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ARTICLE INFO ABSTRACT
Handling Editor: Dr. Mathieu Vinken Ketamine is a psychotropic drug that can cause significant neurological symptoms and is closely linked to the
activity of the CYP3A4 enzyme. This study aimed to examine the diversity of CYP3A4 activity affects the
Keywords: metabolism of ketamine, focusing on genetic variation and drug-induced inhibition. We used a baculovirus-insect
Ketamine cell expression system to prepare recombinant human CYP3A4 microsomes. Then, in vitro enzyme incubation
g:i:ll:)ilymorphism systems were established and used UPLC-MS/MS to detect ketamine metabolite. In rats, we investigated the
Kinetics metabolism of ketamine and its metabolite in the presence of the CYP3A4 inhibitor voriconazole. Molecular
Voriconazole docking was used to explore the molecular mechanism of inhibition. The results showed that the catalytic ac-

tivity of CYP3A4.5, .17, .23, .28, and .29 significantly decreased compared to CYP3A4.1, with a minimum
decrease of 3.13%. Meanwhile, the clearance rate of CYP3A4.2, .32, and .34 enhanced remarkably, ranging from
40.63% to 87.50%. Additionally, hepatic microsome incubation experiments revealed that the half-maximal
inhibitory concentration (ICsg) of voriconazole for ketamine in rat and human liver microsomes were 18.01
+1.20 uM and 14.34 £ 1.70 pM, respectively. When voriconazole and ketamine were co-administered, the blood
exposure of ketamine and norketamine significantly increased in rats, as indicated by the area under the
concentration-time curve (AUC) and maximum concentration (Cpax). The elimination half-life (t;/27) of these
substances was also prolonged. Moreover, the clearance (CL,/) of ketamine decreased, while the apparent
volume of distribution (V,/5) increased significantly. This might be attributed to the competition between vor-
iconazole and ketamine for binding sites on the CYP3A4 enzyme. In conclusion, variations in CYP3A4 activity
would result in the stratification of ketamine blood exposure.

Abbreviations: ACN, acetonitrile; ALA, alanine; ANOVE, analysis of variance; ARG, arginine; ASP, aspartic acid; ARRIVE, Animal Research: Reporting of In Vivo
Experiments; AUC, area under the concentration-time curve; CL;,, intrinsic clearance; CL,, blood clearance; Cpyay, maximum blood concentration; CMC-Na,
carboxymethylcellulose sodium salt; CYP450, cytochrome P450; CYS, cysteine; DAS, Drug and statistics; DDIs, drug-drug interactions; HIS, histidine; HLM, human
liver microsomes; ICsg;, half-maximal inhibitory concentration; ILE, isoleucine; IS, internal standard; GLN, glutamine; K,,, Michaelis-Menten constant; LEU, leucine;
LLOQ, lower limit of quantification; MDL, midazolam; MET, methionine; ME, matrix effect; MRM, multiple reaction monitoring; NADPH, reduced nicotinamide
adenine dinucleotide phosphate; ND, not determined; NMDA, N-methyl-D-aspartate; PHE, phenylalanine; PRO, proline; QC, quality control; RLM, rat liver micro-
somes; SD, standard deviation; SD rats, Sprague-Dawley rats; SER, serine; t;5,, elimination half time; THR, threonine; Tp.x, peak time; TRP, tryptophane; VAL,
valine; Vi ;, maximum velocity of the reaction; V5, apparent volume of distribution; UPLC-MS/MS, ultra-performance liquid chromatography-tandem mass
spectrometry.
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1. Introduction

