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Understanding the metabolic fate of pharmaceutical compounds is critical for assessing drug safety and efficacy.
A combination of advanced analytical techniques and in vitro models allows for detailed investigation of
biotransformation processes. This study presents an integrated workflow using carisoprodol as a case study to
demonstrate the application of modern analytical strategies for metabolic profiling. An analytical platform based
on liquid chromatography-high-resolution mass spectrometry (LC-HRMS) was employed, operating in both
MS! and MS? modes to investigate fragmentation behaviour and identify metabolites. Chromatographic sepa-
ration was performed using a core-shell C1g column under gradient elution. In vitro metabolic stability studies
were conducted using rat liver microsomes, and a deuterated analogue was also tested to assist in structural
elucidation of hydroxylated metabolites. Additionally, in silico metabolite prediction tools were applied and
compared with experimental results. The compound showed slow metabolic degradation (t/2 =
233.72 + 3.09 min) and low intrinsic clearance (CLin, in viro = 5.930 £ 0.078 pL/min/mg). LC-HRMS enabled
identification of meprobamate and a hydroxylated derivative as major metabolites. MS/MS analysis of the
deuterated metabolite excluded hydroxylation on the n-pentyl chain as reported in the literature, indicating
alternative modification sites. In silico predictions correctly identified meprobamate but misassigned hydroxyl-
ation positions for the other metabolite. This study highlights the effectiveness of a multi-technique analytical
approach for elucidating drug metabolism. The integration of LC-HRMS, isotopic labelling, and computational
tools provides a comprehensive platform for metabolic characterization, while emphasizing the necessity of
experimental validation in refining in silico predictions.

Carisoprodol, chemically known as (2RS)-2-[(Carbamoyloxy)
methyl]-2-methylpentyl(1-methylethyl)carbamate (or  N-isopropyl

1. Introduction

Pharmacokinetic studies play a pivotal role in understanding the
absorption, distribution, metabolism, and excretion (ADME) of thera-
peutic agents. They are essential for predicting drug efficacy, safety
profiles, potential interactions, and risks of accumulation or toxicity. In
particular, investigating the metabolic pathways of centrally acting
drugs is critical to accurately interpret their pharmacological and toxi-
cological profiles.

meprobamate) (Fig. 1A), was developed by Dr. Frank M. Berger as a
muscle relaxant in 1959. It was specifically synthesized to enhance
muscle relaxation while offering improved safety and a lower potential
for abuse compared to meprobamate (1,3-propanediol, 2-methyl-2-pro-
pyl-, 1,3-dicarbamate) (Fig. 1B) [1].

Carisoprodol is a widely prescribed medicine in several countries. In
the United States, it is a controlled prescription drug, classified as a
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Schedule IV substance under the Controlled Substances Act since
January 2012. In contrast, its use has been progressively restricted in
Europe due to safety concerns [2]. Sweden withdrew the drug in 2007,
followed by Norway in 2008, where its ban led to a decrease in impaired
driving cases, intoxications, and related fatalities. Subsequently, the
European Medicines Agency (EMA) recommended the suspension of the
marketing authorisations of medicinal products containing carisoprodol
[3,4].

At the international level, the 47th Expert Committee on Drug
Dependence (ECDD) in 2024 recommended adding carisoprodol to
Schedule IV of the 1971 Convention on Psychotropic Substances [4].

Carisoprodol is administered orally in tablet form, with a standard
adult dosage of 250-350 mg taken three times daily and at bedtime. Due
to its potential for abuse and dependence, treatment duration should not
exceed two to three weeks [5,6].

Carisoprodol is rapidly absorbed after oral administration, with ef-
fects beginning within 30-60 min and peak plasma concentration
reached in 1.5-1.7 h. Its action lasts approximately 4-6h, and
bioavailability studies report a high absorption rate (92 %) [7].
Following a single 350 mg dose, peak plasma levels reach around
2580 ng/mL, with an elimination half-life of about 2 h. No significant
accumulation occurs with prolonged use (350 mg every 8 h for 14 days),
differently from its primary metabolite, meprobamate, which tends to
accumulate [8].

