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IN VITRO ASSESSMENT OF REVERSIBLE
AND METABOLISM-DEPENDENT INHIBITORY
EFFECTS OF PROPOXAZEPAM ON CYP2C8 ACTIVITY

Background. In oncology, drug-drug interactions (DDIs) are particularly relevant due to the complex medication regi-
mens of cancer patients. These patients often require multiple drugs to manage both their disease and treatment-related
side effects. Evaluating potential DDIs via the inhibition of CYP enzymes is crucial in drug discovery. This study aimed
to assess the effect of propoxazepam on CYP2CS8 activity in vitro by amodiaquine N-deethylation in human liver micro-
somes and to predict the likelihood of DDI through CYP activity reduction. Materials and Methods. Amodiaquine N-
deethylation was used as a marker of CYP2CS8 activity. The positive controls included montelukast (1 M) for reversible
inhibition and gemfibrozil O-glucuronide (40 uM) for metabolism-dependent inhibition. Propoxazepam was tested
in both reversible and metabolism-dependent inhibition conditions being added with the substrate or pre-incubated
with microsomes and NADPH, respectively. The metabolite formation was quantified by LC-MS/MS in a multiple rea-
ction monitoring mode using the electrospray ionization technique. Results. Propoxazepam inhibited CYP2CS8 activity
in a concentration-dependent manner, with ICy, values of 20.5 + 2.2 uM for reversible inhibition and 23.1 + 3.2 uM
for metabolism-dependent inhibition. Positive controls montelukast and gemfibrozil O-glucuronide showed expected
inhibition (4.4% and 12.2% of control, respectively). Propoxazepam showed low binding to microsomal protein under
the experimental conditions. Conclusion. Based on the indicators used (K;, ICs, IC;, shift, and [I]/K; ratios), propo-
xazepam is not expected to be a significant CYP2C8 inhibitor in vitro.

Keywords: cancer, propoxazepam, CYP2C8, montelukast, gemfibrozil O-glucuronide, reversible inhibition, metabo-
lism-dependent inhibition, DDI prediction.

Pain management remains a cornerstone of sup-
portive care in oncology as pain significantly im-
pacts the quality of life and functional status of can-
cer patients. Both during antineoplastic therapy
and in palliative care, effective analgesia is para-
mount to reduce suffering [1]. Despite the avail-
ability of various analgesics [2, 3], limitations such

as inadequate pain relief, adverse effects, and the
development of tolerance necessitate the develop-
ment of new more effective analgesic agents. These
new drugs must not only exhibit potent analgesic
effects but also demonstrate safety in terms of their
pharmacokinetic and pharmacodynamic profiles.
Cancer patients are at particularly high risk of
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drug-drug interactions (DDIs) because they usu-
ally receive a large number of drugs simultaneous-
ly, including cytotoxic agents, hormonal agents,
targeted agents, and supportive care agents among
drugs prescribed for the treatment of co-morbidi-
ties [4]. DDIs of this drug class are very common
due to their narrow therapeutic index. There is a
strong relationship between the therapeutic effect
of these drugs on cancer cells and toxicity on nor-
mal cells [5—7]. There have been tragic deaths
from the combination of sorivudine and fluoroura-
cil [8]. This was caused by an abnormal increase in
plasma fluorouracil levels due to the inhibition of
fluorouracil metabolism by sorivudine.

In oncology, the complexity of treatment regi-
mens, which often include multiple agents with nar-
row therapeutic windows, underlines the impor-
tance of evaluating the interactions of new analgesics
with other drugs, particularly antitumor agents [9].
The problem of DDI is especially relevant for tyro-
sine kinase inhibitors (TKIs) since among them,
there are substrates (brigatinib, cabozantinib, dab-
rafenib, imatinib, lapatinib, nilotinib, pazopanib, and
ponatinib) and inhibitors (alectinib, axitinib, bosu-
tinib, cabozantinib, idelalisib, lapatanib, larotrec-
tinib, lenvatinib, nilotinib, pazopanib, regorafenib,
tivozanib, and vismodegib) of CYP2C8 [10].

Nearly 60% of patients undergoing cancer therapy
(regardless of the mode of administration of drugs)
are estimated to have at least one potential DDI [11].

Pain is one of the most common symptoms in
cancer patients. Pain can be caused by cancer, can-
cer treatment, or a combination of factors. Tumors,
surgery, intravenous chemotherapy, radiation ther-
apy targeted therapy, therapies such as bisphospho-
nates, and diagnostic procedures may be the causes
of pain [12].

Propoxazepam is considered a promising drug,
and clinical studies of this drug are ongoing in
Ukraine. Similar to gabapentinoid drugs (deriva-
tives of inhibitory neurotransmitter gamma-ami-
nobutyric acid, GABA), which are used in general
medical practice in the treatment of neuropathic
pain, propoxazepam also has an anticonvulsant ef-
fect [13, 14], which is considered a predictor of the
analgesic action thus explaining the analgesic com-
ponent in the pharmacological spectrum of a com-
pound. Propoxazepam successfully passed the first
stage of clinical studies in healthy volunteers, in
which the safety and proper pharmacokinetics of
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the compound were proven [15]. The second phase
of clinical research involves studying the analgesic
effect of the drug on cancer patients with pain.