Ketamine, a derivative of phenylcyclidine, has been used as a clinical
anesthetic since the 1960 s for patients and has also demonstrated lower
occurrence rates of emergence delirium (Culp et al. 2020). Compared to
other inhalation anesthetics, ketamine is considered safer as it maintains
breathing and hemodynamic stability (Dong et al. 2015). Recent
research has shown that ketamine has additional pharmacological ef-
fects including anti-inflammatory, antidepressant, and sedative prop-
erties through its antagonistic effects on N-methyl-D-aspartate (NMDA)
receptors (Gorlin et al. 2016; Hashimoto, 2009; Reus et al. 2017).
However, irregular use of ketamine can lead to hallucinogenic effects,
cognitive disorders, mental dependence, and other side effects (Zanos
et al. 2018). The severity of these adverse reactions is dose-dependent,
with poisoning, hallucinations, and even sudden death (Licata et al.
1994). Variations in ketamine metabolism have been attributed to dif-
ferences in cytochrome P450 (CYP450) enzyme expression, which is an
important factor in determining therapeutic efficacy (Cheng et al. 2007;
Desta et al. 2012; Hijazi and Boulieu, 2002).

CYP450 is a crucial enzyme involved in the phase I of liver
biotransformation, responsible for metabolizing 95% of organic chem-
icals (Almazroo et al. 2017; Guengerich et al. 2016). When it comes to
ketamine, it is mainly converted into norketamine in the liver by two
specific enzymes, CYP3A4 and CYP2C9. Among them, CYP3A4 plays a
predominant role (Hijazi and Boulieu, 2002; Zheng et al. 2017). It’s
located at 7q22.1 on chromosome 7 and possesses abundant genetic
polymorphic loci (Spurr et al. 1989). The functional differences in the
CYP3A4 enzyme caused by these polymorphic loci are important
contributing factors to individual variations in substrate drug concen-
trations (Nicolas et al. 2009; Roco et al. 2012; Werk and Cascorbi, 2014).
Hence, establishing the association between CYP3A4 genotype and
metabolic phenotype is useful for tailoring ketamine administration.

The co-administration of drugs can also alter the activity of the
CYP3A4 enzyme through inhibition or induction. Previous research has
demonstrated that ketoconazole, a specific inhibitor of CYP3A4, reduced
the N-demethylation of ketamine by approximately 40% (Hijazi and
Boulieu, 2002). Additionally, rifampin, a well-known inducer of
CYP3A4, decreased the area under the concentration-time curve of ke-
tamine by 10% and norketamine by 50% (Noppers et al. 2011). This
interference can lead to various outcomes, such as enhanced therapeutic
effects, increased risk of toxic side effects, or even treatment failure.

In this study, we investigated the impact of genetic factors and drug-
induced inhibition of CYP3A4 activity on the metabolism of ketamine
using in vitro and in vivo approaches. The results will provide funda-
mental data for personalized application and monitoring of ketamine.

2. Materials and methods
2.1. Chemicals and materials

Ketamine and norketamine were purchased from Sigma-Aldrich
(Washington, DC, USA). Voriconazole was bought from J&K Scientific
(Shanghai, China). Midazolam (MDL) was obtained from the second
affiliated hospital of Wenzhou Medical University (Wenzhou, China).
Reduced nicotinamide adenine dinucleotide phosphate (NADPH) was
procured from Roche Pharmaceutical Ltd. (Basel, Switzerland). Rat liver
microsomes (RLM) and human liver microsomes (HLM) were from
Corning Life Sciences Co., Ltd (NY, USA). In the current study, all sol-
vents and reagents were of analytical grade.

2.2. Preparation of recombinant human CYP3A4 and cytochrome b5
baculosomes

Preparation and quality control methods for recombinant human
CYP3A4 microsomes can be referred to our team’s previous reports
(Fang et al. 2017). The 22 CYP3A4 variants were cloned together with
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Table 1

