Open Access Article. Published on 11 March 2026. Downloaded on 3/16/2026 12:12:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 13572

Received 25th November 2025
Accepted 9th March 2026

DOI: 10.1039/d5ra09094f

Analysis of metabolic characteristics of epristeride
in zebrafish based on LC-Q-TOF MS and its
potential applications in doping control
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5e. Reductase inhibitors (finasteride and dutasteride) have been classified as monitored substances by the World
Anti-Doping Agency (WADA) due to their potential abuse as masking agents for anabolic-androgenic steroids.
As a member of the same class of inhibitors, epristeride shares a similar pharmacological mechanism of action
and thus poses an inherent risk of abuse. However, current research on the metabolic characteristics of
epristeride remains limited, which hinders its effective monitoring in anti-doping practices. In this study,
a zebrafish model combined with liquid chromatography-quadrupole-time-of-flight mass spectrometry (LC-
Q-TOF MS) was employed to systematically investigate the metabolic transformation of epristeride in vivo.
Additionally, omics analysis was utilized to elucidate the effects of epristeride administration on endogenous
metabolic pathways. A total of 11 epristeride metabolites were successfully identified, including 4 phase |
metabolites and 7 phase Il metabolites, primarily involving metabolic reactions such as oxidation,
methylation, and glucuronide conjugation. Omics analysis revealed that N,N-dimethyldecylamine oxide
(DDAO) with an AUC value of 0.80 could serve as a potential biomarker. Pathway enrichment analysis
indicated that epristeride significantly perturbed purine metabolism and aromatic amino acid biosynthesis.
These findings provide a more precise understanding of the metabolic fate of epristeride in organisms,
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Introduction

Steroidal stimulants have long been a widely abused class of
substances in competitive sports due to their significant effects
on promoting muscle growth and enhancing athletic perfor-
mance."” Currently, the World Anti-Doping Agency (WADA) has
adopted strict detection methods to monitor the abuse of
anabolic-androgenic steroids (AAS), with urine and blood
testing as the primary approaches. These methods focus on the
quantitative analysis of steroid metabolites and the determi-
nation of carbon isotope ratios (6**C) to distinguish exogenous
from endogenous steroids.’

However, the use of masking agents has emerged as a poten-
tial strategy for athletes to evade detection in recent years. In
particular, 5o reductase inhibitors may alter the metabolism of
endogenous androgens (e.g, inhibiting the conversion of
testosterone to dihydrotestosterone, DHT), thereby affecting the
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offering a scientific basis for the development of accurate detection methods.

ratios of steroid metabolites in urine (e.g., 5¢Adiol/5pAdiol). This
reduces the sensitivity and reliability of WADA's existing detec-
tion strategies.*® Significant differences exist in the pharmaco-
kinetic profiles of different 5o reductase inhibitors.” For example,
finasteride has a half-life of 4-6 hours and is mainly metabolized
in the liver to hydroxyl derivatives,® while dutasteride has an
extremely long half-life of 3-5 weeks, inhibits both type I and type
II 50 reductase, and exhibits prolonged metabolic persistence.’
Both have been classified as monitored substances by WADA. As
a type II 5a reductase inhibitor, epristeride displays inhibitory
activity comparable to finasteride in reducing DHT levels but is
less potent than the broad-spectrum inhibitor dutasteride. The
differences in efficacy among the three agents primarily stem
from their varying selectivities for enzyme subtypes.'**> Notably,
although epristeride biotransformation has been explored in
vitro, its vivo metabolic behavior and the resulting biological
context under whole-organism exposure remain insufficiently
characterized, particularly with respect to Phase II conjugation
patterns and potential markers relevant to doping control.
Accordingly, a systematic in vivo assessment is still needed to
define the metabolite spectrum and to evaluate whether epris-
teride produces distinctive metabolites that could inform anti-
doping monitoring.

