tor protein FADD, leading to activation of caspase-8 and
downstream effector caspases responsible for apoptotic
execution (Yaacoub et al. 2016). In the present study,
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ASE positively regulated caspase-8 in late prostate lesions
(including HGPIN and WDAC) of PCa, concomitant with
activation of procaspase-3 and caspase-3, suggesting activa-
tion of the extrinsic apoptotic pathway at advanced stages of
tumor progression. In contrast, caspase-8 levels remained
unchanged during early prostate lesions (predominantly
LGPIN), which may explain the absence of caspase-3 acti-
vation at this stage.

Similar findings were reported by Lemos et al. (2025),
in which ASE increased caspase-8 and procaspase-3 levels
in androgen-dependent LNCaP cells, whereas no altera-
tions were observed in androgen-independent PC-3 and
22Rv1 cells. Likewise, crude A. crassiflora extract did not
affect caspase-8 expression in SiHa cells (Silva et al. 2018).
Caspase-8 is synthesized as an inactive proenzyme that
becomes activated following oligomerization within death
receptor signaling complexes (Fulda 2009). Once activated,
caspase-8 cleaves and activates caspase-3, thereby promot-
ing apoptotic execution (Tummers and Green 2017).

Importantly, caspase-8 also represents an essential
molecular link between the extrinsic and intrinsic pathways
through BID cleavage (Tummers and Green 2017). Upon
cleavage, truncated BID translocates to mitochondria and
promotes BAX/BAK-mediated mitochondrial membrane
permeabilization, amplifying apoptotic signaling (Qian et
al. 2022; Wyzewski et al. 2025). Therefore, modulation of
BID may contribute to coordinated activation of mitochon-
drial apoptosis by ASE.

The intrinsic apoptotic pathway is activated in response
to intracellular stress signals such as oxidative stress and
DNA damage and is tightly regulated by proteins of the
Bcl-2 family (Yaacoub et al. 2016; Kashyap et al. 2021).
In this pathway, the balance between pro-apoptotic and
anti-apoptotic proteins determines mitochondrial outer
membrane permeabilization and subsequent activation of
downstream caspases (Yuan and Ofengeim 2024).

In the present study, ASE upregulated the pro-apoptotic
proteins BAD, BID, and BAX regardless of PCa stage,
while simultaneously downregulating the anti-apoptotic
proteins BCL-2, BCL-xL, and MCL-1. These findings indi-
cate that ASE promotes a favorable pro-apoptotic balance
that may facilitate mitochondrial dysfunction and apoptotic
progression.

BID, BAD, and BAX exert complementary but distinct
functions during intrinsic apoptosis. Following activation,
BID cooperates with BAX by facilitating its insertion into
the mitochondrial membrane, thereby enhancing mitochon-
drial permeabilization (Qian et al. 2022). BAD contributes
to apoptosis by neutralizing anti-apoptotic proteins such as
BCL-2 and BCL-xL, allowing BAX activation and cyto-
chrome c release (Bui et al. 2018; Wu et al. 2021). BAX
and BAK activation represent a critical irreversible step in
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intrinsic apoptosis, leading to mitochondrial dysfunction
and release of apoptogenic factors (Li et al. 2021).

Previous studies involving A. crassiflora-derived com-
pounds and related phytochemicals are in agreement with
these findings. Lemos et al. (2025) demonstrated increased
BAX expression in LNCaP and 22Rvl cells treated with
ASE. Quercetin, identified as a major compound in ASE,
increased BAX levels in PC-3 and LNCaP xenograft tumors
and promoted BAD activation in LNCaP cells (Lee et al.
2008; Yang et al. 2015). Similarly, quercetin-3-glycoside
induced BID cleavage and increased BAX levels in HeLa
cells (Nile et al. 2021), whereas 4. muricata extracts
increased BAX expression and mitochondrial disruption in
colon cancer cells (Zorofchian Moghadamtousi et al. 2014).

Mitochondrial permeabilization promotes cytochrome
c release and apoptosome formation with Apaf-1, leading
to activation of initiator caspase-9 and downstream effector
caspase-3 (Asadi et al. 2022). In agreement with this mecha-
nism, ASE increased initiator and effector caspase levels in
late prostate lesions (including HGPIN and WDAC) of PCa,
whereas caspase-3 activation was not observed in early
prostate lesions (predominantly LGPIN), suggesting stage-
dependent apoptotic activation.

