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ABSTRACT

Epristeride, a novel noncompetitive inhibitor of Type II 5a-reductase, has emerged as a potential therapeutic alternative for
benign prostatic hyperplasia (BPH). Given that other Sa-reductase inhibitors, such as finasteride and dutasteride, are already
monitored for their potential impact on doping control, comprehensive metabolic studies of epristeride are crucial for antidoping.
This study investigates the metabolic pathways and metabolites of epristeride using in vitro microsome models, offering prelimi-
nary insights into the pharmacokinetics of this drug. Metabolite profiling was performed using liquid chromatography-high res-
olution mass spectrometry (LC-HRMS), with data acquisition facilitated by Xcalibur 4.2 software and metabolite identification
facilitated by Compound Discoverer 3.3. By employing network pharmacology, the potential targets of epristeride are predicted.
The binding energy is calculated using AutoDock Vina software to predict its impact on steroid metabolism. The study proposed
three primary metabolites of epristeride: two Phase I oxidation products (M1 and M2) and one Phase II glucuronidation product
(M3). Pathway analysis revealed that among the five CYP450 isoforms examined, CYP3A4 played a dominant role. The docking
results tentatively elucidated five key target proteins (ESR1, CYP19A1, STAT3, AKR1C3, and CYP17A1) with low binding ener-
gies, indicating stable interactions. Notably, Phase I metabolites (M1 and M2) showed significant binding potential with these
targets, whereas the Phase IT metabolite (M3) exhibited lower binding stability. These findings provide a detailed understanding
of epristeride’'s metabolic pathways and its potential biological impacts, offering valuable insights for monitoring its presence as
a confounding factor in doping control.
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1 | Introduction

Sa-reductase inhibitors are primarily classified into Types
I and II categories and further divided into competitive and
noncompetitive inhibitors based on their mechanisms of
action. These drugs primarily function by inhibiting 5a-
reductase activity, thereby reducing the conversion of testos-
terone (T) to dihydrotestosterone (DHT), which effectively
lowers DHT levels. They are commonly used to treat condi-
tions associated with elevated DHT, such as benign prostatic
hyperplasia (BPH) and androgenetic alopecia (AGA) [1-3].
Finasteride and dutasteride are the two main 5a-reductase in-
hibitors with distinct mechanisms of inhibition. Finasteride is
a selective Type II 5a-reductase inhibitor that significantly re-
duces DHT levels in both serum and tissues and is commonly
used in the treatment of BPH and AGA [4, 5]. In contrast,
dutasteride inhibits both Types I and II 5a-reductase, leading
to a more comprehensive reduction in DHT levels and demon-
strating particularly strong efficacy in treating BPH [6, 7].
Additionally, epristeride, a novel noncompetitive type II 5a-
reductase inhibitor [8, 9], has been approved in China under
the brand names “Aipuliete” and “Chuanliu” for the treatment
of BPH. Epristeride is known for its high selectivity and rapid
onset of action, with significant increases in peripheral blood
testosterone levels observed after 6 weeks of continuous treat-
ment [10]. Consequently, epristeride offers an effective alter-
native for patients who are unable to tolerate finasteride or
dutasteride.

Compared with finasteride and dutasteride, the noncompet-
itive inhibition mechanism of epristeride suggests that its
effect on Sa-reductase may not be fully predicted based on
existing data from the other two drugs. Competitive inhibi-
tors such as finasteride and dutasteride directly compete with
testosterone at the enzyme's active site, whereas epristeride
binds at a different site, thereby modulating enzyme activity
without competing for substrate binding [5, 6]. This distinc-
tion implies that epristeride could produce different inhibitory
dynamics and potentially distinct alterations in androgen me-
tabolism. The World Anti-Doping Agency (WADA) has intro-
duced an Athlete Biological Passport (ABP) with a steroidal
module, which is intended for the monitoring of longitudinal
profiles of an athlete's steroid variables in urine to identify en-
dogenous anabolic androgenic steroids that are administered
exogenously [11, 12]. In doping control, alongside monitor-
ing the testosterone (T) to epitestosterone (E) ratio in urine
(T/E > 4), it is also crucial to analyze endogenous steroids, in-
cluding 5a-reductase metabolites such as dihydrotestosterone
(DHT) and androsterone (A) [13, 14]. Administration of 5a-
reductase inhibitors, such as dutasteride, leads to a decrease
in the excretion of 5a-reduced steroids, whereas the excretion
of 53-reduced steroids may remain unaffected, resulting in a
lowered ratio of 5a- to 58-reduced steroids [14]. Studies have
shown that dutasteride administration can suppress the uri-
nary levels of Sa-reduced metabolites for up to 8 days, whereas
the T/E ratio remains unaffected [1], adding complexity to
doping control interpretations. Notably, Sa-reductase inhibi-
tors like finasteride and dutasteride can also alter the isotopic
composition of steroid metabolites, which may significantly
impact gas chromatography combustion isotope ratio mass
spectrometry analyses [15]. To prevent athletes from masking

