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ABSTRACT

Studies suggest that vegetarians and Asians have lower mortality rates from prostate cancer compared to men who follow a
Western diet. §-sitosterol, a key compound of plant-based diets, has been found to induce significant changes in the ultrasonic
structure of the prostatic adenomas, making it a promising candidate for further prostate cancer research. Consequently, we
investigated the potential of {3-sitosterol and the synthetic derivative 2 as potent inhibitors of androgen synthesis, a critical
process for the growth and survival of prostate tumor LNCaP cells. Solubilized LNCaP microsomes were used as a source of
SRD5A1 and AKR1C3 to monitor androgen synthesis from labeled androstenedione, both in the presence and absence of
B-sitosterol or 2. Furthermore, the effect of these steroids on LNCaP viability was determined using the MTT method. Our
findings revealed significant insights into the androgen synthesis pathways in LNCaP cells. The most efficient metabolic route
for dihydrotestosterone formation was the conversion of androstenedione to 5a-androstanedione rather than from testosterone
in LNCaP. This conclusion is supported by the Vmax values for 5a-androstanedione formation (271.05 + 5.0 ng/mg protein/
min) and the Vmax of testosterone formation (80.1 + 8.0 ng/mg protein/min). Both §-sitosterol and 2 demonstrated substantial
inhibitory effects of these enzymes for dihydrotestosterone formation and significantly reduced cell viability, highlighting their
therapeutic potential. These findings enhance our understanding of the inhibitory effects of §-sitosterol and 2 on LNCaP cells

and suggest their promising application in the treatment of prostate cancer.

1 | Introduction

Prostate cancer is one of the most common types of cancer
worldwide and represents a leading cause of cancer-related death
in men (Ferlay et al. 2021). Its treatment depends on the tumor
grade, stage, and the patient's age. Therapeutic options range
from active surveillance to a combination of surgery, chemo-
therapy, radiotherapy, and/or androgen deprivation therapy
(ADT). Active surveillance is the preferred approach for patients
with localized and low-risk diseases. This fact involves mon-
itoring disease progression through periodic prostate-specific
antigen (PSA) tests, physical exams, prostate biopsies, or a

combination of these to intervene only when significant disease
progression is observed (Litwin and Tan 2017). Active surveil-
lance management can reduce the frequency of adverse effects
associated with immediate treatment in men with low-risk
prostate cancer, many of whom may never experience cancer-
related symptoms (Garisto and Klotz 2017; Tosoian et al. 2011).
In patients with more advanced or residual disease after a
prostatectomy, ADT is the therapy of choice, as it has been
shown to reduce tumor volume and PSA levels significantly
(Rebello et al. 2021). However, after 18-24 months of ADT, many
patients experience a rise in PSA levels and progress to
castration-resistant prostate cancer (CRPC) (Huang et al. 2018).
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The progression of prostate cancer to CRPC is primarily asso-
ciated with the tumor's capacity to synthesize androgens within
the tumor microenvironment, alongside support from adrenal
androgens. Additionally, alterations in androgen receptor (AR)
signaling play a significant role in this process. These alterations
may involve increased AR expression, mutations in the AR
gene, or the emergence of AR variants, which can activate the
androgen signaling pathway without ligands (Dong et al. 2019).

In this context, it has been proposed that the enzyme 5o-
reductase type 1 (SRD5A1), which is overexpressed in tumors,
may contribute to androgen synthesis in CRPC. Likewise, the
enzyme 17@-hydroxysteroid dehydrogenase (AKR1C3), also
overexpressed in CRPC, favors the conversion of 5a-dione to
dihydrotestosterone (DHT) instead of the conversion of 4-dione
to testosterone, which facilitates the production of androgens by
the tumor (Figure 2) (Afzal et al. 2022). Therefore, inhibiting
these enzymes could represent a viable therapeutic strategy for
this disease.

Recent research has highlighted the potential therapeutic ef-
fects of 3-sitosterol (SIT), a plant compound, on various cancers,
including breast, colon, gastric, renal, liver, and pancreatic
cancers. SIT has demonstrated the ability to induce apoptosis
(Pradhan et al. 2019; Salamatullah et al. 2021; Baskar
et al. 2010) and inhibit cell proliferation (Sharmila and
Sindhu 2017; Cao 2018), migration, and invasion (Jang
et al. 2023; Matsushita et al. 2020). However, the precise
mechanisms of its action remain unclear, particularly con-
cerning prostate cancer. Data in the literature indicates that the
prevalence of latent infiltrative prostate tumors varies signifi-
cantly among different racial groups, mirroring the incidence of
clinical prostate carcinoma (Shimizu et al. 1991). For example,
the prevalence among Black Americans is 36.9%, among whites
34.6%, among Colombians 31.5%, and among Japanese immi-
grants in Hawaii 25.6%. Interestingly, Japanese individuals

living in Japan have a prevalence rate of 20.5%, comparable to
their counterparts in Hawaii (Tsugane et al. 1990; Awad
et al. 2001).

