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ABSTRACT: Propiconazole (PRO) is a chiral triazole fungicide that has been widely used for several years. However, its metabolic
characteristics and hepatotoxicity in the chiral level environment remain unclear. In this study, the stereoselective behavior of PRO
was investigated by using liver microsome incubation, cell viability assay, inhalation exposure, and molecular docking. Our results
demonstrated that the isomers trans (−)-2R,4R-PRO and cis (+)-2R,4S-PRO exhibited slower metabolic rates in rat liver
microsomes. The cytochrome P450 family 1 subfamily A polypeptide 2 enzyme was found to play a key role in the metabolism of
PRO, contributing to its stereoselective behavior. Histopathological and cell viability results showed that exposure to rac-PRO could
induce severe hepatotoxicity in mice. This effect might be related to the accumulation of cis (+)-2R,4S-PRO in the liver, which has a
slow metabolism and is highly toxic. Our findings indicate that avoiding the application of cis (+)-2R,4S-PRO in agriculture can
significantly reduce adverse effects on nontarget organisms.
KEYWORDS: propiconazole, rat liver microsomes, molecular docking, enzyme kinetics, hepatotoxicity

1. INTRODUCTION
In recent years, foodborne pollutants have received widespread
attention in environmental research. According to the World
Health Organization, approximately 600 million individuals are
facing health risks and potential fatalities associated with the
consumption of contaminated food.1 Pesticides are a series of
chemical substances that play a significant role in preventing,
alleviating, and eliminating plant diseases, insect, and weed
growth.2,3 The application of pesticides can reduce annual crop
yield losses by 30−40%, saving nearly $300 billion in economic
losses globally.4 However, the off-target effects of excessive
agricultural chemical use not only have adverse effects on flora
and fauna but also increase the risk to human health. Most
chemicals have mammalian toxicity, including carcinogenicity,
reproductive toxicity, and thyroid disruption and so on.5

Chiral pesticides had occupied an increasingly large
proportion of the global pesticide market.6 Owing to their
chiral structures, the enantiomers of these pesticides exhibit
distinct characteristics in absorption, biodegradation, and
metabolism within chiral environments.7 After inevitably
lingering on target organisms (e.g., vegetables, fruits, and
creeps) and soil surfaces during application,8 these chiral
pesticides are introduced into the organisms through multiple
exposure routes, including oral intake, skin contact, and
respiratory inhalation.9 As the most significant metabolic
organ, the liver contains a diverse array of metabolic enzymes
such as the phase I metabolic enzyme family known as
cytochromes P450 (CYPs). These enzymes facilitate the
oxidation, reduction, and hydrolysis of chiral pesticides in
the liver. This process creates a chiral environment in vivo,
leading to stereoselective metabolism and higher accumulation
of one toxic isomer or its metabolites.10−13 This leads to

hepatotoxicity and liver dysfunction, including hepatic enzyme
abnormality, necrosis of hepatocellular, jaundice, and acute
liver failure.14 Many studies using an in vitro liver microsome
incubation system, which eliminates interference from internal
factors,15 corroborated these results. For example, the half-life
of S-uniconazole (74.5 min) in rat liver microsomes (RLMs)
was nearly two times higher than that of the R-enantiomer
(38.7 min). Additionally, R-uniconazole showed stronger
binding to cytochrome CYP2D2.16 A study on the oxidative
metabolism of prothioconazole-desthio by human liver micro-
somes has demonstrated that the (+)-isomer was preferentially
metabolized.17 Additionally, (−)-1S-cis-αR-cypermethrin had a
faster metabolic rate in RLMs than (+)-1R-cis-αS-cypermeth-
rin.18 Although many studies have reported the hepatotoxicity
of chiral pesticides, these studies focused on only their
racemates. For example, cypermethrin exposure could affect
the proteasome pathway in grass carp liver cells (L8824) and
cause intoxication.19 Moreover, the exposure of mice to rac-
prothioconazole and its metabolite could induce severe hepatic
metabolism disorder and oxidative stress, and its metabolite
caused more severe adverse effects than its parent com-
pound.20 The differences in metabolism of these chiral
pesticides in the liver and the hepatotoxicity of their
enantiomers remain unclear.
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PRO (Figure 1) is a triazole fungicide that possesses two
chiral centers and four enantiomers. PRO inhibits lanosterol-
14α-demethylase, blocking fungal cell membrane synthesis and
treating diseases such as Alternaria black spot, anthracnose,
gray mold, and powdery mildew in fruits, vegetables, and
crops.21−24 The bioactivity sequence of PRO enantiomers
against the pathogen Magnaporthe oryzae was 2R,4S > 2S,4R >
Rac > 2R,4R > 2S,4S; for the pathogen Ustilaginoidea virens, the
sequence was 2R,4S > 2S,4R > 2R,4R > Rac > 2S,4S; and for
the pathogen Fusarium moniliforme, the sequence was 2R,4S >
Rac > 2S,4R > 2S,4S > 2R,4R. However, for the Thanatephorus
cucumeris and Rhizoctonia solani pathogens, the bioactivity of
trans PRO isomers is stronger than that of cis-PRO.25 Exposure
to isomers of PRO or rac-PRO could lead to severe liver
toxicity in mice and rats.26,27 The studies on the underlying
mechanism revealed that the hepatotoxicity of PRO was
related to oxidative damage to cellular proteins,28 liver
fibrosis,29 the increase of mRNA expression and enzyme
activity of CYP1A1 and CYP1A2,30 and hepatocyte hyper-
trophy.2 However, these studies have mainly focused on the
racemate of PRO. In our previous tissue distribution study in a
chiral environment, we found that PRO had the highest
accumulation levels in the liver, and its four isomers showed
distribution characteristics in the liver related to their
stereochemistry.31 Therefore, investigating the relative meta-
bolic rates and the main CYP metabolic enzyme of PRO
enantiomers in a chiral environment could help further
elucidate the causes and mechanisms of PRO hepatotoxicity.

