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ARTICLE INFO ABSTRACT

Editor: Henner Hollert Tolfenpyrad (TFP) is an extensively used pesticide that inevitably leads to human exposure to both TFP and its
transformation product residues. However, the biotransformation of TFP in humans has not been elucidated, and

Keywords: the toxicity of TFP along with its biotransformation products remains largely unknown. In this study, the

Risk assessment biotransformation process of TFP was investigated using human liver microsomes and human hepatic cells.

Human l,lver microsome Endogenous metabolic changes in the cells were studied to investigate the hepatocytotoxicity of TFP at envi-

Metabolism . . .

Cytotoxicity ronmentally relevant concentrations. Fourteen phase I biotransformation products and four phase II TFP prod-

ucts were characterized, among which twelve products were identified for the first time. The oxidative product
tolfenpyrad-benzoic acid (PT-CA) was particularly abundant and stable. Further hepatotoxicity assessments and
metabolic studies demonstrated comparable metabolic profiles for TFP and PT-CA in HepG2 cells, with both
significantly disrupting purine and glutathione metabolism. These processes are closely associated with oxidative

Mitochondria damage
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stress, mitochondrial damage, and cell death. Our results provide novel perspectives on the biotransformation,
metabolism, and hepatotoxicity of TFP, thereby highlighting the non-negligible toxicity of its crucial biotrans-
formation product PT-CA in environmental risk assessments.

1. Introduction

Pesticides are ubiquitous environmental pollutants with ecotoxic
characteristics, and they have the potential to cause adverse effects on
water quality, biodiversity, and human health (Tang et al., 2021). Tol-
fenpyrad (TFP), a globally used pyrazole insecticide (Chen et al., 2024;
JMPR, 2013; Report, 2004), is valued for its high efficiency, broad
spectrum, and low infusion factor during tea brewing (Bai et al., 2021;
Wei et al., 2017), and it is particularly effective against pests resistant to
organophosphates and carbamates (Hikiji et al., 2013; Imada, 2010).
However, the proliferation of TFP has led to abundant pesticide residues
in the environment (Yu, 2016; Yuan et al., 2017), such as the soil, water,
and plants, resulting in ecotoxicity and human exposure risks (Chi et al.,
2023; M. Dong et al., 2018; Lan et al., 2022; X. Wang et al., 2022; Wang
et al., 2023). For example, TFP residues of 1.0-51.8 mg/kg and 0.4-3.6
mg/kg have been found in green tea and citrus, respectively, with the
highest detectable rate and hazard quotient among commonly used
pesticides (M. Dong et al., 2018; T. Lin et al., 2022; X. Wu et al., 2023).
The dissipation and migration of TFP from field to food result in envi-
ronmental contamination and potential harm to humans and nontarget
organisms, including beneficial insects and economic insects (Q. Wang
et al., 2022; Zhang et al., 2022). Aquatic organisms are particularly
vulnerable to TFP, with acute and chronic toxicity occurring in various
species at extremely low concentrations (Guo et al., 2024; US, 2021).
Although cases of fatal TFP poisoning in humans have been reported
(Yamaguchi et al., 2012), the toxicity of TFP to humans has not been
further investigated.

Biotransformation is a process catalyzed by a set of enzymes, and it
plays a crucial role in mediating the toxicity of xenobiotics (Wu et al.,
2021). The liver, which contains the most complete metabolic enzymes,
is the major site of xenobiotic biotransformation and is a common target
organ for xenobiotic-induced toxicity (Ban et al., 2023). Typically, by
converting xenobiotics to transformed products with altered physico-
chemical properties, bioavailability, and biological effects, their toxic
effects are reduced, and their excretion from the body is facilitated.
However, in some cases, biotransformation can result in the formation of
products with similar or more toxic effects, causing greater harm to the
body. TFP undergoes extensive biotransformation in plants and animals,
rapidly metabolizing in the livers of animals (JMPR, 2013). After a
single or 14 daily orally administered to rats, over half of TFP reaches
the liver and approximately 90 % of TFP are transformed to PT-CA in
plasma, liver and kidney. According to the Joint Meeting on Pesticide
Residues evaluation report, TFP is easily biotransformed to tolfenpyrad-
benzoic acid (PT-CA), OH-PT-CA, and OH-PT in goats, hens, and rats.
Additional reported biotransformation products of TFP in different
matrices are shown in the Supporting information (Table S1) (Chen
et al.,, 2024; JMPR, 2013; Wang et al., 2023; Z. Wang et al., 2022;
Yamaguchi et al., 2012). In addition, PT-CA and OH-PT, with physio-
logical activities similar to TFP, exhibit stronger acute oral toxicity than
their parent TFP in rats (Verger and Boobis, 2013). However, discrep-
ancies may exist in the biotransformation between animal models and
humans, and the toxicity elicited by the biotransformation products of
TFP remain largely unknown in humans.

Metabolomics coupled with high-resolution mass spectrometry
(HRMS) is an efficient tool for the comprehensive analysis of small-
molecule endogenous metabolites in biological systems (Guo et al.,
2023; S. Lin et al., 2022). Cumulative metabolic changes in response to
xenobiotics can serve as indicators of physiological state, with metab-
olites acting as phenotype modulators, revealing the response pathways
that can result in toxicity (Zhang et al., 2020). This approach allows the

evaluation of toxicity mechanisms, enabling the identification of po-
tential endogenous biomarkers. Additionally, advancements in HRMS
have facilitated the identification and structural characterization of
xenobiotic biotransformation products (Lombard-Banek et al., 2021;
Xiao et al., 2020). These two approaches utilize many similar instru-
mental and informatics techniques, both aimed at identifying and
characterizing multiple small molecules related to biological systems.
Therefore, to gain a comprehensive understanding of the hepatoxicity of
TFP, it is essential and feasible to focus on analyzing both xenobiotic
biotransformation products and endogenous metabolites while
exploring the connections.

