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ARTICLE INFO ABSTRACT

Myclobutanil is a chiral triazole fungicide that is employed worldwide. Although enantiomers have the same
physical-chemical properties, they may differ in terms of activity, metabolism, and toxicity. This investigation
consisted of in vitro enantioselective metabolism studies that employed a human model to assess the risks of
myclobutanil in humans. A LC-MS/MS enantioselective method was developed and validated. The enzymatic
kinetic parameters (Vyax, Kmapp, and CLiny) determined for in vitro rac-myclobutanil and S-(+)-myclobutanil
metabolism revealed enantioselective differences. Furthermore, human CYP450 enzymes did not metabolize R-
(—)-myclobutanil. The predicted in vivo toxicokinetic parameters indicated that S-(+)-myclobutanil may be
preferentially eliminated by the liver and suffer the first-pass metabolism effect. However, because CYP450 did
not metabolize R-(—)-myclobutanil, this enantiomer could reach the systemic circulation and stay longer in the
human body, potentially causing toxic effects. The CYP450 isoforms CYP2C19 and CYP3A4 were involved in rac-
myclobutanil and S-(+)-myclobutanil metabolism. Although there were differences in the metabolism of the
myclobutanil enantiomers, in vitro inhibition studies did not show significant enantioselective differences.
Overall, the present investigation suggested that myclobutanil moderately inhibits CYP2D6 and CYP2C9 in vitro
and strongly inhibits CYP3A and CYP2C19 in vitro. These results provide useful scientific information for my-
clobutanil risk assessment in humans.
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1. Introduction

Myclobutanil (MCL), (RS)-2-(4-chlorophenyl)-2-(1H-1,2,4-triazol-1-
ylmethylhexanenitrile (Fig. 1), is a broad-spectrum systemic triazole
fungicide with protective, eradicative, and curative action (University
of Hertfordshire, 2018). It is employed to control pests such as powdery
mildew, dollar spot, summer patch, rusts, and scab in perennial and
annual crops, turf, landscape ornamentals, fruit trees, and vines
worldwide (University of Hertfordshire, 2018). Its antifungal activity is
related to disrupted fungal membrane function resulting from inhibited
sterol biosynthesis (University of Hertfordshire, 2018).

MCL bears an asymmetric carbon, so it is a chiral molecule (Fig. 1).
Therefore, there may be significant enantioselective differences in the
activities of the MCL racemic mixture and of the isolated MCL en-
antiomers toward target organisms. The MCL enantiomers have already
had their enantioselective antifungal actions evaluated against

(Deng and Hu, 2011), Cercospora arachidicola, Fulvia fulva (Sun et al.,
2014), and Phytophthora infestans (Sun et al., 2014). For all the eval-
uated species, (+)-MCL presented higher antifungal activity than
(—)-MCL or the racemic mixture (Deng and Hu, 2011; Sun et al., 2014).
Notwithstanding the proven differences between the activities of MCL
enantiomers, this fungicide is still sold as a racemic mixture.
Significant potential differences among pesticide enantiomers may
warrant registration of a single enantiomer product or an enriched
mixture of the active enantiomer instead of the racemic mixture (Liu
and Tang, 2011). In Switzerland and the Netherlands, pesticides like
mecoprop and dichlorprop have been registered as single enantiomer
products because the R-enantiomers have greater herbicidal activity
than the S-enantiomers (Liu and Tang, 2011). Replacement of a racemic
mixture with a single enantiomer product or an enriched mixture of the

* Corresponding author. Departamento de Quimica, Faculdade de Filosofia, Ciéncias e Letras de Ribeirao Preto - USP — Av. dos Bandeirantes, 3900, Ribeirao Preto,

Sao Paulo, 14040-901, Brazil.
E-mail address: deoliveira@usp.br (A.R.M. de Oliveira).

https://doi.org/10.1016/j.fct.2019.04.009

Received 14 February 2019; Received in revised form 2 April 2019; Accepted 8 April 2019

Available online 13 April 2019
0278-6915/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2019.04.009
https://doi.org/10.1016/j.fct.2019.04.009
mailto:deoliveira@usp.br
https://doi.org/10.1016/j.fct.2019.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2019.04.009&domain=pdf

E.S. Fonseca, et al.

Food and Chemical Toxicology 128 (2019) 202-211

Abbreviations

C- confirmation

CD - circular dichroism

CLiyt —  in vitro intrinsic clearance

CLy hepatic clearance

CL’intT — in vivo intrinsic clearance

CV - coefficient of variation

E — hepatic extraction rate

ECD -  electronic circular dichroism

EMA -  European Medicines Agency

f,— unbonded fraction

HLM - human liver microsomes

HQC -  high-quality control

IS - internal standard

1Cs0 — half-maximal inhibitory concentration
Kmapp — Apparent Michaelis-Menten constant

LLOQ - lower limit of quantification
LQC -  low-quality control

MCL - myclobutanil

MQC - medium-quality control
MRM - multiple reaction monitoring

NADP™ - B-nicotinamide adenine dinucleotide phosphate hydrate

NMF - normal matrix factor
NR - normalized rate

Q_ quantification

R - rotatory strength
RE% —  relative error

sTD-DFT - simplified time-dependent density functional theory

ULOQ - upper limit of quantification
Vo - initial velocity

Vmax — maximum velocity

%TNR - total normalized rate

active enantiomer is intended to reduce the amount of pesticide use in
the field, consequently lowering the risk of contamination and toxic
effects on non-target species, mainly humans (Liu and Tang, 2011).

MCL is moderately toxic to humans (class II) (Sun et al., 2014). It
can cause hepatic toxicity, disrupt steroid homeostasis, and affect the
reproductive system in animals (Sun et al., 2014). Because MCL persists
in the environment, it can accumulate in the food chain, thereby re-
presenting a great risk to the human health (Sun et al., 2014). Several
papers have reported that MCL residue is present in food (Freeman
et al., 2016), water (Zhao et al., 2018), and air (Di Filippo et al., 2018),
and MCL has been detected in a controlled baby food simulation study
(Kovacova et al., 2014). Therefore, assessing MCL risks in humans is
extremely important to provide reliable scientific information regarding
the human health (Abass, 2013).

