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Abstract

Background: Tempol is a redox-cycling nitroxide that acts directly on inflammation.
However, few studies have reported the use of tempol in prostate cancer (PCa). The
present study investigated the effects of tempol on inflammation related to NF-kB
signaling, using hormone-dependent or hormone-independent cell lines and the
transgenic adenocarcinoma of the mouse prostate PCa animal model in the early and
late stages of cancer progression.

Methods: PC-3 and LnCaP cells were exposed to different tempol doses in vitro, and
cell viability assays were performed. The optimal treatment dose was chosen for
subsequent analysis using western blotting. Five experimental groups were
evaluated in vivo to test for tempol effects in the early (CT12 and TPL12 groups)
and late stages (CT20, TPL20-I, and TLP20-11) of PCa development. The TPL groups
were treated with 50 or 100 mg/kg tempol. All control groups received water as the
vehicle. The ventral lobe of the prostate was collected and subjected to
immunohistochemical and western blot analysis.

Results: Tempol treatment reduced cellular proliferation in vitro and improved
prostatic morphology in vivo, thereby decreasing tumor progression. Tempol
reduced inflammation in preclinical models, and downregulated the initial inflamma-
tory signaling through toll-like receptors, not always mediated by the MyD88
pathway. In addition, it upregulated ikB-a and ikB -f levels, leading to a decrease in
NF-kB, TNF-a, and other inflammatory markers. Tempol also influenced cell survival
markers.

Conclusions: Tempol can be considered a beneficial therapy for PCa treatment
owing to its anti-inflammatory and antiproliferative effects. Nevertheless, the action
of tempol was different depending on the degree of the prostatic lesion in vivo and
hormone reliance in vitro. This indicates that tempol plays a multifaceted role in the

prostatic tissue environment.
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1 | INTRODUCTION

Prostate cancer (PCa) is the most common noncutaneous malignancy
and the second most common cause of death among men in the
United States and Brazil.** Several authors have focused on the role
of inflammation in PCa development, based on the hypothesis that an
inflammatory injury could prompt carcinogenesis.>* Sustained
inflammation generates a multitude of reactive nitrogen and oxygen
species, cytokines, chemokines, and growth factors. The constant
high levels of these factors potentially lead to uncontrolled cellular
proliferation and enhanced genomic instability.> The NF-kB tran-
scription factor is considered a master regulator of inflammation in
cancer and is an important target in the control of disease
progression.®

Tempol (4-hydroxy-TEMPO) is a redox-cycling nitroxide that
participates in the metabolism of many reactive oxygen species (ROS)
and is considered a potent antioxidant.” It is a low-toxicity ampholyte
compound with a high capacity to permeate cell membranes, the
gastrointestinal tract, or the blood-brain barrier.® A series of tempol
functions have been reported in the literature, including preserving
mitochondria against oxidative damage, improving tissue oxygen-

210 playing a neuroprotective role,*! protecting normal cells

ation,
from radiation while maintaining radiation sensitivity of tumor cells,*?
and decreasing spontaneous tumor formation.® Tempol applications
have been studied over the years in animal injuries associated with
increased ROS production, including cancer.”

The antitumor and cancer-preventative activities of tempol have
been reported to be related to tempol interactions with cancer

|14

chemotherapeutic agents. Ewees et al.™" observed that tempol, used as

an adjuvant treatment with cisplatin, reduced nephrotoxicity and showed

.23 demonstrated the role

a protective role in the kidney. Recently, Ye et a
of tempol in the suppression of proliferation of ovarian cancer cells and in
glutamine metabolism, pointing to tempol as a therapeutic strategy in
association with other anticancer drugs.