Mass transitions and key operational characteristics of the analytes.
Analytes Mass transition (m/z to m/z) Cone (V) Collision (V)
Ketamine 237.96 — 125.00 30 18
Norketamine 224.00 — 207.00 25 10
Midazolam (IS) 326.10 — 291.00 60 30

cytochrome P450 oxidoreductase (CYPOR) into the dual expression
vector pFastbac™ Dual (ThermoFisher, Waltham, Massachusetts), and
confirmed by sequencing. The plasmids were transformed into DH10Bac
competent cells, and recombinant bacmid DNA was obtained through
blue-white screening and PCR. The bacmid DNA was transfected into
sf21 cells using Cellfectin™ II (ThermoFisher, Waltham, Massachusetts).
The cells expressing high levels of CYP3A4 and CYPOR were obtained
following the instructions of the Bac-to-Bac™ baculovirus expression
system. Subsequently, the cells were sonicated and microsomes were
prepared and obtained using ultracentrifugation. The protein expression
levels of the target proteins were examined using protein immunoblot-
ting, and the quantification of CYP was performed using carbon mon-
oxide difference spectrophotometry [formula: C (nmol/ml) =
(OD450nm-0OD490nm) x 1000/91]. Cytochrome b5 baculosomes was
obtained as the same as illustrated above.

2.3. Conditions of UPLC-MS/MS

To analyze qualitative analytes, the H-Class/Xevo TQ-Smicro was
equipped with UPLC-MS/MS. The multiple reaction monitoring (MRM)
method was used, with the ion mode set to EST. Table 1 provided the
mass transitions and key operational characteristics of the detected
substances. Analytes were separated using a UPLC BEH C18 column
(2.1 x 50 mm, 1.7 uM; Waters, USA), with the column or automatic
sampler temperature set at 35 °C or 4 °C, respectively. The mobile phase
consisted of 0.1% formic acid (A) and acetonitrile (B), with an elution
rate of 0.3 ml/min for 2.5 min. The desolvation temperature was opti-
mized at 500 °C.

2.4. Enzymatic incubation system

The incubation system was prepared with a total volume of 200 pL,
containing 5 pmoL recombinant human CYP3A baculosomes, 5 pmoL
cytochrome b5, 2.74 pL ketamine (100 uM), 10 uL. NADPH (20 mM) and
177.26 uL. Tris-HCl (100 mM, pH 7.4). Amount of CYP3A4 and b5
baculosomes added was optimized to achieve a linear relationship with
the rate of product formation. The mixture was pre-incubated at 37 °C
for 5 min. Then, NADPH was added to initiate the reaction. 40 min later,
the mixture was freezing at — 80 °C. After approximately 15 min,
400 pL of acetonitrile (ACN) and 40 pL of midazolam (500 ng / ml) were
added to precipitate protein and serve as the internal standard (IS),
respectively. The sample was then vortexed for 2 min and centrifuged at
13,000 rpm for 10 min. Finally, 20 uL of supernatant was mixed with
180 pL of ultra-pure water for UPLC-MS/MS detection. To determine the
intrinsic clearance (CLj,) of CYP3A4, the concentration of ketamine
varied from 20 to 1000 uM. The software GraphPad Prism 9.5 was used
for non-linear regression analysis to abtaine the values of K, and Vpax.
CLjy; was calculated by dividing Vinax by Kp.

For the evaluation of voriconazole’s effect on ketamine metabolism
in vitro, the incubation system consisted of 0.2 mg/ml RLM or HLM,
voriconazole (0, 0.01, 0.1, 1, 10, and 100 uM), 2.74 uL ketamine
(100 uM, based on K, value), 10 uL. NADPH (20 mM) and 177.26 pL
Tris-HCI (100 mM, pH 7.4) to a total volume of 200 uL. The subsequent
processing steps were consistent as described above.

2.5. Animal experiment

5-8 week-old healthy Sprague-Dawley male rats were obtained from
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Fig. 1. CYP3A4 and CYP2C9 catalyze the metabolism of ketamine to produce norketamine.

Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). After an adaptation period of 1-2 weeks at the Experimental
Animal Center of Wenzhou Medical University, start the experiments
when the rats reach a weight of 250 &+ 10 g. All animal experiments
were carried out in accordance with the National Research Council’s
Guide for the Care and Use of Laboratory Animals. The study protocol
was approved by the Experimental Animal Ethics Committee of Wenz-
hou Medical University (ID Number: wydw2023-0461), and reported in
accordance with the ARRIVE guidelines (Percie du Sert et al. 2020).
Ten male Sprague-Dawley rats were randomly allocated into two
groups: a single group receiving 1.5 mg/kg ketamine (sublingual vein, i.
v.) and a combined group receiving 30 mg/kg voriconazole (p.o.)
(Lelievre et al. 2018) and 1.5 mg/kg ketamine (i.v.) (Sleigh et al. 2019).
Prior to the experiment in order to eliminate the influence of food on
drug absorption, the rats were fasted for 12 h, with access to water only.
In the combined group, 30 mg/kg voriconazole was administered orally,
while the single group received the corresponding solvent (0.5%
carboxymethylcellulose sodium salt). Both groups were then anes-
thetized with isoflurane. After 30 min, a dose of 1.5 mg/kg ketamine
was administered intravenously. Blood samples were collected from the
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tail vein at 0.0167, 0.0833, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, and 12 h after
administration, with a volume of 200 pL each time. After each blood
collection, hemostasis was performed. Four hours after administration
of ketamine, the rats were provided with food and allowed free access to
water. During the experimental process, no abnormal conditions were
observed in the rats. The blood samples were collected in
heparin-treated tubes and centrifuged at 8000 rpm for 10 min. For
plasma sample preparation, 100 pL of plasma was mixed with 200 pL of
acetonitrile and 20 uL of MDL (100 ng/ml). After thorough vortexing
and centrifugation, 50 pL of the supernatant was mixed with 150 uL of
ultra-pure water for further analysis.

2.6. Molecular docking

Autodock vina software was used to conduct molecular docking.
Initially, ChemBioDraw Ultra 14.0 software was employed to map the
structure of ketamine and voriconazole. These structures were then
converted into a 3D format and subjected to energy optimization using
the MMFF94 force field. AutodockTools 1.5.6 was utilized to merge non-
polar hydrogen and define rotation bonds before converting the
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Fig. 2. Enzyme kinetics curve for CYP3A4 metabolism of ketamine. The kinetics assay was performed as indicated in the method. (A-C) Michaelis-Menten curves of
CYP3A4 variants in metabolizing ketamine. (D) Relative clearance of ketamine metabolized by CYP3A4 variants compared to CYP3A4.1. Values are expressed as
mean + SD, n = 3. CYP3A4 variants vs CYP3A4.1. * P < 0.05, * * P < 0.01, * ** P < 0.001.
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Table 2
Kinetic parameters for ketamine metabolic enzyme activity of 21 CYP3A4 var-
iants compared with CYP3A4.1.

Variants Vimax (pmol/min per Km (1M) CLint (Vmax/Km) (UL/
pmol of CYP3A4) min/mmol P450)