Carisoprodol is moderately distributed in body tissues, crosses the
placenta, and is excreted in breast milk. Its volume of distribution ranges
between 0.93 and 1.3 L/kg, slightly higher for meprobamate (1.4-1.6 L/
kg) [9].

Carisoprodol is extensively metabolized in the liver, primarily by the
CYP2C19 enzyme, which converts it into its main metabolite, mepro-
bamate. A multiethnic study by Hicks et al. [10] highlighted significant
variability in CYP2C19 metabolic rates among individuals, with
2.1-27.1 % classified as rapid metabolizers, 19-45.9 % as intermediate
metabolizers, and 1.4-57.1 % as poor metabolizers.

In individuals with reduced CYP2C19 activity, carisoprodol exposure
can increase up to fourfold, while its conversion to meprobamate de-
creases by 50 % [11]. Clinical studies have also shown that intermediate
metabolizers exhibit a 45 % higher carisoprodol concentration
compared to rapid metabolizers.

Several external factors can further influence the drug’s plasma
levels: oral contraceptives can increase them by 60 %, while CYP2C19
inhibitors (such as omeprazole, fluoxetine, and sertraline) prolong its
effects. Conversely, enzyme inducers (such as rifampin, phenobarbital,
and St. John’s wort) reduce its plasma concentration [12].

While the elimination half-life of carisoprodol is short, meprobamate
has a much longer half-life (about 10 h), contributing to its persistence
in the body [4]. Renal excretion is the primary elimination route, and
impaired kidney function may slow this process. Most individuals
rapidly metabolize carisoprodol, converting it almost entirely into
meprobamate within 2.5 h, though slow metabolizers may take over 6 h,
with reduced meprobamate conversion [13].

Meprobamate, derived from carisoprodol, enhances neuronal
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inhibition by acting on GABA-A receptors, similar to benzodiazepines
and barbiturates, producing sedative and hypnotic effects. However,
evidence suggests that carisoprodol also exerts direct effects on the
central nervous system, independent of meprobamate, though its precise
mechanism remains unclear [1]. From a behavioural perspective, car-
isoprodol induces motor-depressant effects similar to barbiturates, in-
dependent of meprobamate, as its duration of action is much shorter
than the metabolite’s plasma half-life [14]. Pharmacological discrimi-
nation studies confirm a distinct mechanism of action, as carisoprodol’s
effects are blocked by barbiturate antagonists but not by benzodiazepine
antagonists [14].

Beyond meprobamate, hydroxy carisoprodol has been identified as a
major metabolite, though its pharmacological role remains unclear [15].

Carisoprodol and its most studied metabolite, meprobamate, are
aliphatic compounds with minimal UV absorbance or fluorescent
properties, making their quantification primarily reliant on gas chro-
matography (GC) and gas chromatography coupled with mass spec-
trometry (GC-MS). However, both compounds are thermolabile,
necessitating derivatization to enhance thermal stability and more ac-
curate and reproducible analysis [1]. To overcome these limitations,
liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) or high-resolution mass spectrometry (HRMS) is preferred,
particularly for analysing biological fluids such as blood, urine, bile,
muscle, liver, and plasma [4,16].

Carisoprodol is rapidly metabolized, and its plasma and urine con-
centrations are in ng/mL range, which can make its detection in bio-
logical samples challenging. As a result, meprobamate, classified as a
controlled substance in some countries, is often the only detectable
metabolite. It is therefore likely that cases of carisoprodol consumption
are underestimated, as they may be attributed to meprobamate use [4].

Few studies have investigated the identification of carisoprodol
metabolites in humans, with most research focusing on measuring
simultaneous concentrations of carisoprodol and meprobamate
following carisoprodol administration. Interestingly, metabolic studies
in animal urine suggest that meprobamate is not the primary metabolite
[15]. The first pharmacokinetic studies conducted in the early 1960s
suggested that hydroxy carisoprodol was the main metabolite of car-
isoprodol found in urine and plasma [15]. Initial attempts to identify the
structure of this metabolite indicated that a hydroxyl group replaced the
C4 position in the n-pentyl chain as shown in Fig. 1C. Later, only a few
studies confirmed the formation of hydroxy carisoprodol following
carisoprodol administration and even fewer studies dealt with the
quantitative determination of this metabolite [17,18].