In addition, tempol seems to act directly on inflammatory
processes, particularly on NF-kB modulation.’> However, despite
tempol application in cancer, few studies have reported its use in
PCa, and none of these studies have described its effects on
inflammation in PCa analyses.*¢”

Among the experimental procedures for the study of PCa, PC-3,
and LNCaP are the most common cell models used to understand
prostate tumoral behavior, and evaluate androgen responsiveness to
cancer.'®? Regarding in vivo studies, the transgenic adenocarcinoma
of the mouse prostate (TRAMP) model is considered a good
alternative for studying PCa progression and chemoprevention
approaches, with well-established cancer stages from 8 to 30 weeks
of age.2022

The aim of this study was to investigate the effect of tempol on
inflammatory markers related to NF-kB signaling, considering the
differential responses of PCa cell lines with distinct androgen
reliance, and the TRAMP model in the early and late stages of cancer
progression. We also aimed to show the histopathological effect of

tempol, focusing on prostate cell proliferation and tumor incidence.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

Human PCa cell lines PC-3 and LNCaP were obtained from American
Type Culture Collection (ATCC) and Rio de Janeiro Cell Bank,
respectively. Both cell lines were maintained in RPMI-1640 medium
(Vitrocell) at 37°C with 5% CO,, supplemented with 10% fetal bovine
serum (Vitrocell) and 1% penicillin/streptomycin (Vitrocell). Tempol
(4-hydroxy-TEMPO, 176141, Sigma Aldrich) was dissolved directly in
the medium at different concentrations.

2.2 | Determination of cell viability

Cells (PC-3 1x10* cells; LNCaP 1.5 x 10%) were plated in 96-well
plate in triplicate. After 24 h of incubation, cells were treated with or
without tempol diluted in the medium (0.5, 1, 2, 4, 8, and 10 mM)
for 24, 48, and 72 h. At the end of the treatment, the cells were
incubated with 80ul of thiazolyl blue tetrazolium bromide
(MTT; Sigma Aldrich, 5655) dye solution for 40 min. Then 80 ul of
DMSO was added to each well to dissolve purple formazan crystals
formed in viable cells. Optical density was measured at 570 nm in a
spectrometer reader (Synergy ™ 2, BioTek® Instruments, Inc). In
addition, a cell viability control experiment was performed using DHT
(5a-androstan-17B-ol-3-one, Sigma Aldrich, A-8380) for LNCaP cell
line. The 10 nM DHT concentration was included in the medium in
association to tempol (see Supporting Information: Figure 4).

The IC50 was calculated based on the MTT data. For subsequent
analyses, one dose was chosen according to two conditions: [1] the
dose must have presented statistical significance by analysis of
variance [ANOVA]-one-way test, post-Dunnet test; and [2] the dose
must be lower than pointed in IC50. The lowest dose to meet both
criteria in cell lines was found at 48 h of exposure to tempol, 1 mM
for PC-3 and 2 mM for LNCaP (see Supporting Information: Figures 1
and 2). To explore the effects of the same dose on a longer exposure

time, experiments. were also performed for 72 h of exposure.

2.3 | Animals and experimental procedures

Fifty male TRAMP mice (C57BL/6-Tg(TRAMP)8247Ng/J X FVB/NJ)F1/J)
were obtained from the Multidisciplinary Center for Biological Investiga-
tion of the State University of Campinas (CEMIB/UNICAMP). The animals
were divided into five experimental groups (n = 10) to evaluate the effects
of tempol in the early (CT12 and TPL12 groups) and late-stage (CT20,
TPL20-I and TLP20-II) of PCa development (Figure 1). TPL groups were
treated with 50 or 100 mg/Kg of tempol (4-Hydroxy-TEMPO, 97%,
Sigma-Aldrich—176141) diluted in water, five times a week, during
4 weeks. After that, the animals were euthanized and ventral prostate
lobes were processed for subsequent analyses. The experiment was
carried out in accordance to Ethics Committee in the Use of Animals
(CEUA 5115-1/2019, 5115-1(A)-2020).
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In vivo

Control (water) CT12
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FIGURE 1 Experimental groups for in vivo tempol treatment
according to prostate cancer progression

2.4 | Histopathological analysis

Five samples of ventral prostate lobe were collected from each
experimental groups and fixed in Bouin's solution. The samples,
washed in ethanol at 70%, passed through subsequent dehydration in
an increasing series of alcohols. The fragments were cleared in xylene
for 2h and embedded in ultrafiltered paraffin plus plastic polymers
(Paraplast Plus). Next, the prostate samples were sectioned using a
Hyrax M60 microtome (Zeiss), into a thickness of 5um. Then,
histological slides were stained in Hematoxylin-Eosin and photo-
graphed using a Nikon Eclipse E-400 photomicroscope (Nikon).

