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Abstract
Background and Objectives 1-Aminobenzotriazole, a
known time-dependent inhibitor of cytochrome P450 (CYP)
enzymes, and ketoconazole, a strong inhibitor of the human
CYP3A4 isozyme, are used as standard probe inhibitors to
characterize the CYP and/or non-CYP-mediated metabolism
of xenobiotics. In the present investigation, 1-Aminobenzotriazole and ketoconazole are characterized as potent
monoamine oxidase (MAO) inhibitors in vitro using mouse,
rat and human liver microsomes and S9 fractions.
Methods Inhibition potential of 1-aminobenzotriazole and
ketoconazole was studied in mice, rat and human liver
microsomes, S9 fractions, MAO-A and MAO-B expressed
enzymes by monitoring the formation of 4-hydroxyquinoline
(4-HQ) from kynuramine, a specific substrate of MAO by
liquid chromatography–tandem mass spectrometry (LC–MS/
MS). Mechanism of MAO inhibition was studied by incubating varying concentration of kynuramine with mouse, rat
and human S9 fractions at varying concentration of 1–
aminobenzatriazole and ketoconazole and monitoring the
formation of 4-HQ.
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Results 1-aminobenzotriazole and ketoconazole inhibited
both MAO isozymes (MAO-A and MAO-B) with more
specificity towards MAO-B. Kynuramine substrate kinetics in
mouse, rat and human S9 fractions with varying 1-aminobenzotriazole and ketoconazole concentrations showed decreased
maximum rate (Vmax) for 4-HQ formation without affecting
the Michaelis-Menten constant (Km). A non-competitive
inhibition model was constructed and inhibition constants (Ki)
for 1-aminobenzotriazole (7.87 ± 0.61, 8.61 ± 0.92, 65.2 ±
1.61 lM for mice, rat and humans, respectively) and ketoconazole (0.12 ± 0.01, 2.04 ± 0.08, 5.52 ± 0.47 lM for
mice, rat and humans, respectively) were determined.
Conclusions 1-Aminobenzotriazole and ketoconazole are
characterized as non-competitive inhibitors of mice, rat and
human MAO in vitro and the extent of their MAO inhibition potential is species specific. 1-Aminobenzotriazole
or ketoconazole can be used as a probe inhibitor in vitro for
screening the involvement of MAO-dependent metabolism
of new chemical entities (NCE) in early drug discovery.

Key Points
1-Aminobenzotriazole or Ketoconazole are
inhibitors of MAO, with specificity towards MAO-B.
1-Aminobenzotriazole or Ketoconazole show noncompetitive inhibition with decrease in Vmax, with a
species-specific potency.
1-Aminobenzotriazole or Ketoconazole can be used
as a probe inhibitor in vitro for screening the
involvement of MAO-dependent metabolism of new
chemical entities (NCE) in early drug discovery.
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1 Introduction
Monoamine oxidases (MAO) are flavin-containing amino
oxidoreductase enzymes that are located in cytosol of
mammalian cells and sub-cellular spaces such as and
mitochondria [1, 2]. MAO enzymes mediate oxidative and
non-oxidative deamination of endogenous amines and
xenobiotics [3]. As a pharmacotherapy, selective MAO-B
inhibition has been employed to treat several CNS disorders such as anxiety, depression, Parkinson’s disease (PD)
and Alzheimer’s disease (AD) [4, 5]. Selegiline and
rasagiline are selective irreversible MAO-B inhibitors used
in the treatment of early-stage PD, depression and dementia
[6]. Clorgiline, a selective irreversible MAO-A inhibitor, is
used in treatment for anxiety [5]. However, MAO inhibition by selegiline, rasagiline and clorgiline may lead to
severe food–drug and drug–drug interactions (DDIs) called
Serotonin Syndrome, a potentially life-threatening adverse
drug reaction due to excess serotonergic activity in the
central nervous system (CNS) [7].
1-Aminobenzotriazole and Ketoconazole are orally
bioavailable antifungal drugs characterized by triazole and
imidazole moieties, respectively, in their structure [8].
1-Aminobenzotriazole and Ketoconazole inhibit fungal
cytochrome P450 (CYP) 51, an enzyme important in the
biosynthesis of ergosterol, an integral component of fungal
cell walls [9]. The inhibition of CYP51 by 1-Aminobenzotriazole is characterized by metabolic activation and irreversible binding to the heme moiety leading to inactive
enzyme [10]. Ketoconazole inhibits the CYP51 by binding
to the N-3 nitrogen of the imidazole moiety of heme of the
CYP and the simultaneous binding of a lipophilic portion of
the molecule to a hydrophobic region of the enzyme protein,
leading to inactivation of enzyme [11]. 1-Aminobenzotriazole but not Ketoconazole, is a time-dependent inhibitor of
CYP across the species [10], whereas Ketoconazole inhibits
human CYP3A4 [12]. The use of 1-Aminobenzotriazole as
an antifungal drug has been limited by serious adverse
reactions due its broad CYP inhibition across preclinical
species and in humans [12]. Ketoconazole, an orally active
azole is the first approved azole-based antifungal drug in
clinical practice [13]. Ketoconazole potently inhibits human
CYP3A4, the enzyme responsible for the metabolism of
large variety of endogenous and exogenous compounds
[14–16]. Furthermore, inhibition of human CYP3A4 by
Ketoconazole has been implicated in serious adverse and
fatal drug–drug interactions and caused its subsequent
withdrawal from the market [17].
In early drug discovery, 1-Aminobenzotriazole is used as
an in vitro probe inhibitor to characterize CYP and non-CYP
and Ketoconazole as probe inhibitor for characterizing
CYP3A4-mediated metabolism of new chemical entities