In agreement with the present findings, Lemos et al.
(2025) reported activation of procaspase-9, caspase-9, and
procaspase-3 in LNCaP and 22Rv1 cells treated with ASE.
Likewise, crude 4. crassiflora extract activated caspase-3
and caspase-9 in cervical cancer models (Silva et al. 2018).
Catechin, another major ASE compound, also activated cas-
pase-9 and caspase-3 in PC-3 cells (Chen and Tsai 2016).
Furthermore, quercetin alone or combined with resvera-
trol promoted caspase-8 and caspase-9 cleavage in aged
TRAMP mice (Singh et al. 2020).

Anti-apoptotic proteins such as BCL-2, BCL-xL, and
MCL-1 are critical regulators of mitochondrial apoptosis
and contribute to tumor progression and therapeutic resis-
tance by preventing BAX/BAK activation and cytochrome
¢ release (Tzifi et al. 2011; Valentini et al. 2022). ASE
reduced BCL-2, BCL-xL, and MCL-1 protein levels across
different lesion profiles of PCa, reinforcing its potential as a
pro-apoptotic agent.

These findings are supported by previous studies demon-
strating that ASE reduced BCL-2 and BCL-xL expression
in androgen-dependent and androgen-independent PCa cell
lines (Lemos et al. 2025). In addition, quercetin combined
with resveratrol reduced BCL-2 levels in TRAMP mice
(Singh et al. 2020), while ferulic acid downregulated BCL-2
and MCL-1 expression in cervical carcinoma models (Luo
et al. 2020). Collectively, these findings reinforce the anti-
tumor potential of ASE and related phytochemicals through
coordinated modulation of apoptotic regulators.
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Fig. 10 Schematic representation of apoptosis induction by extrinsic
and intrinsic pathways in late prostate cancer. There is an increase
in caspase-8, responsible for the activation of Bid and consequent
integration between the two pathways, as well as an increase in Bad,
Bax, caspase-9, and caspase-3, indicating sequential activation of the
apoptotic cascade. In contrast, there is a reduction in the antiapoptotic
proteins Bcl-2, Bel-xL, and MCL-1, favoring mitochondrial permea-
bilization and the progression of programmed cell death. Illustration
created using BioRender.com

Overall, the present findings suggest that ASE promotes
apoptosis in PCa through coordinated modulation of both
extrinsic and intrinsic apoptotic pathways (Fig. 10). The
simultaneous activation of pro-apoptotic mediators and
suppression of anti-apoptotic proteins may contribute to
mitochondrial dysfunction, caspase activation, and apop-
totic execution, supporting the therapeutic potential of ASE
against PCa progression. Despite these findings, the litera-
ture remains limited regarding the biological effects of 4.
crassiflora, particularly within the PCa microenvironment,
underscoring the need for further investigation of this native
Brazilian fruit.

In addition to its antitumoral effects, the safety profile of
ASE is a critical aspect for its potential application. There-
fore, in the present study, toxicity parameters were evalu-
ated, including body weight and hepatic histopathology of
the animals. According to Josephat et al. (2024), a reduc-
tion in body weight may be associated with toxic effects
of plant-derived compounds, which can lead to decreased
appetite and, consequently, reduced caloric intake. How-
ever, in the present study, a gradual increase in body weight
was observed in both the control group (water containing
10% DMSO) and the ASE treated group throughout the
experimental period. The absence of these alterations in the
present study suggests that neither the extract nor the dilu-
tion vehicle compromised normal metabolism or feeding
regulation, which, when affected, typically result in reduced
food intake and body weight loss (Josephat et al. 2024).

Histopathological evaluation of organs is widely recog-
nized as an essential parameter for determining the safety
of experimental substances, especially in in vivo studies
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(Al-Afifi et al. 2018). Taking this aspect into consideration,
the liver plays a central role, as it is the primary organ
involved in the metabolism of potentially toxic compounds
ingested through the diet (Josephat et al. 2024). In the present
study, the preservation of hepatic histological architecture,
without relevant morphological alterations in hepatocytes,
reinforces the absence of toxic effects associated with the
treatment, corroborating the body weight findings.