the use of performance-enhancing drugs, both finasteride and
dutasteride are considered confounding factors of the steroid
profile by WADA [16]. However, the use of epristeride has not
yet been approved by the US Food and Drug Administration
(FDA) or other European regulatory bodies [17], and the met-
abolic characteristics of the drug and its metabolites are still
not fully understood. These studies are critical for the evalua-
tion and clinical application of the drug.

Hepatic and cutaneous biotransformation play critical roles
in the elimination of both endogenous and exogenous com-
pounds, including drugs [18]. Liver microsomes are a com-
monly utilized enzymatic system for assessing metabolic
stability, as they are rich in key drug-metabolizing enzymes
(DMESs), including the cytochrome P450 (CYP) family and uri-
dine 5’-diphospho-glucuronosyltransferase (UGT) enzymes
[19-21]. CYP3A4 is a critical member of the CYP family, widely
expressed in the liver and small intestine and is responsible
for metabolizing approximately 50% of clinically used drugs
[22-24]. Its activity is regulated by various factors, including
genetic polymorphisms [25], drug induction, and inhibition
[26]. CYP3A4 has an extensive substrate range, encompass-
ing antibiotics (e.g., erythromycin), antifungal agents (e.g.,
fluconazole), anticancer drugs (e.g., cyclophosphamide), and
analgesics (e.g., acetaminophen) [27, 28]. This broad substrate
specificity highlights the critical role of CYP3A4 in drug-drug
interactions. Similarly, skin microsomes serve as an import-
ant site for local drug metabolism and the detoxification of
endogenous compounds. As the body's largest organ, the skin
exhibits unique biotransformation capabilities due to its en-
zymatic diversity and barrier functions. Although CYP3A4
is present in skin microsomes, its activity is generally lower
than that in hepatic microsomes. Other CYP enzymes, such
as CYP1A1 and CYP2EIL, are more prominent in the skin and
play pivotal roles in local drug metabolism and detoxification
[29]. These enzymatic activities not only influence the thera-
peutic effects of topically applied drugs but may also affect the
systemic bioavailability of exogenous compounds absorbed
through the skin.

In studies on S5a-reductase inhibitors, finasteride under-
goes Phase I metabolism primarily via CYP3A4, producing
w-hydroxyfinasteride, which is subsequently converted into
glucuronide conjugates by UGT enzymes. As early as 1994,
researchers tentatively elucidated Phase I metabolites such as
w-hydroxyfinasteride and 6a-hydroxyfinasteride in male rat
hepatic microsomes [30]. In humans, the primary urinary me-
tabolite of finasteride is carboxy finasteride, whereas the par-
ent drug accounts for less than 1% of urinary excretion [31, 32].
Consequently, WADA uses carboxy finasteride as a biomarker in
urine to detect finasteride use with a reporting level of 5ng/mL.
Dutasteride is metabolized mainly by CYP3A4 and CYP3A5
in vivo, producing multiple active metabolites [33]. Because
epristeride has structural similarities to finasteride, it is hypoth-
esized that epristeride may exhibit comparable biotransforma-
tion pathways.

This study employed human liver microsomes (HLMs) and
minipig skin microsomes (SMs) models to explore the in vitro
metabolism of epristeride, providing foundational insights
for further research on its in vivo metabolic pathways. Skin
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microsomes were included as a complementary model, be-
cause the skin also expresses drug-metabolizing enzymes and
may provide insights into potential extrahepatic metabolism.
To further enhance the understanding of epristeride's phar-
macological and metabolic mechanisms, a network pharma-
cology approach was employed by integrating bioinformatics
tools and molecular docking simulations [34, 35]. This inno-
vative methodological approach was expected to provide a
comprehensive perspective on epristeride’'s pharmacological
mechanisms and address critical considerations for its regula-
tion in antidoping strategies.