In the current study, we first established an in vitro
incubation system using RLMs to investigate the stereo-
selective metabolic characteristics of PRO enantiomers using
the chiral liquid chromatography with the tandem mass
spectrometry (LC−MS/MS) method based on our previous
study.31 Subsequently, an enzyme kinetic assay was conducted
to evaluate the intrinsic clearance capacity of the PRO isomers

in RLMs. Moreover, to elucidate the possible mechanisms
underlying the stereoselective metabolic differences, a
molecular docking technique was employed to establish
homologous models using the five CYP450 proteins and
each PRO isomer. Subsequently, the hepatotoxicity resulting
from inhalation exposure to PRO in mice was investigated to
indirectly evaluate the potential risks to the agricultural special
working groups in vivo. Based on the hepatotoxic results, we
used a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay to identify the most toxic PRO isomer
at the chiral level causing hepatotoxicity. We innovatively
studied the stereoselective metabolic characteristics of PRO
enantiomers in the RLM system and evaluated the potential
hepatotoxicity of PRO exposure at in vivo and in vitro levels.
This study identifies the safest single enantiomer of PRO to
prevent the toxic effects of rac-PRO on nontarget organisms.
Additionally, the findings may inspire further research on
reducing the potential adverse effects of chiral pesticides on
nontarget organisms.

2. MATERIALS AND METHODS
2.1. Reagents. The rac-PRO with a purity higher than 98.0% and

isomer ratio of 2.11:2.11:2.89:2.89 (determined using Chiralpak IG)
was purchased from Aladdin (Shanghai, China). The optical isomers
of PRO with a purity higher than 99.0% were experimentally
enantioseparated by Daicel (Shanghai, China). The internal standard
(IS) of doxylamine was obtained from Aladdin. The MS-grade
acetonitrile was purchased from Fisher Scientific (Fair Lawn, NJ,
USA). The ultrapure water was obtained using a MUL-9000 water
purification system (Nanjing Zongxin Water Equipment Co., Ltd.,
China). The standard stock solutions of rac-PRO and IS (1.0 mM/L)
used for in vitro RLM incubation were dissolved in acetonitrile and
stored at 4 °C. β-Nicotinamide adenine dinucleotide phosphate
(NADPH) was purchased from Solarbio (Shanghai, China). The
phosphate-buffered saline (PBS) solution was procured from
Haoyuan (Shanghai, China). The MTT solution was obtained from

Figure 1. Chemical structures of PRO enantiomers ((a) cis (+)-2R,4S-PRO; (b) cis (−)-2S,4R-PRO; (c) trans (−)-2R,4R-PRO; d, trans (+)-2S,4S-
PRO).
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Sigma-Aldrich (St. Louis, MO, USA). The ethanol solutions of rac-
PRO, trans (−)-2R,4R-PRO, trans (+)-2S,4S-PRO, cis (+)-2R,4S-
PRO, and cis (−)-2S,4R-PRO (100 mM/L) were stored protected
from light at 4 °C. The L02 cell line (human embryonic liver cells)
and HepG2 cell line (hepatoma cells) were purchased from the
American Type Culture Collection (Manassas, VA, USA). Fetal
bovine serum and Dulbecco’s modified Eagle medium were obtained
from Gibco (Grand Island, NY, USA).
2.2. Animals. Sprague−Dawley rats (180−220 g) and Kingming

(KM) mice (18−22 g) were provided by Huafukang (Beijing, China).
The animals were housed in the specific pathogen-free laboratory with
the environmental conditions of 22 °C ± 2 °C and 12 h of alternation
of light and dark. All of the animals were free to consume food and
water. Our research complied with the principles of the Helsinki
Declaration and was approved by the Institutional Animal Care and
Use Committee of Shenyang Pharmaceutical University (SYPU-
IACUC-S2023-1227-110).
2.3. Preparation of RLMs. After euthanizing the male Sprague−

