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HIGHLIGHTS

e In vitro phase I and II metabolism of ALP
and FALP was profiled.

e Eleven metabolites were identified for
each drug using HRMS non-targeted
screening.

o Discovered new hydroxylation sites on
benzene ring and corresponding
metabolites.

e Distinct interspecies metabolic patterns
revealed differences in residue markers.

e In-silico toxicity prediction indicated
potential environmental and biological
risks.
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ABSTRACT

Flualprazolam (FALP), a new psychoactive benzodiazepine structurally related to alprazolam (ALP), is increas-
ingly misused, yet its interspecies metabolism remains unclear. In this study, the in vitro phase I and II meta-
bolism of ALP and FALP was systematically investigated across multiple species under optimized liver microsome
incubation conditions (1.5 mg mL™}, 2 h), using a non-targeted screening strategy with high-resolution mass
spectrometry (HRMS). ALP and FALP exhibited similar metabolic profiles, with 11 metabolites each, including 7
phase I and 4 phase II metabolites, of which 6 were newly discovered. Species-specific differences were observed,
with humans and mice primarily producing 4- and a-hydroxylated metabolites, while edible animals such as fish,
bovine, sheep, and pig mainly generated 4-hydroxylated metabolites. This interspecies discrepancy suggests that
the currently designated residue markers for ALP in animal-derived foods may not accurately reflect its actual
metabolic fate. Notably, newly identified benzene-ring hydroxylated metabolites were more abundant in rats and
livestock, and toxicity predictions indicated that these metabolites, including M1, M5, and M7, may pose higher
ecotoxicological or developmental risks than the parent drugs, with greater predicted toxicity than the o-hy-
droxylated metabolites currently used as residue markers. These findings provide detailed insights into
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interspecies metabolic patterns, emphasize the need to consider species-specific metabolites in residue moni-
toring, and inform the toxicological assessment of benzodiazepines in food and environmental contexts.

1. Introduction

Benzodiazepines are widely used psychotropic drugs in both human
and veterinary medicine for their anxiolytic, hypnotic, anticonvulsant,
and sedative effects [1-3]. However, owing to their adverse effects on
the central nervous system of humans, benzodiazepines are subject to
strict regulation or prohibition in many countries and organizations.
Despite this, misuse and illegal application remain prevalent [4],
including their illicit addition to alcoholic beverages and unauthorized
use in animal husbandry or aquaculture [5-7]. As a result, the parent
drugs and metabolites inevitably remain in animal-derived foods,
causing potential risks to animal and human health [8]. In addition,
drugs and their metabolites can enter urban wastewater after humans
excretion and ultimately accumulation in aquatic organisms [9-11].

In recent years, the emergence of new psychoactive substances has
further complicated regulatory control and risk assessment [12]. Among
these, new benzodiazepine analogues have gained increasing attention
due to their structural similarity to approved drugs and comparable
pharmacological effects, despite lacking formal approval and toxico-
logical evaluation [13-15]. Flualprazolam (FALP) is a representative
example of this class and is a fluorinated analogue for the common and
strictly controlled benzodiazepine drug alprazolam (ALP) [16,17], and
its chemical structural formula is shown in Fig. 1. Since its first seized by
police in Sweden in November 2017, FALP has been increasingly re-
ported in some international drug seizures, clinical and autopsy cases
worldwide, prompting regulatory control in multiple countries [18-20].
In 2021, China officially included FALP in the list of non-medicinal
narcotics and psychotropic substances [21]. These reports highlight
the growing prevalence of FALP in both illicit and regulatory contexts,
underscoring the need to investigate its metabolic fate in humans and
animals.

The metabolism of benzodiazepines plays a critical role in deter-
mining their pharmacological activity, toxicity, and residue character-
istics. The metabolism of ALP has been relatively well investigated, with
hydroxylated products, such as a-hydroxy alprazolam (a-OHALP), 4-hy-
droxy alprazolam (4-OHALP) and o,4-dihydroxy alprazolam (a,4-dihy-
droxy-ALP) identified as major phase I products [22,23]. In 2019,
a-OHALP, a metabolite of ALP, was listed for the first time in the stan-
dard method for the detection of benzodiazepines in foodstuffs for
export from China [24]. In contrast, studies on FALP metabolism remain
limited. Available reports have primarily focused on in vitro
human-derived systems or single model animal, with limited metabolite
coverage and inconsistent findings [25,26]. Importantly, there is
currently a lack of more research on the metabolism of FALP in edible
animals and aquatic species.

Alprazolam

Flualprazolam

Fig. 1. Structural formula of ALP and FALP.

Drug metabolism is known to exhibit pronounced interspecies dif-
ferences, mainly driven by variability in cytochrome P450 enzyme
systems [27,28]. Metabolic differences among species may result in
distinct metabolic pathways and residual markers of drugs in humans
and animals, leading to erroneous evaluations of human drugs for vet-
erinary use. Previous metabolism studies of benzodiazepines have pre-
dominantly focused on humans and model animals, whereas
comparative interspecies metabolism across aquatic organisms and
livestock has received limited attention. From a methodological
perspective, most existing studies rely on targeted analytical strategies,
which inherently restrict the identification of unexpected or new me-
tabolites. High-resolution mass spectrometry (HRMS) offers a powerful
platform for comprehensive metabolite profiling, enabling the detection
and structural elucidation of both known and unknown transformation
products [29]. In addition, in vitro metabolism provides a controllable
and reproducible platform for comparing metabolic behaviors across
multiple species. Compared with in vivo metabolism, it has the advan-
tages of easy control of metabolic conditions and simple experimental
operations [30-32]. However, despite these capabilities, its application
as a unified non-targeted HRMS workflow to systematically and
comparatively investigate both phase I and phase II metabolism of
benzodiazepines across diverse species remains largely unexplored.