Zebrafish hold significant value in drug metabolism
research, primarily attributed to their high conservation in
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genetic composition and metabolic functions with humans.***¢
Studies have demonstrated that zebrafish share approximately
70% of their genes with humans, and the metabolic functions of
their organs (such as the liver and pancreas) are similar to those
of humans. Notably, the drug metabolic pathways mediated by
cytochrome P450 (CYP) enzymes are highly comparable.'”** For
instance, zebrafish CYP3A65 exhibits functional similarity to
human CYP3A4 and is commonly used to predict drug-drug
interactions.”® Furthermore, zebrafish possess distinct tech-
nical advantages: their small size and rapid reproduction make
them suitable for high-throughput drug screening, significantly
improving research efficiency and reducing costs.*"** Examples
include antitumor drugs,> antiepileptic drugs* and therapeutic
agents for metabolic diseases.”® The transparency of embryos
enables real-time in vivo imaging, allowing direct visualization
of drug distribution and metabolic processes, such as the
clearance of f-amyloid by gold nanoparticles.”® Meanwhile, the
convenient application of gene-editing technologies like
CRISPR/Cas9 facilitates the rapid and efficient construction of
models with specific metabolic enzyme deficiencies or disease
models, such as amyotrophic lateral sclerosis (ALS),> autism
spectrum disorder (ASD),?® and mucopolysaccharidosis (MPS),*
which are utilized for mechanism research and drug
discovery.®® In terms of ethics and regulations, zebrafish
embryos at specific developmental stages are not classified as
laboratory animals, thus complying with the “3R” principles
(Replacement, Reduction, Refinement) and providing an
important alternative for drug safety evaluation.** These
advantages establish zebrafish as a key model bridging basic
research and preclinical evaluation.

Therefore, this study employed a zebrafish model combined
with liquid chromatography-quadrupole-time-of-flight mass
spectrometry (LC-Q-TOF MS) technology to systematically
investigate the in vivo metabolic characteristics of epristeride.
Informed by prior in vitro findings, we aimed to provide in vivo
characterization of epristeride biotransformation, including
Phase I and Phase II metabolite profiling under whole-organism
exposure, and to link exposure to endogenous metabolic
responses using untargeted metabolomics Based on the simi-
larity in steroid metabolic pathways between zebrafish and
humans,*>* the advantages of zebrafish, including simple
operation, short experimental cycle, and high throughput, were
exploited to rapidly screen metabolites and elucidate pharma-
cokinetic profiles, thereby providing a foundation for subse-
quent research. Furthermore, metabolomic approaches
(multivariate statistical analysis) were integrated to analyze the
effects of epristeride administration on in vivo metabolic path-
ways, which not only offers data support for optimizing existing
detection strategies but also lays a basis for future clinical
studies.

Materials and methods

Reagents and solutions

Methanol (HPLC grade), acetonitrile (HPLC grade), and screw-
cap test tubes (10 mL) were purchased from ThermoFisher
Scientific. DMSO (HPLC grade), formic acid (HPLC grade), and
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ammonium formate (99%) were obtained from Aladdin.
Centrifuge tubes (50 mL) were purchased from Corning. The
C18-PFP liquid chromatography column (150 mm x 2.1 mm, 3
pum) was acquired from ACE. Epristeride (98% analytical grade)
was purchased from TargetMol. Organic PTFE microfiltration
membranes (0.22 pm) and EP tubes (2 mL) were obtained from
Beijing Lanjieke Technology Co., Ltd. Culture tanks (4 L) were
purchased from Beijing Aisheng Technology Development Co.,
Ltd. Disposable syringes (1 mL) were obtained from Kefu
Medical Technology Co., Ltd. Filter paper was purchased from
Cytiva.

Study subjects

The animal experiments in this study have been approved by the
Institutional Animal Care and Use Committee (IACUC Approval
No.: IACUC-2024-10452-01). A total of 9 adult wild-type AB strain
zebrafish (9 males, body length: 2.5-3.0 cm) at 3 months post-
fertilization were used. All zebrafish were reared in fish
culture water maintained at 28 °C (water quality parameters:
200 mg of instant sea salt added to 1 L of reverse osmosis water,
conductivity: 450-550 pS cm; pH: 6.5-8.5; hardness: 50-
100 mg L~ CaCOj;) and were provided by the company's fish
breeding center. The Laboratory Animal Use License No. is
SYXK (Zhe) 2022-0004, and the rearing and management
procedures comply with the requirements of the international
AAALAC accreditation (Accreditation No.: 001458). All animal
experiments were conducted at the company, and the processed
samples were stored frozen for subsequent detection and
analysis.