Dawley rats (180−220 g) used for RLM preparation, we dissected
their livers on ice as soon as possible. Subsequently, we weighed and
homogenized the liver tissue in an ice-cold PBS buffer (w/v, 1:10).
After centrifuging the samples for 15 min (3,000 × g, 4 °C), the
obtained supernatant was collected and centrifuged for another 30
min (12,000 × g, 4 °C). Subsequently, we continued to aspirate and
centrifuge the supernatant for 1 h (105,000 × g, 4 °C). Subsequently,
we added PBS to resuspend the liver microsomal precipitate and
diluted it to 4.0 mg/mL. After using the BCA Protein Quantification
Kit (Thermofisher, USA) to determine the protein concentrations of
RLM samples, the obtained RLM samples were stored at −80 °C
before incubation.
2.4. Metabolism of PRO Enantiomers in RLMs. We used the

substrate depletion experiments, which were conducted in the in vitro
RLM incubation system, to investigate the stereoselective metabolic
characteristics of the PRO enantiomers over time. Briefly, we
prepared a mixed reaction system of 400 μL, which included PBS
buffer (pH = 7.4), NADPH (dissolved in PBS solution, 1.0 mM/L),
MgCl2 (2.0 mM/L), RLMs (1.0 mg/mL protein concentration), and
the target compounds with a final concentration of 150 μmol/L rac-
PRO (dissolved in acetonitrile). The proportion of acetonitrile in the
RLM should be less than 1.0% (v/v). The RLM incubation system
was preincubated at 37 °C for 5 min. Subsequently, an NADPH
solution of 1.0 mM/L was added to activate the reaction. After
incubating the system for 0−120 min (0, 5, 15, 30, 45, 60, 90, and 120
min) in a concussion water bath at 37 °C, we added 1.0 mL of
precooled acetonitrile and vortexed the mixture for 1 min to stop the
reaction. After the mixture was centrifuged at 12,000 × g for 10 min
and filtered, 10 μL of the sample was analyzed using the LC−MS/MS
system. The control group without NADPH was performed in
triplicate. The metabolism of PRO isomers over time in the in vitro
incubation system followed the first-order kinetic eq 1.32 Sub-
sequently, the t1/2 values of each stereoisomer were evaluated with eq
2.33 Moreover, we used eq 3 to calculate the enantiomeric fractions
(EF).16

C C et
kt

0= (1)

t k kln2/ 0.693/1/2 = = (2)

C C C

C C C

EF /( )andEF

/( )

R R R R S S

R S R S S R

trans 2 ,4 2 ,4 2 ,4 cis

2 ,4 2 ,4 2 ,4

= +

= + (3)

where C0 represents the concentration (μmol/L) at time 0 (min), and
Ct represents the concentration (μmol/L) at time t (min). The value
of k represented the rate constant of the metabolism reaction, and the
value of t1/2 represented the half-life time (min). The C(isomer) was the
concentration of each specified enantiomer. The EFtran and EFcis
represented the EF of trans- and cis-PRO, respectively.
2.5. Enzyme Kinetic Assay of PRO Enantiomers. In the

present study, a series of concentrations of each PRO isomer ranging
from 5.0 to 250.0 μmol/L were constructed according to the above-

mentioned incubation system for the enzyme kinetic test. The
incubation procedures were the same as those in Section 2.4, with the
incubation time set to 30 min. Subsequently, vital parameters of PRO
enantiomers were obtained by using the Michaelis−Menten equation.
The values of V and Km were calculated with eq 4,34 and the CLint was
evaluated with eq 5.35

V V S K S/( )max m= × + (4)

V KCL /int max m= (5)

The parameters of V, Vmax, S, Km, and CLint represent the
metabolism rate, maximum metabolism velocity, substrate concen-
tration, Michaelis constant, and intrinsic metabolic clearance,
respectively. The nonlinear regression curves of substrate concen-
tration versus reaction velocity were simulated using the Michaelis−
Menten equation in Origin 8.0 software.
2.6. Molecular Docking Study. Herein, homology modeling and