The primary objectives of this study were to identify new and pre-
viously unreported metabolites of ALP and FALP generated across
different species, and to compare interspecies metabolic pathways in
order to reveal species-specific biotransformation characteristics rele-
vant to toxicological evaluation and the selection of residue markers.
Therefore, this work systematically investigated the phase I and II in
vitro metabolism of FALP using ultrahigh-performance liquid chroma-
tography coupled with quadrupole Orbitrap mass spectrometry
(UHPLC-Q-Orbitrap MS), with ALP included as a reference compound to
elucidate the metabolism rules of benzodiazepines. The in vitro meta-
bolism differences of ALP and FALP were comparatively evaluated
across multiple species, including humans, model animals (rat and
mouse), aquatic animals (fish), and livestock animals (bovine, sheep,
and pig). In addition, in-silico toxicity predictions were conducted for
both parent compounds and their identified metabolites. The results
provide valuable insight into the interspecies metabolic transformation
of new psychoactive benzodiazepines and offer a scientific basis for the
monitoring and risk assessment of their residues in environmental and
food safety contexts.

2. Materials and methods
2.1. Chemical and reagents

ALP and FALP were purchased from Shanghai Yuansi Standard Sci-
ence and Technology Co., Ltd. (Shanghai, China). a-OHALP and
a-OHFALP were purchased from Alexis (Lausen, Switzerland) and
Glpbio (Montclair, CAL, USA) respectively. Acetonitrile and methanol,
HPLC-MS grade, were obtained from Sigma-Aldrich (Darmstadt, Ger-
many). PBS buffer (0.1 M, pH 7.2) was obtained from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Nicotinamide adenine
dinucleotide phosphate (NADPH) regeneration system solution and
uridine diphosphate glycosyltransferase (UGT) incubation system solu-
tion were purchased from Beijing Huizhi Heyuan Biotechnology Co.,
Ltd. (Beijing, China). The NADPH regeneration system solution con-
sisted of solution A (26.1 mM NADP", 66 mM glucose 6-phosphate,
66 mM magnesium chloride) and solution B (40 U mL ™! glucose 6-phos-
phate dehydrogenase, 5 mM sodium citrate). The UGT incubation sys-
tem solution consisted of 250 pg mL~! alamethicin, 50 mM uridine
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diphosphate glucuronic acid (UDPGA), and 50 mM D-glucaric acid-1,4-
lactone. Human, rat, mouse, fish, bovine, sheep, and pig liver micro-
somes were supplied by Qishi Biotechnology Co., Ltd. (Shanghai, China)
at an enzyme concentration of 20 mg mL ™! and stored at —80 °C. A
Millipore Milli-Q plus ultrapure water system (Milford, MA, USA) was
used to provide ultrapure water.

2.2. Preparation of standard solution

The solid standards of ALP, FALP, «-OHALP and a-OHFALP were
respectively dissolved in methanol to prepare 10 mg mL™} (ALP and
FALP) and 1 mg mL™! (a-OHALP and «-OHFALP) stock standard solu-
tions. Individual standard working solutions were prepared at
100 mg L' by diluting the stock standard solutions with acetonitrile.
All the stock standard solutions and standard working solutions were
kept at —20 °C in brown glass bottles. The standard working solutions
were serially diluted with acetonitrile/PBS solution (v/v, 1:1) to prepare
mixed solutions of 1, 2, 5, 10, 20, 50, 100 and 200 pg L™, which were
used to prepare calibration curves for quantitative analysis.

2.3. Sample preparation

2.3.1. Sample preparation for phase I in vitro metabolism

First, 28 pL of PBS solution, 10 pL of solution A and 2 pL of solution B
of the NADPH regeneration system solution were added to a 1.5 mL
centrifuge tube, and vortexed for 1 min. Then, the mixed solution was
pre-incubated in a 37 °C water bath for 5 min, and 15 pL of 20 mg mL ™!
liver microsomes, 144 pL of PBS solution and 1 pL of 10 mg mL ™! ALP or
FALP solution were added sequentially, and vortexed for 1 min. The
final incubation volume was 200 pL, resulting in a final organic solvent
(methanol) content of approximately 0.5 % (v/v), as determined by
volumetric calculation, a level widely considered non-inhibitory to
microsomal enzyme activity. After the mixture was incubated in a 37 °C
water bath for 2 h, 200 pL of ice-cold acetonitrile (pre-cooled at —20 °C)
was added to terminate the reaction to inactivate microsomal enzymes.
The reactant mixture was vortexed for 1 min and centrifuged at
13,000 rpm for 5 min. Finally, the supernatant was filtered through a
0.22 pm organic phase membrane filter into a sample vial for UHPLC-Q-
Orbitrap MS analysis.

2.3.2. Sample preparation for phase II in vitro metabolism

First, 10 pL of solution A and 2 pL of solution B of the NADPH
regeneration system solution, 20 pL of 250 pg mL ™! alamethicin, 20 pL
of 50 mM UDPGA, 20 pL of 50 mM D-glucaric acid-1,4-lactone and
112 pL of PBS solution were added to a 1.5 mL centrifuge tube, and
vortexed for 1 min. Then, the mixed solution was pre-incubated in a 37
°C water bath for 5 min, and 15 pL of 20 mg mL ™! liver microsomes and
1 pL of 10 mg mL~! ALP or FALP solution were added sequentially, and
vortexed for 1 min. The final volume was 200 pL, with the organic sol-
vent content calculated to keep below 1 % (v/v). After incubating the
mixed solution in a 37 °C water bath for 2 h, 200 pL of ice-cold aceto-
nitrile (pre-cooled at —20 °C) was added to inactivate enzymes and
terminate the reaction. The reactant mixture was vortexed for 1 min and
centrifuged at 13,000 rpm for 5 min. Finally, the supernatant was
filtered through a 0.22 pm organic phase membrane filter into a sample
vial for UHPLC-Q-Orbitrap MS analysis.