Such difference in the incidence of prostate carcinoma between
the Japanese and other groups could be attributed to the
abundant consumption of plant-based foods in their diet.
Studies show that both vegetarians and Asians exhibit lower
mortality rates from prostate cancer compared to men who
follow a Western diet (Shimizu et al. 1991).

{-Sitosterol (SIT), shown in Figure 1, is an abundant compound
found in plant-based diets and has various medical uses. Its
effects on prostate cancer have been particularly noteworthy—a
2-month treatment with SIT induced significant changes in the
ultrasound structure of prostatic adenoma (Awad et al. 2001). In
vitro, SIT inhibited the growth and metastasis of the human
prostate cancer cell line PC-3 (von Holtz et al. 1998) and
increased the apoptosis of LNCaP cells (Cabeza et al. 2003).

Previous research has demonstrated the effect of SIT as an
in vitro inhibitor of the activity of 5a-reductase type 2 (SRD5A
2) in the prostate of humans and hamsters (Cabeza et al. 2023).
In humans, SRD5A2 is found in the genital skin, epididymis,
seminal vesicles, and liver (Russell and Wilson 1994). Moreover,
the prostatic isozyme SRD5A2, a type 1 isozyme of steroid 5a-
reductase (SRD5A1), has also been found in the human prostate
(Levy et al. 1990; Normington and Russell 1992; Thomas
et al. 2005). SRD5AL1 is also expressed in genital and nongenital
skin, the liver, certain brain regions, the epididymis, seminal
vesicles, testes, the adrenal glands, and the kidneys
(Normington and Russell 1992). Two different genes encode for
these isoenzymes. The gene encoding SRD5A1 is overexpressed
in castration-resistant prostate cancer (CRPC) (Thomas
et al. 2005). This could explain the ability of tumor cells to
survive in a low-androgen environment.

(1) Stigmast-5-en-3p-ol
or
B-Sitosterol (SIT)
or
5-cholestene-243-ethyl-33-ol

FIGURE1 |

(2) 2,16-Formyl-metoxyandrost-5,16-dien-3p-il butyrate ( 5¢)

SRD5A2 IC ;= 0.050+0.0095 nM

D
oes not bind to the androgen receptor
S
ource:Sanchez-Marquez et al.,2016

Structures of {-sitosterol (1) and steroid (2). The structure of 3-sitosterol is similar to that of cholesterol, but it shows an ethyl group

at C-24. B-sitosterol is a bioactive phytosterol biosynthesized from squalene in plants (Hang and Dussault 2010). Steroid 2 was previously synthesized
by our group (2,16-formyl-17-methoxyandrost-5,16-dien-3(3-yl butyrate (5c)) (Sanchez-Marquez et al. 2016). This steroid was previously identified as

an inhibitor of the activity of 5a-reductase type 2.
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FIGURE 2 |
Reduction of androgenic 17-ketosteroids by AKR1C3 (Pradhan et al. 2019).

Moreover, the increase in AKR1C3 expression, which reduces
17-keto to 17-hydroxysteroids (Figure 2) (Fung et al. 2006),
favors the transformation of 5a-dione to DHT rather than the
4-dione to T synthesis pathway (Figure 2). These findings sug-
gest that AKR1C3 is a therapeutic target. AKR1C3 is normally
expressed in the liver, lungs, small intestine, prostate, mam-
mary glands (Penning et al. 2000), adrenal glands (Nakamura
et al. 2009), brain, kidneys, placenta, colon, spleen, and testes. It
is one of the most expressed genes in CRPC due to the low
serum androgen levels.

With the overexpression of AKR1C3, the tumor can produce
its androgens, allowing it to grow without these hormones

AKR1C3

ﬂ
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Reduction of testosterone to dihydrotestosterone by the enzyme 3-oxo-5-a-steroid 4-dehydrogenase type 1 (5a-reductase, SRD5A1).

