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Abstract

Inflammation, oxidative stress, and androgen activity are key features in benign prostate
hyperplasia (BPH). Risks associated with the long-term use of 5a-reductase inhibitors
have led to the search for alternative therapies, including food supplements. This study
investigates the effectiveness of the combination of pollen extracts, namely Graminex®G96®
(G) and Teupol 25P (T), towards oxidative stress and inflammation on human macrophages
and benign prostate hyperplasia cells (BPH-1), both of which are LPS stimulated. The
Nrf2-dependent antioxidant intracellular cascade as well as the NF-«kB-driven inflammatory
cascades were analyzed. The anti-proliferative effect of G and T, alone and in association,
were evaluated on prostatic adenocarcinoma cells (PC-3) and BPH-1 cells. Finally, the
inhibitory activity of GT on 5a-reductase was investigated in PC-3 cells by measuring
epiandrosterone amounts, with the S5x-reductase inhibitor finasteride administered for
comparison. All experiments were conducted in triplicate; data are presented as mean
values =+ standard deviations. Statistical analysis was performed using one-way analysis of
variance. Our work demonstrates that GT promotes Nrf2-dependent antioxidant responses
and counteracts the NF-kB-driven pathway in macrophages. GT is effective in counteracting
the expression of pro-inflammatory cytokines and the generation of reactive oxygen species
by promoting HO-1-dependent antioxidant responses in BPH-1 cells. GT reduces PC-3
and BPH-1 proliferation when associated with finasteride through a statistically significant
inhibition of 5x-reductase activity. Data obtained in vitro and in silico demonstrate the
potential efficacy of a multitargeted approach in the treatment of BPH.

Keywords: macrophages; Nrf2; NF-kB; benign prostate hyperplasia; teupolioside;
graminex pollen; inflammation
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1. Introduction

Benign prostate hyperplasia (BPH) affects 50% of the male population aged between
51 and 60 worldwide. It is caused by a dysregulated proliferation of cells in the connective
tissue, smooth muscle, and glandular epithelium within the prostate transition zone,
causing lower urinary tract symptoms (LUTSs) which can become disabling as the disease
progresses [1]. Besides aging, another relevant factor for BPH development is androgenic
activity, whose role is still debated.

Testosterone is the most common androgen responsible for prostate growth. It is
converted by the S5x-reductase in dihydrotestosterone (DHT), a metabolite strictly involved
in BPH and prostate cancer occurrence [2]. To date, first-line treatment is represented by
5a-reductase inhibitors, suited for long-term therapy in patients with a predominantly
voiding dysfunction. Finasteride and dutasteride are the main drugs prescribed. They
inhibit the enzymatic conversion of testosterone in DHT and induce apoptosis in epithelial
cells, reducing prostate size and the progression of hyperplasia [3]. The most common
adverse effects are erectile dysfunction and reduced libido. However, the main concern is
about the risks associated with long-term use including insulin resistance, potential kidney
dysfunction, non-alcoholic fatty liver disease, and type 2 diabetes [4].

In this scenario, innovative therapeutic approaches exploiting alternative molecular
mechanisms implicated in BPH development, such as inflammation, oxidative stress, and
enzymatic and dietary factors, are still needed. The increasing oxidative state in many
tissues, typical of advanced age, plays a fundamental role in BPH and prostate cancer
occurrence, making these pathologies prevalent in elderly men. In this population, levels
of antioxidant enzymes have been found to be significantly decreased, thus leading to
a pro-oxidant condition which promotes the disease’s progression. Recently, it has been
reported that nuclear factor erythroid 2-related factor 2 (Nrf2) target genes are down-
regulated in BPH [5]. Nrf2 is considered the key regulator of the intracellular antioxidant
response, being the master regulator of the transcription of genes involved in cellular de-
fense mechanisms and redox homeostasis maintenance by counteracting the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B)-driven inflammatory response and
regulating apoptotic genes expression. In the prostate gland, inflammation promotes the
production of free radicals, reactive oxygen species (ROS), and reactive nitrogen species
(RNS), a self-sustaining process which culminates in chronic inflammation and prostate
hypertrophy [6]. It was found that the infiltration of pro-inflammatory macrophages in the
transition zone (TZ) of the gland plays a key role in the pathogenesis of BPH by inducing
an increase in stromal proliferation [7]. An increasing interest in the use of phytotherapies
and dietary supplements in BPH prevention has been registered. The most studied and
used medicinal plants are Serenoa repens, Pygeum africanum, Urtica dioica, Cucurbita pepo,
and Secale cereale. Products containing Serenoa repens extracts are the most frequently used
because of their anti-inflammatory, antiandrogenic, and anti-proliferative properties [8,9].
The large plethora of Serenoa-based commercial formulations usually contains an amount
of this plant material obtained through different extraction techniques, thus hampering the
reproducibility of the clinical studies and the assessment of the proper efficacious dose [10].
Conversely, Graminex®, alone or in combination with other natural substances, is usually
obtained by the same procedures and it is a certified natural material standardized in
specific components (phytosterols and x-amino acids). In addition, we have also further
characterized its phytochemistry, antioxidant activity, and anti-inflammatory effects in
our previous papers [11,12], thus improving the correlation between biological activity
and chemical profile. Lastly, Di Pasquale et al. have clinically assessed the ameliorative
role of Graminex® in patients treated with greenlight laser XPS photovaporization of the
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prostate [13], whereas Cai et al. have reported the antiproliferative role of Graminex®

against prostate cancer cells (especially in hormone-independent models such as PC-3) [14].

Teupolioside, also known as Lamiuside A, is a phenylpropanoid glycoside found
in Ajuga reptans: it is a secondary metabolite endowed with antioxidant properties and
other pharmacological activities [15-17]. Recently, it was suggested to have an indirect
role in suppressing androgen activity by interfering with the 5o-reductase activity that
looks promising for BPH treatment [18]. Building upon the provided information, the
current study aims to investigate whether the combination of Graminex®G96® Pollen
and Teupol 25P (a pesticide- and diterpenoid-free crop production standardized in 25%
phenylpropanoids with a teupolioside content >97% w/w and biotechnologically produced
by the IRBN22 A. reptans cell line) might demonstrate a synergistic effect in terms of the
anti-inflammatory effect on LPS-stimulated human macrophages and the anti-proliferative
action on human prostate cancer cells (PC-3) sensitive to the inhibition of 5x-reductase.
The concentrations of Graminex® G96® Pollen and Teupol 25P were adjusted to maintain
a fixed ratio of 8.33 (GT), reflecting the precise formulation present in the commercially
available dietary supplement. This ratio was specifically chosen to ensure the experimental
conditions closely align with real-world usage, thereby enhancing the relevance and appli-
cability of the findings. The NF-«B and Nrf2 signaling pathways were monitored and the
antioxidant power was investigated through the observation of the catalase activity.