CYP3A4.1 53.57 +1.71 169.60 + 9.10 0.32 + 0.03

CYP3A4.2 132.11 4+ 61.47 241.60 0.60 + 0.11 * 1
+164.88

CYP3A4.3 68.19 + 33.16 269.40 0.27 + 0.04
+176.38

CYP3A4.4 96.80 + 34.01 385.33 0.26 + 0.04
+161.29

CYP3A4.5 20.87 +2.95 * ** | 227.83 0.09 + 0.00 * ** |
+ 38.57

CYP3A4.9 51.80 + 36.06 216.54 0.39 £ 0.24
+244.78

CYP3A4.10  18.17 £1.21 * ** | 47.63 0.38 + 0.06
+4.38 * ** |

CYP3A4.11  136.61 + 66.29 300.26 0.52 + 0.16
+186.92

CYP3A4.14  41.46 +7.56 111.16 0.40 +0.11
+ 49.64

CYP3A4.15  90.53 + 93.91 322.41 0.42 + 0.19
+418.85

CYP3A4.16 36.84 + 24.56 327.80 0.18 £ 0.08
+ 394.48

CYP3A4.17 271 £1.33*** | 410.30 0.01 + 0.00 * ** |
+ 287.62

CYP3A4.18 50.27 + 26.64 122.61 0.49 £0.13
+104.80

CYP3A4.19  66.68 + 16.17 193.43 0.36 + 0.05
+70.15

CYP3A4.23  186.80 + 104.91 1024.63 0.20 + 0.03 * *|
+ 647.37

CYP3A4.24 ND ND ND

CYP3A4.28  28.32 + 1.41 * ** | 204.80 0.14 + 0.00 * ** |
+16.67 * 1

CYP3A4.29  59.76 + 1.54 * 254.07 0.24 £ 0.03 * |
+30.99 * 1

CYP3A4.31 23.20 +8.31*] 82.31 + 67.03 0.35 +0.13

CYP3A4.32  39.28 +3.84 * *| 82.44 0.48 + 0.03 * ** 1
+7.16 * ** |

CYP3A4.33  29.05+ 6.48 * *| 78.47 0.40 + 0.10
+38.74% |

CYP3A4.34 28.23 £ 0.81 * ** | 63.33 0.45 £+ 0.04 * *1
+ 7.82 % ** |

Notes: Compared with CYP3A4.1, *P < 0.05, * *P < 0.01, * **P < 0.001. ND,
not determined.
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structures to PDBQT format. The human cytochrome P450 enzyme
CYP3A4 (PDB ID: 4NZ2) was obtained from the RCSB Protein Data Bank
database. AutodockTools 1.5.6 was also used to add polar hydrogen and
charge to the CYP3A4 protein, which was subsequently converted to
PDBQT format.

2.7. Statistic analysis

The data were presented as the mean =+ standard deviation (SD). We
used GraphPad Prism 9.5 software to create graphs showing the
Michaelis-Menten curves, the half maximal inhibitory concentration
(ICs0), and the mean plasma concentration-time. To calculate the
pharmacokinetic parameters of ketamine and norketamine in rats using
non-compartmental analysis, we used Drug and Statistics (DAS) soft-
ware version 3.0. The significance of the parameters between the wild-
type CYP3A4 and other variants was evaluated using the one-way
analysis of variance (ANOVA) Dunnett test in SPSS version 20.0 (Chi-
cago, IL, USA). Additionally, we compared the differences in pharma-
cokinetic parameters between two groups in rats using a t-test. P < 0.05
indicated statistically significant.

3. Results
3.1. Analytical method of UPLC-MS/MS

In present study, a strong linear relationship was observed between
ketamine and norketamine within the concentration range of
0.05-1000 ng/ml. The calibration standard curves yielded the following
linear regression equations: for ketamine, y = 0.0405948x + 0.661177
(R% = 0.9995); for norketamine, y = 0.0248701x + 0.0116341 R =
0.9991). The lower limit of quantification (LLOQ) for both ketamine and
norketamine was determined to be 0.05 ng/ml. To assess the suitability
of this bioanalytical method, we prepared quality control (QC) samples
at low, medium, and high concentrations (n = 6). Accuracy, precision,
stability, recovery, and matrix effects (ME) were evaluated as part of this
assessment. Detailed results can be found in supplementary Tables S1-
S3..

3.2. Kinetic research of ketamine by recombinant human CYP3A4

Fig. 2 and Table 2 display the Michaelis-Menten curves and kinetic
parameters of ketamine catalyzed by different variants of CYP3A4.
Compared to wild-type CYP3A4, CYP3A4.5, .10, .17, .28, .31, .32, .33,
.34 showed varying degrees of decrease in maximum reaction velocity
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9
Z 100}
z
=
®
'«g 50+
)
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Fig. 3. Inhibition effect of voriconazole on ketamine metabolism. Half maximal inhibitory concentration (ICsg) of voriconazole (0.01, 0.1, 1, 10, and 100 pM) on the
activity of rat liver microsomes (A) and human liver microsomes (B). Values are expressed as mean + SD, n = 3. The data were fit to log (voriconazole concentration)

vs. normalized response equations by GraphPad Prism 9.5.
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Fig. 4. Pharmacokinetic curves of ketamine with and without co-administration of voriconazole. The SD rats were subjected to animal experiment as indicated in the
method. Mean plasma concentration-time curves of ketamine (A) and norketamine (B) in single group and combined group. Values are expressed as mean

+SD,n=>5.