2.4. Instrument conditions

Liquid chromatography was performed on an Ultimate 3000 UHPLC
system (Thermo Fisher Scientific, San Jose, CA, USA). A ZORBAX RRHD
SB C18 column (100 mm x 2.1 mm, 1.8 pm, Agilent, USA) was used for
the separation of analytes, and the column temperature was set at 40 °C.
The mobile phase consisted of eluent A (0.1 % v/v formic acid in water)
and eluent B (acetonitrile). The gradient elution was as follows:
0-2 min, 90 % A; 2-15min, 90 %-20 % A; 15-16 min, 20 % A;
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16-17 min, 20 %-90 % A; 17-18 min, 90 % A. The flow rate of the
mobile phase was 0.3 mL min~}, and the injection volume was 5 pL.

A Q-Exactive quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) was equipped with an electrospray
ionization (ESI) source in positive ionization mode. The parameters of
mass spectrometer were set as follows: sheath gas (N3, > 99 %), 40
arbitrary units (arb); auxiliary gas (N3, > 99 %), 10 arb; spray voltage,
3.5 kV; capillary temperature, 320 °C; vaporizer temperature, 350 °C; S-
lens voltage, 60 %; scan mode, Full MS/dd-MS? (resolution 70,000/
17,500 FWHM); scan range, m/z 50-750; normalized collision energy
(NCE), 20, 40, 50; loop count, 10; MSX count, 1; dynamic exclusion
time, 2 s. The maximum injection time and AGC target were set to
default values, 100 ms/3e® and 50 ms/1e’ corresponding to Full MS and
dd-MS? respectively.

2.5. Data analysis

The following software was used: Xcalibur™ 3.1, Qual Browser,
Quan Browser, Compound Discoverer 3.1, Mass Frontier 7.0 (Thermo
Fisher Scientific, Waltham, MA, USA), and CFM-ID 2.4. Raw data were
acquired and processed using Xcalibur, and Qual Browser and Quan
Browser were used for qualitative and quantitative analysis of ALP,
FALP and their metabolites. Raw data files were imported into Com-
pound Discoverer for non-targeted metabolite screening and identifi-
cation. Non-targeted data processing was conducted using the workflow
template “MetID w Stats Expected and Unknown w Background
Removal” (Figure S1). The workflow involved spectral alignment,
compound detection and grouping, metabolite prediction, and blank-
based background subtraction, followed by database searching against
mzCloud and ChemSpider with FISh scoring applied to improve MS/MS-
based metabolite identification confidence. Compound identification
was performed using high-confidence criteria, including a precursor ion
mass error < 5 ppm and fragment ion mass error < 10 ppm. Structural
elucidation and fragmentation interpretation were further assisted by
Mass Frontier and CFM-ID, enabling rational confirmation of proposed
metabolite structures.

2.6. Toxicity prediction

The in-silico prediction of drug toxicity was performed through the
following tools: ECOSAR software (Ecological Structure-Activity Rela-
tionship v1.11) for predicting ecotoxicity and TEST software (Toxicity
Estimation Software Tool v5.1.2) for predicting ecotoxicity and devel-
opmental toxicity.

3. Results and discussion
3.1. Optimization of LC-MS conditions

To preliminarily obtain the in vitro metabolites of ALP and FALP for
optimizing subsequent experimental conditions, the preliminary
experiment was conducted under the following in vitro incubation con-
ditions: rat liver microsome concentration of 0.5 mg mL™}, drug con-
centration of 0.5mgL™}, and incubation time of 4h. Different
metabolites have similar chemical structure to their parent drug and are
usually difficult to separate on chromatography, especially for isomers,
which impacts the identification and quantification of the metabolites.
In order to better retain and separate different metabolites, the LC
conditions of the instrumentation were optimized. The sample obtained
after FALP incubation was analyzed using the mobile phase gradient
shown in Figure S2-a, and multiple chromatographic peaks were
observed in the extracted ion chromatogram of a-OHFALP (m/z
343.0756), corresponding to multiple isomers. Comparing with the
a-OHFALP standard solution, the chromatographic peak of a-OHFALP
overlapped with that of another isomer metabolite, and the retention
times (tg) were 7.43 and 7.34 min respectively, as shown in Figure S3.
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This isomer was initially identified as 4-OHFALP, and its detailed
identification analysis was shown in the subsequent discussion section.
After trying to change the mobile phase gradient (Figure S2-b), it was
still difficult to achieve good separation between a-OHFALP and 4-
OHFALP, as shown in the two chromatographic peaks corresponding
to 1 and 2 in Fig. 2-a. Different C18 chromatographic columns generally
have different side chain groups, which can lead to differences in sep-
aration. Therefore, four different C18 reversed-phase chromatographic
columns were selected for comparison to examine their separation ca-
pabilities of metabolites. The Eclipse Plus C18 column (100 mm x
2.1 mm, 1.8 pm, Agilent, USA), ACUITY UPLC® BEH C18 column
(100 mm x 2.1 mm, 1.7 pm, Waters, USA), Hypersil GOLD C18 column
(100 mm x 2.1 mm, 3 pm, Thermo, USA) and ZORBAX RRHD SB C18
column (100 mm x 2.1 mm, 1.8 pm, Agilent, USA) were tested in this
study. The separation effects of a-OHFALP and 4-OHFALP were
compared, and ZORBAX RRHD SB C18 column was selected as the
separation column, which had the best selectivity and separation effect,
as shown in Fig. 2-d. When the glucuronidated metabolites produced by
phase II metabolism were analyzed under this chromatographic condi-
tion, it was found that the extracted ion chromatographic peaks of m/z
519.1077 and m/z 522.1074 had poor peak shape. Therefore, on the
basis of using this chromatographic column for separation, the mobile
phase condition of gradient 3 (Figure S2-c¢) was selected, and by
reducing the proportion of the initial acetonitrile phase, better chro-
matographic peak shape and sensitivity were obtained, as shown in
Figure S4.