Additionally, to evaluate the antioxidant and anti-inflammatory effects of Graminex®
G96® (G), Teupol 25P (T), and their combination (GT), an immortalized human cell line
representative of benign prostatic hyperplasia (BPH-1) was used to perform further experi-
ments. In conclusion, the activity on the Sa-reductase enzyme was checked through the
measurement of epiandrosterone, a metabolite of dehydroepiandrosterone (DHEA) via
the 5a-reductase enzyme. Finasteride was used as a reference compound. In silico studies
corroborated this inhibitory action.

2. Materials and Methods
2.1. Cell Cultures

Undifferentiated human monocytes (CRL-9855™) and human prostatic adenocar-
cinoma cells (PC-3™ cell line) were purchased from ATCC® (American Type Culture
Collection) through the LGC Standards S.rl. (Sesto San Giovanni, Milano, Italy) and
benign prostatic hyperplasia (BPH-1) epithelial cells were purchased from Deutsche
Sammlung Von Mikroorganism Und Zellkulturen-GmbH [DSMZ-GmbH, Science Campus
Braunschweig-5Siid, Germany]. Cells were sub-cultured in RPMI 1640 (Merck, Darmstadt,
Germany) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% peni-
cillin/streptomycin, and 1% sodium pyruvate (all from Gibco, Invitrogen, Life Technologies,
Carlsbad, CA, USA) at 37 °C and 5% CO,.

For differentiation into macrophages, monocytes were seeded in multi-well culture
plates and stimulated with 100 ng/mL of PMA (phorbol-12-myristate-13-acetate, purchased
from Merck, Darmstadt, Germany, stock solution 1 mM in DMSO) in complete RPMI for
48 h at 37 °C and 5% CO,.

2.2. Establishment of the Inflamed Environment and Cell Treatments

In the first set of experiments, macrophages under basal conditions and after LPS stim-
ulation (LPS 0.5 ug/mL, lipopolysaccharide from E. coli, purchased from Merck, Darmstadt,
Germany, stock solution 1 mg/mL in water) were exposed to increasing concentrations of
Graminex® G96® (G) (a solvent-free 15:1 ratio of a water-soluble pollen extract and a lipid-
soluble pollen extract) and Teupol 25P (T) (an Ajuga reptans (Lamiaceae) cell culture extract,
standardized in phenylpropanoids, mixed with maltodextrins that guarantees a titration of
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at least 25% teupolioside), which were kindly provided by IDI (Integratori Dietetici Italiani
S.rl., Aci Bonaccorsi, CT, Italy). These were diluted in complete growth medium at the ratio
of 8.33 (GT), according to the mixture percentages in the commercial product Xipag® for
24 h. G and T were mixed as follows: 500 ng/mL and 60.2 pg/mL (GT1), 250 pg/mL and
30.1 ug/mL (GT2), 125 ug/mL and 15 ug/mL (GT3), 62.5 ug/mL and 7.5 pg/mL (GT4),
31.25 pg/mL and 3.75 pg/mL (GT5), and 15.6 pg/mL and 1.87 pug/mL (GT6). In parallel,
cells were exposed to G and T separately at the same concentrations used in the mixtures.
Untreated cells were used as control (CTRL).

In a second set of experiments, PC-3 cells were exposed to concentrations of G, T, or
GT selected from previously performed experiments on human macrophages, or rather
GT2, GT3, or GT4 and G or T separately at the same concentrations used in the mixtures.
In parallel, the 5x-reductase inhibitor finasteride was used as a comparison. PC-3 cells
were exposed to increasing concentration of finasteride (0.1-10 pM) and processed for
further experiments.

In a third set of experiments, to evaluate the anti-inflammatory effect of the most
promising combination (GT2), an in vitro model of inflammation was established using
lipopolysaccharide (LPS) at 10 pg/mL in BPH-1 cells.

2.3. Cell Metabolic Activity (MTT)

The MTT test was performed in 96-well plates (Thermo Fisher Scientific, Waltham, MA,
USA) as a measure of cell metabolic activity. Cells were seeded at 0.5 x 10° (macrophages),
0.8 x 10° (PC-3 cells) cells/well, and 7 x 10° (BPH-1 cells) cells/well treated as previ-
ously described. At the established time point (24 or 48 h), the incubation medium was
harvested for further analyses and complete RPMI containing MTT [3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide, purchased from Merck, Darmstadt, Germany] at a
concentration of 0.5 mg/mL was added to each well. Cells were incubated for 4 h at 37 °C
and 5% CO,. After that, absorbance was measured at 540 nm using a spectrophotometer
(Multiscan GO, Thermo Fisher Scientific, Waltham, MA, USA). The percentage of metaboli-
cally active cells in treated cultures was calculated, setting the untreated control (CTRL)
to 100%. The assay was performed in triplicate for each experimental condition in two
independent experiments (1 = 6).

2.4. LDH Released (Cytotoxicity Assay)

The release of LDH from human macrophages into cell supernatants was quantified by
the CytoTox 96® nonradioactive assay (Promega Corporation, Fitchburg, WI, USA) to assess
cytotoxicity in macrophages after a 24 h exposure period. Cell supernatants to be analyzed
were collected from cultures set up for the MTT. After the exposure time, cell supernatants
were collected, centrifuged at 450 x g for 4 min, and stored on ice. Supernatants (50 puL)
were pipetted into a 96-well plate with a flat bottom (Falcon®, Corning Incorporated,
New York, NY, USA) and the volume was doubled by adding the LDH reaction mixture.
After 30 min of incubation at room temperature in the dark, 50 pL of stop solution was
added and the optical density (O.D.) was measured at 490 and 690 nm by means of a
spectrophotometer (Multiscan GO, Thermo Fisher Scientific, Waltham, MA, USA). The
obtained O.D. was normalized with that related to the positive control (lysed cells) set as
100%. An assessment of cytotoxicity was calculated according to the following formula:
%LDH released = [(A — B)/(C — B)] x 100, with A = LDH activity of sample, B = LDH
activity of untreated cells, and C = LDH activity of the positive lysed control. The assay
was performed in triplicate for each experimental condition (n = 3).
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2.5. Catalase Activity Assay

An analysis of the antioxidant enzyme catalase activity in human macrophages was
carried out using an Amplex® Red Catalase Assay Kit (Molecular Probes, Invitrogen
Corporation, CA, USA). Catalase is a heme-containing redox protein which prevents an
excess of intracellular hydrogen peroxide (H,O,) by converting this compound to water and
oxygen. In the assay, catalase—if working in samples—firstly reacts with H,O, to produce
water and oxygen (O;). Next, the Amplex Red reagent reacts with a 1:1 stoichiometry with
any unreacted HyO, in the presence of a horseradish peroxidase (HRP) to produce the
highly fluorescent oxidation product resorufin. Therefore, as catalase activity increases, the
signal from resorufin decreases. The absorbance was measured at 560 nm in a microplate
reader (Multiskan GO, Thermo Scientific, Waltham, MA, USA). The results are typically
plotted by subtracting the observed fluorescence from that of a no-catalase control (complete
RPMI medium). Assessment of the relative catalase activity (mU/mL) was calculated using
a curve generated with specific standards provided by the manufacturers.