Chiral pesticides may behave with significant enantioselectivity
toward non-target organisms, including humans (Draghici et al., 2013).
Therefore, evaluating how MCL interacts with non-target organisms
from an enantioselective standpoint is essential to assess its risks
(Draghici et al., 2013). In this sense, MCL toxicity, absorption, dis-
tribution, biodegradation, bioaccumulation, and metabolism must be
investigated (Draghici et al., 2013). The toxicity of MCL enantiomers to
aquatic algae (Scenedesmus obliquus) (Cheng et al., 2013; Li et al.,
2015), crustaceans (Daphnia magna) (Li et al., 2015), lizards (Eremias
argus) (Cheng et al., 2017), and zebrafish (Danio rerio) (Li et al., 2015)
has already been evaluated. These studies demonstrated significant
enantioselective differences in MCL toxicity, which varied depending
on the evaluated species (Cheng et al., 2017, 2013; Li et al., 2015). MCL
biodegradation in strawberry (Zhang et al., 2011), grape (Lin et al.,
2018), cucumber (Dong et al., 2012), and soil (Dong et al., 2012)
presented significant enantioselective differences, which highlighted
risks of contamination and reinforced the importance of conducting
enantioselective studies to assess MCL risks.

The in vitro enantioselective metabolism of pesticides has been in-
vestigated by employing human liver microsomes, which are a reliable
resource to perform MCL enantioselective risk assessment in humans
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Fig. 1. MCL chemical structure. *chiral center.
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(Carrao et al., 2019; de Albuquerque et al., 2018, 2016; Yao et al.,
2016). The enantioselective metabolism of a racemic MCL mixture has
already been evaluated in vitro by using rat liver microsomes (Yan et al.,
2014) and rat hepatocytes (Wang et al., 2015). Yan et al. reported
significant metabolism differences between MCL enantiomers: the
(—)-MCL half-life was more than 10-fold higher than the (+ )-MCL half-
life, which suggested that rat liver microsomes preferentially degraded
(+)-MCL (Yan et al., 2014). Wang et al. also reported significant dif-
ferences after incubation for 24 h, the (—)-MCL concentration was 1.6
times higher than the (+)-MCL concentration, which suggested that rat
hepatocytes preferentially degraded (+)-MCL (Wang et al., 2015).

Hao et al. evaluated the enantioselective MCL absorption, dis-
tribution, and metabolism in vivo following a single-dose in rats (Hao
et al., 2018). Their results suggested preferential (—)-MCL enrichment
in the liver, kidney, heart, lung, and testis (Hao et al., 2018). Besides
that, (+)-MCL was converted into (—)-MCL in the liver and kidney
after 6 h (Hao et al., 2018). Furthermore, the racemic mixture and the
individual enantiomers differed both in terms of enrichment and de-
gradation, which suggested enantiomer-specific bioaccumulation (Hao
et al., 2018). Finally, five chiral metabolites were detected, and the
metabolite pathway was proposed (Hao et al., 2018).

All the aforementioned studies provided reliable scientific in-
formation regarding enantioselective MCL metabolism. However, the
results could not be correlated because the studies only reported on the
relative configuration of the MCL enantiomers. In addition, the studies
employed rat as models. Because interspecies differences in en-
antioselective MCL metabolism may exist, predicting risk assessment in
humans requires that enantioselective MCL metabolism be evaluated by
using a human model.

In this scenario, the present work aimed to evaluate the en-
antioselective MCL metabolism and CYP450 inhibitory potential in vitro
by investigating a MCL racemic mixture and its individual enantiomers
in a human model. For the first time, the enzymatic kinetic parameters
of in vitro MCL metabolism have been characterized, the main CYP450
enzymes responsible for MCL metabolism have been determined, the in
vivo toxicokinetic parameters have been predicted, and the MCL in-
hibitory potential over the main CYP450 enzymes has been investigated
to predict pesticide-drug interactions.

2. Materials and methods
2.1. Chemicals and reagents
Rac-myclobutanil (=99.4%) was acquired from Sigma-Aldrich (St.

Louis, MO, USA). The standard rac-MCL stock solution was prepared at
4000 umol L.~ ! in methanol. The probe substrates and their metabolites
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(markers) phenacetin (=98.0%), acetaminophen (=98.0%), diclofenac
(=98.0%), chlorzoxazone (=98%), and nifedipine (=98%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA); 4’-hydroxy diclofenac
(=98.0%), S-mephenytoin (=98.0%), 4"-hydroxy mephenytoin
(=98.0%), bufuralol (=98.0%), 1’-hydroxy bufuralol (=98.0%), 6-
hydroxychlorzoxazone (=98%), and dehydronifedipine (=98%) were
obtained from Toronto Research Chemicals (Toronto, Canada); and
midazolam (=98%) as well as 1-hydroxymidazolam (=95%) were
acquired from Cayman Chemicals (Ann Arbor, MI, USA). The standard
stock solutions of the probe substrates were prepared at the following
concentrations and in the following solvents: phenacetin
(962 pmol L™, acetonitrile), diclofenac (3956 pmol L', methanol), S-
mephenytoin (8000 umolL_l, acetonitrile), bufuralol (432 pmolL_l,
acetonitrile), chlorzoxazone (11672 pumol L.~ !, acetonitrile), midazolam
(433 umolL_l, acetonitrile), and nifedipine (560 umolL_l, acetoni-
trile). The standard stock solutions of the metabolites were prepared at
1000 umol ™! in the same solvents as the respective substrate.
Diazepam (99.2%), tolbutamide (=97.0%), and bisphenol A-d16
(=98%), which were employed as internal standard (IS), were acquired
from Sigma-Aldrich (St. Louis, MO, USA). The IS stock solutions were
prepared at 1umolL™* in methanol. All the standard solutions were
stored in amber tubes at —20 °C.

Human liver microsomes (HLMs), pooled from 150 donors, and
CYP450 recombinant isoforms (Supersomesg) were purchased from
Corning Life Science (Phoenix, AZ, USA) and stored at —80°C.
Ultrapure water was obtained from a Direct-Q 3 Milli-Q system from
Millipore (Billerica, MA, USA). Methanol, ethanol, hexane, isopropanol,
chloroform, and ethyl acetate (HPLC grade) were acquired from
Panreac (Barcelona, Spain). The analytical grade reagents sodium di-
hydrogen phosphate, sodium hydrogen phosphate dihydrate, and
formic acid were obtained from Synth (Diadema, Brazil); tris(hydro-
xymethyl)aminomethane was acquired from J. T. Baker (Philipsburg,
MT, USA); potassium chloride was purchased from Mallinckrodt
Chemicals (Xalostoc, Mexico); and B-nicotinamide adenine dinucleotide
phosphate hydrate (NADP*), glucose-6-phosphate, glucose-6-phos-
phate dehydrogenase, and macrogol glycerol ricinoleate (Cremophor
EL") were acquired from Sigma-Aldrich (St. Louis, MO, USA).