(Montgomery 2008). This phenomenon is observed in pros-
tate cancer cells cultured in androgen-deprived media and in
prostate cancer cell xenografts grown in castrated mice
(Hang and Dussault 2010). The AKR1C3 gene can be
repressed by the AR and its agonists (Stanbrough 2006;
Yepuru 2013), but it can also act as a coactivator of such an
AR (Yepuru 2013).

The LNCaP prostate cancer cell line is known for over-
expressing the SRD5A1 and AKRI1C3 genes (Nakamura

et al. 2009; Wu et al. 2013; Biancolella et al. 2007;
Mostaghel 2019) while exhibiting the presence of the AR. These
characteristics make it an ideal model to study the
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antiandrogenic and antiproliferative effects of various mole-
cules. So far, the effects of SIT and steroid 2 on the inhibition of
SRD5A1 and AKR1C3 activity have not been reported. Hence,
this study aims to evaluate their potential, specifically de-
termining whether these steroids can block the activity of
SRD5A1 and AKR1C3 in the LNCaP cell line and demonstrate
their antiproliferative effects on these cells.

2 | Experimental Procedures

2.1 | Chemicals and Radioactive Materials

Perkin Elmer (Metrix, Mexico City) supplied androstenedione
(1,2,6,7-°H) with a specific activity of 3519 GBq/mmol. Ster-
aloids (Wilton, NH, USA) provided the unlabeled steroids: T,
DHT, androstenedione (4-dione), androstenedione (5a-dione),
and 5-cholesten-248-ethyl-33-ol (SIT). Sigma (Merck, Mexico)
delivered reduced nicotinamide adenine dinucleotide phos-
phate (NADPH). The SIT was recrystallized until the melting
point reached 136°C-137°C (Sen et al. 2012).

The finasteride (N-(1,1-di-methoxymethyl)-3-oxo0-4-aza-5c-
androst-1-eno-173-carboxamide, FIN), an aza-steroid sold in
Mexico as Proscar (treatment for benign prostate hypertrophy)
or as Propecia (therapy for male pattern hair loss) (Merck,
Sharp, and Dohme), was used as a positive control in these
experiments. The FIN was obtained from Proscar by a meticu-
lous extraction process. The tablets were crushed and extracted
with chloroform, the solvent was removed in vacuo, and the resi-
due was filtered by silica gel column chromatography. The melting
point of the isolated FIN (252°C-254°C) was identical to that re-
ported in the literature (Trapani 2002). We also used a compound
synthesized by our group, 16-formyl-17-methoxyandrost-5,16-dien-
3B-yl-butyrate (steroid 2), Figure 1. This steroid was identified as an
inhibitor of the enzyme S5c-reductase type 2, showing similar
activity to FIN and SIT on the human prostate (Russell and
Wilson 1994).

2.2 | Biological Material

2.21 | LNCaP Cell Cultures

Cell passages 25-50 of the androgen-dependent LNCaP cell line
provided by American Type Culture Collection (ATCC) (San
Diego, CA, USA) were meticulously seeded in a flask and
maintained in a carefully prepared Roswell Park Memorial
Institute (RPMI) growth medium containing 10% of fetal bovine
serum (FBS, Thermo Scientific, Mexico City) at pH 7.4 and
under precise temperature conditions of 37° C and 5% CO, until
they grew to confluence.

Later, we then added 1:1 trypsin-EDTA (0.25%) in
phosphate-buffered saline (PBS) and waited 3 min. Then, we
supplemented phenol-free filtered RPMI growth medium
with 10% charcoal-stripped fetal bovine serum and cen-
trifuged. The cell pellet was dissolved in phenol-free filtered
RPMI growth 10% charcoal-stripped fetal bovine serum, and
the cells were counted.

2.2.2 | Preparation of the Solubilized Microsomes From
LNCaP Cells

To prepare solubilized microsomes from the confluent cultures
of LNCaP cells, we thoroughly adopted the method described by
Levy et al. We withdrew the medium, and the cells were chased
with PBS (1x). Then, phenol-free filtered RPMI growth medium
with 10% charcoal-stripped fetal bovine serum was added and
incubated for 24 h in the same conditions reported before. The
medium was then removed, and LNCaP cells were treated with
1 mL of buffer A (100 mM sodium citrate, 100 mM potassium
chloride, 1mM dithiothreitol (DTT), 0.4% Lubrol PX,
(Garner 2008) 20% glycerol, and 10 mM NADPH). Cells were
incubated for 60 min on a bed of ice, scraped and transferred to
a Potter-Elvehjem homogenizer, and homogenized on ice for
10 min. The lysate was passed through a 21 G needle 5 times,
then incubated on ice for 30 min, and finally centrifuged at
100,000 g for 1 h at 0°C. The proteins of the solubilized micro-
somes (supernatant) were quantified using the Bradford, 1976
method and aliquoted in microcentrifuge tubes labeled and
frozen at —80°C for future use.