(NCEs) using liver microsomes [1, 18]. Further, 1-Aminobenzotriazole and Ketoconazole are used to study the
extent of first-pass metabolism in preclinical species and
DDIs specific to human CYP3A4 in clinical trials, respectively [17, 19–21]. 1-Aminobenzotriazole has been explored
as a substrate and inhibitor of cytochrome c-reductase, flavin
monooxygenases, Uridine diphosphate-glucuronosyltransferase and N-acetyltransferase; it has been reported as a
substrate and inhibitor of N-acetyltransferase but was neither
a substrate nor an inhibitor of other phase I and phase II
enzymes [22–24]. Furthermore, Ketoconazole has not been
reported as an inhibitor of phase II enzymes.
In the present investigation, 1-Aminobenzotriazole and
Ketoconazole in the absence of NADPH were found to
diminish MAO-mediated metabolism of kynuramine, a
known MAO-specific probe substrate in rat liver microsomes and S9 fractions [25]. Further investigations were
performed with 1-Aminobenzotriazole and Ketoconazole
as potential inhibitors of 4-hydroxyquinoline (4-HQ) formation from kynuramine mediated by MAO in liver
microsomes and S9 fractions. Recombinant MAO-A and B
isozymes were used to confirm and characterize the isozyme-specific inhibition by 1-Aminobenzotriazole and
Ketoconazole. To the best of our knowledge, this is the first
in vitro investigation demonstrating 1-Aminobenzotriazole
and Ketoconazole as MAO inhibitors.