In this study, we employed ultra-high-performance liquid chroma-
tography (UHPLC) coupled with HRMS to characterize TFP-induced
biotransformation products in human liver microsomes (HLMs) and
human liver cells and applied HRMS-based nontargeted metabolomics
to analyze endogenous metabolic changes in cells. HLMs, known for
their enrichment in cytochrome P450 (CYP) and flavin monooxygenase
(FMO), are widely utilized in in vitro xenobiotic metabolism studies
(Christia et al., 2022; Luo et al., 2022). HepG2 cells are characterized by
their unlimited life span, stable phenotype, and high availability. And
HepG2 cells contain biotransformation enzymes homologous to primary
human hepatocytes, rendering them an ideal cell line for in vitro
metabolism and hepatotoxicity studies (Kiseleva et al., 2023; Y. Wang
et al., 2022). Multiple biotransformation products and pathways of TFP
were elucidated, some of which were characterized for the first time. In
silico toxicity prediction and cell viability assays were performed to
primarily assess the hepatic cytotoxicity of TFP and its products.
Furthermore, the endogenous metabolic responses induced by TFP and
its representative oxidative products, PT-CA, were analyzed and
compared in HepG2 cells. By integrating xenobiotic biotransformation
and endogenous metabolic analysis, this study provides new insights
into the hepatotoxicity of TFP and is expected to guide more in-depth
studies on the metabolism and toxic effects of TFP and its biotransfor-
mation products in humans.

2. Materials and methods
2.1. HLMs and chemicals

The IPHASE I Metabolic Stability Research Kit (IPHASE Bioscience
Co., Ltd., Beijing, China), comprised HLMs (protein concentration 20
mg/mL), a NADPH regeneration system, and phosphate buffer (0.1 M,
pH 7.4). The kit, tailored to specific requirements, was stored at -80 °C.
The microsomes cytochrome P450 panel included CYP1A2, CYP2A6,
CYP2B6, CYP2C8, CYP2C19, CYP2C9, CYP2D6, CYP2E1, CYP3A4/5,
and CYP4A11, verified by Sekisui XenoTech. TFP (99.5 % purity) was
procured from Alta Scientific (Tianjin, China), while PT-CA (96.6 %
purity) was obtained from Dr. Ehenstorfer (Augsburg, Germany). The
OH-PT, PT-OH, DS-PT, OH-PT-CHO, DS-PT-OH, OH-PT-OH, and DS-PT-
CHO standards were synthesized by Pharmaron Beijing Co., Ltd. (Bei-
jing, China), and the purity of all standards was above 98 %. Formic acid
and ammonium formate were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dimethyl sulfoxide (DMSO) and HPLC/MS-grade solvents
were obtained from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. HLM incubation experiments

Time-course assessments were performed in parallel in triplicate
under the optimized experimental conditions, according to the in-
structions for the IPHASE I Metabolic Stability Research Kit. Briefly, a
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NADPH regeneration system, 0.1 M phosphate buffer, TFP, and liver
microsomes were sequentially added into an incubation mixture, fol-
lowed by 0-3 h incubation at 37 °C in a shaking water bath. An equal
volume of ice-cold methanol was added to each sample to terminate the
reaction. TFP in DMSO solution was added with final detection con-
centrations of 0.1, 0.5, 1, 5, 10 pM. Compound Discoverer 3.3 (Thermo
Fisher Scientific, Waltham, MA, USA) was used for the identification of
biotransformation products. Liquid chromatography was adopted for
the determination of biotransformation products using an ACQUITY
UPLC HSS T3 column (2.1 x 100 mm, 1.8 pm; Waters Corporation,
Milford, MA, USA). The mobile phase consisted of (A) water with 0.1 %
formic acid and 1 mM ammonium formate for the aqueous phase and (B)
acetonitrile with 0.1 % formic acid for the organic phase. Other chro-
matographic and mass conditions are listed in Table S2.

2.3. Cell culture and TFP exposure

The HepG2 cells were obtained from Meisen Cell Technology Co.,
Ltd. (CTCC-001-0014; Zhejiang, China). HepG2 cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA), supplemented with 10 % fetal bovine serum (FND500, Excell,
Australia) and 1 % penicillin-streptomycin (Macgene, Beijing, China),
and maintained in a humidified incubator set at 37 °C with a gas mixture
containing 5 % CO,. HepG2 cells (8 x 10%/well) in 8 mL of complete
medium were seeded into 10-cm dishes for 24 h of attachment. The cells
were exposed in triplicate to TFP at 0.1, 0.5, 1, 5, 10 pM for 0-48 h in
complete medium solutions. To avoid DMSO’s impact on cell viability,
the final concentration of DMSO in the TFP medium solution did not
exceed 0.1 %. Post-exposure, the media were transferred into 15 mL
centrifuge tubes and stored at —80 °C until processed. The cells were
harvested (density: 1 x 107 cells/well) after phosphate-buffered saline
(PBS) washing and trypsin digestion and centrifuged at 300 xg for 3 min
at 25 °C. The fixed number of cells was resuspended with 100 pL
acetonitrile/methanol/water (v/v/v, 2:2:1) and then disrupted by three
freeze—thaw cycles using liquid nitrogen and centrifuged at 21,130 xg
(5 min, 4 °C). Next, the supernatants were collected and subsequently
maintained at -80 °C until further analysis. Simultaneously, control
groups included dishes with 5 pM TFP complete medium solution
without cells and cells exposed to 0.1 % DMSO complete medium so-
lution. No TFP transformation products were observed in control
experiments.