2.2. MCL isolation and optical rotation sign and absolute configuration
determination

The MCL enantiomers were isolated in a Shimadzu HPLC system
(Kyoto, Japan) consisting of two LC-6AD solvent pump units, an SCL-
10AVP controller system, and an SPD-10AV diode array detector. The
enantiomers were isolated at room temperature (23 * 2°C). A
Chiralpak AD-H® column (150 x 4.6mm, 5um) was employed.
Methanol at a flow rate of 0.3 mL min~! was used as mobile phase. The
enantiomers were detected at 223 nm. The isolated enantiomers were
stored in amber tubes at —20 °C.

The isolated MCL enantiomers had the optical rotation sign de-
termined on a J-810 circular dichroism spectropolarimeter (Jasco,
Tokyo, Japan). The enantiomers were solubilized in methanol, and the
spectrum (four accumulated scans) was recorded from 210 to 300 nm
after correction with a blank solution (methanol). The analyses were
performed at 25 °C; a cell with a path length of 1 mm was employed.

2.3. Conformational analysis and electronic circular dichroism calculations

The conformational search was conducted with VegaZZ release
3.1.1.42 (Pedretti et al., 2004, 2003, 2002). A systematic scan was
carried out on the flexible dihedrals with optimization in the MMFF94
force field at each angle step. After the conformational search, the set of
conformers for the R-MCL and S-MCL enantiomers was subjected to
local geometry optimizations at the DFT level. All the quantum calcu-
lations were accomplished with ORCA4.0.1.2 (Neese, 2012). A detailed
description regarding the conformational analysis can be found in the
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Supplementary material section.
2.4. LC-MS/MS conditions for the enantioselective analysis

The enantioselective analysis of myclobutanil was performed on a
Prominence HPLC system (Shimadzu, Kyoto, Japan) consisting of a LC-
20AD solvent pump unit, a DGU-20A3R online degasser, a SIL-20ACHT
automatic injector, a CTO-20AC column oven, and a CBM-20A con-
troller system coupled to an API 3200 triple quadrupole mass spectro-
meter (AB Sciex, Toronto, Canada) equipped with an ESI interface,
operating in positive mode. The analysis was conducted by employing a
Chiralpak AD-H® analytical column (150 X 4.6 mm, 5um) and an
Ascentis Express C;g (3.0mm X 4.6 mm, 2.7um) guard column
(Supelco, Bellefonte, PA, USA). The mobile phase consisted of 0.1%
formic acid in methanol at a flow rate of 0.9 mLmin~'. The analysis
was carried out at 35 °C, and the injection volume was 10 pL. Multiple
reaction monitoring (MRM) transitions were monitored, and the reac-
tions used for quantification (¥ and confirmation (%) were m/z
289.1 = 70.0° and 289.1 —125.2¢ for MCL enantiomers and m/z
285.1 —193.19 and 285.1 — 154.1C for IS. The collision energy was set
at 35 eV. The nebulizer, turbo, and collision pressures were 50, 40, and
4 psi, respectively. The capillary voltage and the drying temperature
were 5000 V and 700 °C, respectively. Data were collected and analyzed
with the aid of Analyst software, version 1.5.2 (Ontario, Canada).

2.5. Microsomal incubation conditions

The microsomal medium consisted of MCL (rac-MCL, S-(+)-MCL, or
R-(—)-MCL), NADPH regeneration solution, HLMs, and phosphate
buffer solution (0.1 mol L™!; pH 7.4) with 0.25% (m/v) Cremophor EL’
at a final volume of 200 pL. The NADPH regeneration solution com-
prised glucose-6-phosphate (5.0 mmolL™"), B-nicotinamide adenine
dinucleotide phosphate sodium (0.25 mmolL™'), and glucose-6-phos-
phate dehydrogenase (0.4 units mL™Y) in tris-KCl buffer [tris(hydro-
xymethyl)aminomethane 0.05 mol L ™! and KCl 0.15mol L."%; pH 7.4).
After pre-warming for 5min in a shaking water bath at 37 °C, the me-
tabolism reaction was initiated by addition of the NADPH regeneration
solution. The initial velocity (Vo) conditions were determined in the
linear range according to the incubation time and to the microsomal
protein content for the rac-MCL depletion from the medium. The me-
tabolism reactions were stopped by addition of 600 L of ethyl acetate
to the microsomal incubation medium. After that, the samples were
shaken at 1000 rpm in a Vibrax VXR agitator (IKA, Staufen, Germany)
for 10 min and centrifuged at 1800 X g in a HIMAC CF16RXII centrifuge
(Hitachi, Tokyo, Japan) for 10 min. Then, the organic phase was col-
lected and evaporated by employing a Concentrator Plus Speed Vacuum
(Eppendorf, Hamburg, Germany). Finally, the residue was solubilized in
200 pL of mobile phase and analyzed.

2.6. Bioanalytical Method Validation

The bioanalytical method was validated; the following parameters
were considered: selectivity, linearity, carryover, lower limit of quan-
tification, accuracy, precision, matrix effect, and stability. The accep-
tance criteria were based on the “Guideline on Bioanalytical Method
Validation” by the European Medicines Agency (EMA) (EMA, 2012).
Linearity (n = 3) was evaluated for each MCL enantiomer. Two ana-
lytical curves, named “low range” and “high range”, were used: the low
range included 0.025, 0.050, 0.38, 0.50, 1.25, 1.56, and 2.49 pmol L™
the high range included 2.49, 3.74, 7.47, 9.96, 19.91, 31.55, and
49,78 ymol L™ 1. The analytical curves were constructed by plotting the
MCL/IS peak area ratio versus the MCL enantiomer concentration. As
the residual analysis of the analytical curves showed heteroscedastic
behavior, a weighting factor (1/x%) was applied to ensure linearity.