The study of DDI potential is initiated early in
drug discovery with preclinical assessment and
characterization using appropriate in vitro tools of
human systems in support of labeling requirements
and prescribing information. EMA [16] and the
Ministry of Health of Ukraine [17] issued guidance
documents on DDI which describe a tiered risk as-
sessment strategy for potential perpetrators of CYP
DDI that utilizes basic approaches. To date, CY-
P2C8 has been found to play a major role in the
metabolism of several drugs, such as paclitaxel,
cerivastatin, repaglinide, rosiglitazone, and piogli-
tazone [18]. Many drugs, including loperamide,
zopiclone, ibuprofen, cerivastatin, repaglinide, and
pioglitazone, have been reported to be metabolized
by CYP2C8 in vitro [19].

This study evaluated the effect of propoxazepam
on CYP2CS8 activity in vitro using the amodiaquine
N-deethylation reaction as a classical marker in the
human liver microsomes (HLM) with the aim to
assess the likelihood of DDI caused by propoxa-
zepam via the reduced CYP activity.

Materials and Methods

Chemicals and tissue source. Propoxazepam was
synthesized by the method described in [20]. The
internal standard (Propoxazepam-D7 (C,gH¢Br
CID,N,0,) was supplied by SLC «INTERCHEM»
(purity 298.0%, MM 414.73 g/mol). The general-
purpose reagents and solvents were of analytical
grade (or a suitable alternative) and were obtained
principally from VWR International Ltd, Rath-
burn Chemicals Ltd, Sigma Aldrich Chemical
Company Ltd, and Fisher Scientific UK Limited.
HLMs were obtained from Corning Ultra Pool
HLM 150 (Lot 38292).

Reversible CYP inhibition. Activities of HLM
CYP2C8 were determined according to the stan-
dard assay. The formation of the metabolite of
amodiaquine was quantified by ultra-performance
liquid chromatography (UPLC) with mass spec-
trometry (MS) detection. To determine the inhibi-
tory potential of propoxazepam, HLM were incu-
bated, in triplicate, with isoform-selective probe
substrates, NADPH, and propoxazepam at concen-
trations between 0.1 and 100 pM. After equilibra-
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tion, the reactions were initiated by the addition of
NADPH. Incubations were performed at 37 °C and
terminated after the relevant incubation time by
the addition of an appropriate stop reagent contai-
ning an internal standard. The samples were then
centrifuged for 5 min to sediment the precipitated
protein. Montelukast was used as a positive control.

Metabolism-dependent CYP inhibition. The
metabolism-mediated inhibitory potential was in-
vestigated using a similar procedure, except that
the HLM were pre-incubated for 30 min at 37 °C,
in triplicate, with propoxazepam (over the same
0.1—100 uM concentration range) and NADPH
before the addition of the CYP marker substrate
amodiaquine at a concentration which approximat-
ed to the K. The metabolism-dependent inhibitor
gemfibrozil O-glucuronide was used as a positive
control for the effects on CYP2C8. The CYP en-
zyme activity for the pre-incubated samples in the
presence of propoxazepam was compared to the
samples incubated without propoxazepam.

Microsomal binding. The microsomal binding
of propoxazepam was determined by the equilib-
rium dialysis using a high throughput equilibrium
dialysis device. HLMs were diluted with an assay
buffer to protein concentrations of 0.01, 0.05, and
1 mg/mL and spiked with propoxazepam at con-
centrations of 0.1, 10, and 100 uM. Triplicate spiked
microsome samples were then dialyzed against the
assay buffer at 37 °C/5% CO, for 6 h. The aliquots
of the stock spiked microsomes, together with sam-
ples from the protein and buffer chambers were
then analyzed by using a qualified LC-MS/MS
method, and the concentration of propoxazepam
was calculated.

Measurement of drug concentration. The for-
mation of metabolites was quantified by LC-MS/
MS in a multiple reaction monitoring mode using
an electrospray ionization technique. The calibra-
tion standard working solutions were used to fresh-
ly prepare calibration standards.

Data analysis. The activity of the enzyme in the
presence of various concentrations of propoxaze-
pam was expressed as a percentage of the appropri-
ate control activity. When the ICs, (the concentra-
tion at which the CYP probe substrate activity was
reduced by 50%) could be determined, it was cal-
culated by non-linear regression using the valida-
ted SigmaPlot software (Version 12.5, Systat Soft-
ware Inc).
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Due to the suboptimal data fits, the data for the
CYP2C8 reversible and metabolism-dependent in-
hibition assays were fitted to a 3-parameter equa-
tion without the background function:

Range

N
14+
i)

where Range is the maximum y range, i.e. the con-
trol conversion rate (without inhibitor); s — slope
factor; y — the conversion rate of probe substrate to
metabolite; x — the propoxazepam concentration.

The extent of microsomal binding, determined
using the equilibrium dialysis method, was calcu-
lated from the following equations:

Cp-Cb 5
Cp

% Bound fraction = 100

% Free fraction = C—b x 100
Cp

(CpVp +CbVb)
CpiVp
where Cp is the concentration in protein compart-
ment; Cb — the concentration in buffer compart-
ment; Cpi — the initial concentration in spiking
solution; Vp — the volume in protein compart-

ment; Vb — the volume in buffer compartment.
Assuming enzyme competitive inhibition (K;)
can be estimated as follows:

% Recovery = x 100

If [S] = K,, then ICs, = 2K,

All substrate concentrations used in the current
study were approximated to the K.