2.4. Extraction of TFP biotransformation products from the medium

To extract the extracellular TFP biotransformation products, the
culture medium from each dish was transferred to a microcentrifuge
tube and centrifuged at 21,130 xg for 5 min at 4 °C. The supernatant (1
mL) was diluted with 4 mL of water and subjected to a cleanup pro-
cedure through solid-phase extraction. 3 mL of each sample was passed
through Oasis® HLB cartridges (3 cc, 60 mg; Waters, Milford, MA, USA)
pre-conditioned sequentially with 3 mL of methanol and 3 mL of water.
The cartridges were then washed with 3 mL water to remove salts, dried
under a vacuum, and the target compounds were eluted with 3 mL
methanol. The 500 pL elution was dried under a nitrogen stream and re-
dissolved in 100 pL of acetonitrile: water (v/v, 1:1). The final extraction
was centrifuged (21,1300 xg, 5 min, 4 °C) before UHPLC-MS/MS
analysis. The exposure medium (1 mL) was spiked with 1 pg/mL tebu-
fenpyrad (N-[(4-tert-butylphenyl) methyl]-4-chloro-5-ethyl-2-
methylpyrazole-3-carboxamide, CAS 119168-77-3, purity at 99.9 %,
200 ng), a structural analog of TFP, as the surrogate recovery standard
prior to dilution.

2.5. Toxicity predictions with ADMETlab 2.0

Structures of TFP and its biotransformation products were generated
in the SMILE file format using ChemDraw (PerkinElmer, Waltham, MA)
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and uploaded to the ADMETlab 2.0 online platform (https://admetmesh
.scbdd.com/). The toxicity endpoints of TFP and its products were pre-
dicted with hERG blockers, human hepatotoxicity (H-HT), drug induced
liver injury (DILI), AMES toxicity, skin sensitization, carcinogencity, and
respiratory toxicity. For each endpoint, the output value was the pre-
dicted probability of toxicity from inactive (0) to active (1). All data
were collected to obtain preliminary insight into the toxicity of the
compounds.

2.6. Cell viability assay

HepG2 cell viability was determined using the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (Promega, Madison, WI, USA),
according to the manufacturer’s instructions. MTS (Owen’s reagent)
underwent biological reduction by living cells to produce a soluble and
colored formazan product. To ensure consistent cell viability and con-
dition, all experiments utilized 10 % FBS. Before TFP exposure, cells (2
x 10%/well) were seeded and cultured for 24 h in 96-well plates. TFP
was first dissolved in DMSO and step-diluted with complete culture
media to the exposure concentrations of TFP and PT-CA at 0, 0.1, 0.5, 1,
3, 5, 6, 20, 30, 40, and 50 pM. The dosage gradient corresponded
approximately to the environmental concentration observed in water
and food. Six replicates were analyzed for each concentration. After TFP
or PT-CA exposure for 48 h, the old media were replaced with 100 pL of
Owen’s reagent and culture media mixture (v/v = 1:5) in each well,
followed by incubation at 37 °C for 90 min in the absence of light.
Absorbance at 490 nm was determined using a microplate reader
(SpectraMax i3x, Molecular Devices, Sunnyvale, USA).

2.7. Flow cytometry analysis of apoptosis

Apoptosis was evaluated using the Annexin V-FITC/PI Apoptosis kit
(Beyotime Institute of Biotechnology, Shanghai, China). Briefly, HepG2
cells (5 x 10°/well) were seeded in 6-well plates, cultured for 24 h, and
incubated with 0, 0.5, and 5 pM TFP and PT-CA for 48 h. HepG2 cells,
washed with PBS, were trypsin-digested and stained with 5 pL annexin
V-FITC and 10 pL PI for 20 min. Subsequently, cells were washed with
ice-cold PBS for analysis. Apoptotic cells stained with Annexin V-FITC
exhibited green fluorescence, whereas necrotic cells stained with both
Annexin V-FITC and PI produced red and green fluorescence. Percent-
ages of cells in the different phases were measured via flow cytometry
(BD Accuri TM C6 Plus; Franklin Lakes, NJ, USA). The proportion of
apoptotic cells was indicated as a percentage of the sub-Q2 and sub-Q3
fractions in the flow cytometric analysis.

2.8. Nontarget metabolomics analysis

HepG2 cells (density: 8 x 10° cells/well) were seeded into 10-cm
dishes, cultured for 24 h, and treated with TFP or PT-CA for 48 h at
0.5 or 5 pM, respectively. The control group medium was replaced with
fresh complete culture media. Six replicates were analyzed for each
group. For metabolite extraction, all cells were rinsed with PBS, digested
with trypsin, and counted using a Countess counter (Invitrogen, Carls-
bad, CA, USA) at 1 x 107 cells per sample. The fixed number of cells was
quenched with 500 pL ice-cold acetonitrile/methanol/water (v/v/v,
2:2:1) containing 100 ng/mL L-Phenyl-d5-alanine as the first internal
standard. The samples were then subjected to three freeze—thaw cycles
in liquid nitrogen, stood at —20 °C for 2 h, and centrifuged (21,130 xg,
4 °C) for 10 min. The resulting 400 pL supernatants for each group were
evaporated to dryness at 10 °C using a vacuum freeze drier (CentriVap,
LABCONCO, USA). The residues were resuspended in acetonitrile/
water (1:1, v/v) containing 500 ng/mL hypoxanthine-d2 as the second
internal standard. The samples were then analyzed using an AB SCIEX
UHPLC system coupled with a quadrupole time-of-flight mass spec-
trometer (QTOF MS), using two chromatographic columns in both
positive and negative modes. A quality control sample containing a
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mixture of all samples was prepared. The instruments and chromato-
graphic separation conditions are listed in Table S3.