Histopathological analysis of the ventral prostate lobe was
performed by capturing 10 random fields at x400 magnification.
The photomicrographs were divided into four quadrants. In each
guadrant, prostate tissue was classified based on the morphological
characteristics: Healthy epithelium (HE), Low Grade Prostatic
Intraepithelial Neoplasia, High Grade Prostatic Intraepithelial Neo-
plasia, Well Differentiated Adenocarcinoma. Detailed classification
criteria can be found in the Supporting Information: Table 1. The
tissue morphological classification and lesion quantification were
based on Berman-Booty et al.,2° Gingrich et al.,?* Kido et al.?® and Da
Silva et al.>*

Animals that presented a palpable prostate tumor were counted
and classified for analyses for Undifferentiated Adenocarcinoma (UA)
incidence. The lobe-specific tumor incidence was confirmed by
dissection during the euthanasia. These data were represented in
tumor incidence percentage and then this distribution was evidenced

in the each prostate lobe.

2.5 | Immunohistochemistry

Prostatic samples from the ventral lobe of 5 animals per group were

collected and submitted to immunohistochemical analysis for PCNA,
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iNOS, COX-2, and IL-17 (for technical specifications, see Supporting
Information: Table 2). The prostate samples were sectioned using a
Hyrax M60 microtome (Zeiss) into a thickness of 5 um, and collected
in silanized slides. The antigen recovery was performed in citrate
buffer (Ph 6.0) at 100°C in the microwave or treating with proteinase
K, depending on the characteristics of the antibody. Blockade of
endogenous peroxidases was obtained with H,O, (0.3% in methanol)
with subsequent blockage in bovine serum albumin (BSA) solution
(3% in TBS-T), during 1 h at room temperature. The antibodies were
diluted (1:35-500) in BSA 1% and applied in the tissue sections. The
slides were storage overnight at 4°C. After TBS-T buffer washing, the
sections were incubated with HRP conjugated secondary antibody
from the Envision HRP kit (Dako Agilent) for 40 min and, later
revealed with diaminobenzidine, according to manufacturer's instruc-
tions. The slides were counterstained with Harris' hematoxylin and
analyzed using Nikon Eclipse E-400 photomicroscope (Nikon, x40).

After immunostaining, 10 photomicrographs per animal per
molecule were captured and a grid of 400 intersection points was
superimposed on each photomicrograph. The grid intersections were
considered positive points when located over a positive region for
the analyzed molecule. To determine the intensity of immunostaining,
the number of positive points was divided by the total number of grid
points (400). The mean of each group was composed of the mean of
the relative frequency of proliferating cell nuclear antigen (PCNA),
iNOS, COX-2, and IL-17 for each animal.

2.6 | Western blot analysis

2.6.1 | Sample preparation
In vitro analysis: PC-3 (3x10°) and LNCaP (4 x 10°) cells were
seeded in 60 mm? plates and allowed to attach overnight. Then, the
plates were treated with or without tempol for each cell line. The
samples were collected after 48 and 72 h of tempol treatment and
processed for protein extraction. The experiment was performed
with at least three passages of treated and properly processed PC-3
and LNCaP, being performed in technical and biological triplicate.

In vivo analysis: Prostatic samples (ventral lobe) were collected
from five animals from each experimental group and processed for
protein extraction.