2 | Materials and Methods
2.1 | Reagents and Solutions

Pooled human liver microsomes (pHLMs; 0.1 mol/L phosphate
buffer, pH7.4; protein concentration, 20mg/mL), Skin S9
Fraction (Male; 150 mM KCI; 250 mM sucrose; protein concen-
tration, 4mg/mL), nicotinamide adenine dinucleotide phos-
phate (NADPH) regeneration solution A (1.3 mmol/L NADP+,
3.3mmol/L MgCl,, and 3.3mmol/L 6-phosphoglucose),
NADPH regeneration solution B (0.4 U/mL 6-phosphoglucose
dehydrogenase and 0.05mmol/L sodium citrate), UDP-
glucuronosyltransferase (UGT) incubation system (5mmol/L
uridine diphosphoglucuronic acid [UDPGA], 5mmol/L D-
glucarboxylic acid-1,4-lactone, and 25ug/mL alamethicin),
and PBS buffer (0.1 mol/L, pH 7.4) were provided by IPHASE
BIOSCIENCE Co. Ltd. (Suzhou, China). The standard of
epristeride was provided by MedChemExpress (New Jersey,
United States). Acetonitrile (HPLC grade) was purchased
from Sigma-Aldrich (St. Louis, MO, United States), methanol
(HPLC grade) and DMSO were purchased from Merck KGaA
(Darmstadt, Germany), and formic acid (analytical grade,
98%) was purchased from Fluka (Charlotte, North Carolina,
United States). Water was purified using a Milli-Q Advantage
A10 ultrapure water system (Millipore, Massachusetts, United
States).

Five cytochrome P450 (CYP) isoforms—CYP2D6, CYP2C9,
CYP1A2, CYP2B6, and CYP3A4—were selected for metabolic
pathway studies. The corresponding selective inhibitors were
quinidine (10mM), sulfaphenazole (1mM), a-naphthoflavone
(200 uM), sertraline (25 mM), and ketoconazole (1 mM), all pur-
chased from IPHASE BIOSCIENCE Co. Ltd. (Suzhou, China).

2.2 | Preparation of HLMs

Epristeride was dissolved in DMSO to prepare a 1.0 mg/mL stock
solution, and then, 1 uL of this solution was added to the newly
prepared system solution to make the final volume reach 200 uL
(including 162 uL buffer, 10 uL NADPH regeneration solution A,
2uL NADPH regeneration solution B, 20uL. UDPGA solution,
and 5SpL liver microsomes). The mixed system was incubated
at 37°C for 1h, and 600-uL precooled acetonitrile was added to
terminate the reaction. After centrifugation at 12,000rpm for
10 min, the supernatant was transferred to a glass liner tube and
waited for analysis. At the same time, control groups were set
up: blank solution, incubation reaction system solution without

target drug, reaction system solution without liver microsomes,
and reaction system solution without regeneration system to en-
sure the validity of the results.

2.3 | Preparation of Skin Microsomes

For the skin microsome experiments, 25uL of skin microsomes
was used to replace the liver microsomes, and the buffer volume
was adjusted to 142uL. All other procedures were performed
consistently with those typically used in the liver microsome
experiments.

2.4 | Preparation of Enzyme Inhibition

An additional system solution was prepared by combining 1 pL
of epristeride stock solution and 1L of selective inhibitor, ad-
justing the final volume to 200uL (including 181-uL buffer,
10-uL NADPH regeneration solution A, 2-uL NADPH regener-
ation solution B, and 5-uL liver microsomes). The mixed system
was incubated at 37°C. The incubation reaction times for the
CYP450 enzyme subtypes vary depending on the specific en-
zyme. For CYP-2D6 and CYP-3A4, the reaction time was 10min,
whereas CYP-2C9 requires 20min. CYP-1A2 and CYP-2B6 both
require longer incubation periods of 30min, and then, 600 uL
of precooled acetonitrile was added to terminate the reaction.
Subsequent operations were the same as above. The control
group analysis of this system comprised a blank solution, an
incubation reaction system solution without selective inhibitor,
and a reaction system solution without regeneration system.