Table 3
The main pharmacokinetic parameters of ketamine in two groups of rats (n = 5).

Parameters Ketamine (i.v.) Ketamine (i.v.) + voriconazole (p.o.)

AUC(_y (ng/L*h)
AUC(0.«) (ng/L*h)

234.04 £ 66.57
247.85 £ 63.16

998.07 + 287.55 *
1019.93 + 278.83 *

t1/2, (h) 0.52 + 0.16 1.03+0.35*
V. (L/kg) 4.71 +1.85 2.20 +£0.77 *
CL,/r (L/h/kg) 6.32 + 1.32 1.56 £0.40 *

Cinax (ng/ml) 314.24 £ 67.62 689.84 + 158.08 *

Notes: AUC, area under the blood concentration-time curve; t; /2,, elimination
half time; Tpax, peak time; V, 5, apparent volume of distribution; CL,/r, blood
clearance; Cpax, maximum blood concentration. *P < 0.05, compared with the
control group.

Table 4
The main pharmacokinetic parameters of norketamine in two groups of rats
(n =5).

Parameters Ketamine (i.v.) Ketamine (i.v.) 4+ Voriconazole (p.o.)
AUC(o_y (ng/L*h) 348.90 + 46.31 2311.46 + 742.46 *

AUC(g.0) (ng/L*h) 350.04 + 46.49 2659.72 + 979.55 *

t1/2, (h) 1.80 +0.20 3.22+1.15*

V. (L/kg) 11.09 + 2.07 2.64 +0.38 *

CL,/r (L/h/kg) 4.35 + 0.58 0.63 +0.22 *

Cimax (ng/ml) 162.46 + 36.72 413.49 + 68.44 *

Notes: AUC, area under the blood concentration-time curve; t; /2,, elimination
half time; Trax, peak time; V5, apparent volume of distribution; CL,/r, blood
clearance; Cpax, maximum blood concentration. *P < 0.05, compared with the
control group.

(Vmay) ranging from 26.68% to 94.94%. On the other hand, CYP3A4.29
showed an increase of 11.55% in Vpax. In terms of Michaelis-Menten
constant (K,,), variants CYP3A4.10, .32, .33, .34 exhibited a decrease
from 169.60 + 9.10 pM to 47.63 + 4.38 uM, 82.44 + 7.16 pM, 78.47
+38.74puM, and 63.33+7.82puM, respectively. Meanwhile,
CYP3A4.28 and CYP3A4.29 showed an increase of 1.2-1.5-fold
compared to CYP3A4.1. Changes in Vpx and Ky, values of CYP3A4
mutants impact the clearance (CLiy¢) of the enzyme, which is commonly
used as a standard for evaluating its activity. Compared to CYP3A4.1,
significant increases (40.63%—87.50%) were observed in CYP3A4.2,
.32, and .34, while significant decreases (25.00%—96.88%) were
observed in CYP3A4.5, .17, .23, .28, and .29.

3.3. Inhibition of ketamine metabolism by voriconazole in vitro and in
vivo

In the in vitro experiment, it was found that voriconazole inhibited
more than 75% of ketamine metabolism. Fig. 3 displayed the ICsq values
of voriconazole on ketamine metabolism, with RLM and HLM having
values of 18.01 + 1.20 uM and 14.34 + 1.70 uM, respectively. These
values were not significantly different from each other.