2.6.2 | Protein extraction

In vivo and in vitro samples were lysed in nondenaturing extraction
buffer (Lysis Buffer:NaCl 150 mM, Tris-HCI 50 Mm,1% Triton, 0,1%
sodium dodecyl-sulfate [SDS], pH:8.00), plus 1% of aprotinin (A6279,
Sigma-Aldrich). Then, the samples were homogenized using ultra-
sonic sonicator SONICS VibraCellsTM (Sonics & Material, Inc) and the
tissue homogenate was centrifuged during 20 min at 15,000 rpm at
4°C. The protein quantification was measured by Bradford quantifi-
cation method. Samples were mixed (1:1) with 2X sample buffer
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Laemmli Sample Buffer (Bio-Rad Laboratories) plus 5% B-mercaptanol,
incubated in a dry bath at 95°C for 5 min.

2.6.3 | Electrophoresis

Equal amounts of protein (50 ug) were blotted into 10%-12% SDS-
PAGE gel and transferred onto nitrocellulose membranes (Hoefer
System). Membranes were blocked in BSA 3% and the blots were
incubated overnight with primary antibodies (for technical specifica-
tions, see Supporting Information: Table 2) and 2 h with a secondary
antibody in the following day. The blot images were developed using
a chemiluminescence kit (Super Signal West Pico Chemiluminescent/
Thermo Scientific/34080). The bands were visualized and captured
by GeneGenome - Genesys system and chemicamera (Syngene).
Pixels densitometry was calculated using the Uni-Scan-It 6.1
Program. B-actin was used as endogenous control for in vivo and in

vitro analysis.

2.7 | Statistical analysis
In vitro analysis: Student's t-test was performed comparing control
and treated groups for the chosen time points. ANOVA-one-way
followed by Dunnett's test was carried out for cell viability assay.

In vivo analysis: the statistical analysis was considered separately
for early-stage and late-stage groups. For the early-stage, Student's t-
test was performed. For the late-stage, ANOVA-one-way was
performed, followed by Tukey's test.

All data was previously considered parametric after Shapiro-Wilk's
Test. The statistical analysis were perfomed using GraphPad Prism and

with the level of significance set at 5% (version 7.00).

3 | RESULTS

3.1 | Decrease in cell viability in human PCa after
tempol treatment

To determine the best experimental conditions, PC-3 (androgen-
independent) and LNCaP (androgen-dependent) cell lines were
exposed to different tempol concentrations for 24, 48, and 72h.
During the 24 h exposure, PC-3 cells showed lower sensitivity
(IC50 = 6.3 mM) to tempol than LNCaP cells (ICso=4.2 mM). How-
ever, the PC-3 cells became more sensitive to tempol concentrations
over time, leading to significant inhibition after 48 h (ICso = 2.5 mM)
and 72 h (1.9 mM) at 1.0 mM concentration (Figure 2A—see criteria
for dose choice in Section 2 and Supporting Information: Material
2.1). In contrast, LNCaP presented a plateau behavior with similar
responses during the 48 h (IC5o=2.3mM) and 72h (ICso=2.2Mm)
periods, leading to significant inhibition at 2.0 mM concentration
(Figure 2B —see criteria for dose choice in Section 2 and Supporting
Information: Material 2.1).

These results suggest that the efficacy of tempol may be related
to the androgen responsiveness of human PCa cells. The LNCaP cell
androgen dependence indicates early but sustained inhibition of
viability caused by tempol throughout time. This result was confirmed
based on the decrease in AR and PCNA protein levels with tempol in
LNCaP cells at 48 and 72 h (Figure 2D). However, the lack of PC-3
androgen responsiveness suggests a time dependence of the tempol
action. This result was confirmed by the decrease in PCNA in PC-3
after 1.0 mM treatment for 48 and 72 h (Figure 2C).

3.2 | Tempol modulated NF-kB signaling pathway
in human PCa cells

The anti-inflammatory effect of tempol on PC-3 and LNCaP cells was
evaluated, as different protein levels are related to the NF-kB
pathway (Figure 3).