2.2.3 | Determination of the Conversion of 4-Dione to T
and 5a-Dione to DHT in LNCaP Cells

Studies have reported the presence of the SRD5A1 and
AKRIC3K isoenzymes in the wild LNCaP cell line (Wu
et al. 1993). These isoenzymes play a crucial role in androgens’
metabolism, particularly in converting testosterone (T) to its
more potent form, DHT. Therefore, we followed the conversion
of radiolabeled 4-dione to T, 4-dione to 5a-dione, and 5c-dione
to DHT (Figure 2) using the solubilized microsome as a source
of these enzymes (Normington and Russell 1992; Wu
et al. 1993) in the presence or absence of SIT or steroid 2. We
decided to use wild LNCaP because this model is closer to
reality due to the interaction of enzymes and their metabolites.

To obtain saturation plots, we performed two independent ex-
periments in duplicate (n = 2), where we prepared several tubes
containing a mixture of 2nM [*H]-4-dione and increasing
concentrations of unlabeled 4-dione (ranging from 0.002 to
20.0 umol/L). The mixture included 200 uM NADPH and 2 mM
DTT in a final 200 uL of 20 mM phosphate buffer at pH 7.5. The
reaction commenced once 30 ug/30 uL of solubilized micro-
somes were added. The tubes were then incubated in a water
bath at 37.5°C for 15 min (Cabeza et al. 2023). We also prepared
a control assay without the enzymatic fraction. After extraction
with ethyl acetate and evaporation to dryness, SRD5A1 activity
was identified using thin-layer chromatography (TLC). Steroid
extracts were spotted onto high-performance thin-layer chro-
matography (HPTLC) Keiselgel 60 F254 (Merck, CDMX) plates
with an automatic autospotter. Standards for 4-dione, 5a-dione,
DHT, and T were applied to the corresponding lanes on both
sides of the plate. The plates were developed in a 9:1 chloro-
form/acetone mixture and dried at room temperature. Radio-
activity was scanned using a Bioscanner AR-2000 (Bioscan,
Washington, DC, USA). T and 4-dione standards were identified
by fluorescence under a ultraviolet lamp (1=254nm, UVP,
Upland, CA, USA), while DHT and 5a-dione were detected
using a phosphomolybdic acid reagent.
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2.24 | Determination of SRD5A and AKR1C3K Activity
in the Presence or Absence of SIT or the Steroid 2

Two independent assays determined the SRD5A and AKR1C3K
activity in the presence or absence of SIT or steroid 2 (Figure 1).
This determination was crucial as it enabled the assessment of
the inhibitory effects of SIT and steroid 2 on these enzymes.

We prepared test tubes containing the same mixture described
in Section 2.1, adding 0.7 or 1.4 uM of SIT and 1.4 uM of com-
pound 2, dissolved in ethanol/dimethyl sulfoxide (DMSO), to
the assays. The solvent was then evaporated. The test tubes,
each containing 30 ug/30 uL of protein, were incubated under
the same conditions described in Section 2.1.

The residue obtained after extraction with ethyl acetate (2.1)
was dissolved in a 1:1 chloroform/methanol mixture and
applied to an HPTLC Keiselgel 60 F254 plate (Merck, CDMX)
using an autospotter. Standards for 4-dione, 5a-dione, DHT, and
T were dotted on each plate side in 4 lanes. The plates were
then left to dry at room temperature. The plates were deve-
loped, and the standards were identified following the proce-
dures detailed in Section 2.1.

The radioactive zones were identified based on their identical
chromatographic behavior (Rf value) compared to the standards
used. The total conversion rate to T, 5a-dione, and DHT was
calculated by considering the percentage conversion of the
radiolabeled precursor, its specific activity, the unlabeled
4-dione added to the assay, and the protein quantified by the
Bradford Method (P). The final data were plotted in ng/mg P/
min. Michaelis—-Menten kinetics for the Km, Vmax, apparent
(app) Kmapp, Vmaxapp, and Ki values were calculated using
the Sigma Plot Software (https://systatsoftware.com/).