In order to obtain rich MS? fragmentation information, taking the
phase I metabolite (m/z 343.0756) and phase II metabolite (m/z
522.1074) of FALP as examples, the MS? spectra corresponding to
different NCEs (20, 30, 40, 50, 60) were investigated, as shown in
Figure S5. The evaluation of fragment ion coverage and abundance
across different NCEs showed that the optimal NCEs were 20, 40, and 50,
and the corresponding superimposed spectra were used as the final MS?
spectra of analytes. For the dd-MS? scan mode, it may be difficult to
obtain MS? spectra with low signal response, resulting in the inability to
identify metabolites [33]. Therefore, an inclusion list was added that
included the accurate masses of possible metabolites, allowing for pur-
poseful selection of precursor ions for MS? fragmentation. In this study, a
dynamic exclusion time was set, and the precursor ions with a certain
mass-to-charge ratio were excluded within the exclusion time after
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Fig. 2. The extracted ion chromatograms of a-OHFALP (m/z 343.0756) in the
sample after incubation with FALP through phase I metabolism using different
chromatographic columns. (a): Eclipse Plus C18 column; (b): ACUITY UPLC®
BEH C18 column; (c): Hypersil GOLD C18 column; (d): ZORBAX RRHD SB
C18 column.
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fragmentation. The purpose of dynamic exclusion time was to obtain as
many MS? spectra of precursor ions with different mass-to-charge ratios
as possible to avoid repeated collection, so as to obtain high-quality MS?
spectra, and was generally set to the half-peak width [34,35]. In this
study, the chromatographic peak shape of each target compound was
narrow with a peak width of < 0.2 min, and this might result in the loss
of MS? spectra of certain precursor ions. Therefore, the dynamic exclu-
sion time was reduced and set to 2 s to obtain more MS? spectra of
low-abundance precursor ions.

3.2. Optimization of incubation conditions

In this study, different control groups were set up to eliminate the
interference of other factors on the metabolism of ALP and FALP. For
phase I metabolism, three controls were included: no addition of drugs,
no addition of liver microsomes, and no addition of NADPH. No me-
tabolites were detected in the first two control groups, proving that liver
microsomes were essential for metabolite formation, and only parent
drugs were detected without NADPH, indicating its indispensability as a
cofactor [36]. Phase II metabolism controls (no addition of UDPGA, no
addition of NADPH, and no addition of UDPGA and NADPH) confirmed
that UDPGA, as a glucuronic acid donor, was essential in phase II
metabolism.

To obtain MS? spectra with sufficient signal intensity for reliable
metabolite identification, incubation time and liver microsomal enzyme
concentration were systematically optimized using rat liver microsomes.
Among the detected metabolites, 4-OHALP and 4-OHFALP showed the
strongest response signals for ALP and FALP, respectively, and were
therefore selected as the objects of the investigation. Since the com-
mercial standards of 4-OHALP and 4-OHFALP were unavailable, semi-
quantitative analysis was performed respectively using a-OHALP and
a-OHFALP as substitute references. To optimize incubation time, the
liver microsomal enzyme concentration and drug concentration were
fixed at 0.5 mg mL ™! and 0.5 mg L™}, respectively, and metabolite for-
mation was evaluated at incubation times ranging from 5 to 180 min. As
shown in Figure S6-a and S6-b, metabolites levels tended to be stable
after 2 h, which was therefore selected as the optimal incubation time.
To optimize liver microsomal enzyme concentration, incubations were
performed for 2 h with a fixed drug concentration of 0.5 mg L™}, and
enzyme concentration levels ranging from 0.1 to 2.5 mgmL'. As
shown in Figure S6-c¢ and S5-d, the formation of 4-OHFALP stabilized at
enzyme concentrations > 1.5 mg mL ™', Considering the economic sit-
uation, the enzyme concentration of 1.5 mg mL ™! was sufficient to meet
the metabolic requirements and was therefore selected for subsequent
experiments.

3.3. Identification of metabolites of alprazolam and flualprazolam

To systematically investigate the metabolism of ALP and FALP across
multiple species, in vitro metabolism studies were conducted using liver
microsomes from human, rat, mouse, fish, bovine, sheep, and pig,
including phase I and II metabolism. The experiment was conducted
according to the optimized incubation conditions mentioned above: the
concentration of liver microsomal enzyme was 1.5 mg mL™! and the
incubation time was 2 h. In order to increase the diversity and abun-
dance of metabolites for qualitative non-targeted analysis, a relatively
high drug concentration of 50 mg L ™! was selected, and a blank control
(without drugs) was also included. Non-targeted screening was per-
formed and the structures of metabolites of ALP and FALP were puta-
tively deduced based on accurate mass, elemental composition, and MS>
fragmentation patterns. As a result, a total of 11 metabolites of ALP and
FALP respectively were identified, including 7 phase I metabolites and 4
phase II metabolites, with N1, N4, N5, N7, N8 and N11 (ALP) and the 6
corresponding FALP metabolites identified for the first time. The
detailed information on metabolites was listed in Tables 1 and 2. The
extracted ion chromatograms of ALP, FALP and their metabolites in
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Table 1
The detailed information for ALP and its metabolites.