The results were presented as the mean (M) +
+ standard error of the mean (SEM). Statistical
analysis was performed using Student’s ¢-test with
the significance level p < 0.05.

Results

When CYP2C8 enzyme interactions with inhibitors
are of significantly different types of inhibition, differ-
ent clinical implications follow [17]. The inhibition
can be caused directly by the drug (propoxazepam),
or it can be caused by the metabolite produced by the
CYP catalytic cycle. An inhibition caused directly by
propoxazepam can be classified as a reversible inhibi-
tion. An inhibition caused by the metabolite can be
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classified as a metabolism-dependent inhibition
(time-dependent inhibition). Following 4-h incuba-
tion with HLM, propoxazepam accounted for 96.0 %
of the profile. The most abundant metabolite formed
was oxidized propoxazepam (3-hydroxyderivative),
which accounted for approximately 2.5% of the total
peak response in the sample [22].

In our studies, we used montelukast (a potent in-
hibitor of the CYP2C8 amodiaquine N-deethylation
reaction — reversible inhibition) and glucuronide of
gemfibrozil (metabolism-dependent inhibition) as
the positive controls. The data [23] support the use
of montelukast as a selective CYP2C8 inhibitor to
determine the contribution of this enzyme to drug
metabolism reactions. The glucuronide of gemfibro-
zil is a substrate of CYP2CS8 that transforms this sub-
stance into a potent inhibitor via the formation of a
benzyl radical intermediate resulting in an irrevers-
ible inhibition and inactivation of the enzyme [24].

For both variants, the used positive controls
(montelukast, 1uM, and gemfibrozil O-glucuro-
nide, 40 uM) demonstrated the expected CYP2C8
activity inhibition to 4.39% (Table. 1) and to 12.2%
(Table 2) compared to control.

To determine the possible effect of propoxaze-
pam on the reversible inhibition of CYP2C8, it was
incubated with HLM and amodiaquine, and a con-
centration-dependent activity inhibition was found
(Table 1). Propoxazepam had the most significant
effect at concentrations of 30, 60, and 100 uM.

The metabolism-mediated inhibitory potential
was investigated using HLM pre-incubated for
30 min at 37 °C with propoxazepam (0.1—100 uM
concentration range) and NADPH before the addi-
tion of CYP substrate amodiaquine at a concentra-
tion which approximated to the K ,. The results of
the study are presented in Table 2.

The obtained results (Tables 1 and 2) made it pos-
sible to calculate ICs, ICs,, shift, and K; (Table 3).

The concentration of plasma-unbound propox-
azepam 0.084 pg/mL corresponds to 4264 ng /mL
of the total plasma concentration (assuming that
the free fraction of propoxazepam in plasma is
1.96 %), which is much higher than the C,,, of the
total propoxazepam plasma concentration after
single oral administration.

The regulatory guidance states [16] that drug de-
velopers should correct for the nonspecific binding
in microsomes if it is expected to influence the
analysis of kinetic data. The evaluation of micro-
somal protein binding provides a better under-
standing of the relationship between in vitro me-
tabolism and in vivo pharmacokinetics. The non-
specific binding of propoxazepam by human
microsomes has been also analyzed because of the
need to incorporate the fraction unbound by mi-
crosomes to obtain its meaningful concentrations
for the prediction of CYP inhibition potential [25].

The results of the microsomal binding experi-
ment are summarized in Table 4. The post-dialysis

Table 1. Concentration-dependent inhibition of CYP2C8 — catalyzed amodiaquine
N-deethylation in HLM by propoxazepam (reversible inhibition)

Inhibitor Nominal Enzyme activity, Calculated activity relative
concentration, pM pmol/min/mg (M + m) to control, %
Control — 1737 + 77 —
Propoxazepam solvent” — 1681 + 48 —
0.1 1657 + 56 98.6 £5.5
0.3 1705 + 31 101.5+ 4.9
1 1653 + 29 98.4 £4.7
3 1486 + 87* 88.4+6.5
Propoxazepam
10 1150 = 11* 68.4+3.1
30 583 + 20* 347 +£2.0
60 252 + 11* 15+0.9
100 125 + 5* 74+04
Montelukast solvent control* 0 1616 + 128 —
Montelukast 1 70.9 + 5.2% 42+04

Notes: * dimethyl sulfoxide (DMSO) (0.5% v/v); ** ethanol (0.5% v/v); * differences are significant (p < 0.05) com-

pared to the corresponding values for control and solvent.