molecular docking were used to elucidate the reasons why different
PRO isomers exhibited different metabolic rates in the RLMs. The
P450 enzymes are the most significant enzyme system and are
responsible for the metabolism of exogenous and endogenous
chemicals. Therefore, according to the crystal structures of human
liver microsomes, we selected five major P450 enzymes in the liver
(CYP1A2, CYP2C11, CYP2E1, CYP3A1, and CYP2D6) to
investigate the interactions between PRO isomers and enzymes.
The crystal structures of human CYP1A2 (PDB ID: 2HI4), CYP2C11
(PDB ID: 1R9O), CYP2D6 (PDB ID: 4WNV), CYP2E1 (PDB ID:
3E4E), and CYP3A1 (PDB ID: 4NY4) were obtained from the
protein data bank (http://www.rcsb.org/pdb/home/home.do). For
CYP homology modeling, the Modeler 9.11 software was used to
construct the crystal structures of rats based on sequence alignment.
We used Prime software to optimize the constructed crystal structures
before molecular docking. Thereafter, the AutoDock software
originated from the MGL Tools 1.5.6 package and was selected to
conduct molecular docking between each PRO isomer and target
CYP enzyme. The figures of these ligand sites were acquired from
PyMol (DeLano Scientific, Palo Alto, CA, USA). The binding energy
between the PRO isomer and the subjected receptor was calculated,
and the software package Gaussian 09W was used to minimize the
energy. Subsequently, the PRO isomers were docked to the CYP
binding sites separately, and the conformer with the lowest energy was
selected as the most likely bioactive conformer.34

2.7. Toxicological study. We randomly divided the 40 KM mice
(half male and half female) into four groups: the control group and
three rac-PRO exposure groups (121.5, 243.0, and 486.0 mg/kg). We
placed the mice into the atomization instrument, which includes an
atomizer and a sealed box to inhale rac-PRO, to simulate the peasant’s
exposure to PRO during the process of agricultural spray. The
inhalation dosages of rac-PRO were calculated according to the
median lethal dose of rat inhalation exposure (5,800 mg/m3/4 h),
mouse and rat dosage conversion coefficient, and sealed atomizing
box volume. After inhalation with rac-PRO for 14 days, blood was
collected through the retinal venous plexus. Subsequently, the mice
were euthanized, and the livers of the mice were dissected for further
studies.
2.8. Histopathological Examination. After fixing it with a 10%

formalin solution for 24 h, the liver tissue was dehydrated using an
automatic tissue processor (Taikang, China). Subsequently, the tissue
was embedded into the paraffin and was sectioned into 4 μm-thick
sections using the semiautomatic rotary microtome (Leica, Germany).
We stretched out to prepare these sections on histological slides and
dried them overnight. After staining sections with the hematoxylin−
eosin stain, we observed the pathohistological changes of liver cells
using the Nikon DS-Ri2 light microscope (Nikon, Japan) under 200×
magnification.
2.9. Enzyme-Linked Immunosorbent Assay Assessment of

the Biochemistry Indexes. The levels of glutamic−pyruvic
transaminase, glutamic oxaloacetic transaminase, uric acid, and total
bile acid in the serum of mice were examined using the enzyme-linked
immunosorbent assay kit (MEIMIAN Co., Ltd., China). Briefly, after
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10 μL of the blood serum was added to 40 μL of the sample diluent,
the mixture was placed in a 96-well plate and gently vortexed for 1
min. Subsequently, the mixture was incubated with 100 μL of
horseradish peroxidase-conjugated reagent at 37 °C for 60 min. After
aspiration and discarding of the supernatant, the plate was air-dried
naturally. Subsequently, we washed the plate five times and air-dried
it, and the chromogen solution was added to the plate and incubated

in the dark for 15 min. Finally, the stock solution was added to stop
the reaction, and a microplate reader (Biorad, USA) was used to
determine the absorbance of the reaction mixture at 492 nm.
2.10. Cell Culture. The Dulbecco’s modified Eagle medium was

used to incubate the hepatoma cell line HepG2, rat primary
hepatocytes, and human embryonic liver L02 cell line. Moreover,
10% heat-inactivated fetal bovine serum, 1% penicillin/streptomycin,

Figure 2. Representative chromatograms of PRO enantiomers and IS in blank RLM samples (A&B), blank RLM samples spiked at LLOQ level of
0.05 μmol/L rac-PRO (C&D), and actual RLM samples and IS with the incubated concentration of 150 μmol/L at 120 min (E&F).

Table 1. Precision and Accuracy for the Developed Chiral LC-MS/MS Method in RLM Matrix

intraday(n = 6) interday(n = 18)

analytes
nominal concentration
(μM/L)

calculated concentration
(μM/L)

RE
(%)

RSD
(%)

calculated concentration
(μM/L)

RE
(%)

RSD
(%)

trans (−)-2R,4R-PRO 0.011 0.010 ± 0.001 −9.1 10.0 0.010 ± 0.001 −9.1 10.0
0.84 0.90 ± 0.06 7.1 6.7 0.91 ± 0.08 8.3 8.8
8.4 8.9 ± 0.4 6.0 4.5 9.0 ± 0.5 7.1 5.5

16.9 15.9 ± 0.9 −5.9 5.7 16.1 ± 0.8 −4.7 5.0
trans (+)-2S,4S-PRO 0.011 0.010 ± 0.001 −9.1 10.0 0.010 ± 0.001 −9.1 10.0