Journal of Hazardous Materials 504 (2026) 141380

Compound Formula Observed (m/z) Theoretical (m/z) Error (ppm) Composition change tg (min) Source (Ref.)
ALP C17H;13CINg 309.0904 309.0902 0.65 / 10.35 /
N1 Cy17H;3CIN,O 325.0846 325.0851 —-1.54 +(0) 7.89 Our work
N2 Cy17H;13CIN4O 325.0847 325.0851 -1.23 + (0) 9.18 [22,23]
N3 (a-OHALP) Cy17H;3CIN4O 325.0848 325.0851 —0.92 +(0) 9.41 [22,23]
N4 C17H14CIN30, 328.0844 328.0847 —-0.91 — (N) + (HOy) 9.37 Our work
N5 C17H;3CIN4O, 341.0801 341.0800 0.29 + (02) 7.65 Our work
N6 C17H;3CIN4O, 341.0799 341.0800 -0.29 + (02) 8.55 [22,23]
N7 Cy7H13CIN4O2 341.0798 341.0800 —0.59 + (02) 9.77 Our work
N8 Cy3H,1 CIN4O; 501.1150 501.1172 ~4.39 + (0) + (CgHgOg) 6.33 Our work
N9 Co3H,1CIN4O;, 501.1157 501.1172 —-2.99 + (0) + (CeHgOg) 7.91 [22,23]
N10 Ca3H,1CIN4O7 501.1179 501.1172 1.40 + (0) + (C¢HgO6) 8.10 [22,23]
N11 Ca3Hp,CIN3Og 504.1166 504.1168 ~0.40 — (N) + (HO,) + (C¢HgOg) 7.95 Our work
Table 2
The detailed information for FALP and its metabolites.
Compound Formula Observed (m/z) Theoretical (m/z) Error (ppm) Composition change tg (min) Source (Ref.)
FALP Cy7H;,CIFN, 327.0812 327.0807 1.53 / 10.17 /
M1 C17H;,CIFN4O 343.0754 343.0756 —0.58 +(0) 8.71 Our work
M2 Cy7H;2CIFN4O 343.0752 343.0756 -1.17 + (0) 9.05 [25]
M3 (a-OHFALP) C17H;2CIFN4O 343.0752 343.0756 -1.17 + (0) 9.16 [25,26]
M4 C17H13CIFN30, 346.0750 346.0753 -0.87 — (N) + (HOy) 9.25 Our work
M5 C17H12CIFN4O, 359.0709 359.0706 0.84 + (02) 7.94 Our work
M6 C17H;2CIFN4O, 359.0708 359.0706 0.56 + (02) 8.35 [25]
M7 C17H;,CIFN4O, 359.0704 359.0706 —0.56 + (02) 9.55 Our work
M8 Co3HCIFN4O;, 519.1073 519.1077 -0.77 + (0) + (CeHgOg) 6.56 Our work
M9 Co3H0CIFN4O; 519.1071 519.1077 -1.16 + (0O) + (Ce¢HgOg) 7.68 [25]
M10 Cy3Ha0CIFN,O, 519.1076 519.1077 -0.19 + (0) + (C¢HgOg) 8.07 [25]
M11 Co3H,; CIFN30g 522.1072 522.1074 —0.38 — (N) + (HO2) + (CsHgOg) 7.93 Our work

samples of different species are shown in Figures S7 and S8. Among
them, N3 and M3 were confirmed using authentic standards, corre-
sponding to a-OHALP and o-OHFALP respectively. FALP is a new
benzodiazepine produced by adding a fluorine atom to ALP, retaining
the main chemical structure of ALP. The metabolite screening results
revealed a similar metabolic pattern between ALP and FALP. Discussion
below focused on FALP as a representative example.

3.3.1. Identification of phase I metabolites

The mass spectrometry fragmentation mechanisms of the same type
of compounds are usually similar and have similar fragment groups.
These fragmentations are analytical phenomena used to deduce chem-
ical structures. In MS/MS analysis of benzodiazepines, fragmentation
typically occurs at reactive sites such as the seven-membered ring, hy-
droxylated carbons, labile heteroatoms, and substituted positions on the
benzene ring [37]. The resulting diagnostic fragment ions are crucial for
determining the positions of modifications and elucidating metabolite
structures. The fragmentation mechanism of FALP was first analyzed.
FALP was eluted in liquid chromatography at 10.17 min and the accu-
rate mass of the quasi-molecular ion was m/z 327.0807 (C17H;2CIFNy4)
with a mass error of 1.53 ppm. The MS? spectrum and deduced fragment
ion structures are shown in Fig. 3. Major fragment ions included m/z
299.0619 (loss of CHyN after seven-membered ring opening); m/z
292.1119 (loss of Cl); and m/z 259.0431 (combined ring opening and
triazole loss).

The hydroxylation of FALP is the main phase I metabolic pathway in
human body. A study has reported that in the in vitro metabolism of
human liver microsomes [25], there are corresponding mono-
hydroxylated products a-OHFALP and 4-HOFALP, and a dihydroxylated
product a,4-dihydroxy-FALP that are consistent with the ALP metabolic
pathway. In this study, three monohydroxylated products (M1-M3, m/z
343.0756, C17H;2CIFN40) and three dihydroxylated products (M5-M7,
m/z 359.0706, C17H12CIFN40-) were identified. M4 was identified as a
new dihydroxylated products, resulting from loss of a nitrogen atom and
conversion of the seven-membered ring of FALP to a six-membered ring

(m/z 346.0753, C17H13CIFN305). The whole MS? spectra and putative
fragment ion structures of the phase I metabolites of FALP are shown in
Fig. 3.