In this study, we developed an LC-HRMS method to analyze car-
isoprodol and its metabolites following incubation with rat liver mi-
crosomes. The in vitro pharmacokinetic profile was evaluated, and major
metabolites were tentatively identified, aiming to better understand the
biotransformation of carisoprodol and contribute to the broader
assessment of its pharmacological and toxicological behavior.

Cc

Fig. 1. Chemical structures of the investigated analytes. Chemical structure of carisoprodol (A), meprobamate (B), hydroxy carisoprodol (C) (according to the

structure proposed in the literature).
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2. Materials and methods
2.1. Chemicals and materials

LC-MS grade acetonitrile (ACN) and formic acid (FA) were purchased
from Honeywell (Charlotte, North Caroline, USA). Ultrapure water for
HPLC-HRMS analyses was obtained with a water purification system
(Direct-Q 3UV, Merck Millipore, Milan, Italy). The pure standard of
carisoprodol and testosterone (experimental control) were provided
from Sigma Aldrich Merck (Milan, Italy).

A volume of 0.5 mL of rat liver microsomes (Sprague Dawley),
pooled from twenty-five donors and with a protein concentration of
20 mg/mL, was obtained from Thermo Fisher Scientific (Gibco) and
stored at —70°C. KH2PO4 and K-HPO. were obtained from Sigma Aldrich
Merck (Milan, Italy). Each salt was prepared as a 0.2 M solution and
used to produce a 0.1 M potassium phosphate buffer by adding an
appropriate amount of Milli-Q water. The buffer was stored at room
temperature until incubation. Nicotinamide adenine dinucleotide
phosphate (NADPH), used as a cofactor, was obtained from BLD Phar-
matech GmbH (Reinbek, Germany) and, finally, deuterated car-
isoprodol-dy, used as an internal standard (IS), was sourced from Sigma-
Aldrich Merck (Milan, Italy).

2.2. In silico metabolite prediction

The metabolites of carisoprodol were predicted using GLORYX, a
web-based machine learning model for simulating phase I and phase II
metabolic reactions in humans. GLORYx is hosted on the New E-
Resource for Drug Discovery (NERDD), a rapidly expanding portal that
provides peer-reviewed in silico tools for drug discovery [19]. For the
analysis, a simplified molecular input line entry system (SMILES),
generated using ACD/ChemSketch [20], was used in the “phase I
metabolism” option in GLORYx [21]. The metabolites with the major
highest probability score were then incorporated in an inclusion list for
LC-HRMS/MS analysis.

2.3. Incubation with pooled Rat Liver Microsomes (RLM)

Carisoprodol was incubated with cryopreserved rat microsomes
using a previously described protocol with marginal changes where
necessary [22]. To summarize, 26 pL of microsome suspension were
gently mixed with 10 pL of carisoprodol (1 mg/mL stock solution) in
phosphate buffer (864 pL) and cofactor NADPH 10 mM (100 pL) using
MTH-100 Thermo Shaker incubator (MIULAB, Hangzhou, Zhejiang,
Cina). Testosterone (used as a positive control) and negative controls
were incubated alongside. A 100 pL aliquot of incubates was quenched
with 50 pL of ice-cold acetonitrile containing internal standard (IS)
carisoprodol-dy, centrifuged for 10 min at 13,000 x g with MiniSpin
centrifuge (Eppendorf SE, Hamburg, Germany) and then analysed. All
reactions were conducted under physiological conditions (37 °C, pH
7.4). Following centrifugation, the supernatant was transferred into
HPLC tubes and a 5 pL aliquot was injected into the LC-HRMS system.

The incubation reactions were carried out for a total of 180 min and
monitored at fixed time points (0, 30, 60, 120, and 180 min). Testos-
terone was used as the positive control, while negative control samples
were obtained without the addition of NADPH.

The same experiment was repeated using carisoprodol-d; as test
compound to attempt identification of the correct position of the hy-
droxyl group in hydroxy carisoprodol.