2 Materials and Methods
1-Aminobenzotriazole, Ketoconazole, 8-cyclopentyl-1,3dipropylxanthine (CPDPX), and kynuramine were procured from Sigma-Aldrich (St. Louis, MO, USA). 4-Hydroxyquinoline was procured from Alfa Aesar (Lancashire,
UK). Pooled mouse liver S9 fraction (MS9), rat liver S9
fraction (RS9), human liver S9 fraction (HS9), mouse liver
microsomes (MLM), rat liver microsomes (RLM) and
human liver microsomes (HLM) were purchased from
Xenotech, LLC (Lenexa, KS, USA). Monoamine Oxidase
A (MAO-A) and monoamine oxidase B (MAO-B) Supersomes were procured from BD Gentest (Woburn, MA,
USA); LCMS grade acetonitrile and methanol were
obtained from JT Baker Chemicals. All the other chemicals
used were of highest quality available.
2.1 Substrate Kinetics of Kynuramine in Mice, Rat
and Human Liver S9 Fraction
Kynuramine is a specific MAO probe substrate. It undergoes
monoamine oxidase-mediated metabolism to form 4-HQ in
a two-step reaction with an aldehyde intermediate which
readily undergoes condensation to form the product 4-HQ
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[26] (Fig. 1). 4-HQ was measured using liquid chromatography–tandem mass spectrometry (LC–MS/MS) method.
Following the initial experiments by Shaik [27], the assay
parameters were fixed as follows: assay buffer was potassium phosphate 100 mM (pH 7.4) containing 3 mM MgCl2.
The total reaction volume was 200 lL with liver microsomes or S9 protein at final concentration of 1 mg/mL and
MAO-A or MAO-B protein at a final concentration of
0.5 mg/mL. Kynuramine was incubated with the set assay
conditions in a 96-well plate (Waters) with mouse, rat, or
human liver microsomes or S9 fraction, and MAO-A or
MAO-B Supersomes at final assay concentrations of 0.04,
0.09, 0.19, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25.0, 50.0 and
100.0 lM in a humidified orbital shaker water bath at 37 °C
for 30 min. Each of the concentrations was incubated in
triplicate. At the end of each incubation, the reaction was
terminated by adding 200 lL of acetonitrile containing
10 ng/mL of analytical internal standard (IS) CPDPX. The
contents of the tube were transferred into a 96-well 1-mL
plate (Millipore), the plate was centrifuged at 4000 g for
10 min in a tabletop centrifuge (Eppendorf 5810 R), and 100
lL of supernatant was transferred into a 96-well deep well
analysis plate with 2-mL volume capacity (Millipore) and
200 lL of diluent was added containing a mixture of acetonitrile:MilliQ:formic acid in the ratio 80:20:0.1. The plates
were loaded to an API 5500 LC–MS/MS (AB Sciex,
Framingham, MA) with an auto sampler for analysis. Formation of 4-HQ from kynuramine was measured and
quantified against the calibration curve using the LC–MS/
MS method. Calibration curve was prepared for 4-HQ, the
linear regressions with weighting factor 1/X2 of 0.99 or
greater were used for calculating the 4-HQ content.
The incubations were performed on different days and
each time the incubation was performed a new calibration
curve was run with the samples to quantify 4-HQ and
calculate enzyme kinetic parameters such as MichaelisMenten constant (Km) and maximum rate (Vmax).
2.2 Screening of 1-Aminobenzotriazole
and Ketoconazole for MAO Inhibition
1-Aminobenzotriazole and Ketoconazole were screened as
MAO inhibitors using mouse liver S9 fractions, MAO-A or

MAO-B supersomes at a final concentration of 10 lM
using set assay conditions as mentioned above. In brief,
1-Aminobenzotriazole and Ketoconazole at a final concentration of 10 lM were pre-incubated with assay buffer
(potassium phosphate 100 mM containing (pH 7.4) 3 mM
MgCl2) and liver microsomes and S9 fractions for 10 min
in triplicate in a humidified orbital shaker water bath at
37 °C. The total reaction volume was 200 lL. The reaction
was initiated by the addition of kynuramine at a final
concentration of 10 lM and incubated in a humidified
orbital shaker water bath at 37 °C for 30 min. At the end of
incubation, the reaction was terminated, processed and
analyzed as illustrated in Sect. 2.1. The formation of 4-HQ
was measured by LC–MS/MS and compared in the presence and absence of 1-Aminobenzotriazole or
Ketoconazole.
2.3 Mechanism of Inhibition of MAO by 1Aminobenzotriazole or Ketoconazole
The inhibition constants, Ki, for 1-Aminobenzotriazole or
Ketoconazole were determined for MAO using mouse, rat
and human liver S9 fraction by incubating 1-Aminobenzotriazole or Ketoconazole with assay buffer (potassium
phosphate 100 mM containing (pH 7.4) 3 mM MgCl2) and
liver S9 at a final concentration of 1 mg/mL for 10 min in
triplicate in a humidified orbital shaker water bath at 37 °C.
The final concentrations of 1-Aminobenzotriazole were
0.00, 3.12, 6.25, 12.5, 25.0, 50, 100, and 200 lM for
mouse, rat and human microsomes and S9 fraction. The
final concentrations of Ketoconazole were 0.156, 0.312,
0.625, 1.25, 2.5, 5.0 and 10.0 lM for mouse liver microsomes and S9 fraction and 0.00, 0.78, 1.56, 3.12, 6.25,
12.5, 25.0 and 50 lM for rat and human S9 fraction or
1-Aminobenzotriazole (0.00, 3.12, 6.25, 12.5, 25.0, 50, 100
and 200 lM for all species). The assay was initiated by the
addition of kynuramine at a final concentration of 0.78,
1.56, 3.12, 6.25, 12.5, 25.0, 50 and 100 lM at each concentration of 1-Aminobenzotriazole and Ketoconazole. The
total reaction volume was 200 lL and incubated in a
humidified orbital shaker water bath at 37 °C for 30 min.
At the end of incubation, the reaction was terminated,
processed and analyzed as illustrated above. The formation