0.84 0.90 ± 0.06 7.1 6.7 0.91 ± 0.08 8.3 8.8
8.4 8.8 ± 0.5 4.8 5.7 9.0 ± 0.6 7.1 6.7

16.9 15.9 ± 0.9 −5.9 5.7 16.1 ± 0.7 −4.7 4.3
cis (+)-2R,4S-PRO 0.014 0.013 ± 0.001 −7.1 7.7 0.013 ± 0.001 −7.1 7.7

1.16 1.20 ± 0.07 3.4 5.8 1.24 ± 0.06 6.9 4.8
11.6 11.9 ± 0.8 2.6 6.7 11.9 ± 0.6 2.6 5.0
23.1 21.9 ± 1.4 −5.2 6.4 22.7 ± 0.9 −1.7 4.0

cis (−)-2S,4R-PRO 0.014 0.0130 ± 0.001 −7.1 7.7 0.013 ± 0.001 −7.1 7.7
1.16 1.21 ± 0.07 4.3 5.8 1.23 ± 0.05 6.0 4.1

11.6 12.1 ± 0.8 4.3 6.6 11.9 ± 0.6 2.6 5.0
23.1 21.6 ± 1.3 −6.5 6.0 22.4 ± 0.8 −3.0 3.6
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and 1 mmol/L L-glutamine were added to the culture medium to
maintain the in vitro culture. Cells were seeded in the 60 cm2 culture
dishes and cultured in the incubator, which was filled with 5% CO2,
and the temperature was set at 37 °C in a humidified condition.
2.11. Cytotoxicity Examination. The cell viability was

determined by using the modified MTT assay to evaluate the
cytotoxic effects of rac-PRO and its four enantiomers. Briefly, the cells
that were in the logarithmic growth phase were adjusted to a density
of 8.0 × 104 cells/mL, seeded on 96-well plates, and incubated for 24
h. Subsequently, the cells were incubated with vehicle (0.1% ethanol)
or different concentrations of rac-PRO, trans (−)-2R,4R-PRO, trans
(+)-2S,4S-PRO, cis (+)-2R,4S-PRO, and cis (−)-2S,4R-PRO (0.01,
0.05, 0.1, 0.2, and 0.5 mmol/L) for 72 h. To examine the cytotoxic
effect of celecoxib, the cells were incubated with different
concentrations of celecoxib (10, 20, 50, and 100 μmol/L) for 72 h.
Subsequently, the MTT solution (2.5 mg/mL, 10 μL) was added to
each well and incubated for 3−4 h. The culture medium was
aspirated, and the resulting solution was discarded. Subsequently, 100
μL of dimethyl sulfoxide was added to each well, and the well was
gently vibrated for 10 min. The microplate reader (Biorad) was used
to determine the absorbance of the reaction mixture at 492 nm.
2.12. Combination Cytotoxic Effect of PRO Enantiomers

and Celecoxib. To further certify the role of the CYP1A2 enzyme in
the metabolism of PRO, we used celecoxib, the inhibitor of the
CYP1A2 enzyme, to examine whether the inhibition effect of
celecoxib CYP1A2 could lead to the metabolic disorder of PRO,
resulting in an accumulation of PRO in cells. This increased the
cytotoxicity of PRO on the human hepatic L02 cell line. Therefore,
we used the MTT assay to examine the synergistic effect of celecoxib
and PRO. Briefly, the cells that were in the logarithmic growth phase
were adjusted to the density of 8.0 × 104 cells/mL, seeded on the 96-
well plates, and incubated for 24 h. After different concentrations of
celecoxib (10, 20, 50, and 100 μmol/L) were added and incubated for
24 h, 100 μmol/L of the enantiomer of PRO was added and
incubated for 48 h. Subsequently, we used the MTT assay to examine
the cell viability.
2.13. Data Analysis. All data are expressed as the mean ±

standard error. Subsequently, a one-way analysis of variance followed

by Dunnett’s t;test (SPSS 22.0, USA) was used to compare the
significant differences between groups. The probability value of p <
0.05 was significant.

3. RESULTS AND DISCUSSION
3.1. Chiral Separation and Method Validation. We

separated the enantiomers of PRO based on our previously

Figure 3. Substrate concentrations of PRO enantiomers in the RLM incubation system (A,B) and the corresponding EF values (C,D).