2.4. LC/HRMS analysis of carisoprodol and its metabolites

Metabolite analyses were performed using an LC-HRMS system from
Thermo Fisher Scientific (Waltham, MA, USA), equipped with an Ulti-
mate 3000 ultra-high performance liquid chromatograph (UHPLC) and a
Q-Exactive quadrupole-Orbitrap high-resolution mass spectrometer
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with a heated electrospray ionization (HESI) source. The UHPLC system
included a binary pump, a vacuum degasser, a thermostated autosam-
pler set at 7 °C, and a thermostated column compartment set at 25 °C.
The mass spectrometer operated in positive ionization mode for data
acquisition.

The chromatographic separations were achieved on a Poroshell 120
EC-C18 (100 x 3.0 mm LD., 2.7 um) with a guard (5 x 3 mm LD.,
2.7 um) (both from Agilent Technologies, Milan, Italy). A gradient
elution of water and ACN (both with 0.1 % formic acid) was set: a linear
increase from 5 % to 95 % ACN was programmed from 2.0 to 20.0 min,
held at 95 % for 5 min, and taken back to 5 % at 25.1 min. The column
was re-equilibrated with 5 % ACN for 5 min and the run was stopped at
30 min.

The Orbitrap mass analyzer was set in full scan (FS) mode over an m/
z range of 50-750. Data-dependent acquisition (DDA) was performed on
quality control samples and used exclusively for MS/MS acquisition to
obtain fragmentation spectra of the parent compound and its major
metabolites.

For the HESI source the parameters were set as follows: capillary
temperature, 320 °C; vaporizer temperature, 300 °C; voltage, 3.8 kV;
sheath gas, 55 arbitrary units (au); auxiliary gas, 30 au; S lens RF level,
55 au. The orbitrap was fully calibrated before the analysis, with a lock
mass list used for better accuracy. Data acquisition was carried out using
Xcalibur 3.0 software (Thermo Fisher Scientific, San Jose, CA, USA) in
full-scan and data-dependent MS/MS modes, covering a time range of
1-30 min. In full-scan MS mode, the automatic gain control (AGC) target
was set to 3 x 108, with a resolution of 140,000 at full width at half
maximum (FWHM) at 15s. The maximum injection time (IT) was
500 ms, and the scan range in positive ionization mode covered m/z
50-750. For data-dependent MS/MS analysis, the AGC target was set to
5 x 10°, with a minimum threshold of 1 x 10 3, a resolution of 17,500,
a maximum IT of 100 ms, and an isolation window of m/z 0.4. The
normalized collision energy (NCE) was set to 20 AU, with a loop count of
2 and a dynamic exclusion duration of 5.0 s. All analyses were processed
using FreeStyle 1.8 (Thermo Fisher Scientific).

2.5. Identification of carisoprodol metabolites

The identification of carisoprodol and its metabolites was carried out
by Compound Discoverer 3.3 (Thermo Fisher Scientific, Waltham, MA,
USA). The workflow “MetID” suggested by the software was employed
for the identification of metabolites of carisoprodol [23].

The processing workflow 1. performs retention time (Ry) alignment
across all the samples; 2 detects expected compounds from in silico
predictions for carisoprodol parent compounds based on its dealkylation
and phase-1 metabolism products. Uses resolution-aware isotope
pattern matching to confirm the formulas of the expected compounds it
finds; 3. groups expected compounds across all the samples; 4. applies
FISh (fragment ion search) scoring to all expected compounds and their
transformation products; 5. annotates the fragmentation mass spectra
for these compounds with structures and a FISh score; 6. predicts the
elemental compositions for all unknown compounds, fills gaps across all
samples, and hides the chemical background (by using Blank samples);
7. uses the Compound Class Scoring node to flag unknown compounds
that share common fragments; 8. calculates mass defects for each
compound. The workflow used is reported in Figure S1 (Supplementary
Material).