Fig. 1 Monoamine oxidase (MAO)-mediated metabolism of kynuramine (1), kynuramine undergoes oxidative deamination to aldehyde (2),
followed by condensation to form 4-hydroxyquinoline (3)
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of 4-HQ was determined at varied concentrations of
1-Aminobenzotriazole and Ketoconazole against varied
concentrations of kynuramine.

3 Bioanalysis
3.1 LC–MS/MS Method
A Shimadzu Prominence LC (Shimadzu Corporation,
Kyoto, Japan) system attached to an API-5500-QTrap mass
spectrometer (AB Sciex, Framingham, MA, USA) equipped with a TurboionsprayTM interface (Electrospray
Ionization-ESI) set at 500 °C was used for analysis of
samples. Quantitation of 4-HQ was achieved by MS–MS
detection in positive ion mode. The quadrupoles Q1 and Q3
were set on unit resolution, detection of all the ions was
performed in the multiple reaction monitoring (MRM)
mode and the analytical data were processed by MultiquantÒ software version 2.1 (AB Sciex, Framingham, MA,
USA). Chromatographic separation of kynuramine and
4-HQ is achieved upon injecting 20 lL of processed
samples and 4-HQ calibration samples on a Kinetex C18
column (2.1 9 100 mm, 5 lm, Phenomenex, Torrance,
CA). A binary gradient mobile phase consisting of A) 0.1%
formic acid in water (MilliQ water: Millipore, Milford,
MA, USA) and B) 100% acetonitrile was delivered at
0.50 mL/min with a gradient flow with a run time of 4 min,
started with 90% A for 0.5 min (0–0.5 min), changed to
40% A for the next 0.5 min (0.5–1.0 min), changed to 5%
A for next 2.0 min (1.0–3.0 min), changed back to 90% A
in next 0.5 min (3.0–3.5 min) and composition was held at
90% A for next 0.5 min (3.5–4.0 min); for the first 1 min
and the last minute the eluent was run into waste, from 1.0
to 3.0 min the eluent plus the separated compounds were
delivered into the mass spectrometer’s electrospray ionization chamber. The effluent was ionized by positive ion
mode and detected by mass spectrometry.
Quantitation of 4-HQ was achieved by MS–MS detection in positive ion mode for 4-HQ and the internal standard (CPDPX). The ion spray voltage was set at 4500 V.
The other parameters such as curtain gas, collision gas, ion
source gas 1 (GS1) and GS2 were set at 32, medium, 60
and 70, respectively. The ion pairs of 4-HQ are
147.1 ? 78.1, and CPDPX are 305.1 ? 178.1. The compound-specific parameters such as declustering potential
(DP), entrance potential (EP), collision energy (CE) and
collision exit potential (CXP) are 95, 10, 45, 15 for 4-HQ
and 216, 10, 47, 12, for CPDPX, the retention time for
4-HQ was 0.54 min and for CPDPX was 1.02 min.
Detection of all ions was performed in the Multiple
Reaction Monitoring (MRM) mode. The quadrupoles Q1
and Q3 were set on unit resolution and the analytical data

were processed by MultiquantÒ software version 2.1 (AB
Sciex, Framingham, MA, USA).
The 4-HQ curve was constructed for each experiment
and average regression of each calibration was above 0.99
and was reproducible in the concentration range of
1–2000 nM. The US Food and Drug Administration (FDA)
bioanalytical guidance was followed for the acceptance
criterion, which was ±15% deviation from the theoretical
values of quality control samples, low (5 nM), medium
(800 nM) and high QC (1200 nM) except at lowest limit of
quantitation (LLOQ), which was set at ±20% [28–30].