Two main mechanisms were observed in both cell lines after
tempol exposure. The first mechanism involved downregulation of
the initial inflammatory signaling through toll-like receptors. Tempol
treatment showed no effect on TLR4 (Figure 3A,B), but decreased
TLR2 levels after 48 and 72h of exposure in both cell lines
(Figure 3C,D). In addition, tempol downregulated MyD88, an
important cytosolic adapter protein that plays a central role in the
immune response (Figure 3E,F). The similar TLR4, TLR2, and MyD88
responses for LNCaP and PC-3 cell lines following tempol exposure
suggest that tempol acts directly through the TLR-MyD88 pathway.

The second mechanism observed in both cell lines may be related
to cytosolic NF-kB inhibition. Tempol upregulated ikB-a and ikB-
levels. IkB-a was upregulated after 48 h of tempol treatment in PC-3
and after 72 h in LNCaP cells (Figure 3G,H). IkB-B was particularly
affected by tempol treatment, and was upregulated after 48 and 72 h
in both cell lines (Figure 31,J).

3.3 | Downregulation of NF-kB and other
inflammatory marker levels after tempol exposure in
human PCa cells

PC-3 cells showed a decrease in NF-kB total protein levels and
TNF-a levels for all tempol treatment at different exposure times
(Figure 4A,E). Effective downregulation of NF-kB after 72 h of tempol
exposure was identified in LNCaP cells (Figure 4B). TNF-a inflamma-
tory marker levels decreased in LNCaP cells after 48 and 72 h of

exposure (Figure 4F).

3.4 | Possible interference of tempol in
mechanisms related to cell death and survival in
human PCa cell lines

The results showed that tempol interfered with cell death and
survival markers. Tempol caused negative modulation of STAT-3,
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an important transcription factor related to the activation of
inflammatory genes, in both cell lines for both treatment times
(Figure 5A,B). In addition, tempol reduced BCL-2 antiapoptotic
protein levels, mainly in the androgen-independent cell line PC-3
(Figure 5E). BCL-2 reduction occurred only after 72 h of tempol
exposure in LNCaP androgen-dependent cells (Figure 5F). In
contrast, tempol treatment did not affect the proapoptotic
protein BAX (Figure 5G,H). A similar result was observed for
caspase-3, which is related to cell death and was reduced after
48 h only in LNCaP cells (Figure 5J).

3.5 | Tempol reduced malignant lesion incidence
changing PCNA and AR protein levels in vivo

In the TRAMP model, tempol treatment increased the frequency of
HE in PCa early and late stages. Low-grade PIN was not altered in

either stage, but the high-grade PIN incidence was significantly
reduced in TPL12 and TPL20-I. The 100 mg/kg tempol dose in the
TPL20-1I group had no effect on high-grade PIN frequency.
All treatments reduced the incidence of well-differentiated adeno-
carcinoma in the tempol groups compared to the respective
control groups. Finally, we observed not only an improvement in
but

immunolocalization (see

parameters after tempol
in  PCNA epithelial

Supporting Information: Material 2.2). In addition, AR protein levels

the morphological treatment,

also a reduction
decreased after tempol treatment in PCa early stages. In the late
stage, we observed AR level reduction only in the TPL20-1l group
(Figures 6 and 7).

In the early stages, undifferentiated adenocarcinomas were not
frequently observed. However, in the CT20 group, approximately
80% of the animals presented visible tumors. Results in the late stage
showed a low incidence of undifferentiated adenocarcinomas in the
TPL20-1 and -1l (Figure 7) after tempol treatment.
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3.6 | Tempol-mediated NF-kB modulation in
cancer progression stages in vivo

Evaluation of the anti-inflammatory effects of tempol at different
PCa stages showed important differential responses based on the
cancer stage. Specifically, NF-kB signaling was modulated in vitro
after exposure to tempol.

The mechanism of initial inflammatory signaling through toll-like
receptors showed differential involvement of TLR4, TLR2, and
MyD88 in the early and late stages of the treatment. In the early
stages, TLR4 (Figure 8A) was not altered after treatment; however,
tempol downregulated TLR2 levels (Figure 8C). At this stage, we
observed an increase in MyD88 expression after exposure. At the
same time, tempol decreased TLR4 and increased TLR2 levels at both
treatment doses in the late stage (Figure 8B,D). MyD88 protein levels
decreased with TPL20-1 treatment and increased with TPL20-II
treatment (Figure 8F). Thus, the MyD88 results suggest that the
initial inflammatory signaling in vivo was not always MyD88-
dependent.