2.9. Nontarget metabolomics data processing

In our study, data analysis, including peak picking, alignment,
integration, principal component analysis (PCA), and partial least
squares discriminant analysis (PLS-DA), was performed using Progenesis
QI (version 3.0.3; Waters, Milford, MA, USA) and EZinfo (version 3.0;
Waters), as in our previous studies (Jing et al., 2022; Wang et al., 2021).
The metabolic profiles of quality control samples with a standard devi-
ation >30 % were excluded to eliminate interference. For each com-
pound, manual assessments were made based on isotope patterns,
accurate precursor masses, and fragment spectra of the metabolites
compared to authentic standards or theoretical values from the METLIN
(http://metlin.scripps.edu/) and HMDB (https://hmdb.ca/) libraries.
Molecular weight tolerances of the precursor and fragment were set at
10 ppm. Significantly changed metabolites (ANOVA p-value < 0.05,
score in libraries > 35, fold change > 1.5 or fold change < 0.67, and
variable importance in the projection value [VIP] >1) were considered
differential metabolites resulting from TFP or PT-CA exposure. After
peak filtering, spectral library matching, and manual identification, a
list of data (mass-to-charge ratio, retention time, and peak intensity) was
generated for metabolic pathway analysis using MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/) based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database.

2.10. Reactive oxygen species (ROS) and mitochondrial membrane
potential (MMP) determination

HepG2 cells (1 x 10%/well) were cultured in six-well plates for 24 h
and then treated with TFP or PT-CA for 48 h, using the same concen-
trations as those used for the apoptosis analysis. Positive control groups
were established, and samples were processed according to the manu-
facturer’s instructions. For ROS detection, 10 pM DCFH-DA (S0033;
Beyotime, Shanghai, China) and 2 pM Hoechst 33342 working solution
(62,249; Thermo Fisher Scientific, USA) was added to each well for 20
min at 37 °C, followed by washing with serum-free medium. After 48 h
of exposure, HepG2 cells were incubated with JC-1 (C2006; Beyotime,
Shanghai, China) for MMP detection. The presence of ROS and MMP in
the cells was observed using fluorescence microscopy and flow
cytometry.

2.11. Targeted metabolomics analysis

For target detection, HepG2 cells (density: 1 x 10° cells/well) were
cultured in 6-cm dishes for 24 h and then treated with TFP and PT-CA for
48 h at low and high concentrations. Each sample at 3 x 10° cells for
metabolite extraction according to the untargeted metabolomics
screening protocol, followed by quenching using 150 pL ice-cold
acetonitrile/methanol/water (v/v/v, 2:2:1) and three freeze—thaw cy-
cles in liquid nitrogen and centrifugation (21,130 xg, 4 °C) for 10 min.
The supernatants for each group were equally diluted with acetonitrile
containing 0.2 pg/mL internal standard mixture. The optimized
declustering potential, collision energy, retention time of the main me-
tabolites in the glutathione and purine metabolic pathways, and internal
standards are shown in Table S4 (Alta Scientific, Tianjin, China). The
samples were analyzed using an AB SCIEX ultrahigh-performance liquid
chromatography system coupled to a QTRAP 6500 mass spectrometer
using multiple reaction monitoring in both positive and negative modes.
A quality control sample containing a mixture of all samples was pre-
pared. The detailed instrumentation and chromatographic separation
conditions are listed in Table S5.
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2.12. Measurement of xanthine oxidase (XO) activity and ATP content

HepG2 cells were seeded into six-well plates at a density of 1 x 10°
cells per well, incubated for 24 h, and treated with TFP or PT-CA for 48 h
at 0.5 pM and 5 pM. An ATP determination kit (A22066; Thermo Fisher
Scientific, USA) and amplex® red xanthine oxidase assay kit (A22182;
Thermo Fisher Scientific, USA) were used to measure the concentrations
of ATP and XO, respectively, using 1 x 10° cells per sample according to
the manufacturers’ protocols. The measurements were normalized to
the cell concentrations.

3. Results and discussion
3.1. Biotransformation of TFP in HLMs and HepG2 cells

In this study, combination of human liver microsomes (HLMs),
which are rich in cytochrome P450 particularly phase I enzymes (J.
Dong et al., 2018), with HepG2 cells, abundant in phase II enzymes,
were utilized to provide a more comprehensive elucidation for
biotransformation of TFP. Initial incubation of HLMs with TFP was
performed to simulate the biotransformation process of TFP in the
human liver. The characterization of biotransformation products was
conducted using a UHPLC-HRMS/MS method, coupled with modified
MDF methods and data processing tools, including mass defects, diag-
nostic ions, fish scores, and isotope patterns (J. Dong et al., 2018). To
realize a series of realistic environmental levels, the concentrations of
0.1, 0.5, 1, 5, 10 uM of TFP were tested for more products with our
analytical methods. Overall, a total of 14 phase I biotransformed com-
pounds, including hydroxy, oxidative, desaturated, and other products,
were characterized, as listed in Table S6. Eight of the products were
identified for the first time in this study. The structures of the TFP
products were elucidated based on their accurate masses, fragmentation
behaviors, and biotransformation patterns (Fig. 1). To enhance confir-
mation, authentic standards of seven biotransformation products, ob-
tained through chemical synthesis and commercial methods, were
employed. The confirmation process involved verifying retention times
and mass spectrum data. The possible fragmentation pathways and
representative fragments of the products are shown in Fig. 1 and
Tables S6-S7.

The parent TFP (m/z 384.14706) eluted at 12.18 min, with the base
peak (m/z 197.1005) originating from the amide link break, leading to
subsequent breakages producing m/z 107.0490 and m/z 91.0542. Other
characteristic fragment ions (m/z 145.0528 and 117.0214) were
generated via cleavage of the carbonyl containing a pyrazole ring. Based
on the identification of parent compound data, biotransformation
products, including the desaturated product M2 (DS-PT m/z 382.1316)
and hydroxylated product M7 (OH-PT m/z 400.1420), were easily
verified with the same base peak. For M4 (DS-PT-OH m/z 398.1263),
distinct fragments from TFP were identified as m/z 211.0757 and m/z
200.0594, attributed to simultaneous desaturation of ethyl on the pyr-
azole ring and hydroxylation of methyl on diphenylmethane (Table S6).
M1 (PT-OH m/z 400.1420) eluted at 9.8 min and generated identical [M
+ H] + ions as those of OH-PT but with a 16 Da difference from TFP,
indicating that it also might be the product of hydroxylation. Dis-
tinguishing M1 (PT-OH) from M7 (OH-PT) relied on the base peak ion
(m/z 382.1317) and the specific ion (m/z 213.0910) due to the hy-
droxylation of methyl on diphenylmethane, confirmed by authentic
standards. Besides, M1(PT-OH) has an elution time shorter than that of
M7(OH-PT). M3 (PT-CA m/z 396.1104) shared similar characteristic
fragments with TFP, except for the base peak derived from the carbonyl
group. Despite the comparable distribution of characteristic fragments,
M14 (OH-PT-CHO m/z 414.1213), the isomer of M3 (PT-CA), was
differentiated using authentic standards. Identification of other products
with accurate masses and characteristic fragments is presented in
Table S6.