Despite the promising findings of the present study, some
limitations should be considered. The in vivo experiments
were conducted using only a single ASE concentration.
Although the chosen dose was supported by preliminary
pilot experiments conducted by our research group as well
as by previous studies involving Annonaceae-derived com-
pounds, further pharmacokinetic and toxicological char-
acterization is still necessary. Future investigations could
incorporate multiple dose levels, standard therapeutic con-
trols, and complementary mechanistic analyses to better
characterize the therapeutic potential, safety profile, and
translational relevance of ASE during PCa progression.

Another point that could be a limitation aspect in the
present study would be the absence of a validated positive
control, such as Docetaxel or Enzalutamide, which could
provide a benchmark for comparative efficacy and transla-
tional relevance. However, this study was designed as an ini-
tial preclinical investigation aimed primarily at evaluating,
for the first time, the biological and mechanistic effects of
ASE during PCa progression in the TRAMP model. Given
the limited literature regarding the biological effects of 4.
crassiflora, particularly in PCa, our initial objective was to
establish whether ASE could exert antitumoral activity and
modulate apoptosis-related pathways in vivo before pro-
gressing to comparative therapeutic approaches involving
conventional anticancer drugs. Nevertheless, future inves-
tigations should incorporate standard anticancer therapies,
both alone and in combination with ASE, to better deter-
mine potential synergistic effects, translational applicability,
and comparative efficacy relative to clinically established
treatments.

Another aspect to mention is related to the TRAMP
model and some limitation as an animal model, considering
that each animal model has inherent limitations. Although
the TRAMP model is widely recognized as an important
preclinical platform for investigating prostate carcinogen-
esis progression and chemopreventive interventions, due to
its reproducible development of lesions ranging from PIN
to adenocarcinoma, this model does not fully recapitulate
all aspects of human prostate cancer biology (Kido et al.
2019). One of the major limitations associated with murine
PCa models is the relatively low incidence and progression
of bone metastasis compared with human disease, as well
as the high frequency of neuroendocrine adenocarcinoma
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phenotypes, which represent only a small proportion of
PCa cases in humans (Chiaverotti et al. 2008; Rickman et
al. 2017; Kido et al. 2019; Saranyutanon et al. 2020). In
addition, TRAMP tumors may progress toward neuroendo-
crine phenotypes associated with SV40 T antigen-mediated
inactivation of the p53 and Rb pathways, a characteristic
that differs from the most prevalent forms of human pros-
tate adenocarcinoma (Chiaverotti et al. 2008; Rickman et al.
2017; Kido et al. 2019; Saranyutanon et al. 2020). Neverthe-
less, despite these limitations, the TRAMP model remains a
valuable and well-established experimental tool for investi-
gating PCa progression, androgen signaling, and the chemo-
preventive potential of food-derived bioactive compounds
capable of delaying PCa progression (Berman-booty et al.
2012; Kido et al. 2019).

Conclusion

The results of this study highlight the promising effects of
ASE against PCa progression. ASE modulated key biologi-
cal processes involved in prostate carcinogenesis progres-
sion, particularly in late prostate lesions (including HGPIN
and WDAC) of PCa. In addition, ASE did not induce hepa-
totoxicity, corroborating its safety profile in a preclinical
model. The maintenance of healthy prostatic epithelium and
the delay in the progression of premalignant and malignant
lesions were observed in TRAMP mice and were associated
with decreased cell proliferation, suppression of androgenic
activity, and activation of apoptosis. ASE was shown to
suppression of AR signaling, modulating a central signal-
ing pathway for tumor survival and progression. Further-
more, ASE demonstrated, for the first time, its ability to
induce apoptosis through different pathways in late prostate
lesions (including HGPIN and WDAC) of PCa in vivo. ASE
favors a pro-apoptotic balance by increasing BAX expres-
sion and reducing BCL-2 expression, key regulators of
mitochondrial permeabilization, in addition to increasing
active caspase-3 levels, an enzyme indispensable in both
the intrinsic and extrinsic pathways. Thus, ASE promotes
a pro-apoptotic environment unfavorable to tumor survival.
Taken together, these results reinforce the potential of ASE
to modulate prostatic homeostasis, indicating a promising
strategy with chemopreventive effects and potential as an
adjuvant therapy against prostate cancer.
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