2.6. Protein Extraction

For the analysis of protein expression, macrophages were seeded in 50 mm cell
culture dishes (Falcon®, Corning Incorporated, New York, NY, USA) at a density of
0.1 x 107 cells/dish. To obtain a positive control for the Nrf2 translocation, macrophages
were exposed to xanthostigmine, a cell-permeable, direct, non-covalent inhibitor of the
Keap1-Nrf2 protein interaction (K4 = 1 pM) that causes the dissociation of Nrf2 from Keap1
in the cytosol (MilliporeSigma™ Calbiochem™ Keap1-Nrf2 Interaction Probe, Merck,
Darmstadt, Germany). After 24 h, the exposure was stopped by collecting the exposure
media and floating cells. Adherent cells were washed with ice-cold PBS, detached with
trypsin/5 mM EDTA (EuroClone, Milan, Italy), and collected by centrifugation. The cell
pellet was resuspended and washed twice in ice-cold PBS. Next, nuclear and cytosolic
extracts were separated using different lysis buffers, as previously described [19]. The
protein concentration was determined using a bicinchoninic acid assay (QuantiProTM BCA
Assay kit for 0.5-30 mg/mL protein, Merck, Darmstadt, Germany) following the manu-
facturer’s instructions. The procedure was performed in triplicate for each experimental
condition (n = 3).

2.7. Immunoblotting (Western Blot)

Nuclear and cytosolic proteins (20 pg per lane) were separated and transferred as
already described [19]. Nitrocellulose membranes were then blocked in 5% of non-fat milk
or 5% of BSA, 10 mmol/L Tris pH 7.5, 100 mM NaCl, and 0.1% Tween 20 and probed
overnight at 4 °C under gentle shaking with rabbit polyclonal anti-Nrf2 (primary antibody
dilution 1:750), mouse monoclonal anti-HO-1 purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), mouse monoclonal anti-NF-kB-p65 subunit (primary antibody
dilution 1:1000) purchased from Chemicon® (Merck, Darmstadt, Germany), mouse mono-
clonal anti-B-actin (primary antibody dilution 1:5000), and mouse monoclonal anti-laminin
A/C (primary antibody dilution 1:1000) all purchased from Merck, Darmstadt, Germany.
Afterwards, membranes were incubated in the presence of specific IgG horseradish per-
oxidase (HRP)-conjugated secondary antibodies. Immunoreactive bands were identified
using the ECL detection system (LiteAblot Extend Chemiluminescent Substrate, EuroClone
S.p.A., Milan, Italy) and analyzed by densitometry. Densitometric values, expressed as
integrated optical intensity (IOI), were estimated in the CHEMIDOC XRS system using
the QuantiOne 1-D analysis software 2.0 (BIORAD, Richmond, CA, USA). The values
obtained were normalized based on densitometric values of internal cytosolic actin or
nuclear laminin and were expressed as relative expressions of proteins (1 = 3).
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2.8. Measurement of Epiandrosterone Concentration

Amounts of epiandrosterone (ng/mL) from PC-3 cells exposed to G, T, or GT com-
binations were measured using a commercial competitive ELISA kit purchased from In-
vitrogen (Thermo Fisher Scientific, Waltham, MA, USA). The epiandrosterone as the stan-
dard was also provided to generate a curve for the assay and all samples were read off
this user-generated standard curve. Standards or diluted samples were pipetted into a
clear microtiter plate coated with anti-rabbit IgG antibodies. Anti-rabbit epiandrosterone
antibodies and an epiandrosterone—peroxidase conjugate were added to the wells. The
epiandrosterone—peroxidase conjugate and any epiandrosterone in the sample will compete
to bind to the anti-rabbit epiandrosterone antibodies. After incubation the plate was washed
and the substrate was added. The substrate reacted with the bound epiandrosterone—
peroxidase conjugate. After 30 min of incubation the reaction was stopped, and the
intensity of the generated color was detected in a microtiter plate reader at 450 nm.

2.9. Determination of HO-1 and IL-6 Levels in BPH-1 Cells

HO-1 and IL-6 levels were assessed using a Simple Step ELISA (ab207621, ab46027,
Abcam, Cambridge, UK) according to the manufacturer’s instructions. A microplate reader
was used to measure the absorbance (OD) at A = 450 nm. All samples were measured in
triplicate and the results are expressed as pg/mL.

2.10. RNA Extraction and Quantitative Real-Time PCR Analysis

After treatments BPH-1 cells were harvested and RNA extraction and subsequent
cDNA synthesis were performed as previously described [20]. Quantitative RT-PCR anal-
ysis was performed in Step One Fast Real-Time PCR System Applied Biosystems using
the SYBR Green PCR Master Mix (Life Technologies, Monza, MB, Italy) to evaluate gene
expression of cyclooxygenase-2 (COX-2), interleukin-1f3 (IL-1f), tumor necrosis factor-o
(TNF-«), and interleukin-6 (IL-6). Results were normalized with the housekeeping gene
GAPDH using a comparative 222t method.

2.11. Cell-Free Evaluation of Antioxidant Capacity

The free-radical scavenging activity of T was evaluated using a DPPH (2,2-diphenyl-1-
picrylhydrazyl) test. The reaction mixtures contained 86 uM DPPH, solubilized in ethanol,
and different concentrations of T (3.75, 7.5, 15, 30.1, 60, and 120 ug/mL). After 10 min at
room temperature, the absorbance at A = 517 nm was recorded.

A Ferric Reducing Antioxidant Power (FRAP) Assay (MAK369, Sigma Aldrich, St.
Louis, MO, USA) was used to measure the antioxidant potential in which Fe3* is re-
duced to Fe?* by antioxidants. The resulting Fe?* specifically forms a colored com-
plex with a chromogen. Experiments were carried out following the manufacturer’s
instructions. Absorbance was measured spectrophotometrically at 590 nm and also used
color intensity results proportional to FRAP in the sample. Results are expressed as uM
ferrous equivalents.