The mechanism related to NF-kB cytosolic inhibition showed
that ikB-B was particularly affected by tempol treatment, which was
similar to the results observed for the cell lines (Figure 81,J). IkB-a was
downregulated in the early stage of treatment and upregulated in the
late stage (Figure 8G,H).

3.7 | Tempol-mediated downregulation of
inflammatory markers in vivo

NF-kB total protein levels were downregulated in the early stage
after tempol treatment (Figure 9A). In the late stage, both doses
decreased NF-kB levels, and pNF-kB levels increased with TPL20-II
(Figure 9B,D). TNF-a, an important pro-inflammatory cytokine,
decreased after tempol treatment with TPL12, TPL20-l, and-llI
(Figure 9E,F).

Other inflammatory markers were determined in the TRAMP
model, and we observed a decrease in iINOS, COX-2, and IL-17
immunostaining during the early stage of treatment (Figure 9A-F).
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COX-2 and iNOS did not respond to tempol treatment during the late
stage (Figure 9G-0). (See Supporting Information: Material 2.2).

3.8 |
in vivo

Tempol influenced cell death and survival

Tempol treatment altered STAT-3 and pSTAT-3 protein levels in the
TRAMP model. In the early-stage, STAT-3 decreased in the TPL12 group
(Figure 10A). In the late-stage, STAT-3 increased in the TPL20-II group
and pSTAT-3 decreased in the TPL20-I and-Il groups (Figure 10B,D).
We observed an increase in BCL-2, an antiapoptotic protein,
associated with a decrease in BAX, a proapoptotic protein, in the
early stage (Figure 10E,G). This tendency was very different from
what was observed in the cell lines, suggesting an attempt towards
tissue protection in this stage of cancer progression and a
morphological dominance of healthy tissue in the TPL12 group. In
the late stage, BCL-2 levels increased, and BAX levels decreased in

the TPL20-II group (Figure 10F,H).

4 | DISCUSSION
The relationship between the inflammatory process and tempol
application in PCa preclinical models is reported for the first time,

showing the potential therapeutic role of tempol in inflammation. The
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results indicate molecular alterations in inflammatory signaling not
only in vitro, in PC-3, and LNCaP tumor cells, but also in vivo, in the
early and late stages of the TRAMP model cancer progression.
Tempol treatment improved histopathological features of the
prostate ventral lobe and delayed PCa evolution, protecting the
tissue from the advance of cancer, particularly in the early stages.

Tempol is considered a nontoxic compound; however, there is no
consensus on the dose and/or time for drug administration.” Some in
vitro studies have evaluated different tempol doses ranging from
0.25 to 4mM!®'” on PCa cell lines; however, the correlation
between dose and time of exposure was not evaluated. In this study,
cell viability results showed that the sensitivity to tempol can be
directly linked to the androgen independence or dependence of PC-3
and LNCaP cells. Thomas and Sharifi'” determined that AR protein
levels decreased in LNCaP cells after treatment with 2.5 mM tempol
for 48 h, which was confirmed by the increased number of LNCaP
cells in the sub GO phase.

In agreement with the cell viability results, the histopathological
improvement in the TRAMP ventral lobe in the early and late stages
was associated with decreased AR and PCNA levels. The histological
findings can be considered as a tempol dose reference and time
administration guide for in vivo experiments, since this was the first
time that tempol was tested on the TRAMP model. In vivo studies,
which added tempol to water, were largely effective at 1-6 mM
concentrations and showed no evidence of dose dependence
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in this concentration range. In the present study, tempol's
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FIGURE 10 Transgenic adenocarcinoma of the mouse prostate model protein levels in early and late-stage of cancer progression,

representative bands of protein blots and the respective fold-change related to control. For CT12 and TPL12, statistical significance was
considered between the treated and nontreated group (*p < 0.05; **p < 0.01; ***p < 0.0001). For CT20, TPL20-1 and TPL20-II, letter “a” denotes
statistical significance when compared to CT20 group and letter “b” denotes statistical significance when compared to TPL20-I group (*p < 0.05;
**p < 0.01; ***p < 0.0001).
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dose-dependent effect on the TRAMP prostate was not clearly
observed in the TPL20-II.