2.6. Estimating the intrinsic clearance (CLpy) of carisoprodol

To estimate the CL;; of carisoprodol, the average of triplicate peak
area ratios obtained from the metabolic stability assay at each non-zero-
time intervals was normalized to the corresponding value obtained at
the 0 min time point to yield the percentage of carisoprodol remaining at
each time point. Thereafter, these resulting data points were plotted
against its respective incubation time and the data was fitted to a one
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phase exponential decay model using GraphPad Prism 8.0.1 (San Diego,
CA) to determine its elimination rate constant (k). This allowed the in
vitro half-life (t;,/2) of carisoprodol to be calculated using t; /2 (min) = In
(2)/k [24].

Subsequently, the CLiy, in viro Of carisoprodol can be further
computed using the following equation:

CLint, in vitro (l/min/mg) = V x 0.693/ 1,2

where V (ul/mg) corresponds to the volume of the incubation (in pl)
divided by the protein amount in the incubation (mg) [22].

Based on the determined CLiy, in viro» the corresponding in vivo
intrinsic clearance (CLin;, in vivo) Was also estimated using the following
approach:

CLint, in vivo (pl/ min/ mg) = CLint, in vitro X mmicrosomes/ 8liver X mliver/ kgper
body weight

where Mpjcrosomes i 61 mg and represents the mass of the microsome per
grams of liver (gyer) for rat. The myy, is assumed to be 40 g/kg, repre-
senting the amount of liver mass contained in each kg of body weight
(kgper body weight) in rats [25].

3. Results and discussion
3.1. LC-HRMS/MS analysis of carisoprodol
Using a gradient-based chromatographic method with acetonitrile

and water (0.1 % formic acid) as mobile phases and a C18 core-shell
column, carisoprodol eluted at 11.62 min. In positive ESI mode, the
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molecular ion [M+H]* was observed at m/z 261.1809, along with the
sodium adduct at m/z 283.1628. Four fragment ions (a—d) generated by
in-source fragmentation were attributed to specific bond cleavages
(Fig. 2A and B). Two of these fragments, a and c, at m/z 200.1642 and
158.1174 respectively, were attributed to the cleavage of either the
C2-0 or C8-O bonds, respectively. Additionally, an ion b at m/z
176.1279, corresponding to the cleavage of the carbonyl C3-O bond,
and an ion d at m/z 97.1015, corresponding to the simultaneous cleav-
age of both C2-O and C8-O bonds, were detected. The same in-source
fragmentation profile was observed for carisoprodol-d; with additional
7.0439 amu on each fragment as reported in Fig. 2C. Carisoprodol-d-
showed a similar fragmentation profile with a consistent mass shift of
+ 7.0439 amu (Fig. 2C). The MS/MS fragmentation spectra of the car-
isoprodol and carisoprodol-d; molecular ions are shown in Fig. 2D and E
respectively. The structure corresponding to the fragments was tenta-
tively identified and is reported in the fragmentation spectra in the
figure. The a, b, ¢, and d fragments already described for in-source
fragmentation are also visible in the MS/MS spectra. Detailed struc-
ture of each fragment generated in the MS? spectrum of carisoprodol is
reported in Figure S2 (Supplementary Material).

3.2. In vitro metabolic stability studies

To evaluate the metabolic stability of carisoprodol in pooled rat liver
microsomes (RLM), a previously developed protocol was applied with
minor modifications [22], determining its in vitro half-life (t1/2), intrinsic
clearance in vitro (CLin, in vitro), and estimated intrinsic clearance in vivo
(CLint, in vivo)-
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Fig. 2. In-source and MS? fragmentation pattern of carisoprodol and carisoprodol-d,. Proposed fragmentation pattern for carisoprodol and carisoprodol-d; (A);
in-source (MSh) fragmentation spectrum of carisoprodol (B) and carisoprodol-d; (C); MS> fragmentation pattern of carisoprodol (D) and carisoprodol-d; (E).
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Preliminary tests conducted on carisoprodol at various concentra-
tions and time points suggested that carisoprodol concentration
remained stable after 15 min, indicating that incubation times of at least
30 min were required to observe any significant metabolic degradation
of the molecule. Therefore, the parent compound was incubated for 30,
60, 120, and 180 min. The logarithmic percentage decrease of car-
isoprodol is shown in the graph, representing the average of the data
from three biological replicates (Fig. 3A).