2.12. ROS Measurement

Levels of reactive oxygen species (ROS) were determined using fluorescent probe
2/, 7'-dichlorofluorescein diacetate (DCFH-DA). A 0.1% Triton solution was used to wash
cells and enhance cellular probe permeation, then 100 puL of a DCFH-DA working solution
(200 uM) was added to each well and incubated at 37 °C for 30 min. Fluorescence was
measured in a microplate reader (excitation, A = 488 nm; emission, A = 525 nm) following
incubation time. Eight replicate wells were used for each group. The results are expressed
as fluorescence intensity (AU)/proteins (mg/mL).
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2.13. Homology Modeling of Human 5x-Reductase 1

The homology modeling was performed using the software YASARA Structure
23.9.29 [21,22]. The target sequence of human 5a-reductase 1 was obtained from UniProt
Knowledgebase under the entry number P18405 (entry name: SSA1_HUMAN). The se-
quence contained 259 residues in 1 molecule. The following parameters have been chosen
for this target: modeling speed: slow; num. of PSI-BLAST 2.2.24 iterations in template
search: 3; max. allowed (PSI-)BLAST E-values to consider template: 0.1; max. num. of tem-
plates to be used: 5; max. num. of templates with same sequence: 1; max. oligomerization
state: 4 (tetrameric); max. num. of alignment variations per template: 5; max. num. of con-
formations tried per loop: 50; and max. num. of residues added to the termini: 10. YASARA
Structure was also used for image production of the modeled human 5x-reductase 1.

2.14. Molecular Docking Study

The molecular docking study was performed using YASARA Structure 23.9.29 im-
plementing the AutoDock 4.2 protocol [23]. The crystal structure of human steroid 5«-
reductase 2 in complex with finasteride (PDB: 7BW1) [24] was downloaded from the RCSB
Protein Data Bank (https://www.rcsb.org accessed on 21 January 2025) and prepared
for docking analysis by removing water molecules and adding polar hydrogen atoms
and was optimized in the AMBER14 force field [25]. Previously modeled human steroid
5a-reductase 1 was prepared following the same protocol. The molecular docking was
conducted in the area defined by setting up the cuboid search box around a specific binding
pocket where finasteride used to be complexed within the 5x-reductase enzyme. Three
ligands were chosen for this study: teupolioside as the ligand of interest; testosterone as
the natural substrate, for the comparison of affinity; and finasteride, as an approved 5a-
reductase inhibitor drug, for benchmarking. For the ligands, the energies were minimized,
and the geometries were optimized on the 3D structures also using an AMBER14 force
field. The Lamarckian genetic algorithm was employed with the following parameters:
25 docking runs with a maximum of 15,000,000 energy evaluations and 27,000 generations
for each run, with a grid point spacing of 0.375 A, providing in this way the lowest energy
(kcal/mol) and dissociation constants (uM) for the docked poses. Discovery Studio Visual-
izer v24.1.0.23298 [26] was used for the visualization of the ligand—enzyme complex and
image production.

2.15. Statistical Analysis

Data are presented as the mean values & S.D. of three independent experiments. Statis-
tical differences were determined by one-way ANOVA and post hoc Tukey multiple compar-
ison tests using Prism software (version 5.0, GraphPad Software 8.0, San Diego, CA, USA).
p values < 0.05 were considered statistically significant.

3. Results

3.1. Evaluation of Graminex®G96® and Teupol 25P Cytotoxicity and Their Effect on the Cell
Metabolic Activity of LPS-Stimulated Macrophages

After 24 h, both G, T, and their combinations are found to be well tolerated by un-
stimulated macrophages (Figure 1a). As expected, the metabolic activity of LPS-stimulated
cells is almost doubled when compared to untreated samples in cells as a sign of im-
munostimulation and inflammation [27,28]. In parallel, G, T, or their combinations slightly
decrease LPS-stimulated macrophages metabolic activity, mainly in the presence of G at
500 and 250 ug/mL and T at 60.2 and 7.5 pg/mL. The best combinations in decreasing
the LPS-stimulation of cell metabolic activity are GT2, GT3, and GT4. In more detail,
the GT combinations significantly decrease the cell metabolic activity of LPS-stimulated
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macrophages if compared to G and T alone at the same concentrations (p < 0.0001 for GT2
and GT3) (Figure 1b). Likewise, LPS causes cytotoxicity, as revealed by the LDH assay
performed on macrophages (Figure 1c). On the contrary, all the treatments can decrease the
release of LDH in all the experimental conditions.
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Figure 1. (a) The cell metabolic activity of unstimulated and LPS-stimulated macrophages in the
presence of loading concentrations of Graminex®G96® (G), Teupol 25P (T), and their combination (GT)
after 24 h of exposure. A total of 500 pg/mL and 60.2 ug/mL (GT1), 250 ug/mL and 30.1 ug/mL (GT2),
125 pg/mL and 15 pg/mL (GT3), 62.5 pg/mL and 7.5 pg/mL (GT4), 31.25 pg/mL and 3.75 pg/mL
(GT5), and 15.6 ug/mL and 1.87 ug/mL (GT6). Untreated cells (CTRL) are set as the 100% (1 = 6).
*** p < 0.0001 between treated samples and CTRL; § p < 0.05, §§ p < 0.001, and §§§ p < 0.0001 between
treated samples and LPS. (b) Cell metabolic activity of LPS-stimulated macrophages in the presence
of selected concentrations of G, T, and GT. LPS alone is set as the 100% (1 = 6). ** p < 0.001, and
*** p < 0.0001 between treated samples and CTRL; §§§ p < 0.0001 between treated samples and LPS
alone; ## p < 0.001 and ###f p < 0.0001 between GT and T at the same concentration. (¢) LDH released
from macrophages in the same experimental conditions of data shown in panel (b) (1 = 6). * p < 0.05,
and *** p < 0.0001 between treated samples and CTRL; § p < 0.05, §§ p < 0.001 and 8§88 p < 0.0001
between treated samples and the LPS; °° p < 0.001 between GT and G at the same concentration.

3.2. Catalase Activity in the Presence of Graminex®G96® and Teupol 25P in
LPS-Stimulated Macrophages

At the established experimental time point (24 h), macrophages show no signs of an-
tioxidant catalase activation at basal conditions (1.37 mU/mL), whereas the LPS-stimulation
slightly but notably increases the enzymatic activity (3.62 mU/mL) (Figure 2). Gand T
can raise catalase activity up to 8.11 mU/mL (T 30.1 pg/mL). The combination of G and T
(mainly GT3) are even more effective on the increase in the enzymatic rate (Figure 2b).
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Figure 2. (a) Catalase activity (mU/mL) in the presence of increasing concentrations of
Graminex®G96® (G), Teupol 25P (T), and their combination (GT) measured after 24 h of expo-
sure in LPS-stimulated macrophages. The enzymatic activity was normalized to optical densities
obtained from the cell metabolic activity assay (MTT). A total of 250 pug/mL and 30.1 pg/mL (GT2),
125 pg/mL and 15 pg/mL (GT3), and 62.5 ug/mL and 7.5 pg/mL (GT4). CTRL = unstimulated cells
(untreated control). ** p < 0.001 and *** p < 0.0001 between treated samples and CTRL; § p < 0.05,
§§ p <0.001, and §8§ p < 0.0001 between treated samples and LPS; ° p < 0.05 and °° p < 0.001 between
GT and G at the same concentration; ## p < 0.001 between GT and T at the same concentration.
(b) The table highlights the increase in the catalase activity rate in the presence of GT compared to G
and T alone.