M3 was confirmed by comparison with the a-OHFALP standard,
exhibiting a tg of 9.16 min in the LC chromatogram (Figure S8). The
fragment ion at m/z 325.0649 (C17H;;CIFNY), corresponding to the loss
of Ho0 (18 Da) from a-OHFALP, indicated that hydroxylation reaction
occurred on the carbon of the aliphatic position, as previously reported
in the literature [25,38]. This fragmentation pathway can be used as a
diagnostic feature to distinguish isomers. The fragment ion of m/z
315.0569 (C16H11CIFN30°") was generated by the loss of CHaN from
a-OHFALP, which was consistent with the fragmentation characteristic
of FALP, and the still existing oxygen atom proved that no hydroxylation
reaction occurred on the 4-C position. Therefore, it was determined that
a hydroxylation reaction occurred on the 1-C position, corresponding to
the metabolite a-OHFALP.

For M2 (tg = 9.05 min), a highly abundant fragment ion of m/z
325.0655 indicated hydroxylation reaction occurred on the aliphatic 4-
C position. A fragment ion of m/z 315.0810 was observed, but the mass
error compared to m/z 315.0569 was 76.49 ppm and the absence of m/z
315.0569 further indicated hydroxylation reaction occurred on the 4-C
position. Finally, it was concluded that M2 was 4-OHFALP.

M1 was a newly identified metabolite in this study. Its fragment ion
of m/z 308.1069 (C;7H;3FN40° ") was generated by the loss of a chlorine
atom, which was consistent with the mass spectrometry fragmentation
pathway of FALP. The absence of m/z 325.0649 indicated that hy-
droxylation did not occur on the aliphatic 1-C or 4-C positions. The
fragment ions of m/z 315.0566 and 289.0538 further excluded 4-C and
1-C hydroxylation, respectively. Therefore, it was deduced that the hy-
droxylation reaction occurred on the carbon of benzene ring, although
its specific position on the benzene ring was difficult to accurately
determine.

M4 (tg = 9.25min) was another newly identified metabolite
(Figure S8). Its extracted ion chromatogram showed an impurity peak at
9.05 min, corresponding to the isotope of 4-OHFALP (M2). Despite a
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Fig. 3. The MS? spectra and putative fragment ion structures of FALP and its phase I metabolites. Metabolites M1, M4, M5, and M7 represent newly identified phase I
metabolites in the present study.
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small mass difference (2.02 ppm) with the M2 isotope (m/z 346.0760),
M4 was effectively separated by LC. M4 had relatively abundant
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Fig. 3. (continued).

fragment ions of m/z 328.0649 and m/z 109.0452, of which m/z
328.0649 was produced by the loss of a molecule of water from M4,
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Fig. 3. (continued).

which was a characteristic fragment of hydroxylation reaction occurring
on the carbon of the aliphatic position. The fragment ion of m/z
109.0452 was a benzene ring with a fluorine atom. Therefore, the
tentative structure of M4 was deduced as shown in Fig. 3.

Dihydroxylated products M5, M6 and M7 eluted at 7.65, 8.55 and
9.77 min, respectively. According to their extracted ion chromatogram
(Figure S8), multiple chromatographic peaks with different tg suggested
positional isomers due to hydroxylation reaction on the benzene ring.
For M6, a highly abundant fragment ion of m/z 341.0602 was found,
which was produced by the loss of a molecule of water. In addition, it
was inferred from the fragment ion of m/z 314.0491 that one of the
hydroxylation reactions occurred on the 1-C or the benzene ring posi-
tion. The presence of the fragment ion of m/z 275.0381 indicated that
one of the hydroxylation reactions occurred on the 4-C or benzene ring
position. Although its fragment ions might be common to multiple
structures and were not obviously characterized, there were no char-
acteristic fragment ions for hydroxylation reaction on the benzene ring.
Furthermore, according to the monohydroxylation reaction of FALP, it
was easier to occur on the 1-C and 4-C positions, and M6 had a strong
signal intensity in the extracted ion chromatogram. Therefore, M6 was
reasonably deduced to be o,4-dihydroxy-FALP, which was also a
metabolite reported in the literature [25].

M5 and M7 were newly identified metabolites, too. For M5, the

fragment ion of m/z 341.0603 was observed, which was produced by M5
losing a molecule of water. The fragment ion of m/z 331.0519
(C16H11CIFN305 ") was produced by the loss of CH,N from M5, and there
were still two oxygen atoms in its molecular formula, proving that hy-
droxylation reaction did not occur on the 4-C position. The fragment ion
of m/z 273.0224 preliminarily indicated the presence of a phenolic
hydroxyl group on the benzene ring. In summary, the hydroxylation
reactions of M5 occurred on the 1-C and the benzene ring positions. For
M7, a relatively abundant fragment ion of m/z 123.0242 (C7H40F ™)
indicated hydroxylation on the benzene ring. There was a low-
abundance fragment ion of m/z 341.0615, which was produced by the
loss of a molecule of water from M7. Additionally, the fragment ions at
m/z 298.042 and m/z 316.0652 in M7 were consistent with those of
other metabolites, such as M2 and M4, respectively. However, there
were no characteristic for judging the position of hydroxylation.
Therefore, M7 was tentatively deduced as a dihydroxylated product of
FALP at the 4-C and benzene ring positions.