Its concentration declined following pseudo-first-order kinetics
(Fig. 3A) with a correlation factor (R?) of 0.98 (Fig. 3B). The in vitro
elimination half-life (t;,2), in vitro intrinsic clearance (CLin, in vitro), and
the estimated in vivo intrinsic clearance (CLix, in vivo) Were calculated for
the microsomal model as reported in the experimental section (Para-
graph 2.6). The elimination rate constant (k) resulted 0.0030
+ 0.00013 min™", corresponding to an in vitro half-life (t;/2) of 233.72
+ 3.09 min (CV%=0.013). Consequently, its CLin¢ in vitro Was determined
to be 5.930 + 0.078 pL/min/mg (CV%=0.013), and its CLjy¢ in viyo Was
estimated to be 14.47 + 0.19 mL/min/kg (CV%=0.013), which is very
close to the only available in vivo clearance data for carisoprodol, equal
to 0.79 £ 0.29 L/h/kg (i.e., 13.16 + 4.83 mL/min/kg) [26], thus clas-
sifying carisoprodol as a low-clearance drug.

Testosterone was used as an experimental control and was fully
metabolized within 30 min. In comparison to testosterone (with an
experimental Cl int in viro = 53 puL/min/mg), carisoprodol exhibited a
significantly slower metabolism.

3.3. Identification of carisoprodol metabolites

In order to identify metabolites of carisoprodol, the chromatograms
of the microsomal incubates at different time points were processed
using Compound Discoverer software with the MetID workflow. Among
the identified metabolites, meprobamate was detected at a Ry of
9.02 min. Its identity was confirmed by comparison with the authentic
meprobamate molecule, which provided the same Rr and identical
fragmentation spectrum. Additionally, at a Ry of 9.32 min, the principal
hydroxylated metabolite of carisoprodol was detected, characterized by
a protonated molecular ion at m/z 277.1759 and a sodium adduct at m/z
299.1578 in the MS' spectrum. The depletion of carisoprodol and
simultaneous increase of meprobamate and hydroxy carisoprodol levels
after microsomal incubation of carisoprodol is illustrated in the chro-
matograms in Fig. 4A and in the graph in Fig. 4B.

Along with the precursor ions of meprobamate and hydroxy car-
isoprodol, at the same Rr, in-source fragmentation ions were observed in
the MS! spectra. Specifically, ions at m/z 176.1283 and 158.1177 in
both metabolites corresponded to the same b and ¢ fragments generated
for carisoprodol, while an ion at m/z 216.1596 only in the hydroxy
carisoprodol spectrum was attributed to the cleavage of the carbonyl
C3-0 bond within the carbamate moiety (Figure S3, Supplementary
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Material). Based on these in-source fragments, it could be hypothesized
that the hydroxyl group is positioned either on the isopropyl group or on
the nitrogen atom of the carbamate, rather than on the n-pentyl chain as
suggested in the literature. Additionally, five peaks of lower area cor-
responding to hydroxylated carisoprodol (m/z 277.1754) were detected
following hepatic microsomal metabolism, eluting at Rt of 7.96, 8.13,
8.24, 8.43, and 8.61 min.

To confirm that the hydroxyl group is not located on the pentyl side
chain of the main hydroxylated metabolite of carisoprodol, as previously
suggested in the literature [17,18], deuterated carisoprodol (car-
isoprodol-dy) was incubated under the same conditions as the unlabelled
compound and the resulting metabolites were analyzed using identical
chromatographic and mass spectrometric conditions.

Both deuterated meprobamate (meprobamate-d;) and deuterated
hydroxy carisoprodol (hydroxy carisoprodol-d-) eluted at the same Ry as
their unlabelled counterparts. The [M+H]* ions for carisoprodol-ds,
meprobamate-d;, and hydroxy carisoprodol-d- were observed at m/z
268.2248, 226.1778, and 284.2197, respectively. The 7.0439 amu mass
shift indicated the incorporation of seven deuterium atoms on the pentyl
side chain. The MS? spectra of both metabolites (Fig. 5B and D), as well
as those of their deuterated derivatives (Fig. 5C and E), presented a
fragmentation pattern similar to that of the parent compound (Fig. 5A).
In particular, the MS? spectrum of hydroxy carisoprodol-d; presented
fragments c and d, which excluded the presence of the hydroxyl group on
the pentyl side chain. Therefore, according to both MS! and MS? anal-
ysis, this finding suggested that hydroxylation likely occurs either on the
isopropyl group or on the nitrogen atom of the isopropylcarbamate
moiety.