In the in vivo study, the main pharmacokinetic parameters of keta-
mine and norketamine were significantly altered in single group and
combined group. Fig. 4 illustrated the area under the concentration-time
curve (AUC) of ketamine and norketamine. Tables 3 and 4 provided the
pharmacokinetic parameters of the two groups. Compared with keta-
mine alone, co-administrated of voriconazole exhibited a notable in-
crease in Cpax for both ketamine and norketamine, along with an
increase in AUC. The Cp.x of ketamine was doubled, while the C,ax of
norketamine was quadrupled. Similarly, the AUC of ketamine was
quadrupled, while the AUC of norketamine was tripled. The prolonga-
tion of t;,97 was attributed to the decrease in V,/s and CL,/r for both
ketamine and norketamine.

3.4. Molecular docking of ketamine and voriconazole with CYP3A4

Ketamine and voriconazole were both docked to the active pocket of
CYP3A4, with respective affinities of — 6.9 kcal/mol and — 7.7 kcal/
mol. In Fig. 5, it can be observed that the ketamine molecule occupies a
hydrophobic cavity formed by the amino acid residues ILE-301, PHE-
304, ALA-305, ILE-369, and ALA-370, forming a stable hydrophobic
interaction. Further analysis revealed that the phenyl group of ketamine
can undergo -7 stacking with HEM-1500. These interactions contribute
to the formation of a stable complex between ketamine and CYP3A4.
Similarly, the 2,4-difluorophenyl group of voriconazole occupies a hy-
drophobic cavity formed by the same amino acid residues mentioned
earlier, also resulting in a stable hydrophobic interaction. Additionally,
the voriconazole pyrimidine ring can form a cation-n interaction with
the side chain of the amino acid residue ARG-105, while the 2,4-difluor-
ophenyl group can form an anion-r interaction with the side chain of the
amino acid residue GLU-308. Importantly, the voriconazole triazole ring
can also undergo n-m stacking with HEM-1500. Therefore, when keta-
mine and voriconazole are used together, they may compete for the
same binding site and spatial location.

4. Discussion

Ketamine is widely used in clinical settings, but its anesthetic and
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Fig. 5. Molecular docking of ketamine and voriconazole with CYP3A4. Ketamine and CYP3A4 molecular docking analysis (A), voriconazole and CYP3A4 molecular

docking analysis (B).

central nerve reinforcing properties have led to widespread abuse (Liu
et al. 2016). The clinical efficacy and individual variability in toxicity
are also commonly observed with this drug. From a pharmacokinetic
perspective, it is metabolized into norketamine by enzymes CYP3A4 and
CYP2C9. Due to the genetic polymorphism of CYP enzymes, there may
be individual differences in their metabolism, which can result in
stratification of clinical efficacy. Indeed, our team has previously
elucidated the pharmacokinetic characteristics of ketamine metabolism
by the CYP2C9 enzyme (Zheng et al. 2017). Furthermore, there were
notable interindividual differences in the enzyme activity of CYP3A4
variants towards substrates (Cai et al. 2021; Gao et al. 2022; Xu et al.
2023). In this study, we made the discovery that the presence of
CYP3A4.2 (S222P) resulted in an 87.50% increase in ketamine meta-
bolism. However, it was observed to have a limited impact on lidocaine
metabolism in vitro, with a relatively modest change in the clearance
rate (CLiy¢) of 27.93% compared to the wild-type (Fang et al. 2017).
The discrepancy in enzyme activity observed between the two sub-
strates may be attributed to variations in the binding sites of the enzyme
and substrates. It is plausible that the substitution of serine with proline
at codon 222 in CYP3A4.2 increased the exposure of the ketamine
binding site to the enzyme, compared to lidocaine. In contrast,
CYP3A4.17 (F189S) exhibited a diminished ability to bind with keta-
mine, resulting in a lower affinity. This reduced affinity was similar to
the alterations observed in the metabolic capacity of chlorpyrifos and
testosterone (Dai et al. 2001). Notably, norketamine was not detected
during the in vitro incubation of CYP3A4.24. CYP3A4 * 24 might lead to
areduction in enzyme activity or a modification in the enzyme’s binding
site for ketamine, ultimately resulting in a weakened metabolic capacity.
With the advancement of modern medicine, the practice of
combining different drugs has become increasingly common. One of the
key mechanisms behind drug-drug interactions, which are influenced by
the way drugs are processed in the body, is the inhibition of CYP450.
This mechanism often occurs when two drugs compete for the same
binding site on the enzyme (Manikandan and Nagini, 2018). Research
has indicated that the combination of ketamine and clarithromycin, a
potent CYP3A4 inhibitor, resulted in a significant increase in the mean
AUC(p.0) of ketamine by 2.6 times and the average Cpax of ketamine by
3.6 times (Hagelberg et al. 2010). We have chosen to investigate the
effect of voriconazole, a potent inhibitor of CYP3A4, on the metabolism
of ketamine. Our in vitro results showed that voriconazole strongly
inhibited the production of norketamine, with ICso of 18.01 + 1.20 uM
in RLM and 14.34 + 1.70 uM in HLM. In vivo studies, we found that the
combination of voriconazole and ketamine significantly increased the
Cmax> AUG, and t; /o7 of ketamine compared to the single administration
of ketamine. With a limitation in mind, we made a deliberate decision to
exclusively include male Sprague-Dawley rats in our study. This choice