54

ISSN 1812-9269. Experimental Oncology 47(1). 2025



In Vitro Assessment of Reversible and Metabolism-Dependent Inhibitory Effects of Propoxazepam on CYP2C8 Activity

recoveries are presented in Table 5. These data in-
dicated that microsomal binding was not notably
dependent on the propoxazepam concentration but
was dependent on the microsomal protein concen-
tration. The mean free fractions at microsomal pro-

tein concentrations of 0.01, 0.05, and 1 mg/mL
were 103 + 5%, 88.5 + 4.7%, and 30.3 + 5.7%, re-
spectively, over the propoxazepam concentration
range used. Given that the binding of propoxaze-
pam to microsomal protein, when incubated under

Table 2. Concentration-dependent inhibition of CYP2C8 — catalyzed amodiaquine N-deethylation
in HLM by propoxazepam (metabolism-dependent inhibition)

Inhibitor Nominal Enzyme activity, Calculated activity
concentration, uM pmol/min/mg (M + m) relative to control, %
Control — 1089 +5 —
Propoxazepam solvent” — 1147 + 29 —
Propoxazepam 0.1 1113 £ 18 97 £ 1.6
0.3 1088 + 36 948 £3.1
1 1061 + 22 92.5+2.0
3 1101 + 44 96 +3.9
10 833 £ 30* 72.6 2.6
30 452 * 40* 39.4+35
60 205 £ 27* 179+ 2.4
100 104 + 3* 9.1+0.3
Gemfibrozil
1-O-B-glucuronide solvent control* — 1087 + 69 —
Gemfibrozil 1-O-f-glucuronide 40 132 +22* 11.5+1.9

Notes: *dimethyl sulfoxide (DMSO), (0.5% v/v); ** methanol (0.5% v/v); * differences are significant (p < 0.05)
compared to the corresponding values for control and solvent.

Table 3. Parameters (IC;,and K;) of reversible and metabolism-dependent inhibition

by propoxazepam in vitro, M + m

Inhibition concentration, Unbound plasma
ICs0, uM Calculated ICs shift Inhibition con- concentration
Substrate R ol Metaboli (ICs reversible/ICs, stant, K, iM
eversible etabolism : » K
metabolism-dependent
inhibition dependent P ) kM hg/mL
Amodiaquine 205+£22 | 231£32 0.89 (1.0) 103+ 1.1 0.206 0.084
Table 4. In vitro determination of binding of propoxazepam (0.1, 10, and 100 uM)
following dialysis of spiked human liver microsomes for 6 h
Grou Nominal HLM Actual conc., Donor conc., | Acceptor conc., Fraction Fraction un- Fraction
Pl conc,, uM | mg/mL uM uM uM bound, % bound, % | unbound, mean
1 0.1 0.01 | 0.045+0.002 | 0.018 £0.002 | 0.019+£0.001 | -6.2+23 | 106.1+£7.1| 103.6+£3.2
10 82+03 33+0.2 3.6+0.6 -72+28 | 107.4+3.5
100 859+25 36.8+34 35725 2726 97314
2 0.1 0.05 | 0.046+£0.001 | 0.021 +0.001 | 0.018 £0.001 6.8+19 932+23| 885+27F
10 8.6+0.3 42+0.6 3.7+0.6 1.7+ 3.6 883+35
100 855+ 1.1 39.5%5.1 329+22 16.1 +4.7 83.9+33
3 0.1 1 0.049 £0.001 | 0.035+0.009 | 0.011+0.002 | 70.3+4.5 29.7+£2.6| 30.3+3.3%
10 82+0.2 6.5+0.3 1.6+0.3 751+64 249+35
100 98.8 +4.1 65.1+11.7 223+57 63.7+16.5| 363+95

Notes: HLM — human liver microsomes; conc. — concentration; * significant at p < 0.05 (compared to group 1);

** significant at p < 0.01 (compared to group 1).
ISSN 1812-9269. Experimental Oncology 47 (1). 2025
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conditions that reflected those in the IC;, experi-
ments, was low, no microsomal binding correction
factor was applied to the reported IC;, values.

Discussion

In clinical oncology, DDI acquires additional rele-
vance. Most anticancer agents have a narrow thera-
peutic index and more exuberant toxicity profile,
which increases the risk of DDI. These interactions
can lead to increased side effects, reduced treat-
ment effectiveness, or even harm to the patient
[26]. An inhibition of CYP-dependent metabolism
is a widespread source of DDI that may lead to se-
rious clinical consequences. An assessment of the
potential for new chemical entities to cause DDI via
inhibition of CYP-dependent metabolism is impor-
tant in the drug discovery process [27].

The goal of this study was to assess the effect and
metabolism-dependent CYP2C8 inhibition by pro-
poxazepam in HLM, using an amodiaquine N-
deethylation reaction. Experimentally, the inhibitory
potential of a tested compound is determined by
measuring the decrease in metabolite amodiaquine
(monodesethyl-amodiaquine) formation by HLM
enzymes CYP2C8 using the LC-MS/MS system.

Inhibition of cytochrome CYP2CS8 is the most
common mechanism leading to DDI and can be
categorized as reversible or metabolism-dependent.
Each type of interaction involves a distinct clinical
management strategy. The first stage of the interac-
tion between a drug and a CYP is the process of
binding, which often involves a change in the UV-

Table 5. Microsomal binding of propoxazepam
(0.1, 10, and 100 pM): post dialysis recoveries

Nominal conc., uM | HLM, mg/mL Recovery, %
0.1 0.01 83.0£6.6
10 84.1 £5.0
100 84.4+6.8
0.1 0.05 82.1x+1.7
10 91.8 £12.5
100 84.7 £ 8.3
0.1 1 93.6 £21.7
10 99.5+0.5
100 88.4+6.5

Results are presented as the mean + standard deviation

from three determinations

HLM — human liver microsomes
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visible absorbance spectrum, usually observed in
the Soret band. A shift of the iron from a resting
low-spin state to a high-spin state is termed type I
change (A, ~390 nm). Type II change involves the
formation of a low-spin iron bound to a nitrogen
atom of the ligand (A, ~430 nm) [28]. These
changes can be used to characterize the binding af-
finity of CYP and ligands. Earlier, we showed [29]
that propoxazepam and 3-hydroxymetabolite when
interacting with the rat liver CYP show type II
spectral changes in hemoprotein. Their binding
constants are significantly different, which indi-
cates the possibility of interaction of substrates with
different sites of CYP. The quantitative indicators
of the inhibitory activity of propoxazepam and its
metabolite determined by differential spectroscopy
are only indicative but still may suggest at least a
significant possibility of inhibitory interaction in
the clinical use of drugs.