Table 2. First-Order Kinetic Constants (k), Half-Lives
(t1/2), and Correlation Coefficients (R2) of PRO
Enantiomers in the In Vitro RLM Incubation System (n = 3)

enantiomers k (min−1) t1/2 (min) R2

trans (−)-2R,4R-PRO 0.0119 ± 0.0005 58.24 ± 2.22 0.9469
trans (+)-2S,4S-PRO 0.0207 ± 0.0010 33.48 ± 1.60 0.9840
cis (+)-2R,4S-PRO 0.0151 ± 0.0011 45.89 ± 3.19 0.9709
cis (−)-2S,4R-PRO 0.0222 ± 0.0013 31.22 ± 1.72 0.9733

Table 3. Metabolic Kinetic Parameters of PRO Enantiomers
in the In Vitro RLM Incubation (n = 3)

enantiomers

Vmax (μM
mgprotein−1

min−1) Km (μM)

CLint (mL
mgprotein−1

min−1) R2

trans
(−)-2R,4R-
PRO

1.53 ± 0.31 80.61 ± 21.83 18.98 0.9507

trans
(+)-2S,4S-
PRO

3.55 ± 1.06 154.00 ± 32.3 23.05 0.9763

cis
(+)-2R,4S-
PRO

1.87 ± 0.46 98.57 ± 29.11 18.97 0.9228

cis
(−)-2S,4R-
PRO

4.51 ± 1.19 172.39 ± 28.96 26.16 0.8559
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established chiral LC−MS/MS method. The typical chromato-
grams are shown in Figure 2. Additionally, we fully validated
the chiral separation method using LC−MS/MS to determine
the concentrations of PRO enantiomers in the RLM matrix to
ensure its precision and accuracy. There are no endogenous
interference peaks around the retention time of PRO
enantiomers and IS in the blank RLM samples, which indicates
its excellent specificity (Figure 2). The matrix standard curves
for rac-PRO with a concentration ranging of 2.5 to 100.0
μmol/L were established by adding a series of working
solutions to boiled RLMs blank samples, and greater linearity
with R2 higher than 0.99 was observed (Tables S1 and S2).
The lower limit of quantitation of rac-PRO in RLMs was 0.05
μmol/L. The accuracy and precision of the developed method
at three QC levels were validated, and the results are shown in
Table 1. All these results suggested that our developed method
for determining PRO enantiomers was accurate and reprodu-
cible.
3.2. Stereoselective Metabolism of PRO Enantiomers

in RLMs. NADPH is a significant coenzyme for CYP 450
monooxygenases. Therefore, in the current study, we used the
RLM in vitro incubation system with or without NADPH to
evaluate the stereoselective metabolism of the PRO
enantiomers. The results (Figure 3 and Table 2) indicated
that the addition of NADPH could activate the metabolism of
PRO enantiomers, but the substrate concentration of the
inactivated group did not decrease, which indicated that the
energy provided by NADPH was required in the metabolic
process of PRO enantiomers. As shown in Figure 3A,B, the
results revealed the metabolic curves of trans (−)-2R,4R-PRO,
trans (+)-2S,4S-PRO, cis (+)-2R,4S-PRO, and cis (−)-2S,4R-
PRO from time 0 to 120 min at the substrate concentration of
150 μmol/L. Our results indicated that the substrate
concentrations of trans (−)-2R,4R-PRO and cis (+)-2R,4S-
PRO were 0.99−3.91 and 0.99−3.41 times higher than those
of the other two isomers, respectively. This could lead to the
relative accumulation of trans (−)-2R,4R-PRO, and cis
(+)-2R,4S-PRO in the liver and cause potential hepatotoxicity.

This finding was completely consistent with our previous
conclusion that the tissue distribution concentrations of trans
(−)-2R,4R-PRO and cis (+)-2R,4S-PRO in the mouse liver
were higher than those of trans (+)-2S,4S-PRO and cis
(−)-2S,4R-PRO.31 Therefore, further investigation and
comparison of whether different PRO isomers can induce
different hepatotoxic effects are of great significance. Moreover,
the data in Table 1 proved that the metabolic rate of each
isomer in RLMs followed the first-order kinetics with R2 higher
than 0.9469. Significant differences of half-lives (p < 0.05) were
found between trans (−)-2R,4R-PRO and trans (+)-2S,4S-
PRO and between cis (+)-2R,4S-PRO and cis (−)-2S,4R-PRO.
The t1/2 values of trans-PRO and cis-PRO ranged from 33.48 to
58.24 min and from 31.22 to 45.89 min, respectively. The EF
values of the trans- and cis-forms gradually increased from 0.50
to 0.80 (Figure 3C,D), which indicated that the PRO
enantiomers showed stereoselective metabolism characteristics
in RLMs. The literature has shown that the phase I enzymes of
the CYP family were related to the metabolisms of endogenous
and exogenous chemicals. Therefore, CYP2E1, CYP3A4, and
CYP1A2, as the main enzymes of CYPs, might be associated
with the stereoselective metabolism of PRO enantiomers
owing to the enantiospecific binding effects of PRO isomers to
the spatial configuration of chiral proteins.36,37 Therefore,
molecular docking techniques should be used to further
explore and elucidate the detailed stereoselective metabolic
mechanism of rac-PRO in the RLM incubation system.
3.3. Stereoselective Enzyme Kinetic Assay of PRO