2.2.5 | Determination of the Effect of SIT on LNCaP
Cell Proliferation

To determine the effect of SIT on the proliferation of metastatic
prostate cancer cells, LNCaP cells were used at a density of
3 x 10* cells/well in 96-well container plates. Cells were allowed
to adhere to the plate for 24h in a Roswell Park Memorial
Institute medium (RPMI-1640, phenol-free, and 10% charcoal-
stripped fetal bovine serum).

LNCaP cell monolayers were washed with PBS. Subsequently,
we separately added different concentrations (10~° to 10™*) of

TABLE1 |

SIT or 2 (dissolved in 0.5% DMSO) plus 1 nM unlabeled T to
each of the wells. Additionally, as viability controls, we added T
(1nM) or T+ FIN (25 uM) (Baskar et al. 2010) to other wells.
Separately, 100 pM of unlabeled 4-dione, 100 pM of 4-dione plus
different concentrations of SIT (10™° to 10™), or 1 uM of steroid
2 dissolved in 0.5% DMSO, were added to other wells. The
plates were incubated at 37°C in a humidified atmosphere, with
5% CO,-95% air in a VWR incubator (Symphony 1, 4A,
VWR, CDMX).

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di phenyl tetrazo-
lium bromide method) (Denizot 1986; Liu 1997) was employed
to measure LNCaP cell proliferation. This method (chosen for
its reliability and accuracy) involves the dissolution of formazan
crystals formed from the reaction with 12 mM MTT in 100 L of
DMSO. The resulting absorbance was measured by spectro-
photometry at 570 nm using a Biotek Epoch Microplate Spec-
trophotometer, Thermo Fisher Scientific, USA. Finasteride was
used as an inhibitor of SRD5A2 activity in the trial. All assays
were quadrupled in three independent experiments.

2.3 | Statistical Methods

The results of the viability experiments were subjected to one-
way ANOVA using Dunnettt's post hoc test, according to the
JMP 18 software package. Dunnettt's test allowed for multiple
pairwise comparisons, comparing the measures of the treat-
ments to a single predetermined control measure. In the ex-
periment, treatment with T or 4-dione was considered the
independent variable, and the combined treatment of T or
4-dione, plus the enzyme inhibitors FIN, 2, and SIT, as
dependent variables. The analysis of variance allowed us to
identify interactions between the evaluated agents, adminis-
tered concomitantly, with the hormonal substrates. Significance
was determined by a p-value equal to or less than 0.02.

3 | Results and Discussion

3.1 | Conversion of 4-Dione to Testosterone

The thin-layer chromatography (TLC) analysis revealed the
presence of multiple radioactive metabolites derived from
radiolabeled 4-dione, representing a notable advancement in
our research. Table 1 illustrates the conversion process of
4-dione into various metabolites. These results were calculated

Final rates of 4-dione conversion to T, DHT, and 5a-dione in the absence of inhibitors.

Rate of formation 5c-dione
(ng/mg of protein/min)

[4-Dione] (pM)

Rate of formation T
(ng/mg of protein/min)

Rate of formation DHT
(ng/mg of protein/min)

2 8

5 114
7 44.4
11.0 72.8
16.0 112.4
20.0 271

11 4

20 9.5
48 12
118.4 17.5
140 80
141.7 43.7
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https://systatsoftware.com/

considering the total radioactivity obtained from the Bioscanner
readings across the chromatographic plate, the unlabeled
4-dione introduced during the experiment, and the data quan-
tified from control samples lacking solubilized microsomes. The
resulting data were plotted using SigmaPlot software version 15,
applying the appropriate mathematical equation for analysis.

Equation: Standard Curves; Five Parameter Logistic Curve

xb = EC50*10"((1/Hillslope)* log(2"(1/s — 1))

f1 = min + (max — min)/(1 + (xb/x) "Hillslope) s
f=if (x < = 0; if (Hillslope > 0; minimax); 1)
The radiolabeled 4-dione was identified in the plate by its

chromatographic behavior, which matched that of the 4-dione
standard. The average conversion of radiolabeled 4-dione to

@ AKR1C83 activity/Uninhibited
100 1 & AKR1C3 activity in the presence of 1.4 uM of 2
v AKR1C3 activity in the presence of 0.7 uM SIT
®  AKR1C3 activity in the presence of 1.4 uM SIT
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[Androstenedione uM]
FIGURE 3 | Two separate experiments determined the conversion

of labeled and unlabeled androstenedione (4-dione) by incubating it
with solubilized microsomes from LNCaP cells. As described in the
methods section, thin-layer chromatography separated and identified
the formed metabolites. The conversion of 4-dione to testosterone (T)
confirmed the activity of AKR1C3 in the solubilized microsomes from
LNCaP cells and served as a control. Compared to this control, the
results showed that 1.4 uM of steroid 2 and 1.4 uM of SIT inhibited this
conversion. Additionally, 0.7 uM of SIT eliminated this transformation
compared to the control.

various metabolites in two independent experiments and their
standard deviations were established as the control for these
transformations (Table 1).