We further investigated the biotransformation of TFP in HepG2 cells,


http://metlin.scripps.edu/
https://hmdb.ca/
https://www.metaboanalyst.ca/

X. Jiang et al.

Science of the Total Environment 951 (2024) 175320

w0120

. , 0% - - .
597 Parent TFP Lm0 /@"\@\ . (@, \@/.W
° 0% o ! o 1
90% M1 PT-OH* [\/@ Tl m),—@]
90% - . i
80% o 2o lcnmzcix 03 pemal
80% = smaem = a3
B 70% - = =
70% - m ‘
" 60% - \
% - z = - - - P
7] a. M o seisn £ 50% i . i1l
£ 5% D 5 S 2 LSV ‘zﬂ,\ G e
] \ e 0% - 40% r-u-oN’..‘ «" (@ ©\
= 40% - S {C6 M0 CIN2 (et o s o !
(C4 116 CI N2 [Me¢]+1 i =] "“” \I(:' l)vlu!
0% J = Y N AE TR R TR 30 N A
Qo [gmieme, " Cam AN 02 e /@ “‘z,—‘(%ms'c.’ 30 et
20% 4 e 20% ST
Jmeed oo oeer | et
10% - 10% = ]l
0% —_—t e : . . . .
0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400 450
m/z m/z
i ] lcra ity 05 -en
w00 M2 DS-PT e 0% 4 M3 PT-CA Y@ -
. . — -y
80% - 0% . - 5 lj’@/ \©\’°m
& Z o
70% - ; sune 70% e B —
L. 60% B ‘ 2 60% 1 = e
i AL T w m W m = 8 o0 L TR R R
£ 50% - T s - £ 50% ‘ ; T
g o G £ i
= 40% @‘ m cuiing prote = 40% A \xl_(=
oo 1o _JI \\
30% ] ., i 30% :
& N.m,m e
Sl Qo oo
10% i [ { ; 10% o ‘ ]
0% +— ] - —L : r . . 1 0% — I a! T r T T .
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
m/z m/z
. M7 OH-PT %o M14 OH-PT-CHO ..
90% o 90% -
80% - 80%
70% 70% - acim
. asuen
0% b, ™ 60% - - e
2 97 Leim = PR = g3 2 50% - s e T as s
i~ o e
Ci = 27 )
B o <t 0% 2 A e
30% o & ag_/= 30% - ;
a \“\ AL ‘ —
20% - ! i . 20% R
10% ; ‘ ! 10% - 4 ]
0% A— l ' ' l X ' ' ’ y 0% Al IS . : : ,
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450

m/z

m/z

Fig. 1. Representative fragments and fragmentation pathways of TFP biotransformation products revealed by UHPLC-Orbitrap MS in HLMs, and HepG2 cells. MS and

MS/MS spectra for other compounds are shown in Tables S6 and S7.

as they cover both phase I and II metabolic pathways and serve as a well-
established model of human hepatocyte cells. Based on the same filter
conditions for biotransformation in HLMs, a total of 12 biotransforma-
tion products were characterized inside HepG2 cells, including eight
phase I and four phase II transformation products. Phase II conjugation
products were mainly amino acid and taurine conjugation products that
have been identified for the first time. The eight phase I transformation
products detected in the cells were also present in HLMs, indicating that
cytochrome P450 (CYP) enzymes are less abundant in HepG2 cells than
in HLMs, aligning with previous reports (Wilkening et al., 2003;
Yokoyama et al., 2018). Therefore, the integration of liver microsomes
with HepG2 cells facilitates a more comprehensive elucidation for

biotransformation of TFP. All biotransformation products found inside
the HepG2 cells were also observed in the cell culture medium. The
representative fragmentation of the transformation products character-
ized in the cell and culture media is listed in Table S7.

3.2. Time profiles of TFP biotransformation in HLMs, HepG2 cells, and
cell media

In general, the formation and abundance of biotransformation
products depend on doses and duration of TFP metabolism. Upon testing
with 0.1, 0.5, 1, 5, 10 pM of TFP in HLMs or HepG2 cells, a greater
number of products were identified at concentrations above 5 pM, with
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TFP still present (Fig. S1A and B). To reveal the temporal profile of TFP
metabolism in HLMs, we monitored the main TFP products and their
quantities by measuring peak areas at 0, 0.5, 1, 1.5, 2, and 3 h after
HLMs incubation with 5 pM TFP. Fig. S1C displays the extracted ion
chromatograms of all products at 3 h in HLMs, illustrating the evolution
of transformation product during incubation. Retention time validity
was confirmed through authentic standards and ChemDraw 20-gener-
ated log Kow values. The line graph reveals that the main products
included PT-OH, DS-PT, PT-CA, DS-PT-OH, while other products are in
trace amounts (Fig. S1D). All products exhibited a consistent increase
during the initial period of the incubation, signifying continuous TFP
metabolism by HLMs as the incubation progressed. Oxidation predom-
inantly contributed to the transformation process, accounting for
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approximately half of the total combined peak area, followed by desa-
turation. Between 1.5 and 3 h, certain products began to decrease,
especially PT-OH, T-CHO, and DS-PT. In contrast, PT-CA continued to
increase over time, and it surpassed PT-OH and DS-PT by the 3-h mark in
HLMs (Fig. S1).