The selectivity of the method was examined by analyzing HLM
blank samples (without MCL or the IS). Carryover was evaluated by
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analyzing HLM blank samples after a sample at the upper limit of
quantification (ULOQ) was analyzed. Accuracy and precision, within-
run (n = 5) and between-run (n = 3), were assessed for the lowest limit
of quantification (LLOQ) and for the low- (LQC), medium- (MQC), and
high-quality control (HQC) samples of each MCL enantiomer. Accuracy
was expressed as the relative error (RE%), and precision was expressed
as the coefficient of variation (CV). The limits of accuracy and precision
were set at + 15% for the LQC, MQC, and HQC samples and at + 20%
for the LLOQ samples.

The matrix effect was evaluated by analyzing (i) blank HLM samples
spiked (after the sample preparation procedure) with rac-MCL and IS or
(ii) pure rac-MCL and IS solutions (methanol). The determination was
performed for the LQC and HQC samples in both analytical curve
ranges. The normalized matrix factor (NMF) was calculated as the ratio
of the MCL/IS peak areas from (i) and (ii) of each enantiomer. The NMF
limit for the coefficient of variation was set at 15%.

The MCL stability (n = 5) was assessed (i) at incubation conditions
(40 min at 37 °C) and (ii) in the autosampler (24 h at 25 = 2°C) at two
concentration levels (LQC and HQC). The sample stabilities were de-
termined by using fresh analytical curves prepared on the same day.
Each MCL enantiomer concentration at each sample stability should be
within = 15% of the nominal concentration.

2.7. Determining enzymatic kinetic parameters

The enzymatic parameters for MCL metabolism were individually
determined for rac-MCL, S-(+)-MCL, and R-(—)-MCL. For this analysis,
the enzymatic kinetic studies were conducted at V, conditions by em-
ploying a microsomal protein concentration of 0.5 mgmL~' and in-
cubation time of 50 min. The metabolism incubations involved sub-
strate concentrations ranging from 0.10 to 50.00 ymol L ™! (n = 3). The
remaining rac-MCL, S-(+)-MCL, and/or R-(—)-MCL concentrations
were determined by using analytical curves prepared on the same day,
and the metabolized concentrations were calculated. The enzymatic
parameters (Kyapp and Vyax) were obtained by nonlinear regression
analysis carried out with GraphPad Prism Software 5.00 (San Diego,
CA, USA), and the in vitro intrinsic clearance (CL;yt) was calculated
according to Seibert and Tracy (2014) (Seibert and Tracy, 2014).

2.8. Predicting in vivo toxicokinetic parameters

The percentage of MCL bound to microsomal and plasmatic proteins
was determined by employing rac-MCL, S-(+)-MCL, or R-(—)-MCL at a
concentration corresponding to the determined Kyppp (n = 3). To de-
termine binding to microsomal proteins, MCL was incubated with HLMs
(microsomal protein concentration of 0.5 mg mL™!) in the absence of
NADPH regeneration solution. To determine binding to plasmatic pro-
teins, MCL was incubated with human plasma (plasmatic protein con-
centration of 42 mgmL~!) in phosphate buffer solution (pH 7.4,
0.1 molL™Y) (Chang et al., 2010). Control samples without microsomal
or plasmatic proteins were simultaneously prepared. After incubation at
37 °C for 10 min, the samples were placed in a 30 kDa Amicon ultra
centrifugal filter device (Millipore Corporation, Bedford, MA, USA) and
centrifuged at 10,000 x g (Hitachi CF16RXII, Himac, Tokyo, Japan) for
20 min. The ultrafiltrates were diluted with methanol, and the samples
were analyzed by LC-MS/MS. The unbound fraction (f,) was de-
termined by using the ratio between the concentrations of the sample
and the control (Giuliano et al., 2005). The CLyt was scaled to in vivo
intrinsic clearance (CL’1yt) by employing a scaling factor of 40 mg of
microsomal protein/g of liver and 21.4g of liver/kg of bodyweight
(Bowman and Benet, 2018). The hepatic clearance (CLy) (Equation (1))
and the hepatic extraction rate (E) (Equation (2)) were calculated
(Bowman and Benet, 2018).
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Qx fupasm x CL'iyr

u,mic

Q+ (fijfp’as_m x CL'nt)

CLH =
@

where CLy is the hepatic clearance, f; iasm is the fraction of substrate
unbound to plasmatic proteins, f, mic is the fraction of substrate un-
bound to microsomal proteins, CL’1yr is the in vivo intrinsic clearance,
and Q is the hepatic blood flow (20 mLmin~'kg~') (Damre and Iyer,
2012).

Ju,plas
doplasm CL'InT
fu,mic

E = 7
Q+ (7;5:::1 x CL'nr)

x 100%

(2

where E is the hepatic extraction rate, f;, yiasm is the fraction of substrate
unbound to plasmatic proteins, f, mic is the fraction of substrate un-
bound to microsomal proteins, CL’1yt is the in vivo intrinsic clearance,
and Q is the hepatic blood flow (20 mLmin~'kg~') (Damre and Iyer,
2012).

2.9. CYP450 reaction phenotyping

To determine which CYP isoform(s) was (were) involved in MCL
(rac-MCL, S-(+)-MCL, or R-(—)-MCL) metabolism, MCL was incubated
with each of the following CYP450 recombinant isoforms at a con-
centration corresponding to the determined Kyapp (n = 3): rCYP1Al,
rCYP1A2, rCYP3A4, rCYP3AS5, rCYP2B6, rCYP2C8, rCYP2C9,
rCYP2C19, rCYP2D6, and rCYP2E1. The medium consisted of MCL (rac-
MCL, S-(+)-MCL, or R-(—)-MCL), rCYP450 (50 pmol mL™1), NADPH
regeneration solution (0.25mmolL~! NADP™*, 5.0 mmolL™! D-glu-
cose-6-phosphate, and 0.4 UmL~™! glucose-6-phosphate dehy-
drogenase), and phosphate buffer (0.1 molL™'; pH 7.4) with 0.25%
(m/v) Cremophor EL® at a final volume of 200 pL. A control sample,
composed of insect control Supersomes’ instead of CYP450 re-
combinant isoforms, was analyzed simultaneously for comparison
purposes. The reactions were started by addition of the NADPH re-
generation solution after pre-warming for 5 min. After 50 min, the re-
actions were stopped when the sample preparation procedure was in-
itiated. The results are expressed as a percentage of the total normalized
rate (%TNR), by using the method described by Rodrigues (1999).
Briefly, the MCL depletion rate was multiplied by the abundance of
each CYP in the native human liver microsome, to obtain a normalized
rate (NR). The NRs for each CYP involved in MCL depletion were
summed to obtain the total normalized rate (TNR). The NR of each CYP
was expressed as a percentage of the TNR (Rodrigues, 1999). The re-
sults were analyzed by using GraphPad Prism Software 5.00 (San Diego,
CA, USA).