The conversion of 4-dione to testosterone (T) suggests the
involvement of the enzyme AKR1C3 in the solubilized micro-
some fraction derived from LNCaP cells (refer to Figure 2)
(Mostaghel 2019) (Figure 3). Furthermore, compounds 2 and
SIT were observed to inhibit the conversion of 4-dione to T at a
concentration of 1.4 uM compared to the control (uninhibited
4-dione). Notably, a concentration of 0.7 uM SIT completely
obstructed this conversion, as depicted in Figure 3, in contrast
to the control (uninhibited 4-dione).

The Km and Kmapp values were comparable, whereas the
Vmax and Vmaxapp values exhibited significant differences
(see Table 2). These findings indicate that AKR1C3 binds to
steroid 2, forming the AKRI1C3-4-dione complex and
AKR1C3-4-dione-2 with high affinity, as evidenced by the
low Ki values in Table 2. These results suggest a type of
noncompetitive inhibition. Furthermore, similar to steroid 2,
the SIT inhibited the activity of AKR1C3 at a concentration of
1.4 uM (refer to Table 2). Conversely, the observed reduction
in T formation at 0.7 uM of SIT indicates a mixed type of
inhibition (see Table 2).

3.2 | Formation of DHT in LNCaP Cells

The TLC results showed that radiolabelled DHT was produced
from 5a-dione, Table 1 (refer to Figure 2) under inhibitor-free
conditions due to the presence of AKR1C3 in the incubation
medium (refer to Figure 2). Steroid 2 or 0.7 uM SIT effectively
inhibited this conversion, as shown in Figure 4. Furthermore, a
specific concentration of 1.4 puM SIT completely blocked the
activity of AKR1C3, as depicted in Figure 4, highlighting the
significance of particular concentrations in SIT inhibitory ef-
fects on DHT formation.

The kinetic parameters Km, Vmax, and Kmapp, Vmax**® for
converting 5a-dione to DHT in the absence and presence of
inhibitors are shown in Table 3. The results (n = 2) showed that
steroid 2 favored binding with the AKR1C3-5a-dione complex
to form AKR1C3-5a-dione-2. The low Ki value indicated a high-
affinity binding with this inhibitor, Table 3. Moreover, the Km
and Kmapp values are very similar (p > 0.05). Still, the Vmax-
app turned out to be very different from the Vmax (p < 0.05),

TABLE 2 | Kinetic properties of the AKR1C3 (testosterone formation from 4-dione) present in the soluble fraction of microsomes from LNCaP
cells in the absence or presence of inhibitors.
Vmax Kmapp Vmax?*PP

Inhibitor Km (uM) (ng/mgP/min) (xM) (ng/mgP/min) Ki (MM) R value

Uninhibited Testosterone 11.83 +£0.6 80.1 +£8.0 1

conversion

Steroid 2 11.2+0.4 42.7+1.0 0.13 1

SIT 0.7 uM 2.0+0.5 0 0.7

SIT 1.4 uM 13.2+1.9 44.7+0.6 0.11 1

Note: Km, Km app, Vmax, and Vmaxapp are indicated as the mean + SD (n = 2).
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FIGURE 4 | The conversion of labeled and unlabeled androstene-
dione (4-dione) to 5a-androstanedione (5a-dione) and later to dihy-
drotestosterone (DHT) was tracked using solubilized microsomes from
LNCaP cells as the enzyme sources. Radiolabeled 5a-dione and DHT
were identified by TLC due to their identical chromatographic behavior
to the standards of these steroids, as described in the methods. The
conversion of 4-dione to 5a-dione and DHT was considered a control.
The plot indicated that 1.4 uM of steroid 2 inhibited AKR1C3 activity
compared to the control. Additionally, 0.7 uM of SIT slightly blocked
this synthesis, while 1.4 uM of SIT eliminated it.

TABLE 3 |
LNCaP cells in the absence or presence of inhibitors.

indicating a type of noncompetitive inhibition produced by
steroid 2.