To gain insights into the dynamics and cellular transport of TFP
metabolites in HepG2 cells, we conducted a time-dependent analysis of
the identified compounds in both cells and culture medium at 5 pM TFP.
Fig. 2A illustrates that PT-CA and PT-OH were the predominant intra-
cellular products, akin to HLMs. Following a 6-h TFP exposure, PT-CA
peaked within cells, gradually declining and stabilizing from 24 to 48
h. In contrast, PT-OH exhibited a consistent increase throughout the
study. In the cell medium, with an overall upward trend, PT-CA levels
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increased until 36 h and then decreased slightly, indicating its excretion
from the cell. Meanwhile, PT-OH remained at a relatively low level and
experienced a rise-and-fall process similar to that of other products
(Figs. 2B and S2). These results suggest that the TFP products undergo
different cellular transport processes. Nevertheless, PT-CA and PT-OH
remained the most abundant biotransformation products in HepG2 cells.

3.3. Proposed hepatic biotransformation pathway of TFP

Based on the characterization of the 14 phase I and four phase II
transformation products in HLMs and HepG2 cells, the hepatic
biotransformation pathway of TFP was proposed, as shown in Fig. 2C.
Briefly, TFP is mainly biotransformed at three positions by hepatic cy-
tochrome P450 enzymes in phase I transformation: oxidation and
desaturation of ethyl on the pyrazole ring, oxidation of methyl on
diphenylmethyl, and demethylation of the methyl on the pyrazole ring.
After the amide bond or C—N bond breaks, the diphenylmethyl (T) and
pyrazole rings (P) can be biotransformed independently. In the typical
metabolic pattern, PT-OH and PT-CA can both be directly oxidized from
TFP and PT-OH can be further oxidized to yield PT-CA (Chen et al.,
2024; Hikiji et al., 2013; Imada, 2010). According to our relative
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quantification results, this process is the dominant pathway. In phase II
transformations, the amide bond of TFP can directly bind to glycine,
which is the main product of phase II transformation, rather than to
other common products catalyzed by sulfotransferases and glucur-
onosyltransferases in rats (JMPR, 2013). In addition, the aldehyde
product T-CHO produced from the oxidation of methyl on diphe-
nylmethyl further conjugates with amino acids and taurine. Similarly,
the oxidation product OH-PT can further conjugate with arginine and
undergo dechlorination, serving as effective detoxification pathways
(Badenhorst et al., 2014; Zabel and Weber, 2015).

In summary, the phase I transformation patterns primarily
comprised oxidation, desaturation, demethylation, and C—N or N—O
bond breaking, whereas the phase II transformations mainly consisted of
amino acid binding and taurine coupling. Overall, these results suggest
that the utilization of both HLMs and HepG2 cells provides a more
comprehensive investigation of the hepatic biotransformation of TFP.
The proposed biotransformation pathway is consistent with human
research (Hikiji et al., 2013; Imada, 2010), with our study revealing
additional oxidation and demethylation pathways, along with four
novel TFP conjugation pathways.
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3.4. Toxicity prediction and hepatocytotoxicity of TFP and its
biotransformation products

The in silico ADMETlab 2.0 online platform (https://admetmesh.
scbdd.com/) has been widely used to predict the pharmacokinetics
and toxicity properties of chemicals, providing ADMET-related end-
points, including physicochemical properties, ADME properties, and
toxicity endpoints (Awais et al., 2023; Y. Wu et al., 2023; Xiong et al.,
2021). To obtain a preliminary reference for toxicity assessment, TFP
and eight biotransformation products found in HLMs, both intracellu-
larly and extracellularly, were uploaded to ADMETlab 2.0. The results of
seven toxicity endpoints are shown in detail in Table S8. Fig. 3A visu-
alizes the predicted hepatotoxicity based on the relevant parameters
including H-HT and DILI. In the radar chart, the hepatotoxicity of PT-CA
(H-HT: 0.489; DILI: 0.962) was significantly greater than that of other
transformation products, and also greater than that of the parent drug
TFP (H-HT: 0.193; DILL: 0.435). In contrast, the toxicity of PT-OH (H-
HT: 0.222; DILL: 0.499) and DS-PT (H-HT: 0.244; DILL: 0.451) was
similar to that of TFP. According to our biotransformation study above,
PT-CA is one of the most abundant biotransformation products of TFP.
Additionally, previous research has identified PT-CA as a major degra-
dation product of TFP in plants and soil, exhibiting cumulative gener-
ation upon TFP application (Chen et al., 2024; Report, 2004; Wang et al.,
2023). This suggests that the use of TFP can lead to widespread distri-
bution of PT-CA in the environmental system. Collectively, the effects of
PT-CA should not be overlooked in hepatotoxicity studies and envi-
ronmental risk assessments of TFP.

The cell viability and apoptosis of HepG2 cells were evaluated after
48-h exposure to TFP and PT-CA at same gradients, as well as to
determine the optimal exposure levels for metabolic analysis and other
biological experiments. As shown in Fig. 3B and C, HepG2 cell viability
was unaffected by TFP and PT-CA at concentrations below 0.1 pM. A
significant drop in viability was evident from 0.5 pM, showing a dose-
dependent decline from 0.5 pM to 50 pM. Therefore, after comprehen-
sively considering the environmental doses and biological effects, we
selected 0.5 pM (about 0.192 mg/L, lower than the concentration
related to the environment) and 5 pM as low-dose and high-dose expo-
sure concentrations for subsequent experiments, resulting in cell via-
bilities of approximately 90 % and 70 %, respectively. In the flow
cytometry analysis, as shown in Fig. 3D and E, the apoptosis of HepG2
cells was significantly increased after exposure to TFP and PT-CA, with
apoptosis rates of about 14 % at 0.5 pM of TFP and PT-CA, and a more
pronounced apoptotic effect (nearly 40 %) at 5 pM of TFP and PT-CA.
Although the apoptotic rates of PT-CA were lower than those of TFP at
both concentrations, no significant differences were observed. As
evident from the cell viability and apoptosis analyses, both TFP and PT-
CA induced lethal effects in HepG2 cells.