4 Data Analysis
The 50% inhibitoy concentration (IC50), kinetic parameters
(Km, Vmax, and Ki) for 4-HQ formation were evaluated by
fitting the data in Prism software (GraphPad Software Inc.,
La Jolla, CA, USA). The results represent mean ± standard deviation (SD) of three independent experiments.

5 Results
5.1 Substrate Kinetics of Kynuramine with MLM,
RLM, HLM, MS9, RS9, HS9, MAO-A
and MAO-B-Expressed Isozymes
MAO mediates the oxidative deamination of kynuramine
to 4-HQ (Fig. 1). Km and Vmax for kynuramine in mouse,
rat and human liver S9 fractions and microsomes, and
MAO-A and MAO-B-expressed isozymes were computed
by plotting the rate of formation of 4-HQ with respect to
the kynuramine concentration using a non-linear regression
model (Fig. 2a, b). The kinetic parameters are summarized
in Table 1.
5.2 Determination of MAO Inhibition In Vitro
in MS9, RS9, HS9, MAO-A and MAO-BExpressed Isozymes by 1-Aminobenzotriazole
and Ketoconazole
1-Aminobenzotriazole and Ketoconazole inhibited mice,
rat and human MAO activity in S9 fraction (Supplemental
Figure 1) and IC50 values are summarized in Supplemental
Table 1 (Supplemental Figure 2). The inhibitory potency
of 1-Aminobenzotriazole and Ketoconazole on MAO is in
the rank order of Human \ Rat \ Mouse, with lowest IC50
value for mouse MAO inhibition with 1-Aminobenzotriazole
and
Ketoconazole
as
1.98 ± 0.21
and
0.48 ± 0.06 lM, respectively. Ketoconazole and 1-Aminobenzotriazole inhibited MAO activity across the species
with Ketoconazole being the more potent inhibitor
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Lineweaver–Burk plots were constructed for the MAO
inhibition data of 1-Aminobenzotriazole and Ketoconazole
in MS9, RS9, and HS9, which showed a decrease in kynuramine Vmax without change in Km. A non-competitive
inhibition model was constructed using Graphpad prism 6
and the inhibition constant (Ki) was computed for 1-Aminobenzotriazole in MS9, RS9, and HS9 (Fig. 3a–c, respectively) and Ketoconazole in MS9, RS9, and HS9 (Fig. 4a–c,
respectively). The 1-Aminobenzotriazole and Ketoconazole
Ki values for mouse, rat and human MAO in S9 fractions are
7.87 ± 0.61 and 0.12 ± 0.01, 8.61 ± 0.92 and 2.04 ± 0.08,
and 65.2 ± 1.61 and 5.52 ± 0.47 lM, respectively, as
summarized in Table 2.

6 Discussion

Fig. 2 Substrate kinetics of kynuramine. Formation of 4-hydroxyquinoline with increase concentration of kynuramine in a mice, rat
and human S9 fractions and liver microsomes, b MAO-A-expressed
enzyme and MAO-B-expressed enzyme. HLM human liver microsomes, MAO monoamine oxidase, MLM mouse liver microsomes

compared to 1-Aminobenzotriazole. Further, 1-Aminobenzotriazole and Ketoconazole specifically inhibited
MAO-B compared to MAO-A (Supplemental Figure 3)
with threefold selectivity.
5.3 Mechanism of Inhibition of MAO by 1Aminobenzotriazole and Ketoconazole
The mechanism of MAO inhibition by 1-Aminobenzotriazole and Ketoconazole was characterized by studying the
effect of varying their concentrations on kynuramine Km and
Vmax in mouse, rat and human S9 fractions with and without
pre-incubation with inhibitor. The MAO inhibition potential
of 1-Aminobenzotriazole and Ketoconazole in MS9, RS9
and HS9 was found to be similar to pre-incubation and coincubation with kynuramine (data not shown), ruling out the
possibility of time-dependent inhibition of MAO.