2.10. CYP450 inhibition studies

The inhibitory potential of CYP450 isoforms by MCL was evaluated
by using human liver microsomes. To this end, each CYP isoform me-
tabolism rate was compared in the presence and absence of the pesti-
cide, and the MCL half-maximal inhibitory concentration (ICso) was
determined. To assess stereoselectivity during inhibition of the CYP450
isoforms, the assays were performed by using the MCL racemic mixture
of or each single enantiomer (S-(+)-MCL or R-(—)-MCL).

This study employed a probe substrate that was specific for each
evaluated CYP isoform. The probe substrates (and their concentrations)
in the microsomal medium (volume of 400 pL) were: phenacetin
(12.03 pmol L™ 1) for CYP1A2, diclofenac (49.45 pmol L™1) for CYP2C9,
S-mephenytoin  (44.83umolL~')  for = CYP2C19,  bufuralol
(5.40 pmol ™) for CYP2D6, chlorzoxazone (145.90umolL™!) for
CYP2E1, and midazolam (5.41pmolL™!) and nifedipine
(7.00 pmol L™ 1) for CYP3A4/5. The incubation conditions for the in-
hibitory assay, including the human liver microsomal protein



E.S. Fonseca, et al.

concentration and the incubation time, were previously determined by
(Habenschus et al., 2017) and are summarized in Table 1. MCL was
used at seven concentration levels, from 0.01 to 100.00 pmol L™}, in
microsomal medium. Moreover, the controls were conducted in the
absence of MCL. Positive controls for all the CYP450 isoforms were also
analyzed by using selective inhibitors for each CYP450 as described by
(Habenschus et al., 2017). All the experiments were carried out in tri-
plicate.

The microsomal medium consisted of MCL (rac-MCL, S-(+)-MCL or
R-(—)-MCL), probe substrate, HLM, NADPH regeneration solution
(0.25 mmol L™ ! NADP*, 5.0 mmol L.~ ! D-glucose-6-phosphate, and 0.4
U mL~! glucose-6-phosphate dehydrogenase), and phosphate buffer
(0.1 molL™!, pH 7.4) at a final volume of 400 pL. The microsomal
medium was pre-warmed in a water-shaking bath at 37 °C for 5 min,
and the reaction was started by addition of the NADPH regeneration
solution. After incubation (Table 1), the reaction was stopped by ad-
dition of 1.0 mL of organic solvent, followed by addition of the modi-
fier, when necessary, and the internal standard solution (Table 1).
Then, the samples were shaken in a Vibrax VXR agitator (IKA, Wil-
mington, NC, USA) at 1000 rpm for 15 min and centrifuged at 1800 X g
for 10 min in a HIMAC CF16RXII centrifuge (Hitachi, Tokyo, Japan).
The organic phase was collected and dried with the aid of a Con-
centrator Plus speed vacuum (Eppendorf, Hamburg, Germany). The
residues were solubilized in 200 pL of mobile phase and analyzed. All
the CYP450 isoforms were analyzed by employing the previously de-
scribed LC-MS/MS (see Supplementary material). To determine the
MCL ICso value, a nonlinear regression of the percentage of the re-
maining enzymatic activity (Equation (3)) of each CYP450 isoform
evaluated against the logarithm of the MCL concentration in the mi-
crosomal medium was fitted; the GraphPad Prism Software 5.00 (San
Diego, CA, USA) was used.

Ai
A,. 100

%REA =

3

Where: % REA corresponds to the percentage of remaining enzymatic
activity, Ai corresponds to the area of the metabolite formed when the
incubation was performed with the standard substrate and myclobu-
tanil, and A, corresponds to the area of the metabolite formed when the
incubation was performed with the standard substrate in the absence of
myclobutanil.

3. Results and discussion
3.1. Optical rotation sign and absolute configuration determination

The optical rotation sign of MCL enantiomers was established by
employing circular dichroism (CD). At 223 nm, the first and the second
MCL enantiomer to elute (E1 and E2, respectively) showed a positive
and a negative Cotton effect, respectively (Figs S1 and S2, respectively).
Thus, E1 was (+)-MCL, whereas E2 was (—)-MCL. The MCL absolute
configuration was determined by ECD calculations. The most stable and
the five most stable conformers of each enantiomer were used in the

Table 1
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calculations (the first five conformers totaled approximately 50% of the
conformer population of each enantiomer). For comparison with the
experimental spectra, the standard deviations of the Gaussian-shaped
curves were replaced with only one parameter (o). There were no sta-
tistically significant differences between the ECD spectra calculated for
the most stable and the five most stable conformers. Fig S3-6 show the
theoretical ECD results of the most stable and the five most stable S-
MCL and R-MCL conformers. Fig S7contains a representation of the five
first most stable S-MCL and R-MCL conformers. Table S1 lists the ab-
sorption wavelength and the optical rotatory strength for the most
stable S-MCL and R-MCL conformers in the range of 190 nm-250 nm.
The S-MCL theoretical ECD presented a positive Cotton effect, whereas
the theoretical R-MCL ECD evidenced a negative Cotton effect. There-
fore, the first and the second MCL enantiomer to elute (E1 and E2,
respectively) were identified as S-(+)-MCL and R-(—)-MCL, respec-
tively.