Experimental protocol

Prior to the experiment, zebrafish were fasted for 24 hours to
avoid the interference of food residues on drug absorption and
metabolism, thereby standardizing their basal metabolic levels.
A total of 4 mg of epristeride powder was dissolved in 100 pL of
DMSO and then diluted to 2 L with standard dilution water to
achieve a final concentration of 2 ug mL™". Nine zebrafish were
randomly divided into two groups: 3 fish in the control group
and 6 fish in the experimental group (further divided into two
subgroups, each containing 1 L of standard dilution water). All
rearing conditions except for the drug immersion concentration
were maintained consistent between the experimental and
control groups.

Sample preparation

After 2 hours of immersion treatment in the experimental
group, 3 zebrafish were retrieved, transferred to clean water to
rinse off residual surface drug, and then euthanized via ice-
water bath. The surface moisture of the zebrafish was blotted
dry with filter paper, and each individual was transferred to
a 2 mL EP tube containing 1 mL of acetonitrile solution. Tissue
homogenization was performed using a cryogenic grinder (30 s
grinding followed by 5 s pause per cycle) with an initial setting
of 5 minutes, until the fish tissues were completely pulverized
with no visible tissue residues to the naked eye. Subsequently,
after 12 hours of immersion treatment, the remaining 3

RSC Adv, 2026, 16, 13572-13584 | 13573


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09094f

Open Access Article. Published on 11 March 2026. Downloaded on 3/16/2026 12:12:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

zebrafish were processed following the identical protocol. For
the control group, zebrafish were directly retrieved, euthanized
via ice-water bath, and processed according to the afore
mentioned steps. The ground EP tubes were centrifuged in
a refrigerated centrifuge at 4 °C and 5000 rpm for 10 minutes.
The supernatant was collected using a disposable syringe and
filtered through a 0.22 pm organic PTFE microfiltration
membrane. The filtrate was concentrated to dryness under
nitrogen flow using a dry nitrogen evaporator at 40 °C for 4
hours. The dried residue was reconstituted by vortex mixing
with methanol-water (1:1, v/v), and the reconstituted solution
was transferred to a liner-equipped injection vial for instru-
mental analysis. A pooled QC sample was prepared by mixing
equal aliquots of all zebrafish extracts and was injected at
a regular interval throughout the analytical sequence, Three QC
injections were run at the beginning of the sequence for system
conditioning, followed by one pooled QC injection after every 10
study-sample injections throughout the run.

Liquid chromatography quadrupole time-of-flight mass
spectrometry parameters

High-resolution untargeted metabolomic analysis was per-
formed using an AB SCIEX TripleTOF 7600 LC-Q-TOF MS
instrument. Mobile phases A and B consisted of 5 mM aqueous
0.05% formic acid and methanol, respectively. The column
temperature was set at 30 °C, and the gradient elution program
was as follows: 2% B from 0 to 1.5 min, 2% to 50% B from 1.5 to
3.0 min, 50% to 74% B from 3.0 to 9.0 min, 74% to 95% B from
9.0 to 12.0 min, 95% B from 12.0 to 15.0 min, and 2% B from
15.1 to 21.0 min. The flow rate was 0.3 mL min ', and the
sample injection volume was 5 pL.

Mass spectrometric analysis was conducted using an
electrospray ionization (ESI) source with alternating positive
and negative ion modes to cover a more comprehensive range of
metabolite information. The instrument was operated in TOF
MS-IDA-TOF MS/MS scanning mode with the Zeno fragmenta-
tion function enabled. The mass scan range was set to 50—
800 Da for both TOF MS and TOF MS/MS. The optimized ion
source parameters were as follows: curtain gas (CUR) at 35 psi,
collision-activated dissociation (CAD) at 8 (relative units),
nebulizer gas (GS1) at 50 psi, and auxiliary gas (GS2) at 55 psi.
The ion source voltage was 5500 V in positive ion mode and
—4500 V in negative ion mode, with the ion source temperature
maintained at 500 °C. The declustering potential (DP) was 80 V
in positive ion mode and —60 V in negative ion mode. The
collision energy (CE) was set to 40 + 20 eV in positive ion mode
and —40 =+ 20 eV in negative ion mode to ensure optimal frag-
mentation efficiency.