To better decipher the interaction between pro-
poxazepam and CYP at the molecular level, we
used drug docking to CYP2C8 HLM. Propoxaze-
pam has fairly high values (8.15—9.8 cal/mol) of
the free energy of interaction with CYP isozymes
1A2,2B6, 2C9, 2C19, 2D6, and 3A4, although there
is a difference in the number of common amino
acid residues involved in the interaction with sepa-
rate substrates [30]. The results of the analysis of
the interaction of propoxazepam with different
CYP isoenzymes suggest the possibility of a com-
petitive interaction for 1A2, 2C19, and 2C8 and, to
a lesser extent, for 2C9, 3A4, and 2B6.

In the pharmaceutical industry, CYP inhibition
studies are typically included in the standard scree-
ning strategy for drug candidates. A measurement
of the CYP inhibition is always performed by as-
saying inhibition of substrate metabolism and de-
termining inhibition values (K, IC;, shift, and
ICs). K reflects the binding affinity, and IC5, more
closely reflects the functional potency of the inhib-
itor for the drug [31]. If K; is much larger than the
maximal plasma drug concentration, a patient is
typically exposed to from the typical dosing, then
that drug is not likely to inhibit the activity of that
enzyme [32].

Propoxazepam in our study showed similar (the
absence of significant difference) CYP2C8 amodia-
quine N-deethylation activity inhibition with ICs,
0f20.5 + 2.2 uM for reversible and 23.1 + 3.2uM for
metabolism-dependent inhibition. Based on the
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In Vitro Assessment of Reversible and Metabolism-Dependent Inhibitory Effects of Propoxazepam on CYP2C8 Activity

above judgments, the inhibitory effects of propo-
xazepam on the CYP enzyme showed more rever-
sible inhibition. A reversible inhibition is a result of
the rapid association and dissociation between the
substrate drugs and the enzyme. A direct inhibition
occurs when the inhibitor and substrate bind to the
same site on the enzyme. It occurs without prein-
cubation, so it is immediate. The metabolism-de-
pendent inhibition of the enzyme by a metabolite
of the parent drug can occur when the parent is
metabolized by CYP enzymes in the presence of the
NADPH cofactor.

Prediction of a potential DDI with CYP2C8 is
challenging due to an interindividual variability in
the abundance and activity in both the liver and
small intestine. K| can be used in determining the
[I]/K; ratio as a tool for predicting DDI. The param-
eter [I] represents the mean steady-state C,,,, of the
inhibitor exposed to the active site of the CYP en-
zyme. The closer the drug concentration to the K;,
the greater the chance that the medication in ques-
tion will inhibit that enzyme and cause drug interac-
tions with medications that are substrates of that en-
zyme. Therefore, as the ratio increases, so does the
likelihood of a drug interaction. If the [I]/K; ratio is
< 0.1, the prediction for drug interaction is remote;
at 0.1 < [I]/K; <1.0, prediction is possible, and if the
[I]/K ratio is > 1, it is likely. [33]. A basic assessment
of the range of [I]/K; ratios (0.02— 0.11) would sug-
gest that they are not likely to inhibit CYP2C8.

Based on the estimated K; (assuming competi-
tive inhibition) and EMA guidelines [16], propox-
azepam would be predicted to cause clinically rele-
vant drug interactions with CYP2C8 substrate at
unbound plasma C_,, concentrations of > 0.206 uM
(ca. 84 ng/mL). Using the approach outlined in the
FDA DDI final guidance document [34], it is sug-
gested that for the direct (reversible) inhibition, a
clinically-relevant drug interaction would be likely
if the value of R1 is over 1.02, where R1 (the pre-
dicted ratio of a victim drug’s AUC in the presence
and absence of an inhibitor) is equal to 1 + ([I]/K).
The value of [I] can be estimated by the maximum
inhibitor (i.e. drug) concentration unbound in
plasma. The EMA guidance [16] suggested that an
in vivo DDI study with a sensitive probe substrate
is recommended when [I]/K; >0.02, where [I] is the
unbound mean C,,, value obtained during treat-
ment with the highest recommended dose. On this
basis, the unbound plasma concentration above

ISSN 1812-9269. Experimental Oncology 47 (1). 2025

which propoxazepam would be predicted to cause
a clinically relevant drug interaction with co-ad-
ministered CYP2C8 substrate is IC5, 20.5 uM; es-
timated K; 10.3 pM; unbound plasma concentra-
tion 0.206 uM, where R1 > 1.02* or 0.02** uM. Es-
timated K is based on an assumed competitive
mechanism of direct inhibition.