3.3. Levels of Expression of NF-xB and Nrf2 in LPS-Stimulated Macrophages in the Presence of
Graminex®G96® and Teupol 25P

As expected, NF-kB and Nrf2 are found both translocated from cytosols to nuclei of
macrophages stimulated with LPS (Figure 3a,b), which is a sign of inflammation. G can
decrease NF-kB translocation to the level of untreated control. In parallel, the translocation
of Nrf2 is even more inhibited by G in a dose-dependent manner. On the other hand, T is
only slightly capable of suppressing both NF-«B and Nrf2 translocation compared to G. As
for GT combinations, NF-«B translocation is not affected since it is comparable to G alone
whereas nuclear Nrf2 levels are found to slightly but significantly increase in the presence
of GT in a dose-dependent manner (p < 0.0001).
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Figure 3. Expression-levels of NF-«B and Nrf2 in cytosolic and nuclear fractions of LPS-stimulated
macrophages after 24 h. A total of 250 pg/mL and 30.1 pg/mL (GT2), 125 pg/mL and 15 pg/mL
(GT3), and 62.5 ug/mL and 7.5 ug/mL (GT4). CTRL = unstimulated cells (untreated control).
(a) Representative bands from three independent experiments. (b) Bar graphs represent percentages
of translocation obtained by ratios of densitometries related to cytosols and nuclei on the total
amount of protein. *** p < 0.0001 between treated samples and CTRL; § p < 0.05, §§ p < 0.001, and
§8§ p < 0.0001 between treated samples and LPS.
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3.4. Evaluation of Graminex®G96® and Teupol 25P Effect on Cell Metabolic Activity of PC-3 Cells
in the Presence of Finasteride

PC-3 cells were here used as a cell model expressing the 5a-reductase enzyme [8].
After 24 h of treatment, F affects PC-3 cell metabolic activity in a dose-dependent manner
(Figure 4a). In parallel, a 48 h exposure is ineffective. G and T alone are not effective on
the metabolic activity of PC-3 cells both after 24 and 48 h. The only exception is T at 48 h,
which can activate cells in a significant manner (p < 0.001). On the other hand, when PC-3
cells are exposed to GT and F in several combinations (Figure 4b), the cell metabolic activity
dramatically decreases both at 24 and 48 h. In detail, cell metabolic activity percentages
decrease in dependance of the F and the GT concentration and are found to be more minor
than F, G, or T alone. The best GT combination is the GT2 one, as also demonstrated by
Crystal Violet images, which highlights the fall in cell density paralleled by a decreased
staining uptake and the presence of round-shaped, almost-detached cells (Figure 4c).
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Figure 4. (a) Cell metabolic activity of PC-3 cells in the presence of increasing concentrations
of finasteride (F) or increasing concentrations of Graminex®G96® (G), Teupol 25P (T), and their
combination (GT) after 24 and 48 h of exposure. A total of 250 pg/mL and 30.1 pg/mL (GT2),
125 ug/mL and 15 pg/mL (GT3), and 62.5 ug/mL and 7.5 pg/mL (GT4). Untreated cells (CTRL) are
set as the 100% (1 = 6). ** p < 0.001 and *** p < 0.0001 between treated samples and CTRL. (b) The cell
metabolic activity of PC-3 cells in the presence of GT2, GT3, GT4, and F at increasing concentrations.
Untreated cells (CTRL) are set as the 100% (1 = 6). *** p < 0.0001 between treated samples and CTRL.
(c) PC-3 cells in the presence of GT2 and increasing concentrations of F after 24 h stained by Crystal
Violet. Red arrows indicate round-shaped cells and changes in morphology. Magnification 10X
(1 cm =100 pm).

3.5. Epiandrosterone Detection in PC-3 Cells in the Presence of Graminex®G96®, Teupol 25P,
or Finasteride

As expected, F decreases the amounts of epiandrosterone in a dose-dependent manner
(Figure 5). In the presence of G alone, epiandrosterone levels only decrease significantly
at 125 ug/mL (p < 0.001). In parallel, T can reduce epiandrosterone amounts dramatically
and in a dose-dependent manner. GT combinations decrease epiandrosterone, but values
registered are not significant compared to T alone at the same concentrations. On the
contrary, when F is added to the system, epiandrosterone concentrations undergo a general
fall, mainly with F at 1 uM.
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Figure 5. Amounts of epiandrosterone (ng/mL) detected in the cell supernatants of PC-3 cells
in the presence of increasing concentrations of finasteride (F) or increasing concentrations of
Graminex®G96® (G), Teupol 25P (T), and their combinations (GT) after 24 h of exposure. The
assay was normalized on optical densities obtained from the cell metabolic activity assay (MTT).
CTRL = untreated cells. A total of 250 pug/mL and 30.1 ug/mL (GT2), 125 ug/mL and 15 pg/mL
(GT3), and 62.5 ug/mL and 7.5 ug/mL (GT4). * p < 0.01, ** p < 0.001, and *** p < 0.0001 between
treated samples and CTRL. ee p < 0.001 between GT and G at the same concentration. °°° p < 0.0001
between F1 uM + GT2 and F 0.1 uM + GT2. ### p < 0.0001 between F 1 uM + GT3 and F 0.1 pM + GT3.
§§§ p < 0.0001 between F 1 uM + GT4 and F 0.1 uM + GT4.

3.6. Evaluation of Graminex®G96® and Teupol 25P Cytotoxicity in Benign Prostatic
Hyperplasia Cells

Cell viability determined by MTT shows a slight decrease following G treatment after
48 h at different concentrations (G 31.25, 62.5, 125, 250, and 500 pg/mL) (Figure 6a), while
no evident change is observed following T treatment in the same conditions at different
concentrations (T 3.75, 7.5, 15, 30.1, 60, and 120 pg/mL) (Figure 6b). Finasteride (F) was
also used as a positive control as it represents the gold standard for BPH treatment. After
24 and 48 h no significant reduction in cell viability is observed for the following tested
concentrations: 0.1, 1, 5, 10, and 25 uM (Figure 6¢). Subsequently, three combination treat-
ments of G and T, namely GT2, GT3, and GT4, were administered for 48 h and compared to
finasteride treatment alone. Results show a significant decrease in cell proliferation after
GT2, GT3, and GT4 treatment (p < 0.005) (Figure 6d).
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Figure 6. Evaluation of BPH-1 cell viability following treatment with Graminex®G96® (a), Teupol
25P, (b) finasteride (c), and GT combination (d). Untreated cells (CTRL) are set as the 100%. Statistical
significance: *** p < 0.0005; ** p < 0.005 vs. CTRL.
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3.7. Evaluation of GT Anti-Inflammatory Activity