3.2. Bioanalytical Method Validation

The bioanalytical method was successfully validated. The method
was selective as judged from the absence of interference peaks in the S-
(+)-MCL, R-(—)-MCL, or IS retention times (Fig S8). Because an ex-
tensive range of concentrations was necessary, two analytical curves
were prepared to quantify each MCL enantiomer, the “low-range curve”
from 0.025 to 2.49 pmol L. ™', and the “high-range curve” from 2.49 to
49.78 umolL_l. The linearity (n = 3) of both analytical curves con-
structed for S-(+)-MCL and R-(—)-MCL was suitable—the correlation
coefficient was higher than 0.99, and the relative error (RE%) was
below 15% for each concentration. In addition, the residual plot re-
vealed normal distribution of random errors (Fig S9). Table S2 brings
the linear equation and the correlation coefficients. There was no car-
ryover effect (data not shown). The LLOQ of the analytical method was
0.025 umol L™ ! for the low-range curve and 2.49 pmol L™ for the high-
range curve for each MCL enantiomer, with RE% and CV values lower
than 10% and 15%, respectively. Table S3 summarizes the within -run
and the between-run accuracy and precision. Neither RE% nor CV ex-
ceeded a value of 14%. Table S4 presents the matrix effect results, ex-
pressed as NMF, with CV values less than 15%. The stability tests
showed that the MCL enantiomers remained stable at all the evaluated
concentrations and conditions (Table S5).

3.3. Determining enzymatic kinetic parameters

The enzymatic kinetics of enantioselective MCL metabolism by
HLMs was evaluated in V, conditions according to the incubation time
(50 min) and the microsomal protein content (0.5 mg protein mL™h).
The kinetics of rac-MCL incubation with HLMs was plotted by mon-
itoring both the S-(+)-MCL and the R-(—)-MCL concentration, in-
dividually. A significant enantioselective difference emerged when rac-
MCL was incubated with HLMs. S-(+)-MCL was metabolized by
CYP450 enzymes, whereas R-(—)-MCL was not. Therefore, regarding
rac-MCL incubation with HLMs, only the enzymatic kinetics related to

Experimental conditions and sample preparation procedure for CYP450 inhibition assay with human liver microsomes.

CYP450 isoform Marker reaction

Microsomal protein (mg mL 1)

Incubation time (min) Internal standard Organic Solvent

CYP1A2 Phenacetin O-deethylation 0.30
CYP2C9 Diclofenac 4’-hydroxylation 0.10
CYP2C19 S-mephenytoin 4’-hydroxylation 0.20
CYP2D6 Bufuralol 1’-hydroxylation 0.25
CYP2E1 Chlorzoxazone 6-hydroxylation 0.40
CYP3A4/5 Midazolam 1-hydroxylation 0.10
CYP3A4/5 Nifedipine oxidation 0.15

30 Diazepam Ethyl acetate
20 Diazepam Chloroform®
60 Bisphenol A-d16 Ethyl acetate
30 Diazepam Ethyl acetate®
20 Tolbutamide Chloroform
10 Diazepam Ethyl acetate
15 Diazepam Ethyl acetate®

Modifier: (a) 100 uL HCI 1.2mol L ™%, (b) 100 uL. NaOH 4 mol L™, 100 uL. NaOH 1 mol L ™.

CYP450 - cytochrome P450.
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S-(+)-MCL metabolism by CYP450 enzymes could be plotted (Fig. 2A).
The plot of rac-MCL metabolism by HLMs indicated Michaelis-Menten
kinetic behavior, which was confirmed by an Eadie-Hofstee plot. En-
zymatic kinetic studies were also performed by incubating S-(+)-MCL
and R-(—)-MCL individually with HLMs. The S-(+)-MCL metabolism
enzymatic kinetic profile also indicated Michaelis-Menten kinetic be-
havior (Fig. 2B), which was also confirmed by an Eadie-Hofstee plot.
However, once again, it was not possible to determine the enzymatic
kinetic profile for R-(—)-MCL metabolism by HLMs because human
CYP450 enzymes did not metabolize this enantiomer. Table 2 lists the
enantioselective enzymatic parameters (Kyapp, Vmax) determined after
MCL metabolism by HLMs in vitro. The kinetic parameters obtained
from S-(+)-MCL incubation showed higher Vyax and Ky,pp values as
compared to rac-MCL incubation (Table 2). The lower values obtained
for rac-MCL incubation might be associated with S-(+)-MCL metabo-
lism inhibition by CYP450 enzymes elicited by R-(—)-MCL. In a study
employing rat liver microsomes (RLMs), Yan et al. (2014) reported that
MCL degradation was stereoselective: (+)-MCL was degraded 11.3-fold
faster than (—)-MCL. Differences between MCL enantiomers in terms of
enzymatic kinetic parameters were also reported. The (+)-MCL Vyax
was fourfold the (—)-MCL Vyax (Yan et al., 2014). In contrast, both
MCL enantiomers were metabolized when RLMs were employed, as
opposed to only S-(+ )-MCL being metabolized in the presence of HLMs.
These differences between species highlighted the importance of em-
ploying human models to assess the risk of exposure to chiral pesticides
as judged from the significant enantioselective differences that have
been observed (Martignoni et al., 2006). Intrinsic clearance (CLyr),
which is the capacity of liver enzymes to eliminate a chemical ac-
cording to the blood flow rate and to protein binding (Seibert and
Tracy, 2014), was 2.5 times higher for S-(+)-MCL than for rac-MCL.
This indicated that S-(+)-MCL metabolism in the presence or absence
of R-(—)-MCL was significantly enantioselective. CLiyr does not reflect
pesticide elimination from the body.

3.4. Predicting in vivo toxicokinetic parameters

To extrapolate the results obtained in vitro to in vivo toxicokinetic
parameters, nonspecific binding to plasmatic and microsomal proteins
and hepatic blood flow should be considered (Chang et al., 2010).
Therefore, the MCL fraction unbound to microsomal and plasmatic
proteins was determined for rac-MCL, S-(+)-MCL, and R-(-)-MCL,
individually. For rac-MCL incubation, the S-(+)-MCL fraction unbound
to microsomal protein (fymic) and to plasmatic proteins (f, plasm) Was
0.73 and 0.17, respectively. As for R-(—)-MCL, f, mic and £, pjasm Were
0.66 and 0.10, respectively. For individual S-(+)-MCL incubation, f, mic
and f, pi.sm were 0.83 and 0.18, respectively. Finally, for R-(—)-MCL,
fu,mic and fy pasm were 0.90 and 0.12, respectively. By considering the
results of enantioselective MCL nonspecific binding to plasmatic and
microsomal proteins and a hepatic blood flow of 20 mLmin~'kg™!
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(Damre and Iyer, 2012), the hepatic clearance (CLg) and the hepatic
extraction ratio (E) were predicted (Table 2). Extrapolation for R-
(—)-MCL incubation was not performed because CYP450 enzymes did
not metabolize R-(—)-MCL, as described above. The CLy values for rac-
MCL and S-(+)-MCL were close to 20 mL min~*kg~! (which was
equivalent to the hepatic blood flow). This meant that S-(+)-MCL could
preferentially be eliminated by the liver (Damre and Iyer, 2012). In
addition, the hepatic extraction ratio close to 100% for rac-MCL and S-
(+)-MCL indicated that S-(+)-MCL could suffer the first-pass metabo-
lism effect by the liver (Coleman, 2006).