MAOs are expressed as MAO-A and MAO-B isozymes
which play a significant role in mediating the oxidative
and non-oxidative deamination of endogenous amines
and xenobiotics. MAO inhibitors such as clorgiline,
selegiline, rasagiline and carbidopa have been employed
therapeutically in the treatment of several CNS disorders
such as anxiety, depression, PD and AD [5, 6, 31].
Further, the oxazolidinone class of antibiotics exhibits
non-specific inhibition of MAO isozymes leading to
adverse effects [32]. In the present investigation,
1-Aminobenzotriazole, a suicide inhibitor of CYPs, and
Ketoconazole, a human CYP3A4 inhibitor, were found
to inhibit the MAO-mediated metabolism of kynuramine
in the absence of reduced NADPH in rat liver microsomes and S9 fractions. In this paper, we systematically
investigated the 1-Aminobenzotriazole and Ketoconazole
inhibition potential on MAO enzymatic activity across
the species (mouse, rat and human) using liver S9
fractions and microsomes as a source of MAO and
kynuramine as substrate.
Kynuramine is a metabolite of indole amino acids and
indolamines and it is deaminated by MAO to form an
aldehyde which condenses to form 4-HQ as illustrated in
Fig. 1. Kynuramine is a sensitive and specific probe
substrate for characterizing the MAO activity by monitoring the formation of 4-HQ, by either by fluorometric or
LC–MS/MS methods [33]. Even though fluorimetric
analysis is the method of choice for determination of

Table 1 Kinetic parameters of 4-HQ formation in S9 fraction, liver microsomes and recombinant MAO-A and B
Mice S9

MLM

Rat S9

Km (lM)

10.6 ± 2.26

32.4 ± 7.43

8.95 ± 1.48

Vmax (pmol/mg/min)

508 ± 33

689 ± 66

223 ± 11

RLM
33 ± 4.29
509 ± 28

Human S9

HLM

MAO-A

MAO-B

17.3 ± 1.10

35.1 ± 7.43

50.9 ± 9.46

32.1 ± 7.0

492 ± 11

610 ± 7.43

10,482 ± 943

6532 ± 598

The values represent mean ± SD
Km Michaelis-Menten constant, Vmax maximum rate, MLM mouse liver microsomes, HLM human liver microsomes, MAO monoamine oxidase
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Fig. 3 Inhibition of
4-hydroxyquinoline in the
presence of
1-aminobenzotriazole in a mice
S9 fractions, b rat S9 fractions,
c human S9 fractions. Insets
Lineweaver–Burk plot of
inhibition of
4-hydroxyquinoline (4-HQ) in
respective S9 fractions

Fig. 4 Inhibition of
4-hydroxyquinoline in the
presence of ketoconazole in
a mice S9 fractions, b rat S9
fractions, c in human S9
fractions. Insets Lineweaver–
Burk plot of inhibition of
4-hydroxyquinoline (4-HQ) in
respective S9 fractions

4-HQ, an LC–MS/MS method was developed and used to
study 4-HQ formation, to avoid spurious results due to
quenching effects of inhibitors on 4-HQ signal in fluorimetric assay.
Kynuramine substrate kinetics was characterized by
incubating it at various concentrations with mouse, rat and
human liver S9 fractions and microsomes and with MAOA and MAO-B-expressed enzyme. Kynuramine is metabolized to the same extent in the liver S9 and microsome
fraction of all the species and expressed MAO-A and
MAO-B enzyme with similar Km (*10 lM) and Vmax

(Table 1). Further, kynuramine is metabolized in microsomes in all species, suggesting MAO activity in the
endoplasmic reticulum across the species, which is contradictory to the current literature, which could be due to
cross contamination during microsomes preparation and
needs further investigation.
Recently, 1-Aminobenzotriazole was reported to competitively inhibit rat N-acetyl transferase (NAT) by Sun
et al. [22]. In the present investigation, 1-Aminobenzotriazole and Ketoconazole inhibited kynuramine metabolism,
a specific MAO substrate, in mouse, rat and human liver S9
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Table 2 Inhibitory constant (Ki) of 1-Aminobenzotriazole and
Ketoconazole in S9 fractions
Species