2.5 | Liquid Chromatography-High Resolution
Mass Spectrometry Parameters

Metabolite separation was performed using a Thermo Vanquish
LC system (Thermo Fisher, Bremen, Germany) equipped with
an ACE-EXCEL C18-PFP column (150mm X 2.1 mm, particle
size 3 um). The mobile phase consisted of 5-mM ammonium for-
mate in water (A) and methanol (B), and the elution program
was as follows: 0-1.5min, 2% B; 1.5-3.0min, linear increase of
B from 2% to 50%; 3.0-9.0min, B from 50% to 74%; 9.0-12.0 min,
B from 74% to 95%; 12.0-15.0 min, maintain 95% B; and 15.1-
21.0min, B decreased to 2%. The temperature was controlled at
30°C, the flow rate was 0.3mL/min, and the injection volume
was 5uL.

Mass spectrometry was performed using a HRMS (Q Exactive
HF Thermo Fisher, Bremen, Germany) equipped with a heated
electrospray ionization source (HESI). The collision gas (99.99%
pure nitrogen) pressure was 0.2 Pa, and the sheath gas and aux-
iliary gas pressures (purity 99.9%) were set to 35 and 15Pa, re-
spectively. The capillary temperature was 320°C, and the spray
voltage was +3.8kV (ESI+). The instrument scanned simulta-
neously in positive and negative ion modes, with a mass error
within 5ppm, a full scan range of 100-1000m/z, a resolution of
60,000 (200m/z), and an AGC target value of 3 x 10%; the dd-MS?
resolution was 30,000 (200 m/z), and the AGC target value was
1x10°. The collision energy gradients were 15, 40, and 70¢V,
and the isolation window was 4 m/z.
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2.6 | Metabolite Identification

Data acquisition was performed by Xcalibur 4.2 software plat-
form. Compound Discoverer 3.3 software was used to pro-
cess and analyze the acquired data to identify metabolites.
Furthermore, Mass Frontier software performed detailed struc-
tural elucidation of the proposed metabolites.

2.7 | Network Pharmacology Analysis
and Molecular Docking Methods

To explore the potential targets of epristeride in the treatment
of prostate diseases, the SMILES ID of epristeride was queried
using the SwissTargetPrediction database (http://swisstarge
tprediction.ch/), TargetNet database (http://targetnet.scbdd.
com), and SuperPred database (https://prediction.charite.de).
For the TargetNet database, genes with a probability score >0
were selected, whereas for the SuperPred database, genes with
a model accuracy >90% and probability > 60% were included.

Relevant gene information for “prostate diseases” was gath-
ered from the GeneCards database (https://www.genecards.
org/) and the OMIM database (https://omim.org/). From the
GeneCards database, genes with a relevance score >20 were
proposed as potential disease-related targets.

The proposed targets were uploaded to the STRING database
(https://www.string-db.org/) for high-confidence Protein-
Protein Interaction (PPI) network analysis. The PPI network was
constructed and visualized using Cytoscape software (http://
www.cytoscape.org/), and core targets were filtered based on
their degree centrality values.

To perform molecular docking, the structural files of high-

resolution core target proteins were retrieved from the PDB data-
base (https://www.rcsb.org/). Protein structures were prepared
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using PyMol software by removing water molecules and sepa-
rating ligands and receptors. Hydrogen atoms were added to the
proteins using the ADFRSuite software. Grid box parameters for
docking were determined using AutoDock molecular docking
software, and both the small molecules and core target proteins
were converted to pdbqt files using AutoDock Vina. Molecular
docking simulations were then conducted to verify the interac-
tions between epristeride and its predicted targets. The docking
results were visualized and analyzed using PyMol software to
illustrate the binding patterns and interactions.

3 | Results and Discussion
3.1 | Metabolite Identification

In this study, the metabolic products of epristeride were distin-
guished by comparing retention times (RT) in chromatograms and
characteristic fragment ions in mass spectra. Three metabolites of
epristeride were detected in both in vitro human liver microsome
and minipig skin microsome metabolism models, including two
Phase I metabolites (M1 and M2) and one Phase II metabolite
(M3). The mass deviations between the measured values and theo-
retical values were all within 5ppm. The retention time of the par-
ent compound, epristeride, was 15.24min, whereas the retention
times of the metabolites were 13.52, 14.37, and 13.16 min, respec-
tively (Figure 1 and Table 1). No parent compound or metabolites
were detected in the blank control group. The metabolic transfor-
mation pathways of epristeride primarily involve oxidation (M1
and M2) and glucuronidation (M3).