Thus, the highest predicted unbound C,,, plas-
ma concentration of propoxazepam, above which
the interaction can take place is 0.206 puM, or
206 nM, which (with the propoxazepam molecular
weight of 407.73 g/mol) gives 84 ng/mL.

According to our data [34], the unbound pro-
poxazepam fraction in human plasma is 1.96%, so
its total concentration where the inhibition is prog-
nosed is 4264 ng/mL. Pharmacokinetics study re-
sults showed that “the maximum propoxazepam
concentration (22.276 ng/mL) was reached in
blood by 4 h after oral administration on healthy
volunteers” [15], which is much lower than the es-
timated prognosed inhibition levels. Based on this,
it can be concluded that propoxazepam is not ex-
pected to be a CYP2CS8 inhibitor in vivo.

This is also evidenced by the data on IC;;and IC,
shifts from our experiments. According to the ge-
neral standard [35], IC5, < 1 uM suggests a strong
inhibitory effect, 1 pM < IC;, < 10 uM suggests a
medium inhibitory effect, and IC, > 10 uM (as well
as propoxazepam) suggests a weak inhibitory effect.
Using the IC;, shift assay [36], it is possible to distin-
guish between a reversible and an irreversible inhibi-
tion. A fold shift of greater than 1.5 is considered
significant, and the compound is classed as a meta-
bolism-dependent inhibitor. In our study, this value
was 0.89 (considering the absence of a statistically
significant difference equal to 1.0).

To sum up, propoxazepam would be predicted
to cause clinically relevant drug interactions with
co-administrated CYP2C8 substrates at an un-
bound plasma C,,,, concentrations of 20.0206 M
(about 84 ng/mL). A 30-min pre-incubation of pro-
poxazepam with microsomes and NADPH before
substrate addition did not result in a notable change
in these values, which suggests that the inhibition
mechanism was rather metabolism-dependent
than reversible directly. According to our pharma-
cokinetics data, at least after a single oral adminis-
tration, these concentrations are not reachable. For
multiple course administration, additional studies
are needed.

57



M. Golovenko, I. Valivodz, A. Reder, V. Larionov

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

58

van den Beuken-van Everdingen MH, Hochstenbach LM, Joosten EA, et al. Update on prevalence of pain in patients
with cancer: systematic review and meta-analysis. ] Pain Symptom Manage. 2016;51(6):1070-1090. https://doi.org/
10.1016/j.jpainsymman.2015.12.340

Kudoh A, Katagai H, Takazawa T. Anesthesia with ketamine, propofol, and fentanyl decreases the frequency
of postoperative psychosis emergence and confusion in schizophrenic patients. J Clin Anesth. 2002;14(2):
107-110. https://doi.org/ 10.1016/50952-8180(01)00363-4

Ye SY, Li JY, Li TH, et al. The efficacy and safety of celecoxib in addition to standard cancer therapy: a syste-
matic review and meta-analysis of randomized controlled trials. Curr Oncol. 2022;29(9):6137-6153. https://doi.org/
10.3390/curroncol29090482

Riechelmann RP, Tannock IF, Wang L, et al. Potential drug interactions and duplicate prescriptions among cancer
patients. ] Natl Cancer Inst. 2007;99(8):592-600. https://doi.org/10.1093/jnci/djk130

McLeod HL. Clinically relevant drug-drug interactions in oncology. Br ] Clin Pharmacol. 1998; 45(6):539-544.
Palleria C, Di Paolo A, Giofré C, et al. Pharmacokinetic drug-drug interaction and their implication in clinical
management. ] Res Med Sci. 2013;18(7):601-610.

Polasek TM, Lin FPY, Miners JO, Doogue MP. Perpetrators of pharmacokinetic drug-drug interactions arising
from altered cytochrome P450 activity: a criteria-based assessment. Br ] Clin Pharmacol. 2011;71(5):727-736.
Okuda H, Nishiyama T, Ogura K, et al. Lethal drug interactions of sorivudine, a new antiviral drug, with oral
5-fluorouracil prodrugs. Drug Metab Dispos. 1997;25(5):270-273.

Tornio A, Backman JT. Cytochrome P450 in pharmacogenetics: an update. Adv Pharmacol. 2018;83:151-185.
https://doi.org/10.1016/bs.apha.2018.04.007

Hakkola J, Hukkanen J, Turpeinen M, Pelkonen O. Inhibition and induction of CYP enzymes in humans: an up-
date. Arch Toxicol. 2020;94:3671-3722. https://doi.org/10.1007/s00204-020-02936-7

van Leeuwen RW, Swart EL, Boven E, et al. Potential drug interactions in cancer therapy: a prevalence study using
an advanced screening method. Ann Oncol. 2011;22:2334-2341.

Moscato P, Cortelli L, Chiari L. Physiological responses to pain in cancer patients: A systematic review. Comput
Methods Programs Biomed. 2022;217:1-16. https://doi.org/10.1016/j.cmpb.2022.106682

Golovenko MY. Propoxazepam is an innovative analgesic that inhibits acute and chronic pain and has a polymodal
mechanism of action. Visn Nac Akad Nauk Ukr. 2021;(4):76-90.