3.5. Potential metabolite biomarkers and perturbed metabolic pathways

Following in silico predictions and cell viability and apoptosis ana-
lyses, the metabolism in HepG2 cells in response to TFP or PT-CA
exposure was profiled using nontarget metabolomics to reveal the
response pathways that result in toxicity. The PCA model (Fig. S3A-D)
demonstrated satisfactory separation between the control and treatment
groups in HepG2 cells, suggesting that TFP and PT-CA induced distinct
disturbances in the metabolic profiles. After filtering under several
conditions (VIP > 1, p < 0.05, fold change > 1.5 or fold change < 0.67),
approximately 180 metabolites in each treatment group were confirmed
as differential metabolites (Figs. S4 and 4A). The volcano plots in Fig. S4
show that there was no significant difference in the amounts of disturbed
metabolites between TFP- and PT-CA-treated HepG2 cells despite their
doses, and the two compounds perturbed metabolism even at a con-
centration lower than the environmentally relevant doses. As shown in
Fig. 4A, 80 shared metabolites were altered in all groups, and each group
had characteristic biomarkers. These shared metabolites, mainly
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carnitines, organic acids, amino acids, and phospholipids, changed
significantly in all treated groups and could be viewed as common
biomarkers of TFP or PT-CA exposure (Fig. 4A). In comparison to the
control group, the four treated groups exhibited a notable increase in
nine metabolites (Fig. 4A). These upregulated metabolites were closely
associated with purine and glutathione metabolism, including succinyl-
adenosine, oxidized glutathione, and cysteine-glutathione disulfide.
Succinyl-adenosine, a product of the dephosphorylation of intracellular
adenylosuccinate by 5-nucleotidase, is a biochemical marker of adeny-
losuccinate lyase deficiency related to purine nucleotide metabolism
(Donti et al., 2016; Krijt et al., 1999). The levels of most metabolites
consistently declined in all four treatment groups. Several metabolites
were involved in the TCA cycle, including citric acid, D-fructose 1-phos-
phate, fructose 6-phosphate and oxoglutaric acid. The inhibition of the
TCA cycle after exposure to TFP or PT-CA suggests the perturbation of
energy metabolism.

The significantly altered metabolites (Tables S9-S12) in each group
were further aggregated using MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca/) for pathway analysis. Based on the KEGG pathway
database of Homo sapiens, we found that the significantly perturbed
metabolites after TFP or PT-CA intervention were highly associated with
perturbations in the glycerophospholipid metabolism, purine meta-
bolism, alanine, aspartate, glutamate metabolism, phenylalanine meta-
bolism, pyrimidine metabolism, butanoate metabolism, glutathione
metabolism and TCA cycle at both low and high doses (Fig. 4B-E). The
top 10 pathways (pathway impact > 0.1 and p < 0.05) in each group
shared similar distributions, differing mainly in the levels of impact.
Purine metabolism is an essential pathway related to oxidative stress,
and an imbalance between purine salvage and biosynthesis can lead to
the production of ROS (Tian et al., 2022). Additionally, in the mito-
chondria, glutathione metabolism is a key pathway against oxidative
stress, protecting cells from oxidative damage (Cassier-Chauvat et al.,
2023; Gao et al., 2023) and further inhibiting the excessive production
of ROS. Therefore, the perturbed pathways discussed herein provide
new insights into the metabolic interference of TFP and PT-CA in HepG2
cells, particularly those related to oxidative stress in mitochondria.

3.6. Mitochondrial damage induced by TFP and PT-CA

We further investigated the potential toxicity and underlying
mechanisms of TFP and PT-CA on mitochondrial dysfunction. Mito-
chondrial damage is often characterized by a decrease in the over-
production of ROS and a decrease in MMP, resulting in apoptosis
(Yitzhaki et al., 2007). Thus, we explored ROS production after exposure
to TFP and PT-CA. As shown in Figs. 5A and S5, ROS generation
increased in a dose-dependent manner following TFP and PT-CA treat-
ment, with changes visible even after exposure to low doses of TFP and
PT-CA. Extra ROS after TFP and PT-CA exposure contributed to the
generation of a pro-oxidative environment. Furthermore, an MMP assay
employing JC-1 cyanine dye was conducted using flow cytometry
(Fig. 5B and C) and fluorescence microscopy (Fig. S5). The transition
from red (JC-1 aggregates) to green (JC-1 monomers) fluorescence
indicated a decline in MMP. After exposure to low doses of TFP or PT-
CA, approximately 85 % of HepG2 contained JC-1 aggregates, which
was lower than that of the control group (approximately 95 %). After
being treated with high doses, the percentage of JC-1 aggregates sub-
stantially declined to about 65 %. Taken together, the changes in ROS
and MMP indicate oxidative stress in the mitochondria, an imbalance of
intracellular redox status, and further exacerbated mitochondrial
dysfunction within HepG2 cells (A. Y.-T. Wu et al., 2023).