Enantiomers in RLMs. To evaluate the enantioselective
metabolic characteristics of PRO in RLMs, a substrate
consumption experiment was designed to reveal the metabolic
kinetics. The representative kinetic parameters of PRO
enantiomers, including Vmax, Km, R2, and CLint, are summarized
in Table 3. In Figure 4A−D, the regression profiles of
metabolic reaction rate versus substrate concentration of each
isomer were exhibited. For trans-forms, the Vmax and CLint of
trans (+)-2S,4S-PRO were 2.32 and 1.21 times higher than
those of trans (−)-2R,4R-PRO, respectively, which indicated

Figure 4. Michaelis−Menten kinetic assay of PRO enantiomers in the in vitro RLM incubation.
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that the metabolic rate and elimination capability of isomer
trans (+)-2S,4S-PRO were faster. Moreover, the Km of trans
(+)-2S,4S-PRO was 1.91-fold higher than that of its opposite
enantiomer. Additionally, the higher Km value and the stronger
affinity between chiral compounds and proteins may lead to
prior metabolism. The cis-form values of Vmax, CLint, and Km of
cis (−)-2S,4R-PRO were 2.41, 1.38, and 1.75 times higher than
those of cis (+)-2R,4S-PRO, respectively. These results
suggested that the isomers of trans (−)-2R,4R-PRO and cis

(+)-2R,4S-PRO represent potential risks to human health and
environmental ecology, owing to their slower metabolic rates.
3.4. Molecular Docking between CYP Enzymes and

PRO Enantiomers. CytochromeP450 enzymes, as a category
of monooxygenase that can catalyze the metabolism of
chemicals, mainly exist in the endoplasmic reticulum of the
liver and intestinal cells. The P450 enzymes could oxidize
exogenous substances by transferring electrons from iron ions
in the heme, thereby improving their water solubility.32

Figure 5. Stereoisomer-specific binding modes of PRO enantiomers with CYP1A2, CYP2C11, CYP2E1, CYP3A1, and CYP2D6 enzymes.
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However, the “6 Å rule” was commonly followed, which means
that if the binding distance between each isomer and heme Fe
is within 6 Å, the P450 enzymes could be effectively
responsible for drug metabolism.38,39 In Figure 5, the detailed
binding distances are shown between the N-atom in the
triazole ring of PRO and the Fe ion in five typical P450
enzymes. We calculated the binding energies of four PRO
isomers with the targeted P450 enzymes, as shown in Table 4.
In the metabolism of CYP2C11 and CYP2D6, the binding
distances between the N-atom and the heme Fe were longer
than 6 Å, suggesting that the isomers of PRO were not mainly
metabolized by them. For the trans-form, the binding distance
and energy of trans (+)-2S,4S-PRO with CYP1A2 and
CYP3A1 enzymes were shorter and weaker than those of
trans (−)-2R,4R-PRO. Our results showed that the binding
distances and energies of trans (−)-2R,4R-PRO and trans
(+)-2S,4S-PRO with CYP1A2 were 8 and 5.4 Å and −7.6 and
−8.0 kcal/mol, respectively. With CYP3A1, the distances and
energies of trans (−)-2R,4R-PRO and trans (+)-2S,4S-PRO
were 10.5 and 5.0 Å and −8.1 and −8.3 kcal/mol, respectively.
Our results indicated that the metabolism of trans (+)-2S,4S-
PRO by CYP1A2 and CYP3A1 could be easier than that for
trans (−)-2R,4R-PRO, which was completely consistent with
our results of the RLM in vitro incubation. For cis-isomers, the
faster metabolic rate of cis (−)-2S,4R-PRO was observed in the
metabolism by CYP1A2. Therefore, in combination with the in

vitro and in vivo results, the CYP1A2 enzyme was considered
the main metabolic enzyme of PRO.
3.5. Inhibitor of the CYP1A2 Enzyme Could Intensify

the Cytotoxic Effect of PRO. To confirm the key role of the
CYP1A2 enzyme in the metabolism of PRO, celecoxib, the
inhibitor of the CYP1A2 enzyme,40 was used to examine
whether inhibition of the CYP1A2 enzyme could lead to an
accumulation of PRO in the hepatic cells, resulting in
synergistic cytotoxic effects on the hepatic cells. Therefore,
we first used the MTT assay to examine the cytotoxicity of
celecoxib (Figure 6A). Subsequently, at the concentrations of
celecoxib that do not affect the cell viability, we examined the
synergistic effect of celecoxib on the cytotoxicity of cis
(+)-2R,4S-PRO, which is the most toxic enantiomer of PRO,
in human hepatic cell line L02. As shown in our results,
although 100 μmol/L celecoxib could not affect the viability of
L02 cells (Figure 8A), different concentrations of celecoxib
exacerbated the cytotoxicity of cis (+)-2R,4S-PRO to L02 cells
in a concentration-dependent manner (Figure 6B). This result
certified that the CYP1A2 enzyme might play a key role in the
metabolism of PRO in hepatic cells.
3.6. Hepatotoxicity of PRO. In our previous study, we