Golovenko NYa, Larionov VB, Reder AS, Valivodz IP. An effector analysis of the interaction of propoxazepam
with antagonists of GABA and glycine receptors. Neurochem ]. 2017;11(4):302-308. https://doi.org/10.1134/
S1819712417040043

Golovenko MY, Reder A, Zupanets I, et al. Phase I study evaluating the pharmacokinetic profile of a novel oral
analgesic propoxazepam. ] Pre-Clin Clin Res. 2023;17(3):138-144. https://doi.org/10.26444/jpccr/169426
European Medicines Agency [EMA]. Guideline on the investigation of drug interactions. 21 June 2012. Available
from: http://www.ema.europa.eu

Golovenko MYa, Babenko MM, Larionov VB, et al. Research in vitro drug interactions mediated by cytochrome
P450 isoenzymes. Ministry of Health of Ukraine. State Expert Center. Kyiv; 2023. 54 p. Available from: https://
www.dec.gov.ua/wp-content/uploads/2023/11/metodrekomendacziyi__doslidzhennya-in-vitro-vzayemodiyi-
likarskyh-zasobiv-oposeredkovanoyi-izofermentamy-czytohromu-r450.pdf

Backman JT, Filppula AM, Niemi M, Neuvonen PJ. Role of cytochrome P450 2C8 in drug metabolism and interac-
tions. Pharmacol Rev. 2016;68:168-241. https://doi.org/ 10.1124/pr.115.011411

Kim KA, Chung J, Jung DH, Park JY. Identification of cytochrome P450 isoforms involved in the metabolism of
loperamide in human liver microsomes. Eur J Clin Pharmacol. 2004;60:575-581.

Reder AS. Dispersed substance 7-bromo-5-(o-chlorophenyl)-3-propiloxy-1,2-dihydro-3H-1,4-benzodiazepine-
2-one (I) with at least 50% volume fraction of particles less than 30 um for use as anticonvulsive and analgesic drug.
Patent of Ukraine UA118626C2, published 11.02.2019.

Aquilante CL, Niemi M, Gong L, et al. PharmGKB summary: very important pharmacogene information for
cytochrome P450, family 2, subfamily C, polypeptide 8. Pharmacogenet Genomics. 2013;23:721-728. https://doi.
org/10.1097/FPC.0b013e3283653b27.

Golovenko M, Reder A, Larionov V, Andronati S. Metabolic profile and mechanisms reaction of receptor GABA-
targeted propoxazepam in human hepatocytes. Biotechnologia Acta. 2022;15(1):25-33. https://doi.org/10.15407/
biotech15.01.043

Walsky RL, Obach RS, Gaman EA, Gleeson JP, Proctor WR. Selective inhibition of human cytochrome P4502C8 by
montelukast. Drug Metab Dispos. 2005;33: 413-418. https://doi.org/10.1124/dmd.104.002766

Ma Y, Fu Y, Khojasteh SC, et al. Glucuronides as potential anionic substrates of human cytochrome P450 2C8
(CYP2C8). ] Med Chem. 2017;60:8691-8705. https://doi.org/10.1021/acs.jmedchem.7b00510

Austin RP, Barton P, Cockroft SL, et al. The influence of nonspecific microsomal binding on apparent intrinsic
clearance, and its prediction from physicochemical properties. Drug Metab Dispos. 2002;30(12):1497-1503. https://
doi.org/10.1124/dmd.30.12.1497.

ISSN 1812-9269. Experimental Oncology 47(1). 2025



In Vitro Assessment of Reversible and Metabolism-Dependent Inhibitory Effects of Propoxazepam on CYP2C8 Activity

26. Riechelmann RR, Girardi D. Drug interactions in cancer patients: A hidden risk? J Res Pharm Pract. 2016;5(2):
77-78. https://doi.org/10.4103/2279-042X.179560

27. Li XQ, Bjorkman A, Andersson TB, et al. Amodiaquine clearance and its metabolism to N-desethylamodiaquine
is mediated by CYP2C8: a new high affinity and turnover enzyme-specific probe substrate. ] Pharmacol Exp Ther.
2002;300(2):399-407. https://doi.org/10.1124/jpet.300.2.399

28. Schenkman JB, Jansson I. Spectral analyses of cytochromes P450. Methods Mol Biol. 2006;320:11-18. https://doi.
org/10.1385/1-59259-998-2:11

29. Golovenko MYa, Larionov VB, Valivodz IP. Spectral characteristics of cytochrome P450 in the interaction with pro-
poxazepam and its metabolite. Med Clin Chem. 2023;25(2):12-19. https://doi.org/10.11603/mcch.2410-681X.2023.
i2.13854

30. Larionov VB, Golovenko MYa, Kuzmin VE, et al. Propoxazepam interaction with cytochromes CYP450 isoforms
based on molecular docking-analysis. Dopov Nac Akad Nauk Ukr. 2023;(3):96-102. https://doi.org/10.15407/dopo-
vidi2023.03.096 (in Ukrainian).

31. Bachmann KA, Lewis JD. Predicting inhibitory drug-drug interactions and evaluating drug interaction reports us-
ing inhibition constants. Ann Pharmacother. 2005;39:1064-1072. https://doi.org/ 10.1345/aph.1E508

32. VandenBrink BM, Isoherranen N. The role of metabolites in predicting drug-drug interactions: focus on irrevers-
ible cytochrome P450 inhibition. Curr Opin Drug Discov Devel. 2010;13:66-77.