Ki (lM)
1-Aminobenzotriazole

Ketoconazole

Mice

7.87 ± 0.61

0.12 ± 0.01

Rat

8.61 ± 0.92

2.04 ± 0.08

Human

65.2 ± 1.61

5.52 ± 0.47

The values represent mean ± SD

fractions and microsomes at 10 lM. Further, inhibition of
MAO by 1-Aminobenzotriazole or Ketoconazole is not
time dependent, ruling out mechanism-based inhibition,
which is in contrast to CYP inhibition by 1-Aminobenzotriazole [23]. MAO-A and MAO-B are expressed in many
tissues, with MAO-B expression predominantly in brain
[2]. 1-Aminobenzotriazole and Ketoconazole inhibit
kynuramine metabolism by MAO-A and MAO-B, with
specificity towards MAO-B, suggesting 1-Aminobenzotriazole as an effective inhibitor of MAO-B. In summary,
1-Aminobenzotriazole and Ketoconazole inhibit MAO
activity across the species with Ketoconazole being a more
potent inhibitor compared to 1-Aminobenzotriazole
in vitro.
Consistent with MAO inhibition potential by 1-Aminobenzotriazole or Ketoconazole in preclinical species and
humans in vitro, we further evaluated the IC50 and Ki by
incubating varying concentrations of 1-Aminobenzotriazole
or Ketoconazole at varying concentration of kynuramine in
mouse, rat and human S9 fractions. Ketoconazole showed
lower Ki values compared to 1-Aminobenzotriazole, confirming Ketoconazole as a potent inhibitor of MAO than
1-Aminobenzotriazole. A Lineweaver–Burk plot (Figs. 3a–
c, 4a–c) for 1-Aminobenzotriazole and Ketoconazole
showed an unchanged Km and a decrease in Vmax, which is
characteristic of non-competitive inhibition. Pre-incubation
or co-incubation of substrate with inhibitor did not show any
change in inhibition (data not shown), hence ruling out timedependent inhibition. 1-Aminobenzotriazole and Ketoconazole for the first time were characterized as MAO inhibitors.
Further studies are required to translate the MAO in vitro
inhibition potential of 1-Aminobenzotriazole and Ketoconazole in vivo.
Use of 1-Aminobenzotriazole and Ketoconazole as
antifungal drugs has been discontinued due to their broad
CYP inhibition across the species and especially human
CYP 3A4, leading to fatal DDIs. However, with the characterization of 1-Aminobenzotriazole and Ketoconazole as
MAO inhibitors in the present investigation [34, 35],
1-Aminobenzotriazole and Ketoconazole may likely be
reconsidered as MAO-B inhibitors for the treatment of
CNS disorders such as anxiety, depression, PD and AD by

increasing their exposure in brain at a reduced dose and
managing the adverse effects.
1-Aminobenzotriazole is used as an in vitro and in vivo
probe inhibitor to characterize CYP and non-CYP-mediated metabolism of new chemical entities (NCE). Ketoconazole is used as an in vitro probe inhibitor for
characterizing CYP3A4-mediated metabolism of NCEs
using human liver microsomes [12] and further elucidating
the drug–drug interaction potential specific to human CYP
3A4 [17, 19]. Based on the present investigation, 1-Aminobenzotriazole or Ketoconazole inhibits MAO in the
absence of reduced NADPH and without pre-intubation,
which is in contradiction to their mode of CYP inhibition
[36], hence 1-Aminobenzotriazole or Ketoconazole can be
used in early drug discovery to characterize the role of
MAO inhibition in vitro using S9 fractions of various
species based on the flowchart (Supplemental Figure 4)
and their utility as in vivo MAO probe inhibitors needs to
be evaluated.

7 Conclusions
1-Aminobenzotriazole and Ketoconazole are characterized
as non-competitive inhibitors of mouse, rat and human
MAO in vitro and the extent of their MAO inhibition
potential is species specific. 1-Aminobenzotriazole or
Ketoconazole can be used as a probe inhibitor in vitro for
screening the involvement of MAO-dependent metabolism
of new chemical entities (NCE) in early drug discovery.
Further, care should be taken when either 1-Aminobenzotriazole or Ketoconazole is used as in vitro or in vivo nonspecific CYP or human CYP 3A4 inhibitors, respectively,
since 1-Aminobenzotriazole also inhibits MAO and NAT
and Ketoconazole inhibits MAO.
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