However, data demonstrated that Kmapp differed from Km in
the presence of 0.7 uM SIT (Table 3). Importantly, a Vmaxapp
value was similar to the Vmax Table 3, thus indicating the
formation of an AKR1C3-SIT complex. These data suggest a
competitive inhibition type of SIT with the enzyme, a key aspect
of our experiment. However, the lack of DHT formation in the
presence of 1.4uM SIT (Table 3) suggests a mixed kind of
inhibition produced by this concentration.

3.3 | Conversion of 4-Dione to 5c-Dione

The findings from the TLC analysis revealed the conversion of
androstenedione (4-dione) to 5a-androstanedione (5a-dione) in
the solubilized microsomes from LNCaP cells, as depicted in
Figure 5A. This transformation was attributed to SRD5A1
activity (Stanbrough 2006) and was the experimental control. The
results indicated that 2 or SIT effectively inhibited this pathway
compared to the control, as illustrated in Figure 5B. Notably,
14 uM SIT effectively blocked this conversion. These experi-
ments were independently conducted in two trials, providing
valuable insights into androgen biosynthesis in LNCaP cells.

Kinetic properties of the AKR1C3 (dihydrotestosterone formation from 4-dione) present in the soluble fraction of microsomes from

Inhibitor Km (uM) Vmax (ng/mgP/min) Kmapp (uM) Vmax**? (ng/mgP/min) Ki (uM) R value
Uninhibited 842+1.3 133.59 + 29 0.98
DHT-synthesis

Steroid 2 7.276 +2.2 104.29 + 8 0.19 0.99
SIT 0.7 uM 11.7+0.9 197.7 + 35 1.79 0.96
SIT 1.4 uM 0 0 0

Note: Km, Km app, Vmax, and Vmax app are indicated as the mean + SD (n =2).
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The synthesis of labeled 5a-androstanedione (5a-dione) from radiolabeled androstenedione (4-dione) was tracked using solubilized

microsomes from LNCaP cells as the enzyme source; TLC identified radiolabeled 5a-dione because of the identical chromatographic behavior to the
5a-dione standard, as we detailed in the methods. This conversion suggested the activity of type 1 Sa-reductase enzyme (SRD5A1). A. The conversion
of 4-dione to 5a-dione was considered the control. B. The plot showed that 1.4 uM of steroid 2 inhibited SRD5A1 activity compared to the control. In
addition, 0.7 uM of SIT blocked this synthesis slightly, while 1.4 uM of SIT eliminated it.
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The analysis of the kinetic parameters of SRD5A1 shows that
the presence of steroid 2 or 0.7 uM SIT leads to significant dif-
ferences in Km, Km app, Vmax, and Vmax app (see Table 4).
These findings suggest that 1.4 uM of steroid 2 or 0.7 uM SIT

TABLE 4 |
somes from LNCaP cells.

inhibited the activity of SRD5A1 in a mixed manner with high
affinity, as indicated by the low Ki value. Furthermore, in the
presence of 1.4 uM SIT, the Vmax app aligns with Vmax, while
the Km app deviates from Km. The data indicate that as the

A detailed analysis of the kinetic properties of SRD5A1 (5a-dione formation from 4-dione) found in the soluble fraction of micro-

Vmax Kmapp Vmax?®PP
Inhibitor Km (M) (ng/mgP/min) (LM) (ng/mgP/min) Ki (M) R value
Uninhibited 16.3 +0.7 271.05+ 5.0 0.97
Sa-dione synthesis
Steroid 2 — 3.9 62.93 + 8.0 0.48 1.0
SIT 0.7 uM — 3.9 20+2.0 0.22 0.97
SIT 1.4 uM — 7.3 278 +6.5 1.1 0.94

Note: These properties are detailed in the absence or presence of inhibitors, providing a thorough understanding of the process. The values of Km, Km app, Vmax, and
Vmax app are indicated as the mean + SD (n = 2), ensuring the reliability and robustness of the results.
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LNCaP cells were seeded at a density of 3 x 10* cells per well in 96-well plates and allowed to adhere for 24 h. Different concen-

trations of SIT or 2, along with unlabeled T, were added to separate wells. Viability controls, including T or T + FIN, were added to other wells. The

plates were then incubated at 37°C, and cell proliferation was measured using the MTT method. A Impact of different testosterone (T) concentrations

on LNCaP proliferation: 1 nM significantly increased LNCaP proliferation in four independent experiments (*). B In four independent experiments,
FIN did not inhibit cell proliferation. However, SIT inhibited T-stimulated LNCaP proliferation: * Indicates a statistically significant difference
(p <0.02) with T-stimulated LNCaP cells. C The activity of 2 in T-stimulated LNCaP proliferation in four separate experiments. * Indicates a

significant difference (p < 0.02) with T-stimulated LNCaP cells.
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concentration of SIT increases, SRD5A1 exhibits competitive
inhibition.