33. Jin C, He X, Zhang F, et al. Inhibitory mechanisms of celastrol on human liver cytochrome P450 1A2, 2C19, 2D6,
2E1 and 3A4. Xenobiotica. 2015;45:571-577. https://doi.org/10.3109/00498254.2014.1003113

34. Golovenko M, Reder A, Larionov V, et al. Cross-species differential plasma protein binding of propoxazepam,
a novel analgesic agent. Biopolymers Cell. 2021;37(6):459-468. https://doi.org/10.7124/bc.000A68

35. Busti AJ. The inhibitory constant (K;) and its use in understanding drug interactions. Available from: https://www.
ebmconsult.com/articles/inhibitory-constant-ki-drug-interactions. Accessed [25 Aug 2024].

36. Berry LM, Zhao Z. Dynamic modeling of cytochrome P450 inhibition in vitro: impact of inhibitor depletion on
IC;, shift. Drug Metab Dispos. 2013;41(7):1374-1381. https://doi.org/10.1124/dmd.113.051508.

Submitted: August 27, 2024

M. Tonosenxo ', I. Banusods !, A. Pedep 2, B. Jlapioros !

! ®isuko-ximivamii incturyt im. O.B. Boraupkoro HAH Ykpainu, Opneca, Ykpaina
2 Kommanis «IarepXim» T[B, Oneca, Ykpaina

OILIIHKA IN VITRO OBOPOTHOI TA 3AJIE;KHOI BIJT METABOJII3MY
IHTIBYIOYOI 1T TTPOITOKCA3EITAMY HA AKTUBHICTDH CYP2CS8

CraH nurtaHHs. B3aemonis Mk mikapcoknmu 3acobamu (DDI) € 0co6mmBo BaXX/TMBOIO [/ OHKOJIOTIL Yepes CKaz-
Hi cxemn 7MiKyBaHHS XBOpUX Ha pak. L]i XBopi 4acTo HOTpeOyI0Th 3aCTOCYBAaHHs Ki/IBKOX /TiKapChbKUX 3ac06iB, 5K
B/IacHe IPOTMPAKOBMX, TaK i THX, 1[0 HEOOXimHI [/Is1 3MeHIIeHHs H06iYHMX edeKTiB mikyBaHHA. OLiHKa MTOTEHIil-
Hux DDI uepes inribyBanns ensumiB CYP € KpUTHYHO BaXX/IMBOIO B PO3po0OLi HOBMX JiKapchKux 3aco6iB. MeToro
IIbOTO JTOCTI/KEHHA € OIliHKa BIIMBY NpoOIOKcadenamy Ha akTuBHicTb CYP2CS8 in vitro, BUKOPUCTOBYIOUN peaKliifo
N-gerigpokcupanii aMofiakBiHy B MiKpOCOMax MeYiHKM JIOVHY, Ta IPOrHO3YBaHHA JiMoBipHOCTI DDI uepes smen-
meHHA akTuBHOCTI CYP. Marepianu ta Metomm. Peaxiis N-gerimpokcuparii aMomiakBiHy BMKOPMCTOBYBAIacsa sAK
mapkep akTusHOCTI CYP2C8. ITosnTnBHMMM KOHTpOIAMM Oyt MOHTenyKacT (1 uM) s o6opoTHoro iHridyBaHH:A Ta
reMmdpi6bposun O-rmokypoHniz (40 M) g MetabosisM-3anexxHoro iHribysanss. [Ipomokcasemnam TeCTyBaBCs B YMO-
Bax AK 060POTHOTO, TaK i MeTabo/isM-3a/IeXXKHOTO iHriGyBaHHA: IOfaBaBCsA PasoM i3 cybCTpaToM abo MOIepeIHbO
inky6yBaBcs 3 mikpocomamu ta NADPH. ®opmyBanHs MeTabomiTiB Bu3HaYanocs KinbkicHo Metogom LC-MS/MS
y pexxumi MRM 3 ESI. Pesynbratu. Ilponokcasenam inribysas aktusHicTh CYP2C8 y KOHIIeHTpAIiiiHO-3a/Te>KHNIA
cnoci6 3 IC;, sHavenHamu 20.5 + 2.2 uM g1 o60opoTHoro iHribyBanus Ta 23.1 * 3.2 uM 11 MeTab0/mi3M-3a/1eKHOTO
inri6yBannA. Ilo3suTuBHI KOHTpOII, MOHTeNTyKacT Ta reMdiéposnn O-IIIOKypOHif, Toka3aayu odikyBaHe iHribyBaHHA
(BigmoBigHO 4.4% Ta 12.2% xonTpormo). IIponokcasenam Mokasas HI3bKe 3B sI3YBAHHS 3 MIKPOCOMATbHNMMIY OiTKaMu
3a eKCIepyMMeHTaIbHIX YMOB. BucHoBok Ha ocHoBi Bukopucranux ingukaropis (K, ICs,, 3cys IC;, Ta criBBigHOIIEH-
s [I]/K;), mpomokcasenam He o4iKyeTbcs sk sHauHmit inri6irop CYP2C8 in vitro.

Knrouosi cmoBa: pak, npormokcasenam, CYP2C8, monTenykact, rem¢pi6bposun O-ImoKkypoHif, 060poTHe iHri6yBaHHS,
MeTabo/i3M-3aexxHe iHTibyBaHHsA, MporHodyBanHA DDI.
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