The relationship between tissue remodeling, proliferation signals,
and inflammatory markers has already been established in the
literature.” Therefore, the decrease in cell viability in vitro, prostate
lesion, and tumor incidence in vivo can be considered positive signals
of the anti-inflammatory role of tempol. Studies have shown that
decreased cell proliferation is a strong signal of reduced NF-«kB
expression.?> Androgen-independent cell lines, such as PC-3 and DU-
145, have shown higher NF-kB levels than androgen-dependent cell
lines, such as LNCaP and PNT1A, which have low basal NF-kB
activation.?4?” Shukla et al.?® determined increased NF-kB expres-
sion during PCa progression in TRAMP model. In the present study,
tempol treatment downregulated NF-kB levels in all experimental
procedures studied. Based on this, we suggested a mechanistic
hypothesis for the effect of tempol, indicating two distinct modula-
tion points: () tempol led to a decrease or delay in the onset of the
inflammatory cascade, and (ll) tempol increased the NF-kB inhibitor
levels in vitro and in vivo.

Regarding the ability of tempol to decrease or delay the onset of
the inflammatory cascade, decreased TNF-a levels confirmed this
hypothesis in in vitro and in vivo evaluations. Nonactivated NF-kB is
located in the cell cytoplasm in association with proteins known as
NF-kB inhibitors, such as ikBs.2”3° NF-kB is then quickly recruited in
response to a wide variety of stimuli, including pathogen signals, stress
signals, and pro-inflammatory cytokines such as TNF-a and interleu-
kins.3 Similarly, TNF-a production is amplified by NF-kB activation,
leading to an intensification of the inflammatory process due to the
greater production of inflammatory cytokines in a positive feedback.®!
The reduction in TNF-a levels in all experimental procedures studied
here emphasizes the potential of tempol as an eligible PCa therapy due
to the suppressive effects on inflammation in the various pathways of
this disease. Moreover, the decrease in NF-kB total protein levels also
decreased the inflammatory cascade activation.

Decreased initial inflammatory signaling by tempol was con-
firmed by the differential modulation of toll-like receptors and
MyD88. TLR4 and TLR2 have been widely investigated in the PCa
microenvironment, and their expression is not restricted to immune

I*2 and cancer cells.®®

cells, but also to healthy prostatic epithelia
TLR4 and TLR2 showed differential expression in LNCaP and PC-3
tumor cell lineages, and both of these receptors are linked to the
MyD88 factor and NF-kB activity in the inflammatory pathway.>*
Based on the present results verified in tumoral cells PC-3 and
LNCaP, tempol predominantly modulated TLR2 and MyD88, but did
not involve TLR4. Literature has shown that the signaling pathway
through TLRs, especially through TLR4, can be regulated depending
on MyD88 involvement.®> The lower MyD88 levels found after
tempol treatment, indicate that inflammation signaling may be
modulated by tempol in the tumoral cells by means of a MyD88-
dependent pathway. TLR4 activation, when dependent on the
MyD88 coupler, leads to MyD88 activation, which recruits IRAK
and TRAF6 mediators, and degrades ikK-B, uninhibiting NF-kB, and

resulting in the production of pro-inflammatory cytokines.®®

The Prostate_\\/ LEY—Q

Considering the in vivo results of the present study, early stage
treatment was characterized by increased MyD88 levels. Thus, it can
be hypothesized that the effect of tempol does not always depend on
MyD88 in the TRAMP model. This is probably due to a decrease in
inflammatory signaling caused by lower TLR2 activation. In contrast,
the TLR4 level decrease in the late-stage cancer group suggests a
decrease in inflammatory signaling by means of the TLR4-MyD88-
dependent pathway, demonstrating that the 50 mg/kg tempol dose
was more efficient than the 100 mg/kg dose in decreasing MyD88.