Metabolite identification

For epristeride-related metabolite identification, results were
primarily interpreted from the positive ion mode because the
parent compound and its related metabolite signals were
markedly weaker in the negative ion mode under these condi-
tions, leading to limited MS/MS signal quality for confident
annotation. In contrast, untargeted metabolomics processing

13574 | RSC Adv, 2026, 16, 13572-13584

View Article Online

Paper

and statistical analyses were performed using both positive and
negative ion datasets to capture a broader range of endogenous
metabolites.

Data processing and metabolite identification were per-
formed using AB SCIEX Molecule Profiler software. Candidate
epristeride-related metabolites were first screened based on
accurate mass matching (mass error within 10 ppm) and
chromatographic peak quality, followed by MS/MS-based
structural annotation. Metabolite assignments were supported
by characteristic fragment ions and/or diagnostic neutral losses
consistent with expected Phase I and Phase II biotransforma-
tions, together with retention-time behavior (polarity changes)
across related metabolite pairs. Database searches (e.g., MET-
LIN and HMDB) were used as auxiliary references for chemical
class and fragment interpretation. Key identification informa-
tion for each metabolite (precursor m/z, mass error, major
product ions, and proposed transformation) is summarized in
Table 1 to ensure transparency and reproducibility.

Multivariate statistical analysis was conducted using SIMCA-
P software, including principal component analysis (PCA) and
orthogonal partial least squares-discriminant analysis (OPLS-
DA), to identify metabolic signature differences between the
experimental group and the control group, and to further screen
for significantly altered metabolites. Additionally, heatmap
analysis, cluster analysis, and other methods were utilized to
explore metabolic patterns among different samples and inter-
individual metabolic variations.

Results and discussion
Metabolite identification

In this study, systematic identification and structural elucida-
tion of the metabolites of epristeride in zebrafish were per-
formed using a LC-Q-TOF high-resolution mass spectrometry
platform, combined with MS/MS fragmentation information.
To simulate the in vivo metabolic process of epristeride, a drug
exposure experiment was conducted on zebrafish. After the
obtained samples were subjected to protein precipitation,
centrifugation, and supernatant extraction, high-resolution
untargeted metabolomic analysis was performed to screen for
potential long-acting metabolites.

The metabolic products of epristeride were identified by
comparing retention times (RT) in chromatograms and char-
acteristic fragment ions in mass spectra via LC-Q-TOF mass
spectrometry analysis. A total of 11 metabolites of epristeride
were detected in the zebrafish model, including 4 phase I
metabolites (M1-M2, M4-M5) and 7 phase II metabolites (M3,
M7-M11). Representative extracted-ion chromatograms (XICs)
and full MS/MS spectra for epristeride and all proposed
metabolites (M1-M11) are provided in the SI (see Fig. S1 and
S2). The mass deviations between the measured values and
theoretical values were all within 10 ppm, with the exception of
M10. Among which metabolites M1-M3 were consistent with
the previously reported results in vitro liver microsomal
metabolism** (Table 1). No parent drug or metabolites were
detected in the blank control group. The metabolic trans-
formation pathways of epristeride are illustrated in Fig. 1,
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mainly involving various metabolic reactions such as oxidation,
methylation, dealkylation (loss of C,Hg), as well as conjugation
with glucuronide, cysteine, and taurine.

The selection of the 2 h and 12 h time points allowed for the
identification of both early Phase I products and late stage
Phase II conjugates of epristeride. However, the absence of
intermediate samples such as those at 4 h or 6 h as well as
observations beyond 12 h is recognized as a study limitation.
While these two time points provided sufficient information for
the initial characterization of the metabolic profile, future
investigations should employ a more frequent sampling
strategy to define the complete metabolic time course and
determine the specific detection window for epristeride more
accurately.