The data set also demonstrated that the Vmax value for forming T
from 4-dione is lower than that for forming 5a-dione from the same
precursor (4-dione). Table 2 and 4 (refer to Figure 2). These results
are consistent with the Chang et al. 2011 findings, where the
silencing of SRD5A1 expression blocked the conversion of 4-dione
into 5a-dione and its eventual conversion to DHT in CRPC.

3.4 | Effect of SIT and Steroid 2 on LNCaP Cells
The impact of varying concentrations of T on LNCaP cells is
depicted in Figure 6A. The analysis of variance and Dunnettt
test, comparing the mean values of the samples with that of
the vehicle-treated control (DMSO), revealed a significant
increase in cell viability with 1 nM of T (p < 0.02) compared
to vehicle-treated cells (Thomas et al. 2009). The effect of SIT
on cell viability compared to T-treated cells is illustrated in
Figure 6B. ANOVA and Dunnettt's test indicated a signifi-
cant decrease (p <0.02) in the growth of LNCaP cells with
SIT treatment (Figure 5). In contrast, FIN, a selective
inhibitor of SRD5A2, did not impact these cells, suggesting
the absence of SRD5A2 activity. On the other hand, ANOVA
analyses and the Dunnett test indicated that steroid 2 sig-
nificantly (p < 0.02) reduced cell viability at a concentration
of 1 uM, Figure 6C.

The impact of various concentrations of androstenedione (4-dione)
on the proliferation of LNCaP cells is depicted in Figure 7A. The
concentration of 100 pM, which significantly increased LNCaP
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proliferation (p < 0.02), suggests a potential role for androgens in
the progression of prostate cancer. The activity of different
concentrations of SIT and 1 uM of steroid 2 on 4-dione LNCaP
stimulation is illustrated in Figure 7B. SIT did not reduce
LNCaP cell proliferation at the three tested concentrations,
whereas 1 uM of steroid 2 significantly decreased this prolifer-
ation (p <0.02). SIT did not decrease LNCaP cell proliferation
in the three tested concentrations, whereas 1 uM of steroid 2
reduced proliferation considerably (p < 0.02).

4 | Conclusion

The most efficient metabolic pathway for the formation of DHT
in wild LNCaP cells was from the conversion of 4-dione to 5a-
dione rather than from T. This conclusion is supported by the
Vmax values for the formation of 5a-dione (271.05 + 5.0 ng/mg
protein/min) and the Vmax for the formation of T
(80.1 +8.0ng/mg protein/min) from 4-dione as a common
precursor. These data suggest that the overexpression of
SRD5A1 increases the conversion of 4-dione to 5a-dione more
efficiently than the pathway from 4-dione to T (Figure 2)
despite the overexpression of AKR1C3 in these cells. In these
metabolic pathways, SIT at both concentrations inhibited the
activity of both enzymes, as did 1.4 uM of steroid 2.

Despite the overexpression of these enzymes in wild LNCaP
cells, SIT acted more effectively in reducing proliferation when
the precursor present in the assay was T, which was converted
to DHT. Meanwhile, compound 2 in the assay proved more
effective in reducing proliferation when the precursor present
was 4-dione. The 4-dione, in the presence of 2, reduced its
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LNCaP cells were seeded at a density of 3 x 10* cells per well in 96-well plates and allowed to adhere for 24 h. Different concen-

trations of SIT and 2, along with unlabeled androstenedione (4-dione), were added to separate wells. Viability controls were made, adding 4-dione or
vehicle (DMSO) to other wells. The plates were then incubated at 37°C, and cell proliferation was measured using the MTT Method. A Different
4-dione concentrations increased LNCaP proliferation compared with vehicle-treated cells in four independent experiments, suggesting a potential
role for androgens in prostate cancer progression. B ANOVA and Dunnett test indicated that 1 uM Steroid 2 significantly decreased LNCaP cell
proliferation in four separate experiments (p < 0.02). However, SIT did not differ from the 4-dione control in four independent experiments (p > 0.02).
* Indicates a statistically significant difference (p <0.02) with the vehicle-treated cells. ** Indicates a significant difference with the 4-dione-
stimulated LNCaP proliferation (p < 0.02).
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conversion to 5a-dione and DHT in these tumor cells. Conse-
quently, both compounds could have therapeutic potential
for CRPC.
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