found that the liver accumulated the highest concentration of
PRO among the organs of the mice (the brain, heart, liver,
lung, and kidney) and PRO showed stereoselective cytotoxic
effects on the neuronal and pulmonary cells. Therefore, it is
essential to investigate whether inhalation exposure to PRO
could lead to hepatotoxicity and affect the biological functions
of the liver in mice. To simulate peasant’s exposure to PRO
during agricultural spray, inhalation exposure of mice to rac-
PRO was conducted to investigate the hepatotoxicity of PRO
owing to the limited amount of pure PRO enantiomers
obtained. Results in Figure 7A−D reveal that the inhalation
administration of rac-PRO for 14 days significantly increased
glutamic oxaloacetic transaminase and uric acid levels in mice
serum. Moreover, rac-PRO inhalation exposure significantly
decreased the total bile acid level in the serum. Additionally,

Table 4. Binding Energy of PRO Enantiomers with P450
Enzymes

binding energy (kcal/mol)

enantiomers CYP1A2 CYP2C11 CYP2D6 CYP2E1 CYP3A1

trans (−)-2R,4R-
PRO

−7.6 −5.8 −6.4 −6.4 −8.1

trans (+)-2S,4S-
PRO

−8.0 −5.2 −6.2 −6.8 −8.3

cis (+)-2R,4S-PRO −6.8 −6.0 −6.2 −8.4 −7.0
cis (−)-2S,4R-PRO −7.2 −6.2 −6.0 −7.0 −6.8

Figure 6. CYP1A2 enzyme inhibitor could exacerbate the cytotoxicity of PRO. (A) The cytotoxic effect of celecoxib on the L02 cell line and (B)
synergistic cytotoxic effect of celecoxib and cis (+)-2R,4S-PRO on the L02 cell line. Data are represented as mean ± SEM of three independent
experiments. The significant difference is shown as ***p < 0.001 vs control; #p < 0.05 vs cis (+)-2R,4S-PRO.
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the hematoxylin−eosin staining results of the liver showed that
rac-PRO exposure caused pathological changes in the liver,
including balloon-like degeneration of liver cells and
inflammatory cell infiltration (Figure 7E). All of these results
suggested that rac-PRO caused hepatotoxicity, and its exposure
resulted in liver dysfunction in mice.

3.7. Stereoselective Cytotoxic Effect of PRO on
Hepatic Cells. Because our previous study showed that
PRO enantiomers exhibited significant stereoselective distri-
bution and metabolic characteristics in the liver, it is necessary
to evaluate the stereoselective cytotoxic effects of rac-PRO and
its stereoisomers on hepatic cells to identify the PRO
stereoisomer with the strongest hepatotoxicity. Therefore, we

Figure 7. Hepatotoxicity of PRO in mice exposed to rac-PRO. PRO significantly affects the liver function of mice, including ALT (A), AST (B),
TBA (C), and UA (D). All data are shown as mean ± SEM, n = 10. The significant difference is shown as *p < 0.05, ** p < 0.01 vs control.
Representative images showing histological changes in hepatocytes (E).
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selected hepatic cells to conduct the MTT assay, including the
L02 cell line, HepG2 cell line, and rat primary hepatocytes.
The exposure concentration range was selected as 0.01−0.5
mmol/L according to our previous study.31 After exposure to
rac-PRO and its enantiomers for 72 h, compared with rac-
PRO, cis (−)-2S,4R-PRO showed a lower hepatotoxic effect in
primary hepatocytes and L02 cell lines. In HepG2 cell lines,
the hepatotoxic effect by cis (−)-2S,4R-PRO exposure was
lower than that by cis (+)-2R,4S-PRO. The viability of cis
(−)-2S,4R-PRO-treated cells was significantly higher than that
of other isomers and rac-PRO. However, cis (+)-2R,4S-PRO
showed the most significant hepatotoxic effects among the four
enantiomers of PRO in the three hepatic cell lines (Figure 8A−
C). Since cis (+)-2R,4S-PRO was the isomer that accumulated
the most in the liver, our results indicated that the
hepatotoxicity of PRO inhalation exposure might be induced
by the accumulation of the most hepatotoxic isomer of cis
(+)-2R,4S-PRO. In summary, our study not only lays a
foundation for developing the single configuration of PRO
with a safer ecological balance but also provides inspiration for
future scientific research on chiral pesticides.
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