Among the identified metabolites, M1 and M2 are both
monohydroxylated metabolites, M5 is a methylated metabolite,
and M4 is a dealkylated metabolite. These metabolic forms are
relatively common in the biotransformation of steroids and 5a
reductase inhibitors.**** M3 and M7-M11 are mainly involved
in phase II metabolic processes such as glucuronide conjuga-
tion, taurine conjugation, and cysteine conjugation. These
metabolic reactions play a crucial role in the biotransformation
and excretion of drugs.*®

Epristeride (M), as the parent compound in this study,
exhibited typical steroid structural characteristics under high-
resolution UPLC-Q-TOF-MS analysis. Fig. 2 shows the MS/MS
spectrum of its parent ion, with the protonated molecular ion
peak at m/z 400.2848, corresponding to the [M + H]" form of
epristeride, indicating a molecular weight of approximately
399.28 Da. This parent ion displayed a stable mass-to-charge
ratio (m/z) in positive ion mode. As inferred from its chemical
structure, the molecule possesses a tetracyclic steroid core and
a side chain containing a tert-butyl group. Epristeride is a non-
competitive type II 5o reductase inhibitor, featuring a typical
unsaturated open-ring steroid skeleton and a substituted side
chain in its structure. The side chain contains a ter¢-butyl group
and a carbamoyl moiety, endowing it with excellent receptor-
binding specificity and enzymatic inhibitory stability. The
lipophilic groups in its structure also confer strong tissue
affinity in vivo, facilitating its metabolic conversion into various
structural derivatives. In its MS/MS spectrum, a typical
secondary fragment ion peak at m/z 344.2246 was also observed.
This ion is presumably generated by the cleavage of the tert-
butyl side chain at the amide position, representing a product
that retains the main steroid backbone. This fragmentation
pattern is commonly observed in the MS/MS analysis of steroid
compounds,* particularly the cleavage of carbon-nitrogen or
carbon-carbon bonds leading to the loss of small-molecule
moieties. This indicates that the parent drug possesses
certain stability and characteristic fragmentation pathways.
Unlike other steroid drugs, epristeride exhibits fewer high-mass
peaks in its mass spectrum due to the substitution of its tert-
butyl group. This stability also provides a reference basis for the
structural elucidation of subsequent metabolites.

M1 and M2 were tentatively assigned as mono-oxidation
metabolites of the parent drug formed at different positions.
The protonated molecular ion of M1 was observed at m/z

RSC Adv, 2026, 16, 13572-13584 | 13575
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Fig. 2 MS spectra of epristeride (M) with fragment ions.

416.2792, which is 16 Da higher than that of the parent
compound, consistent with the introduction of one oxygen
atom. In the MS/MS spectrum of M1, the fragment ion at m/z
360.2170 showed a marked change in relative abundance
compared with the parent compound, suggesting that the
oxidation likely occurs on the substructure contributing to this
fragment. However, because MS/MS data alone may not

13576 | RSC Adv, 2026, 16, 13572-13584

m/z, Da

distinguish positional isomers, the oxidation site of M1 should
be considered putative and requires further confirmation by
additional independent evidence. For M2, fragments such as
mfz 327.1913 and m/z 361.2203 were observed in its mass
spectrum, suggesting that hydroxylation occurred in the side
chain region linked to the D-ring. This hydroxylation resulted in
the retention of strong steroid skeleton characteristics even

© 2026 The Author(s). Published by the Royal Society of Chemistry
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after side chain cleavage, which is consistent with the results of ~ion peak at m/z 344.2223. It can be inferred that this metabolite
in vitro incubation metabolism.** M4 is formed by dealkylation is generated by the loss of a C,Hg side chain from the parent
of the parent structure at the C17 side chain, with a molecular drug, indicating a typical B-cleavage reaction. The molecular ion
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Fig. 3 MS spectra of epristeride-related metabolites (M1-M2, M4—-M5) with fragment ions.
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peak of M5 is m/z 414.2997, which is 14 Da higher than that of
the parent drug, presumably formed by dehydrogenation
accompanied by methylation. Typical signals such as mj/z
321.2575 and m/z 339.2679 were detected in its MS/MS spec-
trum. Such modifications are uncommon in steroid drugs,
suggesting that they may be caused by microbial metabolism or
specific enzymatic modifications (Fig. 3).