Mitochondria also play a central role in the cellular metabolic
network, where purine and glutathione metabolism occur and ATP is
generated (Griffiths et al., 2010). We focused on NAD, NADH, and 11
purine metabolites, identified and quantified using standards (Figs. 5D
and S6A). Among them, 10 metabolites showed a dose-dependent in-
crease in TFP- or PT-CA-treated HepG2 cells, demonstrating a consistent
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trend. The increase in NADH and reduction in NAD suggested the in-
hibition of the electron transport chain, hindering the conversion of
NADH to NAD (Kulthawatsiri et al., 2023; Mishra et al., 2023). The
inhibitory effect on mitochondrial respiration triggers a chain of sub-
sequent reactions, resulting in the disruption of ATP synthesis in the
mitochondria. A considerable decrease in ATP production was observed
after exposure to TFP or PT-CA (Fig. S6B). Moreover, the accumulation
of AMP, the ultimate downstream product of ATP, suggested diminished
energy levels, resulting in a series of electron transport chain abnor-
malities. Furthermore, the substantial increase in nucleotides and their
precursor substances led to a significant alteration in hypoxanthine
content (Fig. 5D). The heightened hypoxanthine content, derived from
AMP degradation under hypoxic conditions and oxygen limitation,
serves as an oxidative stress biomarker (Kirk Cochran et al., 2019;
Lembo et al., 2021). Notably, XO oxidized hypoxanthine and xanthine,
producing hydrogen peroxide (H203) and superoxide (Veljkovic et al.,
2020). XO activity was increased significantly after TFP or PT-CA
exposure in HepG2 cells (Fig. S6C); therefore, high levels of hypoxan-
thine and XO enhanced ROS production.

Additionally, we analyzed nine metabolites related to glutathione
metabolism, a key antioxidant pathway in mitochondria, using their
standards (Fig. 5D). As shown in Fig. 5D, the levels of most metabolites
in this pathway showed an obvious upward trend in the TFP- and PT-CA-
treated groups. This pathway begins with cystine and glutamate and
ends with oxidized glutathione in HepG2 cells; the conversion between
reduced and oxidized glutathione (GSH and GSSG) is a critical step in
antioxidation (Lou, 2022). To produce as much GSH as possible, other
metabolites are significantly increased, and GSH is ultimately converted
to abundant GSSG to defend against oxidative damage. Upregulation of
the glutathione pathway is a factor involved in suppression of ROS levels
and protection against oxidative stress-induced injuries in TFP- or PT-
CA-treated HepG2 cells. In conclusion, targeted metabolomics
revealed variations consistent with those of nontargeted metabolomics
in purine and glutathione metabolism, providing a more comprehensive
and accurate quantification of the metabolites related to oxidative stress
and mitochondrial damage.

The enzymatic activity in HepaRG cells was comparable to that in
human primary hepatocytes, indicating that HepaRG cells are good
models for studying drug metabolism and toxicity (Yokoyama et al.,
2018). In this study, HepaRG cells were utilized for validating certain
critical toxicity endpoints. The cell viability of HepaRG cells was eval-
uated after a 48-h exposure to TFP and PT-CA at same gradients. As
shown in Fig. S7A-B, HepaRG cell viability significantly reduced,
starting at 0.5 pM, exhibiting a dose-dependent decline from 0.5 pM to
50 pM, a pattern similar to that observed in HepG2 cells. Furthermore,
we focused on purine metabolism and glutathione metabolism associ-
ated with mitochondrial damage in HepaRG cells. Our results revealed
that nine metabolites of the two pathways showed increase in TFP- or
PT-CA-treated HepaRG cells (Fig. S7C). Particularly, the heightened
level of hypoxanthine content in HepaRG cells, resulting from nucleo-
tide degradation, also can serve as a biomarker of oxidative stress similar
to what was observed in HepG2 cells (Kirk Cochran et al., 2019; Lembo
et al., 2021). Moreover, the elevated levels of NADP and GSSG provide
evidence of oxidative stress and mitochondrial damage (Lou, 2022). The
results showed that TFP and PT-CA induced lethal effects and disrupt
purine metabolism and glutathione metabolism in HepaRG cells, with
comparative toxicity observed in HepG2 cells. Therefore, the critical
endpoints mentioned above suggest that TFP and PT-CA exhibit hepa-
totoxicity in HepG2 and HepaRG cells.

Possible mechanisms of TFP-induced hepatotoxicity are shown in
Fig. 5E. As a xenobiotic, TFP is biotransformed by cytochrome P450
enzymes, resulting in a series of biotransformation products. Among
these products, PT-CA remained stable, abundant, and exhibited toxicity
similar to that of the parent TFP. TFP and PT-CA exert similar effects by
inhibiting the electron transport chain, which leads to disorders in en-
ergy metabolism and ROS overproduction, causing mitochondrial
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dysfunction. As an adaptive response, purine and glutathione meta-
bolism were upregulated. These metabolic disorders can enhance ROS
overproduction and exacerbate oxidative damage. The present study
demonstrates the advantage of integrating xenobiotic biotransformation
and endogenous metabolic analysis in toxicological research. It also
provides new insights into the hepatotoxicity of TFP and offers valuable
guidance for in-depth studies into the metabolism and toxic effects of
TFP and its important oxidative product, PT-CA, in humans.

4. Conclusions

This study provides the first comprehensive report on the biotrans-
formation of TFP in humans and elucidates its possible transformation
pathways. These results suggest that TFP is easily and abundantly bio-
transformed into its oxidative product PT-CA, which is stable and not
easily eliminated over long periods. Preliminary toxicity prediction and
hepatocytotoxicity assessment revealed them similar toxic and lethal
effects in HepG2 cells. Further metabolic studies revealed common po-
tential metabolite biomarkers and perturbations in multiple metabolic
pathways following TFP or PT-CA exposure. All results indicated that
environmentally relevant doses of TFP and PT-CA act in similar ways in
human hepatocytes, both inducing oxidative stress related to mito-
chondrial damage and cell death and causing the upgradation of purine
and glutathione metabolism. Therefore, this study provides novel in-
sights that could enhance our understanding of the metabolic mecha-
nisms underlying the response to TFP, particularly in mitochondria-
related response pathways, emphasizing the non-negligible toxicity of
its biotransformation product PT-CA in environmental risk assessments.
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