3.3.2. Identification of phase II metabolites

Phase II metabolism of drugs primarily involves conjugation re-
actions, in which drugs or their phase I metabolites are coupled with
endogenous substances (such as glucuronic acid, glycine, sulfate, etc.),
or undergo methylation or acetylation reactions catalyzed by specific
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enzymes. These conjugation reactions typically yield inactive metabo-
lites, serving as a detoxification mechanism [39]. Among them, glu-
curonidated products are the main phase II metabolites of drugs [40], so
a UGT incubation system was used to investigate phase II metabolites in
this study. The results of phase II metabolism of FALP indicated that it
primarily proceeded via glucuronidation of its phase I hydroxylated
metabolites. Four glucuronide conjugates were formed through
enzyme-mediated coupling between glucuronic acid and hydroxyl
groups, as shown in Figure S9. The MS? spectra and putative fragment
ion structures of the phase II metabolites of FALP are shown in
Figure S10. In their MS? spectra, all fragment ions, except for the
quasi-molecular ion peak, were identical to those of the corresponding
phase I hydroxylated metabolites, with comparable relative abundances.
The accurate mass of metabolites M8, M9 and M10 was m/z 519.1077
(Ca3HooCIFN4O7), indicating the addition of one oxygen atom and
CgHgOg compared with the parent drug FALP. Their MS? spectra, apart
from the quasi-molecular ion peaks, were consistent with those of M1,
M3 and M2 respectively. The accurate mass of metabolite M11 was m/z
522.1074 (Cy3H21CIFN30g), corresponding to the addition of a CeHgOg
to M4, and the fragment ions in its MS? spectrum were consistent with
those of M4.

The results showed that the phase I metabolic pathways of ALP and
FALP were mainly based on the hydroxylation reaction, and the phase II
metabolic pathways were based on the glucuronidation reaction of
phase I metabolites. The metabolic patterns of ALP and FALP were
similar, and the deduced structures of their metabolites and the poten-
tial metabolic pathways are shown in Fig. 4. New benzodiazepines are
generally produced with slight modifications of known drugs. Therefore,
the structures of new benzodiazepines and metabolites was prelimi-
narily deduced based on existing research foundations.

3.4. Comparison of in vitro metabolism in different species

Although ALP is used in both humans and animals, the lack of
metabolic studies in different animals may affect the scientific basis for
setting residue markers in food. FALP is a new benzodiazepine that adds
a fluorine atom to ALP. In this study, the in vitro metabolism differences
of ALP and FALP were compared in humans, model animals, aquatic
animals and livestock animals, such as human, rat, mouse, fish, bovine,
sheep and pig. Their extracted ion chromatograms of metabolites are
shown in Figures S7 and S8, respectively. To facilitate a clearer com-
parison of the number of metabolites detected for each compound across
different species, Tables S1 and S2 systematically summarize the pres-
ence or absence of metabolites derived from ALP and FALP, respectively,
across all investigated species, providing an intuitive overview of
metabolite distribution and detection numbers and enabling a compre-
hensive comparison of interspecies metabolic profiles.

The newly identified metabolites N4 and M4, along with their cor-
responding phase II metabolites, exhibited strong signal responses and
were detected in all species. Species-specific differences were observed
in the dominant metabolic pathways of ALP and FALP. In humans and
mice, both compounds exhibited similar metabolic profiles, with 9 and 7
metabolites identified, respectively. The 4-hydroxylation and o-hy-
droxylation represented the major metabolic pathways, among which
the 4-hydroxylated products showed the highest signal intensity. This is
consistent with previous studies reporting that ALP is primarily
metabolized to 4-OHALP and a-OHALP in the human body, with 4-
OHALP exhibiting higher plasma concentrations following administra-
tion [41-43]. In contrast, in edible animals such as bovine, sheep, and
pig, the metabolic profiles were relatively similar to those observed in
rats, with 4-hydroxylated products as the predominant metabolites and
limited formation of a-hydroxylated products. Notably, although the
overall number of detected metabolites in fish was lower, the dominant
metabolic pathway was likewise characterized by 4-hydroxylation. This
difference in major oxidative pathways indicates species-dependent
enzyme selectivity, potentially reflecting differences in cytochrome
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P450 isoform expression or activity [28]. However, the standard method
for the detection of benzodiazepines in food exported from China issued
in 2019 only included ALP and a-OHALP [24]. In addition, hydroxyl-
ation on the benzene ring, along with its corresponding dihydroxylated
and phase II conjugated metabolites, was mainly observed in rats and
livestock species (e.g., M1, M5, M7, and M8), further highlighting
interspecies variation in metabolic pathways.

These species-specific metabolic preferences may have important
implications for pharmacokinetics and toxicity. From a food safety
perspective, the identification of abundant other hydroxylated metab-
olites in edible animals suggests that current residue monitoring stra-
tegies focusing primarily on ALP and a-OHALP may underestimate total
benzodiazepine-related residues. Therefore, incorporating species-
specific metabolic information is essential for a more accurate assess-
ment of residue markers and potential toxicological risks.

3.5. Toxicity prediction of drugs and their metabolites

To further understand the toxicity of drug metabolites, a preliminary
assessment of the toxicity of ALP, FALP and their metabolites was per-
formed using two complementary quantitative structure activity rela-
tionship (QSAR) tools: ECOSAR and TEST. The purpose of this toxicity
prediction was to provide an initial indication of the potential toxico-
logical relevance of the identified metabolites and to serve as a reference
for subsequent targeted toxicological investigations. ECOSAR predicts
acute and chronic toxicity toward aquatic organisms based on linear
mathematical relationship between octanol-water partition coefficient
(Log Kow) and toxicity of compound, providing insight into potential
environmental risks. TEST integrates multiple QSAR models and algo-
rithms to predict a wider range of endpoints, including physical,
chemical, health, and ecotoxicological effects. The use of both tools
enabled complementary evaluation of potential ecological and devel-
opmental risks, cross-validation of predictions, and identification of
structure-toxicity relationships among metabolites with different hy-
droxylation patterns. Phase II metabolism is generally a detoxification
pathway that produces highly water-soluble inactive products through
conjugation reactions [39]. Therefore, the toxicity assessment primarily
focused on phase I metabolites. The predicted toxicity of ALP, FALP and
their phase I metabolites for different species endpoints is summarized
in Tables S3 and S4 respectively. The results showed that ALP, FALP and
their metabolites had similar toxicity prediction results due to the sim-
ilarity in chemical structure. The following discussion used FALP as a
representative example.