These results pointed out that, in case of human contamination by
MCL, the S-(+)-MCL concentration should be significantly decreased
before this enantiomer reaches the systemic circulation because it could
suffer the first-pass metabolism effect in the liver. However, since
CYP450 enzymes do not metabolize R-MCL, the latter could reach the
systemic circulation, thereby staying longer in the human body and
potentially causing toxic effects. The results obtained herein attested to
an extreme difference in the in vitro enantioselective metabolism of
MCL enantiomers by HLMs and highlighted the importance of em-
ploying human models to evaluate the enantioselective metabolism of
chiral pesticides.

In the studies performed by Deng and Hu, (+)-MCL presented
higher fungicidal activity than (—)-MCL against Physalospora piricola,
Gibberella zeae, Alternaria kukuchiana, and Alternaria solani (Deng and
Hu, 2011). However, herein, the absolute configuration of the MCL
enantiomers was not determined, which prevented us from correlating
the aforementioned results with the results obtained in the present
work. To determine which enantiomer has higher fungicidal activity
and to correlate the results with extrapolated in vivo toxicokinetic
parameters in humans, the use of MCL as a pure enantiomer or as an
enriched mixture must be proposed (Basheer, 2018). As a consequence,
the amount of employed pesticide could be lower, reducing the risk of
environmental contamination and human exposure (Basheer, 2018).

3.5. CYP450 reaction phenotyping

To determine the human CYP450 isoforms involved in MCL en-
antiomer metabolism, a study employing CYP450 recombinant isoforms
was carried out. The major isoforms involved in xenobiotic metabolism
(Ogilvie et al., 2008) were evaluated: rCYP1A1, rCYP1A2, rCYP3A4,
rCYP3A5, rCYP2B6, rCYP2C8, rCYP2C9, rCYP2C19, rCYP2D6, and
rCYP2E1. The %TNR of each isoform for rac-MCL and S-(+ )-MCL me-
tabolism was calculated (Fig. 3).

The main isoforms involved in S-(+ )-MCL metabolism, determined
by employing rac-MCL and the isolated enantiomer S-(+)-MCL, were
CYP2C19 and CYP3A4. When rac-MCL was used as the substrate, the
%TNR was 57.9% for CYP2C19 and 42.1% for CYP3A4. In the case of S-
(+)-MCL metabolism, the %TNR was 43.3% for CYP2C19 and 56.7%
for CYP3A4. A major contribution of CYP2C19 to S-(+)-MCL was

B 300+

N
[=1
i

100+

Vj (nmol mg'1 min'1)

[S-(+)-MCL] (pmol L)

Fig. 2. Enzymatic kinetics for (A) rac-MCL and (B) S-(+)-MCL after in vitro metabolism by human liver microsomes. Inside, smaller: the Eadie-Hofstee plot.
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Table 2
Enantioselective in vitro enzymatic kinetic parameters and predicted in vivo toxicokinetic parameters for rac-MCL, S-(+)-MCL, and R-(—)-MCL metabolism.
Substrate Monitoring Kntapp (umol L™1) Vmax (nmol min~* mg™1) CLiyr (ML min ™! mg™') CLg (mL min~! kg™%) E (%)
rac-MCL S-(+)-MCL 3.6 £ 0.9 66.1 = 4.6 18.3 + 4.6 19.89 99.5
R-(—)-MCL - - - - -
S-(+)-MCL S-(+)-MCL 6.8 = 1.3 305.5 = 18.4 44.6 = 8.8 19.95 99.8
R-(—)-MCL R-(—)-MCL - - - - -

Kwmapp - apparent Michaelis-Menten constant.
Vmax - maximum velocity.

CLint - in vitro intrinsic clearance.

CLy - hepatic clearance.

E — hepatic extraction rate.

MCL - myclobutanil.

EA rac-MCL
= S-(+)-MCL

B3 S-
E3 R-(-)-MCL

% TNR

Fig. 3. Human CYP450 isoforms involved in rac-MCL, S-(+)-MCL, and R-
(—)-MCL metabolism.

observed when rac-MCL was the substrate. When S-(+ )-MCL was used
as the substrate, CYP3A4 had a major contribution. This fact can be
attributed to CYP3A4 inhibition by R-(—)-MCL. CYP3A4 is known to be
the major isoform underlying the metabolism of trans-bromuconazole,
another triazole fungicide (Mazur et al., 2007), and CYP2C19 has been
reported to be involved in the metabolism of several pesticides, such as
deltamethrin and esfenvalerate (Godin et al., 2007). In the nonchiral
study performed by Barton et al. (2006), these authors employed
human recombinant isoforms and reported that the CYP2C and CYP3A
subfamilies were the major isoforms responsible for MCL metabolism,
in agreement with the results obtained in the present work. In addition,
once again, the results of the present work indicated that CYP450 re-
combinant isoforms did not significantly metabolize R-(—)-MCL,
pointing to an enantioselective difference in MCL enantiomer metabo-
lism by human CYP450 enzymes.

3.6. CYP450 inhibition studies

The CYP450 enzymes underlying MCL metabolism are also the main
enzymes involved in the metabolism of several drugs (Sychev et al.,
2018). For this reason, drug-pesticide interactions may occur due to
inhibition of CYP450 metabolic activities or induction of their expres-
sion (Abass and Pelkonen, 2013). These interactions affect drug plasma
concentrations and may result in loss of pharmacological activity or
even overdose (Abass and Pelkonen, 2013). Most drug-drug or drug-
xenobiotic interactions originate from inhibited metabolism (Ring
et al., 2014). For this reason, evaluating how/whether pesticides inhibit
CYP450 enzymes is extremely important for human risk assessment.