Under the chromatographic conditions employed in this study,
epristeride exhibited a retention time of 15.24 min, with a mo-
lecular ion peak of [M +H] m/z 400.2835 (Figure 2). The frag-
ment ion at m/z 344.2202, which differed from the parent drug
by 56 Da, showed the second highest signal intensity after the
parent drug. Based on the cleavage pattern of finasteride, this
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FIGURE1 | Extracted ion chromatograms of epristeride and its proposed metabolites in positive ESI mode.
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TABLE1 | Proposed metabolites of epristeride in HLMs and minipig (SMs) model.

Actual
Theoretical mass
Adduot mass (m/z, (m/z, Error Production
ion Da) Da) (ppm) (m/z, Da)

RT
Compound Biotransformation (min) Formula
M — 1524  C,,H,,NO,
M1 Oxidation 13.52  C,;H,,NO,
M2 Oxidation 14.37 C,;H,,NO,
M3 Glucuronide 13.16 C;,H,sNO,
conjugation

[M+H] 400.2846 400.2835 =2.75 344.2202,
157.1008,
105.0695,
72.0444

[M+H] 416.2795 416.2793 —0.48 360.2145,
201.0911,
74.0443

[M+H] 416.2795 416.2788 -1.68 343.1902,
299.2014,
189.0902,
72.0807

[M+H] 576.3167 576.3146 —3.64 520.524,
400.2832,
344.2200,
326.2099,

214.4471,

72.0444

Note: The name of M1-M3. M1: (7R,10R,13S,17S)-17-(tert-butylcarbamoyl)-7-hydroxy-10,13-dimethyl-2,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]
phenanthrene-3-carboxylic acid or (7S,10R,138S,17S)-17-(tert-butylcarbamoyl)-7-hydroxy-10,13-dimethyl-2,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta|a]
phenanthrene-3-carboxylic acid. M2: (10R,13S,17S)-17-((1-hydroxy-2-methylpropan-2-yl)carbamoyl)-10,13-dimethyl-2,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-
1H-cyclopenta[a]phenanthrene-3-carboxylic acid. M3: 6-((10R,13S,17S)-17-(tert-butylcarbamoyl)-10,13-dimethyl-2,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-1H-
cyclopenta[a]phenanthrene-3-carbonyl)oxy)-3,4,5-trihydroxytetrahydro-2H-pyran-2-carboxylic acid.

m/z 344.2202

[M+H] ™

100 . 400.2835

] 0 N><

8 805 ;\\\—m/z 72.0444

= il - H 344.2202

hej . |
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FIGURE2 | MS spectra of epristeride with fragment ions.

fragment was inferred to result from the loss of a C,H, group
from the parent drug [32].

The retention times of M1 and M2 differed, but both structures
were assigned by Compound Discoverer 3.3 software as having
the molecular formula C,.H, ,NO,. The molecular ion [M + H]

at m/z 416.2793 differed from the parent compound by 16 Da,
suggesting that the parent drug underwent oxidation to form
hydroxylated metabolites, designated M1 and M2 as isomers
(Figures 3 and 4). In M1, the fragment ion at m/z 360.2145,
which differed from the molecular ion by 56 Da, exhibited a
cleavage pattern similar to that of the parent compound. The
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FIGURES5 | MS spectra of M3 with fragment ions.

comparable signal intensity ratio suggests that hydroxylation
occurred on the steroidal backbone. In contrast, M2 displayed
fragmentation characteristics highly similar to w-hydroxy fin-
asteride, including the sequential loss of characteristic fragment
ions corresponding to -NH,, -C,H,O, -C.H,,NO, [32].

The molecular ion of M3 was [M + H| m/z 576.3146, which dif-
fered from the parent compound by 176 Da, suggesting that it

was a glucuronic acid conjugate (Figure 5). Given the presence
of a carboxylic acid group in the structure of the parent drug, it
was inferred that the structure involved the dehydration con-
densation of the carboxylic acid with glucuronic acid. The m/z
400.2832 corresponded to the parent drug fragment formed after
the loss of glucuronic acid from M3. Additionally, the signal at
m/z 344.2200, which was the second most intense after the mo-
lecular ion, was consistent with the fragmentation pattern of the
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FIGURE 7 | The Venn Diagram for Predicting Targets.

parent drug, indicating the loss of a C,H, from the parent drug
fragment.