The results using ECOSAR showed that the overall toxicity of the
metabolites was slightly less than that of FALP. In general, hydroxylated
products are more water-soluble, and this toxicity prediction result is
consistent with the trend that drugs are more easily converted into
metabolites that are more polar and relatively less toxic. A previous
study reported the use of median lethal concentration (LCsp) or median
effective dose (ECsp) at 1, 10, and 100 mg L7! to determine various
toxicity levels of the acute and chronic toxicity of compounds to fish and
Green algae [44]. In this present work, the predicted toxicity of FALP and
its metabolites showed moderate to low toxicity toward Daphnid and
Green algae. Predicted toxicity to fish showed that the dihydroxylated
products of FALP are no-harmful (LCso > 100 mg L™1). The results using
TEST showed that the metabolites were less toxic to Daphnia magna than
FALP. For Tetrahymena pyriformis, M1, M5 and M7 were more toxic than
FALP, while the others were less toxic than the parent drug. However,
the toxicity results of the Fathead minnow showed that most of the me-
tabolites were more toxic than FALP, except for two metabolites, M3 and
M4, which were slightly less toxic than the parent drug. In addition,
except for FALP and one of the newly identified metabolites M4, all
others showed developmental toxicity. The predicted ecotoxicity and
developmental toxicity by TEST indicated that some metabolites
exhibited stronger toxic effects than the parent drug, providing a
reference for future toxicological studies.
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In addition, clear structure-toxicity relationships were observed
among different hydroxylation patterns. Among the monohydroxylated
metabolites, the newly identified benzene-ring hydroxylated product
(M1) exhibited higher predicted toxicity than both a-hydroxylated and
4-hydroxylated metabolites across several endpoints. Similarly, among
the dihydroxylated metabolites, compounds retaining a hydroxyl group
on the benzene ring (e.g., M5 and M7) showed higher predicted toxicity
than the o,4-dihydroxylated metabolite (M6), indicating that benzene-
ring hydroxylation may play a critical role in enhancing toxicological
potential. By comparison, a-hydroxylation and 4-hydroxylation path-
ways resulted in metabolites with broadly comparable predicted toxicity
profiles, and both types of metabolites were associated with potential
developmental toxicity. These findings suggest that while hydroxylation
is commonly considered a detoxification step, the specific site of hy-
droxylation strongly influences toxicological outcomes, particularly for
benzene-ring hydroxylation, which may confer increased biological
reactivity.

From a forensic toxicology standpoint, these findings are particularly
relevant given the increasing detection of FALP in illicit drug use cases
[19]. Several hydroxylated and glucuronidated metabolites identified in
this study were partially consistent with biomarkers reported in previ-
ous literature reports, supporting their utility for confirming FALP
exposure when the parent compound is present at trace levels or even
absent [25,26]. Therefore, integrating species-specific metabolic infor-
mation with toxicity prediction not only improves understanding of
pharmacokinetic and toxicological behavior but also enhances the
interpretation of forensic and food safety monitoring data.

4. Conclusion

FALP, a new psychoactive substance and structural analog of ALP,
has emerged as a widely abused illicit benzodiazepine with increasing
global prevalence but limited understanding of its metabolic behavior
across species. In this study, the phase I and II metabolism of ALP and
FALP was investigated using the in vitro liver microsome system from
multiple species. Non-targeted screening identified 11 metabolites for
each drug, including 7 phase I and 4 phase II metabolites. In addition to
previously reported 4-hydroxylated, o-hydroxylated and o,4-dihy-
droxylated products, new benzene-ring hydroxylated products and their
corresponding dihydroxylated and phase II metabolites were identified,
expanding the known metabolic pathways. Phase I metabolism was
dominated by hydroxylation reactions, whereas phase II metabolism
primarily involved glucuronidation of phase [ metabolites. By
comparing interspecies metabolic differences of drugs, it was found that
4-hydroxylated and a-hydroxylated products predominated in humans,
while 4-hydroxylated metabolites dominated in edible animals,
providing theoretical support for the selection of residue markers.
Toxicity predictions further indicated that some metabolites, particu-
larly the newly identified benzene-ring hydroxylated products, may
exhibit higher ecotoxicological or developmental risks than the parent
drugs and the currently monitored residue markers.

It should be noted that this study employed a non-targeted HRMS
strategy with optimized analytical conditions and semi-quantitative
analysis due to the lack of certified authentic standards. Although
non-targeted screening may be prone to false-positive signals and
limited sensitivity toward low-abundance metabolites especially to-
wards phase II metabolites, all metabolites reported here were strin-
gently validated based on high-quality MS/MS spectra, accurate mass
measurements, and biologically feasible metabolic pathways. Candidate
metabolites lacking sufficient signal intensity or confirmatory frag-
mentation were excluded to ensure identification reliability. Future
studies incorporating targeted quantitative analysis with authentic
standards are warranted to enable absolute quantification and to further
refine the toxicological relevance of key metabolites. Overall, this study
provides a scientific basis for the rational monitoring, environmental
risk assessment, and management of benzodiazepine residues in animal-
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derived foods and ecosystems.
Environmental implication

Residues of flualprazolam and alprazolam in animal-derived foods
and environmental waters can transform into previously unreported
toxic metabolites, which may further bioaccumulate and pose risks to
humans and ecosystems. This study elucidates species-specific
biotransformation by identifying new metabolites and comparing their
interspecies metabolic pathways, thereby providing a scientific basis for
residue monitoring, environmental risk assessment, and food safety
management.
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