Seven phase II metabolites were successively analyzed, as
shown in Fig. 4. M3 is a typical phase II metabolite with
a molecular ion peak at m/z 576.3159, which is 176 Da higher
than that of the parent drug, corresponding to a glucuronic acid
moiety. In its MS/MS spectrum, m/z 344.2218 corresponds to the
parent-related backbone fragment, while m/z 400.2841, m/z
273.1853, and other fragments are characteristic ions of the
parent steroid skeleton. Based on comprehensive analysis of the
fragmentation data, the glucuronic acid conjugation site of M3
is presumably located at the C3 carboxyl group, forming an acyl
glucuronide conjugate, which is consistent with previous liter-
ature reports.*> M3 exhibited a high detection signal intensity
and long duration, making it a potential long-acting metabolite
of focus in this study. M6 (m/z 523.2843) is a typical taurine
conjugate; the characteristic fragments m/z 326.2109 and m/z
398.2699 support that it is derived from M2 via taurine conju-
gation. M7 (m/z 520.2543) is the glucuronide conjugate of M4;
the presence of m/z 344.2225 and m/z 321.2108 in the fragments
indicates the form after glycosidic bond cleavage, while m/z
281.1970 corresponds to the form after cleavage of the C17
amide functional group. The molecular ion of M8 is m/z
451.2282, with fragmentation characteristics such as m/z
281.1912 and m/z 145.1015 observed in its MS/MS spectrum,
suggesting that it is a phase II metabolite formed by the
conjugation of M4 with taurine. The molecular ion peak of M9
is m/z 503.2938, which is presumably the product of the parent
drug conjugated with a cysteine moiety via dehydration. The
presence of characteristic fragments such as m/z 382.2743 and
326.2116 in its MS/MS spectrum indicates that the parent
steroid skeleton is largely retained, with cleavage occurring in
the side chain region. The molecular ion peak of M10 is m/z
507.2913, suggesting that it may be the product of the parent
drug conjugated with a taurine moiety via dehydration. The
molecular ion peak of M11 is m/z 592.3131, which is the
glucuronide conjugate of M1; the fragment m/z 360.2172 and
the parent ion m/z 592.3131 provide evidence for structural
confirmation. Multiply conjugated metabolites exhibit high
polarity and excretion efficiency, and are commonly observed in
the late metabolic stages of steroid drugs. Importantly,
compared with prior in vitro work that mainly described
biotransformation pathways, our current study provides in vivo
evidence for these Phase II conjugation patterns under physi-
ological exposure, which helps to prioritize metabolites with
potential relevance to persistence and detection.

To further interpret our findings, we compared the metab-
olism of epristeride with that reported for other 5o reductase
inhibitors, particularly finasteride and dutasteride. Overall,
these inhibitors share common biotransformation themes, with
oxidative Phase I reactions typically followed by Phase II
conjugation to increase polarity and facilitate elimination. In
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our zebrafish in vivo study, epristeride generated multiple Phase
I products and prominent Phase II conjugates, indicating an
active secondary metabolism under whole-organism exposure.
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Fig. 4 MS spectra of epristeride-related metabolites (M3, M6-M11)
with fragment ions.
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Fig. 5 (a) OPLS-DA score plot of zebrafish before and after administration; (b) OPLS-DA model evaluation plot of zebrafish before and after

administration.

Differences in chemical structure and isoform selectivity may
contribute to variation in metabolic routes and persistence
among these inhibitors, which is directly relevant for anti-
doping applications. Specifically, while class-wide metabolic
patterns are shared, the metabolite profile observed here
suggests that epristeride may require an inhibitor-specific
marker panel and time-window evaluation rather than relying
on markers established for finasteride or dutasteride. Further
validation in mammalian models and human matrices will be
needed to confirm translational relevance.