3.2 | Metabolic Pathway Analysis

In this study, specific inhibitors for five CYP450 isoforms includ-
ing CYP2D6, CYP2C9, CYP1A2, CYP2B6, and CYP3A4 were
employed to investigate their roles in the metabolic pathways
of epristeride. The inhibitors were added to a liver microsomal
metabolism system, and the peak areas of epristeride were com-
pared before and after inhibitor addition to assess the contribu-
tion of each isoform to epristeride metabolism. The results (as
shown in Figure 6) revealed significant differences in catalytic
efficiency among the isoforms following the addition of inhib-
itors. The catalytic inhibition rates for CYP2D6, CYP2C9, and
CYP2B6 were all below 8%, suggesting minimal involvement of

these isoforms in epristeride metabolism. In contrast, CYP3A4
exhibited a substantially higher catalytic inhibition rate of
82.42%, indicating its predominant role. This finding aligns with
the review by Gupta et al. [17] which reported that the hydrox-
ylation of finasteride is primarily catalyzed by CYP3A4 [34].
Together, these results confirm that CYP3A4 plays a dominant
role in the metabolism of epristeride.

3.3 | The Potential Impact of Drug Metabolism on
Doping Testing During Disease Treatment

Using the SMILES structure of epristeride, potential targets were
predicted using three databases: SwissTargetPrediction (112 tar-
gets), TargetNet (19 targets), and SuperPred (76 targets). After
merging and removing duplicate entries, a total of 189 unique
target genes were tentatively elucidated for epristeride. To fur-
ther refine the analysis, genes associated with benign prostatic
hyperplasia (BPH) were retrieved from the GeneCards database
(417 genes) and the OMIM database (216 genes). Following the
removal of duplicates, 599 unique BPH-related genes were ten-
tatively elucidated. By intersecting these with epristeride's pre-
dicted targets, 28 potential therapeutic targets were tentatively
elucidated (Figure 7).

These 28 targets were then analyzed using the STRING data-
base, with a high-confidence interaction score threshold of 0.9,
to construct a preliminary protein-protein interaction (PPI)
network (Figure 8). The network was further processed using
Cytoscape software to identify the top five core targets based on
their degree values (degree > 6). The core targets tentatively elu-
cidated were ESR1, CYP19A1, STAT3, AKR1C3, and CYP17A1,
highlighting their potential significance in the pharmacological
action of epristeride.
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TABLE 2 | Results of small molecule docking with protein targets.

CYP17A1/ CYP19A1/
Compounds energy (kcal) energy (kcal)
Finasteride -10.6 -8.8
Dutasteride -11.6 —-4.4
Epristeride-M -9.9 -9.1
Epristeride-M1-W -9.6 —-8.8
Epristeride-M1-L -9.4 -8.4
Epristeride-M2 -9.9 -8.5
Epristeride-M3 -10.4 —-0.5

Based on the identification of five core therapeutic targets,
CYP17A1 is a key enzyme in steroidogenesis, playing a pivotal
role in the biosynthesis of steroid hormones. It has emerged
as a critical target for the treatment of hormone-dependent
cancers, including prostate cancer. In particular, significant
efforts within the pharmaceutical chemistry field have been
dedicated to the discovery and development of CYP17A1 in-
hibitors, especially for addressing castration-resistant pros-
tate cancer [36-38]. Similarly, CYP19A1, also known as
aromatase, is essential for converting androgens into estro-
gens. In cholangiocarcinoma (CCA), CYP19A1 expression
is closely associated with estrogen-related proteins, such as
estrogen receptors (ERa, ER{, and GPR30) and estrogen-
responsive proteins (e.g., TFF1). High levels of CYP19A1 ex-
pression have been correlated with tumor metastasis and are
positively linked to GPR30 expression. Notably, in male CCA
patients, elevated CYP19A1 expression in tumor tissues is as-
sociated with shorter survival times, underscoring its clinical
significance.

To explore the interaction of finasteride, dutasteride, epris-
teride M, and its metabolites (M1 with L and W, M2 and M3)
with CYP19A1, molecular docking studies were performed
using AutoDock Vina software and the CYP19A1 protein
structure (PDB ID: 3S79) [39]. The results (Table 2) revealed
that most compounds except for dutasteride and the Phase II
metabolite of Epristeride M3 exhibited favorable binding af-
finities (docking scores < —5kcal/mol), indicating stable in-
teractions characterized by tight hydrophobic interactions and
hydrogen bonding. Among these, M3 had the weakest binding
affinity, with a docking score of —0.5kcal/mol. Although M3
formed a salt bridge with the protein, this interaction was sig-
nificantly weakened due to the large size of its terminal acy-
loxy group, which impeded its ability to fit into the protein's
binding pocket. Consequently, the inhibitory effect of epris-
teride on CYP19A1 decreases during its metabolism to the
Phase IT metabolite M3.