In this context, the ability of MCL to inhibit the activity of the major
CYP450 isozymes was investigated. The main isozymes involved in
drug metabolism were evaluated: CYP1A2, CYP2C9, CYP2C19 CYP2D6,
CYP2E1, and CYP3A. The assays were performed with the racemic
mixture and each single enantiomer due to the reported potential of
stereoselective inhibition of CYP450 isozymes by chiral xenobiotics
(Krasulova et al., 2016). Table 3 shows the MCL half-maximum in-
hibitory concentrations (ICsp) for each isoform and racemic mixture.
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MCL (racemic mixture and single enantiomer) did not inhibit
CYP1A2 or CYP2E1 (ICso > 100 umolL’l). Besides that, MCL in-
hibited CYP2D6 slightly (ICso > 80 umolL_l). These facts should
guarantee that drugs/substrates preferentially/exclusively metabolized
by these isozymes, including melatonin, caffeine, venlafaxine, and
metoprolol (Sychev et al., 2018), should not have their plasma con-
centration altered by human exposure to MCL.

On the other hand, CYP2C9, CYP2C19, and CYP3A (Fig. 4) inhibi-
tion by MCL can lead to several cases of drug-pesticide interactions.
MCL substantially inhibited the isozymes CYP2C19 and CYP3A (strong
inhibition), with ICs, lower than 4 pmol L™'. MCL inhibited CYP2C9
less intensely (ICs, between 26 and 36 umol L™ ). These isozymes un-
derlie the metabolism of more than 50% of the most commonly pre-
scribed drugs (Sychev et al., 2018). Warfarin, S-mephenytoin, ome-
prazole, and quetiapine are examples of sensitive drugs metabolized by
these enzymes that may have their concentration increased in the
presence of a CYP450 inhibitor (Sychev et al., 2018). Therefore, pa-
tients taking these drugs could suffer a toxic effect if they have contact
with MCL.

Hence, the reported exposure of the human population to MCL (Di
Filippo et al., 2018; Freeman et al., 2016; Zhao et al., 2018) could lead
to drug-pesticide interaction. This interaction could elicit an ex-
acerbated increase in the drug pharmacological activity as a result of
decreasing drug metabolism or toxic effect originating from a higher
drug half-life in the body. Ultimately, all this could culminate in da-
mages to the health. Zambonin et al. (2002) found a MCL concentration
of 17.6 ugkg ™! in strawberry samples, while Freeman et al. (2016)
detected MCL residues (concentration higher than 0.02 ppm) in eight
types of food from a total of 15 analyzed items. The acceptable MCL
daily intake is 0.025 mgkg ™! day ! (European Food Safety Authority,
2010). Although MCL is a moderately toxic pesticide, there is no report
regarding its concentration in foods being higher than the acceptable
daily intake. However, if MCL is not metabolized in the liver (as in the
case of R-myclobutanil), it will stay longer in the human body and may

Table 3
1Cs values obtained for MCL over the main CYP450 isoforms.

CYP450 isoform ICso (umol L™ 1)

rac-MCL S-(+)-MCL R-(—)-MCL
1A2 > 100 > 100 > 100
2E1 > 100 > 100 > 100
2D6 > 100 81 + 22 91 = 38
2C9 36.3 = 5.3 26.5 = 3.7 31.0 = 7.7
2C19 0.56 = 0.03 0.29 = 0.02 0.63 = 0.05
3A? 3.04 = 0.49 1.19 = 0.15 0.72 *= 0.05
3AP 1.42 = 0.37 0.58 = 0.07 1.31 = 0.27

Marker reaction: (a) midazolam 1-hydroxylation, (b) Nifedipine oxidation.
CYP450 - cytochrome P450.

ICs - half-maximal inhibitory concentration.

MCL - myclobutanil.
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Fig. 4. ICsq plots for the CYP450 enzymes inhibited by rac-MCL, S-(+)-MCL, and R-(—)-MCL.
cause toxic effects (i.e., it may inhibit CYP3A and CYP2C19) mainly in Although the inhibition assays did not demonstrate extensive ste-
vulnerable people, such as children. In a controlled baby food simula- reoselectivity, the possibility that R-(—)-MCL could remain longer in
tion study evaluating several pesticides (Kovacova et al., 2014), my- the human body due to stereoselective metabolism could have sig-
clobutanil resisted thermal degradation during household preparation nificant impacts regarding CYP2C9, CYP2C19, and CYP3A inhibition in
of apple purée. people exposed to this pesticide. A rise in R-(—)-MCL concentration
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could lead to increasingly significant inhibitions and more severe drug-
pesticide interactions. The reported enantioselective difference in MCL
metabolism by CYP450 enzymes and the non-enantioselective CYP450
inhibition by MCL could be related to the different enzyme active sites
for metabolism and inhibition. This difference will depend on the kind
of inhibition and on the stereoselectivity; for instance, during non-
competitive inhibition, the binding sites of the substrate and the in-
hibitor are different. Therefore, the R- and the S-enantiomers could
bind to this site in the same way, while only S-MCL would bind to the
active site and be metabolized therein.

4. Conclusion

The enantioselective MCL metabolism by CYP450 enzymes present
in human liver microsomes has been evaluated for the first time; rac-
MCL and the isolated enantiomers, S-(+)-MCL and R-(—)-MCL have
been employed. The MCL enantiomers have significantly different
metabolism: human CYP450 enzymes only metabolized the S-(+)-MCL
enantiomer. The Vyax and Kyapp values obtained for the incubation of
isolated S-(+)-MCL are approximately 4.6-fold and 1.9-fold higher than
the Vyax and Kygpp values obtained for rac-MCL, respectively. The
predicted in vivo toxicokinetic parameters indicate that S-(+)-myclo-
butanil may be preferentially eliminated by the liver and may suffer the
first-pass metabolism effect. However, because CYP450 does not me-
tabolize R-(—)-myclobutanil, the latter enantiomer may reach the sys-
temic circulation, thereby remaining longer in the human body and
potentially causing toxic effects. Although there are differences in the
metabolism of myclobutanil enantiomers, in vitro inhibition studies do
not show significant enantioselective differences. The studies suggest
that myclobutanil can inhibit CYP2D6 and CYP2C9 moderately and
CYP3A and CYP2C19 strongly. These results provide useful scientific
information for myclobutanil risk assessment in humans.
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