The results of OPLS-DA model analysis showed that the
samples were clearly separated in metabolic patterns before and
after administration, suggesting that epristeride intake was

© 2026 The Author(s). Published by the Royal Society of Chemistry

associated with changes in the body metabolic pathways
(Fig. 5a). In the model validation analysis, the R* value (>0.72)
indicated a good model fitting degree, while the relatively low
Q? predictive ability indicates limited predictive generalization
and suggests that inter-individual metabolic variation may
affect model stability (Fig. 5b). Accordingly, we treat the OPLS-
DA results as exploratory and use them for feature prioritiza-
tion rather than as evidence of strong predictive performance.
Specific information of differential metabolites was confirmed
based on statistical analysis results, as shown in Tables 2 and
S1. A total of 60 common compounds were identified, among
which 21 metabolites exhibited significant differences,
including 6 downregulated and 15 upregulated metabolites. To
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Table 2 Screening results of differential metabolites in zebrafish before and after administration

Var ID (primary) VIP_pred Fold change Variation trend ROC (AUC)
Hexanoy-L-carnitine 2.475 1.951 1 0.71
11-HDOHE 2.054 2.084 l 0.74
Decanoylcarnitine 2.023 1.857 1 0.62
Lysophosphatidylcholine (18:2) 1.790 2.166 1 0.63
Phenylethanolamine 1.727 2.236 1 0.59
Guanosine 1.716 1.929 1 0.63
N,N-Dimethyldecylamine oxide 1.592 0.510 ! 0.80
Taurine 1.467 1.781 1 0.69
Lysophosphatidylcholine (18:1) 1.430 1.560 1 0.62
Xanthine 1.427 1.694 T 0.52
4-Methyl-5-thiazoleethanol 1.341 1.744 1 0.57
Phenylalanine 1.326 2.113 1 0.51
Vitamin B5 (pantothenic acid) 1.261 1.446 1 0.63
Linoleic acid (Cyg:2) 1.211 1.947 1 0.66
Lauroylcarnitine 1.198 1.054 T 0.57
Eudesmin 1.151 0.744 l 0.63
Palmitoylcarnitine 1.124 0.935 ! 0.53
Guanine 1.107 1.447 1 0.57
Inosine 1.061 1.293 1 0.51
Tetradecanoylcarnitine 1.031 0.986 l 0.54

evaluate the group discrimination ability of differential
metabolites and clarify their potential application value as
potential biomarkers, ROC curve plotting and AUC value
calculation were performed for each of the significantly differ-
ential metabolites. The results revealed obvious variations in
the discrimination ability among different differential metab-
olites, with 3 metabolites showing better performance (Fig. 6).
The upregulated metabolite Hexanoyl-i-carnitine had an AUC
value of 0.71, which was classified as “fair” according to AUC
grading standards. This indicates that it has certain discrimi-
native potential for the two groups of samples, but its
discrimination efficiency is limited when used alone, possibly
due to overlapping metabolic phenotypes in some samples. The
downregulated metabolite 11-Hydroxydocosahexaenoic acid
(11-HDoHE) had an AUC value of 0.74, with slightly better
discrimination ability than Hexanoyl-L-carnitine, also belonging
to the “fair” grade. Its expression difference between the two
groups was more significant, leading to relatively higher reli-
ability in group discrimination. In contrast, the downregulated
metabolite N,N-dimethyldecylamine oxide achieved an AUC
value of 0.80, which exactly reached the critical threshold for
“good” discrimination ability. This demonstrates that this
metabolite shows good discrimination in the current dataset;
however, given the modest Q> and the limited sample size,
biomarker screening is considered exploratory and requires
independent validation. In this study, we employed the AUC to
evaluate the classification performance of the model. Although
the AUC is a widely recognized metric that can intuitively reflect
the model's ability to distinguish between different groups, we
are well aware of its limitations in small sample data. We plan
to further validate the results in future studies by increasing the
sample size and employing more sophisticated data analysis
methods.