A combination of G and T, particularly GT2, was used for further experiments in
order to study the anti-inflammatory effects on BPH-1 cells challenged with LPS. Indeed,
GT2 was the more convenient dose combination in previous sets of experiments, showing
an ability to modulate antioxidant response systems and reduce not only macrophages
activation but also PC-3 proliferation. Thus, a more in-depth investigation was conducted
on BPH-1 cells using the selected combination. Co-treatment of LPS and GT2 for 24 h
show a significant reduction in terms of the pro-inflammatory markers mRNA levels, in
particular cyclooxygenase-2 (COX-2) (p < 0.0005), interleukin-1{3 (IL-13) (p < 0.0005), tumor
necrosis factor-o (TNF-«) (p < 0.0005), and interleukin-6 (IL-6) (p < 0.05) were analyzed
(Figure 7a—d). To further confirm anti-inflammatory activity, IL-6 cytokine release was
measured in the conditioned media of BPH-1 cells following treatment with LPS + GT2 for
24 h by an ELISA immunoassay. Results show a significant (p < 0.005) decrease in the main
pro-inflammatory marker compared to LPS treatment alone (Figure 7e).
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Figure 7. Gene expression of pro-inflammatory markers measured by qRT-PCR following inflamma-
tion model establishment with LPS and co-administration with selected GT2 (a—d). Quantification
of IL-6 levels released in conditioned media of BPH-1 cells exposed to LPS and a combination of
LPS + GT2 (e). Statistical significance: *** p < 0.0005; ** p < 0.005; * p < 0.05 vs. CTRL; ### p < 0.0005;
##p < 0.005; # p <0.05 vs. LPS.

3.8. Evaluation of GT Antioxidant Activity

Cell-free evaluation of antioxidant capacity was performed, indeed DPPH assay and
FRAP assay were used, respectively, for the scavenger capacity and iron reducing activity
measurements of G and T. In the cell-free model no significant data were obtained for
G (as also previously reported) [11], however a strong antioxidant capacity overall for
T is appreciable in a dose-dependent manner (Figure 8a,b). Additionally, cytoprotective
and antioxidant protein Heme-oxygenase-1 (HO-1) levels were also evaluated in BPH-1
cultured cells by an ELISA immunoassay, showing the GT2 ability of increasing HO-1
expression (p < 0.0005) in the presence of LPS after 24 h (Figure 8c). These data suggest
a potential antioxidant effect of G and T. Subsequently, in vitro measurement of reactive
oxygen species (ROS) using fluorescent probe 2’,7’-dichlorofluorescein diacetate (DCFH-
DA) was performed (Figure 8d) to evaluate the antioxidant capacity of the combination
treatment. LPS alone and co-treatment of LPS+ GT2 were administered for the measurement
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of ROS in vitro. Indeed, LPS shows a marked increase in ROS production after 6 h while
co-treatment with GT2 was able to dampen free radicals and significantly (p < 0.0005)
reduce intracellular oxidative stress (Figure 8d).
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Figure 8. Cell-free measurement of T antioxidant activity expressed as % of scavenger activity (a) and
uM ferrous equivalents (b). Quantification of HO-1 levels following BPH-1 cell exposure to LPS and
combination treatment with GT2 (c). Fluorometric measurement of reactive oxygen species (ROS)
after 6 h treatment (d). ** p < 0.005 vs. CTRL; ### p < 0.0005 vs. LPS treated cells.

3.9. The Homology Modeling for Target Human 5a-Reductase 1

Since there was no 3D structure of human 5x-reductase 1 available in the RCSB Protein
Data Bank (https://www.rcsb.org accessed on 21 January 2025), the 3D structure of the
5a-reductase 1 target sequence has been predicted by YASARA’s homology modeling
experiment. The target sequence contains 259 residues in one molecule. Since the target
sequence was the only available information, possible templates were identified by running
3 PSI-BLAST iterations to extract a position specific scoring matrix (PSSM) from UniRef90,
and then searching the PDB for a match (i.e., hits with an E-value below the homology
modeling cutoff 0.1). The two hits found are shown in Table 1.

Table 1. Template hits found and used for the homology modeling of human 5a-reductase 1.

Total

BLAST Align

Template Score E-Value Score Cover ID Resolution Header
3-oxo-5-alpha-steroid
_ 7BW1 o 4-dehydrogenase 2 [Homo sapiens]
55 0 ydrog p
1 450.33 3> 10 608.0 95% (chain-A) 280 A (245 residues with quality
score 0.783)
3-oxo-5-alpha-steroid
_ 7C83 o 4-dehydrogenase [Proteobacteria
58 0 ydrog
2 401.82 410 498.0 4% (chain-A) 2.00 4 bacterium] (251 residues with

quality score 0.860)

To aid alignment correction and loop modeling, a secondary structure prediction for
the target sequence had to be obtained. This was achieved by running PSI-BLAST to create
a target sequence profile and feeding it to the PSI-Pred secondary structure prediction
algorithm [29]. The best parts of the seven models were combined to obtain a hybrid
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model, aiming to increase the accuracy beyond each of the contributors. The resulting
hybrid model obtained the quality Z-scores shown in Table 2 (the score includes floppy
terminal tails).

Table 2. The resulting hybrid model parameters.

Check Type Quality Z-Score Comment
Dihedrals 0.515 Optimal
Packing 1D 0.674 Optimal
Packing 3D —1.304 Satisfactory
Overall —0.269 Good

The following Figure 9 shows the initial model in blue, and all hybridized parts in a
different color. This hybrid model with a Z-score of —0.269 was saved as the final one.

Figure 9. Constructed 3D structure of 5x-reductase 1 obtained by homology modeling.

3.10. Evaluation of Binding Interactions of Teupolioside Assessed by Molecular Docking Analysis

Three different ligands were docked with 25 runs each to two targets, human 5o-
reductase 1 and 5x-reductase 2 receptors, yielding the results shown in Tables 3 and 4,
which are sorted by binding energy and dissociation constant values. Binding energy refers
to the energy change when a ligand binds to a target (typically a protein) and it is usually
expressed in kcal/mol or kJ/mol. The more negative a binding energy indicates a more
stable and favorable interaction between the ligand and the protein, or how energetically
favorable the interaction is. Dissociation constant, usually expressed in molarity (M), refers
to the strength of the interaction between a ligand and its target, or how tightly a ligand
binds to its target. Lower values mean higher affinity and a lower concentration needed to
achieve a biological effect.
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Table 3. Docking results of tested ligands with human 5x-reductase 1 receptor.