In addition, tempol activated the NF-kB inhibitor family, pointing to
another downstream mechanism for inflammatory markers. We
evaluated ikB-a and ikB-f protein levels, which play an additional role
in regulating NF-kB activity when they are degraded. IkB-a is
responsible for rapid and transient NF-kB activation, which is then
quickly degraded in response to extracellular signaling and is resynthe-
sized soon after.%® In turn, ikB-B regulates chronic and persistent NF-kB
activation.3” Tempol significantly increased the ikB-p levels, which were
consistently upregulated in all experimental PCa methods in this study.
Based on this fact, we can infer that tempol stimulates chronic and
persistent NF-kB maintenance in the cytosol, and that one of the
mechanisms is associated with an increase in ikB- levels.

Tempol decreased other in vivo inflammatory markers, such as
IL-17, COX-2, and iNOS, particularly in the early stage group, which is
known to be involved in the transition from prostatic intraepithelial
neoplasms to well-differentiated or undifferentiated adenocarci-
noma.>® The present results indicate that tempol also interferes
with cellular death and survival. BAX and BCL-2 are related to STAT-
3 and are directly involved in apoptosis and programmed cell death,
thereby maintaining the balance between healthy survival and tissue
death.3? The mechanism of increasing antiapoptotic proteins, such as
BCL-2, or decreasing proapoptotic proteins, such as BAX, is an
important mechanism by which tumor cells escape apoptosis.1®-34°

A significant tempol effect was observed in PC-3 and LNCaP
cells, with decreased BCL-2 levels. However, the effects of tempol
were not as evident for caspase-3 and proapoptotic BAX. The in vivo
results suggest that tempol functions as a tissue protector, increasing
BCL-2 and decreasing BAX in the early stage. Studies have pointed
out that tempol is a tissue protector and an important drug in
adjuvant therapies.** In addition, the morphological results confirmed
the predominance of healthy tissue in the prostatic epithelium of
TRAMP mice in the TPL12 group compared to that in the CT12
group. Ge et al.** showed that tempol led to the upregulation of BCL-
2 and BAX decrease in an induced acute hepatotoxic model. In the
late-stage group, tempol particularly interfered with the pSTAT-3
levels, decreasing the phosphorylation rate at both tempol treatment
doses. This is an important finding, since STAT-3 is a transcription
factor that regulates gene expression related to the cell cycle, cell
survival, and immune response, and is associated with cancer
progression and malignancy.*? Based on these results, tempol did
not seem to exert its effects on proapoptotic proteins in any
experimental procedure considered. In contrast, it modulated
STAT-3, which is essential for cell survival and is directly involved
in NF-kB signaling.*®



ROSSETTO ET AL

i‘—Wl LEY-The Prostate

5 | CONCLUSION
This study identified that tempol affected the viability, proliferation,

and survival of human PCa cell lines with distinct genetic
backgrounds.

Tempol demonstrated chemopreventive activity, delayed PCa
progression in the TRAMP model, and protected healthy prostate
tissues. Furthermore, doubling the tempol dose in vivo did not
maximize the effects of the lowest dose on the glandular response.
Tempol was efficient in the inflammatory process, affecting toll-like
receptors, activating or not the MyD88-dependent pathway, and
increasing NF-kB inhibitors.

Finally, tempol can be considered a beneficial therapy for PCa
treatment with anti-inflammatory and antiproliferative effects.
Nevertheless, the effect of tempol was different depending on the
degree of the prostatic lesion in vivo and hormone reliance in vitro.
This indicates the multifaceted role of tempol in the prostatic tissue
environment. Thus, further research will be useful to obtain more
details about the effect of tempol in PCa angiogenesis, oxidative

stress, and matrix remodeling.
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