Given the high AUC value observed for DDAO, we further
considered its biochemical properties and physiological

13580 | RSC Adv, 2026, 16, 13572-13584

context. Chemically, DDAO is an amine oxide that can be
formed by oxidation of the corresponding tertiary amine. Such
N-oxidation reactions are commonly catalyzed by flavin-
containing monooxygenases and, in some cases, by specific
cytochrome P450 enzymes. In this study, DDAO abundance in
zebrafish was significantly reduced after epristeride exposure,
suggesting a shift in amine-related oxidative metabolism under
the drug challenge. Several non-exclusive mechanisms may
explain this observation, including changes in hepatic oxidative
capacity, altered availability of endogenous amine substrates, or
indirect effects arising from broader metabolic adjustments.
Importantly, the current data do not demonstrate whether the
decrease in DDAO reflects direct inhibition of a specific enzyme.
Therefore, DDAO is presented as a candidate marker that
requires further investigation. Future work should verify its
formation pathway and assess its robustness using targeted LC-
MS analysis, including evaluation in mammalian models and
human urine.

Subsequently, KEGG pathway enrichment analysis was per-
formed on the differential metabolites, and the results are
shown in Fig. 7. The pathways of the differential metabolites are
mainly involved in two pathways: purine metabolism, and
biosynthesis of phenylalanine, tyrosine and tryptophan.
Combined with the metabolic pathway annotations of the three
metabolites (e.g., hexanoyl-i-carnitine is involved in carnitine
metabolism, and 11-HDoHE participates in the fatty acid
oxidation pathway), this study can further reveal the metabolic
regulatory mechanisms underlying the formation of differential
phenotypes between the two groups of samples, thereby
providing directions for subsequent functional verification.

Purine metabolism is essential for nucleotide synthesis and
cellular energy balance. In this study, the alterations observed
in purine metabolism are discussed as an exposure-related
metabolic fingerprint following epristeride administration.
From an anti-doping perspective, such untargeted endogenous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 ROC curve of differential metabolites.

alterations can inform screening by providing orthogonal,
system-level signals of exposure that complement direct detec-
tion of epristeride-related metabolites. While drug-derived
Phase I and II metabolites offer high specificity for confirma-
tory identification, endogenous pathway shifts (e.g., purine
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Fig. 7 KEGG pathway enrichment results of differential metabolites in
zebrafish.

metabolism) may help flag samples when parent drug signals
are low or when the compound is used as a potential masking
agent. Furthermore, the significant impact on phenylalanine,
tyrosine and tryptophan biosynthesis is interpreted as part of
a broader metabolic disturbance pattern. This coordinated shift
may be leveraged for anti-doping screening, for example by
supporting the development of multi-marker panels and/or
multivariate classifiers to improve screening sensitivity under
real-world conditions. Accordingly, we view these pathway-level
changes primarily as potential screening indicators of exposure,
rather than as evidence to support clinical interpretation of
adverse effects. However, these observations remain prelimi-
nary and further work is needed to evaluate their reproduc-
ibility. Further validation is also required to assess their
applicability across species and matrices, ideally through
expanded time-course experiments and targeted verification in
mammalian models and human specimens.

Conclusion

This study employed LC-Q-TOF MS technology to analyze the
metabolic characteristics of the 5a reductase inhibitor epris-
teride in a zebrafish model. Upon identification, a total of 11
metabolites of epristeride were detected, including 4 Phase I
metabolites and 7 Phase II metabolites, primarily involving
metabolic reactions such as oxidation, methylation, and

RSC Adv, 2026, 16, 13572-13584 | 13581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09094f

Open Access Article. Published on 11 March 2026. Downloaded on 3/16/2026 12:12:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

glucuronidation. These metabolic reactions are relatively
common in the biotransformation of steroids and 5o reductase
inhibitors. Further metabolomic analysis revealed that 20
metabolites exhibited significant differences, with three
metabolites standing out prominently. Among them, the AUC
(Area Under the Curve) value of N,N-dimethyldecylamine oxide
reached 0.80, making it a potential biomarker. The metabolic
changes in zebrafish were mainly concentrated in purine
metabolism and the biosynthesis of aromatic amino acids
(phenylalanine, tyrosine, and tryptophan synthesis), suggesting
that epristeride may alter energy metabolism and amino acid
synthesis in organisms by influencing these key pathways. This
study clarified the metabolic characteristics of epristeride in the
zebrafish model, and the identified metabolite profile can
provide references for drug monitoring, individual metabolic
research, and the improvement of doping detection methods
for epristeride.
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