Ligand Binding Energy [kcal/mol]  Dissociation Constant [uM]
Teupolioside —8.18 1.01
Testosterone —-8.17 1.03

Finasteride —7.66 2.43

Table 4. Docking results of tested ligands with human 5x-reductase 2 receptor.

Ligand Binding Energy [kcal/mol]  Dissociation Constant [uM]
Teupolioside —8.66 0.45
Testosterone —8.64 0.46

Finasteride —-8.71 0.41

Figures 10 and 11 show the binding mode of teupolioside with the human 5x-reductase
1. It is evident that numerous interactions were involved in stabilizing this complex,
including (un)conventional H-bonds, Pi-Pi, and Pi-Alkyl bond types between teupolioside
and the receptor’s amino acid residues. Notable is also an H-bond between the teupolioside
hydroxy group and NADPH (labeled NDP 260 in Figures 10 and 11).

Figure 10. Binding mode of teupolioside within active site of human 5x-reductase 1 receptor.

Teupolioside bound to the human 5a-reductase 2 receptor by forming numerous
interactions, including H-bonds between the polar groups and amino acid residues of Pro
30, GIn 56, Glu 57, Arg 114, and Arg 227 (Figures 12 and 13).
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Figure 11. A 2D diagram of the molecular interactions between teupolioside and human 5«-reductase
1 receptor amino acid residues.

Figure 12. Binding mode of teupolioside within active site of human 5x-reductase 2 receptor
(PDB: 7BW1).
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Figure 13. A 2D diagram of molecular interactions between teupolioside and human 5o-reductase 2
receptor amino acid residues.

4. Discussion

Although finasteride represents the standard treatment for BPH and its efficacy can be
observed after long therapeutic protocols, several side effects have been reported [30-32]
and recent studies have demonstrated its potential pro-inflammatory effect [33,34]. It is
therefore mandatory to find alternative medications or co-adjuvant natural products [35-39]
for delaying resorting to finasteride in just the advanced stages of BHP. Although finasteride
remains the standard treatment for benign prostatic hyperplasia (BPH), its therapeutic
effects typically require prolonged administration and numerous side effects have been
reported [30-32]. Moreover, recent studies have highlighted a potential pro-inflammatory
action of finasteride [33,34]. Consequently, it is essential to explore alternative therapies or
natural co-adjuvant compounds [35-39], with the aim of postponing the use of finasteride
until the more advanced stages of BPH.

Finasteride efficacy has been demonstrated in vivo as its mechanism of action is effec-
tive in reducing prostate weight and volume [40]. However in vitro studies demonstrated
that in monocultures of PC-3 and BPH-1 cells, finasteride did not induce cell death even at
relatively high concentrations nor reduced cell proliferation, as was also observed in our ex-
perimental conditions (Figures 4 and 6) [41]. Although cell lines are a relevant model, they
do not fully replicate the cellular and microenvironmental complexity of human prostate
tissue, particularly regarding stromal—epithelial interactions and immune components.
PC-3 cell proliferation and viability are affected when finasteride is administered in parallel
with G and T (Figure 4) as well as amounts of epiandrosterone (Figure 5), which is pro-
duced by the enzyme 5x-reductase from the adrenal hormone DHEA (dehydroepiandros-
terone) [42]. It has been reported that 5x-reduced steroids, e.g., 5x-dihydrotestosterone,
androsterone, epiandrosterone, 5x-androstene-3x,173-diol, allopregnanolone, isopreg-
nanolone, and some 5-ene steroids, such as dehydroepiandrosterone and pregnenolone,
decreased gradually during finasteride treatment [43]. Surprisingly, combination treatment
of G and T results in a reduced BPH-1 cell proliferation, suggesting a different mechanism
of action compared to the gold standard finasteride. Furthermore, the selected combination



Nutraceuticals 2025, 5, 17

18 of 23

GT2 shows anti-inflammatory properties by reducing cell metabolic activation, increasing
catalase activity, restoring the NF-kB/Nrf2 imbalance in LPS-stimulated macrophages, and
reducing COX-2, IL-6, IL-13, and TNF-« gene expression, markers which are transcrip-
tionally regulated by NF-«B. In particular, the role of IL-6 in BPH inflammation processes
has been widely highlighted as it represents one of the major inflammatory drivers in
the prostatic microenvironment [44—46]. Indeed, in our experimental conditions we ob-
served a significant reduction in IL-6 release in BHP-1 cells, suggesting once again the
anti-inflammatory effect of GT2.

Inflammation and oxidative stress are tightly interlaced and are considered important
pathophysiological factors in human benign prostatic hyperplasia (BPH). The role of Nrf2
and heme oxygenase (HO-1) has already been investigated in patients affected by BPH.
Studies have demonstrated the inverse correlation between Nrf2 and HO-1 expression and
intraprostatic inflammation [47,48]. It has been recently demonstrated that, during the
development of BPH, a synergistic effect occurs in response to inflammation, oxidative
stress, and apoptosis induced by the activation of macrophages. The Nrf2 signaling path-
way can mediate macrophage activation and inhibit prostate hyperplasia by suppressing
pro-inflammatory factors, anti-oxidative stress disorder, and initiating apoptosis [6]. Im-
munocompetent cells display a tightly regulated balance between the NF-«B- and the Nrf2-
related pathways and their dysregulation can lead to chronic inflammation and diseases
which occur due to underlying oxidative stress being a trigger [49,50]. In our experimental
models of inflammation, the activity rate of the Nrf2-dependent antioxidant enzyme cata-
lase is induced (Figure 2). Moreover, the inhibition of NF-kB expression in LPS-stimulated
macrophages is paralleled by the Nrf2 restoration to the level of control (Figure 3). Fur-
thermore, HO-1 was observed to be upregulated following a co-administration with GT2
in accordance with the reduction in inflammatory markers gene expression, showing a
beneficial effect of the combination in BPH-1 cells. In addition to its anti-inflammatory
properties, GT2 proves to exert significant antioxidant activity both in cell-free tests and
in vitro assays, as shown in Figure 8. The scavenger activity of Teupol 25P was assessed
and in parallel with the previous data on Graminex®G96® it was possible to conclude
that the combination has a potential intrinsic scavenger capacity. An antioxidant effect
was then demonstrated in the cellular model as the combination was able to reduce ROS
accumulation due to GT2’s ability to modulate Nrf-2 and NF-kB transcriptional activity.