3.4. Comparison of in vitro metabolites with in silico prediction

The metabolites of carisoprodol predicted using GLORYx, a web-
based machine learning model for simulating metabolic reaction are
shown in the Table 1 in order of the probability score provided by the
software.

The results indicate that the metabolite with the highest priority
score is hydroxy carisoprodol, with the hydroxyl group at the C4 posi-
tion of the n-pentyl chain. Other metabolites proposed by the GLORYx
software have the same priority as meprobamate, including hydroxy
carisoprodol with the hydroxyl group attached to the nitrogen of the
carbamate, replaced by isopropyl, or on the tertiary carbon of isopropyl.
Additional metabolites were suggested, but with lower priority.

The experimentally identified metabolites only partially matched
those predicted in silico by GLORYx. In particular, meprobamate was
detected both experimentally and among the metabolites predicted by
the software.

However, regarding hydroxy carisoprodol, the structure with the
highest priority score proposed by GLORYx does not correspond to the
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Fig. 3. Metabolic stability of carisoprodol. Linear regression plot obtained by applying the natural logarithm (In) to the percentage of carisoprodol remaining over

incubation time (A); parameters of carisoprodol metabolic stability (B).
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Table 1
In silico predicted metabolites of carisoprodol (GLORYX) in order of priority score and divided by reaction type.
Priority score 2.184 1.715 1.264 1.19 1.07
Reaction type Aliphatic hydroxylation had St ] g Ch NH,
o= { A PR
° G, HC. S-oH HO ) 07 N CHy ;o
cH, OH [N o CHy 0. 0. o. NH _CH, ot ) HO— J
Mo "\5<N/‘k j: jfmxou Y T Yo HJCYNHTO\></\CH3
7/ CHy 2 NH, O CHy HAN
\Q 4 CHy ©
N-dealkylation NH,
0O
o
CH,
o 0.
CHj
NH,
Amine hydroxylation P

5%
LNPLNPN

EI)H
L7777

Oxidative ether cleavage

i CHy

one suggested by the experimental data. Specifically, the principal hy-
droxylated metabolite could match one of the hydroxylated metabolites
predicted in silico by GLORYx, but with a priority score of 1.7. In this
prediction, the hydroxyl group would be positioned on the tertiary
carbon of the isopropyl group or on the nitrogen atom of the carbamate,
rather than on the n-pentyl chain, as indicated for the structure with a
priority score of 2.2.

4. Conclusions

Carisoprodol is a widely prescribed muscle relaxant, particularly in
the United States. More recently, its increasing misuse as a drug of abuse
has been reported, prompting the WHO to propose its inclusion in
Schedule IV of the 1971 Single Convention on Psychotropic Substances.

Despite being developed in the 1950s, its pharmacokinetics remain
poorly understood, as most studies in the literature have focused on its
primary metabolite, meprobamate, rather than its hydroxylated
metabolite, hydroxy carisoprodol. In this study, we conducted an in vitro
investigation of the pharmacokinetics of carisoprodol and its major
microsomal metabolites. Metabolite profiling revealed that, in addition
to meprobamate, several hydroxy derivatives are formed as a result of
phase I metabolism. Fragmentation data, supported by deuterated ex-
periments, suggested that hydroxylation occurs on the isopropyl moiety
or the carbamate nitrogen, not on the n-pentyl chain as previously
proposed in literature. The comparison with GLORYx predictions high-
lighted the limitations of current in silico models. While meprobamate
was correctly predicted, the incorrect prioritization of hydroxylation
sites in hydroxy carisoprodol indicates a need for improved algorithms
or hybrid approaches combining machine learning with mechanistic
rules. These findings reinforce the necessity of integrated experimental
and computational methodologies for accurate metabolic pathway
elucidation.
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