was driven by the fact that female rats undergo an estrous cycle, which
involves hormonal fluctuations, particularly in estrogen and progester-
one levels. These hormonal changes can have a notable influence on
drug metabolism and introduce variability in experimental outcomes.
Nevertheless, it is crucial to acknowledge that extrapolating the findings
from male rats to the female population may have its constraints.
Therefore, it is advisable to exercise caution when applying the results of
this study to female subjects.

Molecular docking results revealed that both ketamine and vor-
iconazole have a similar affinity for the active pocket of CYP3A4 and can
form stable complexes with the enzyme. Additionally, voriconazole is
also metabolized by CYP3A4 (Murayama et al. 2007). Therefore, it is
possible that these two drugs compete for the same binding sites to
inhibit the N-demethylation of ketamine. However, the transformation
trend of norketamine was consistent with that of ketamine, although its
pharmacological activity was only approximately 20% of ketamine
(Leung and Baillie, 1986). In secondary metabolism, norketamine will
be metabolized to an inactive hydroxynorketamine through CYP2B6 and
CYP2A6 (Portmann et al. 2010). Voriconazole inhibited CYP3A4, it also
was a strong suppressant of CYP2B6 (K; < 0.5) (Jeong et al. 2009).
Therefore, voriconazole increased blood exposure to norketamine,
probably by inhibiting the enzymatic activity of CYP2B6.

Although ketamine has pharmacological benefits such as anesthesia,
analgesia, and antidepressant effects, it is also associated with disso-
ciative, psychotomimetic, cognitive, and peripheral side effects (Zanos
et al. 2018). In this study, we identified several weakly metabolized
alleles (CYP3A4 *5, *17, *23, *28, and *29) among the 22 CYP3A4
variants. Individuals carrying these alleles should exercise caution and
adjust dosages to prevent hallucinations, drug dependence, and poten-
tial genotoxicity resulting from excessive ketamine concentrations.
Conversely, there were three strong metabolic alleles (CYP3A4 *2, *32,
and *34), which indicate that patients with high metabolic capacity may
require special attention to ensure optimal drug treatment. Furthermore,
the co-administration of ketamine and voriconazole can potentially
enhance the pharmacological effects and even toxicity of ketamine,
highlighting the importance for healthcare providers to exercise caution
when using these two drugs together.

5. Conclusions

CYP3A4 gene polymorphism and the inhibitory effect of vor-
iconazole can impact the metabolism of ketamine, leading to fluctua-
tions in blood-drug levels. Consequently, in clinical practice, it is crucial
to consider both the genotype of the CYP3A4 gene and potential drug
interactions, with particular attention to CYP3A4 inhibitors.
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