Finally, in silico techniques were used to explain the possible inhibitory mechanism of
teupolioside on the 5x-reductase receptor. While we are aware of the limitations inherent
in computational modeling, our approach aimed to provide a preliminary framework
to explore potential ligand interactions. The human 5a-reductase 1 and 2 are NADPH-
dependent, membrane-associated (microsomal) enzymes composed of 259 and 254 amino
acids, respectively. Their sequences contain a high proportion of hydrophobic amino acids,
indicating that they are intrinsic membrane proteins deeply embedded in the lipid bilayer.
Although both isozymes are integral membrane proteins and catalyze the same reaction,
they exhibit only limited sequence homology [51-53]. The enzyme requires a reduced
pyridine nucleotide cofactor (NADPH) and is capable of metabolizing various steroid
substrates [54]. For the molecular docking study, the structure of human 5x-reductase 1
was modeled using homology modeling techniques, while for 5a-reductase 2 the crystal
structure was available at the protein data bank (PDB ID: 7BW1). The crystal structure
of human 5x-reductase 2 was determined in the presence of NADPH and finasteride,
revealing a topology of seven transmembrane o-helices (7-TMs, 1-7) connected by six
loops (L1-L6). The binding pocket for NADPH is enclosed by cytosolic loops, effectively
shielding it from the cytosol. In contrast, the binding site for finasteride is predominantly
hydrophobic. The steroid substrates likely enter the ligand-binding pocket of 5x-reductase
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2 from the lipid bilayer through the TM1-TM4 opening, while the polar molecules likely
enter through the cytosolic side [24].

Besides steroidal 5a-reductase inhibitors, there are numerous non-steroidal in-
hibitors mentioned in the literature. Among those are butanoic acid derivatives, 7-
hydroxycoumarin derivatives, 2,6-disubstituted-4-hydroxy-4-hydroxymethyl biphenyl
derivatives, isoflavonoids, 3,3-diphenylpentane derivatives, and epicatechin-3-gallate and
epigallocatechin-3-gallate which are major constituents of green tea [55-57]. The last two
are the most similar in structure to teupolioside, giving the rational for expecting similar
effects on the activity of 5x-reductase. Liao and Hiipakka investigated the effect of these
gallates and suggested that the gallyl or galloyl groups may interact with a specific site on
5a-reductase [57].

The molecular docking technique utilized in this study simulated the molecular
interactions between tested ligands (teupolioside and two steroid ligands—testosterone
and finasteride) and the targeted human 5o-reductase 1 and 2 receptors. For 5x-reductase
1, finasteride has been shown to be a less potent substrate than both teupolioside and
testosterone. This agrees with the experiments which show finasteride’s weak affinity for
this enzyme. Besides numerous interactions seen between teupolioside and the amino acid
residues of 5a-reductase 1, the specific H-bond between the teupolioside hydroxy group
and NADPH (labeled NDP 260 in Figures 10 and 11) was also observed. Similar interactions
are also observed between finasteride and 5a-reductase 2 in the 3D PDB complex 7BW1 [24].
In that complex, the bond between these two molecules explains the hydride transfer
and the reduction in the A4,5 bond. Compared to the human 5a-reductase 1, all three
ligands showed higher affinity toward the human 5x-reductase 2. With the binding energy
of -8.66 kcal/mol and the dissociation constant of 0.45 uM, teupolioside appeared as a
competitive ligand to testosterone, with slightly better binding/affinity parameter values
(Table 4). As for finasteride, it showed the highest affinity for 5x-reductase 2, which
was expected since finasteride is a designed 5a-reductase 2 inhibitor. Several amino acid
residues play key roles in activity of human 5x-reductase 2. For example, Glu57 and Tyr91
facilitate hydride transfer to the A4,5 bond of testosterone, leading to the formation of
DHT, and in the crystal complex of 5x-R2 with finasteride the polar groups at either end
of finasteride establish additional interactions with Glu57 and Argl114 [24]. As seen from
Figures 12 and 13, the complex of teupolioside with 5c-reductase 2 was greatly stabilized
by numerous H-bond interactions, including those with Glu57 and Argl14. Given that
teupolioside does not have a specific 4,5-double bond that steroid substrates have, we
propose a couple of possible explanations for teupolioside’s inhibition mechanism on the
5-alpha reductases. As the binding energies of testosterone and teupolioside were very
similar, one possibility is that teupolioside competes competitively for the testosterone’s
binding site and that way blocks the reduction of the natural substrate. Another explanation
is related to the polar nature of teupolioside. Given the lipid-rich environment of the
opening between TM1 and TM4 (where the steroid substrates enter) and the highly polar
nature of NADP*/NADPH, it is unlikely that NADP*/NADPH enters or exits through
this opening. Instead, conformational changes in the cytosolic loops may occur during the
reaction, temporarily exposing the nucleotide-binding pocket to cytosol before and after
each catalytic cycle, enabling NADP* /NADPH exchange for efficient reaction turnover [24].
We presume that teupolioside, due to its polarity and hydrophilicity, also uses this way of
entering the enzyme and in this way interferes with the uptake of the cofactor NAPDH,
which is necessary for the reduction. The formed complex of teupolioside with S-reductase
2 did not show the formation of a direct bond with the NADPH molecule compared to
the complex with 5x-reductase 1; however, given the similarity of these two enzymes and
similar nature of the other observed interactions we presume that forming a direct bond
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between teupolioside and 5x-reductase 2 is also possible, which adds another possible
explanation for inhibiting the enzyme’s activity. These computational predictions, while
useful for generating initial hypotheses about ligand-target interactions, underscore the
need for future in vitro experimental validation to confirm the accuracy and biological
relevance of the proposed interactions.

5. Conclusions

Inflammation, oxidative stress, and androgen activity are significant factors in the
development of BPH. The combination of Graminex®G96®, which has anti-inflammatory
and antioxidant properties, and Teupol 25P, known for its antiandrogenic activity in vitro
and in silico, appears to be synergistic in vitro at discrete combinations, as demonstrated
in this work. Specifically, the enhancement of the Nrf2 and HO-1 expression, the increase
in catalase activity, and the lessening in pro-inflammatory cytokines secretion match with
the reduction in prostate cell proliferation and androgenic testosterone metabolites levels.
In silico studies were also performed to corroborate these data and explain the interaction
between teupolioside and 5x-reductases.

While co-culture systems or in vivo studies are essential for a comprehensive eval-
uation of the mechanisms of action and the therapeutic efficacy of such combinations,
the primary aim of this study is to preliminarily assess their effects on inflammation and
oxidative stress responses in vitro. Notably, the two cell lines selected (macrophages and
BPH-1) represent the key cellular components most implicated in the pathology of benign
prostatic hyperplasia (BPH), thereby providing a relevant model for initial investigation.
Such foundational data provides critical insights that guide and justify subsequent in-depth
studies. In conclusion, our data lay the groundwork for the demonstration of the efficacy
of a multi-targeted approach which could potentially lead to a more effective management
of BPH, adding new weapons in our therapeutic arsenal which not only alleviate lower
urinary tract symptoms [58].
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