CYP17A1 and CYP19A1 are key enzymes in the steroid bio-
synthesis pathway, playing essential roles in the metabolism
of both endogenous and synthetic steroids. Their activity and
inhibition have significant implications in doping control.
CYP17A1 is a central enzyme in steroidogenesis, particularly
in the synthesis of androgens and progestogens. In doping
control, the inhibition of CYP17A1 can alter the metabolism
of endogenous steroids and potentially lead to misinterpreta-
tion of results, including false positives or false negatives in
doping tests [40, 41]. Similarly, CYP19A1, also known as aro-
matase, is the enzyme responsible for converting androgens
into estrogens. The activity of CYP19A1 directly influences
the androgen-to-estrogen ratio in urine, a key marker for
detecting the use of anabolic steroids. Changes in CYP19A1
activity can therefore critically impact the accuracy of dop-
ing control analyses, underscoring its importance in the reg-
ulatory framework [14, 42, 43]. These findings highlight the
necessity of studying these enzymes to ensure accurate and
reliable doping detection methods.

According to the docking results of epristeride and its me-
tabolites (Figure 9), epristeride and its metabolites M1 (M1-L
and M1-W) and M2 demonstrate strong binding affinity with
CYPI19A1, suggesting their potential to effectively inhibit the
enzyme's activity. Such inhibition could significantly impact
estrogen production, potentially altering the outcomes of
doping tests by affecting the androgen-to-estrogen ratio. In
contrast, the Phase II metabolite M3 exhibits weak binding af-
finity with CYP19A1, likely due to its larger molecular struc-
ture, which hinders proper fitting into the enzyme's active
site. Although M3's interaction with CYP19A1 might partially
influence enzyme activity, its effect is limited by the increased
distance between the metabolite and critical residues within
the binding pocket. Consequently, when epristeride is metab-
olized into its second-phase metabolite, its inhibitory effect on
CYPI19A1 is almost entirely diminished, allowing the metabo-
lism of endogenous steroid hormones to gradually normalize.
Compared with existing 5a-reductase inhibitors, such as fin-
asteride and dutasteride, and known CYP17A1 and CYP19A1
inhibitors, epristeride and its metabolites exhibit comparable
or even stronger inhibitory activity. This highlights the neces-
sity of including new reductase inhibitors like epristeride in
the scope of doping control measures to address their potential
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FIGURE9 | The resultdiagram of compound docking with core targets.

impact on steroid metabolism and the accuracy of doping test
results.

4 | Conclusion

This study investigated the in vitro metabolic characteristics
of epristeride, a novel noncompetitive Type II Sa-reductase
inhibitor. Utilizing human liver and minipig skin microso-
mal models in combination with LC-HRMS technology, the
metabolic behavior of epristeride was systematically ana-
lyzed. The findings revealed the formation of three primary
proposed metabolites: two Phase I oxidized metabolites (M1
and M2) and one Phase II glucuronidated metabolite (M3).
Notably, CYP3A4 was tentatively elucidated as the predomi-
nant enzyme responsible for Phase I metabolism, highlight-
ing a key role in the biotransformation of epristeride. This
study not only deepens our understanding of epristeride’s
metabolic profile but also provides critical insights into its
pharmacological mechanisms and therapeutic optimization.
Additionally, network pharmacology analysis and molecular
docking simulations revealed that epristeride and its metab-
olites interact with key steroidogenic enzymes, CYP17A1 and
CYP19A1, potentially influencing steroid metabolism path-
ways. These interactions could impact the outcomes of doping
tests, emphasizing the importance of epristeride in the field
of antidoping research. Furthermore, additional insights from
administration studies in humans will be critical to validate
the present in vitro findings. Such investigations will help
confirm the metabolic pathways, establish reliable urinary
markers, and define the extent to which epristeride interferes
with the steroid module of the Athlete Biological Passport.

CYP19A1

CYP19A1-Finasteride CYP19A1-Dutasteride

These future studies will provide essential translational evi-
dence to complement the current work and enhance its appli-
cability in doping control.
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