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Abstract

Objectives: The comprehensive detection of environmental chemicals in biospecimens,
an indispensable task in exposome research, is advancing. This study aimed to develop
an exposomic approach to identify urinary metabolites of organophosphate (OP) pesti-
cides, specifically cadusafos and prothiofos metabolites, as an example chemical group,
using an original metabolome dataset generated from animal experiments.

Methods: Urine samples from 73 university students were analyzed using liquid
chromatography—high-resolution mass spectrometry. The metabolome data, includ-
ing the exact masses, retention time (tz), and tandem mass spectra obtained from the
human samples, were compared with the existing reference databases and with our
original metabolome dataset for cadusafos and prothiofos, which was produced from
mice to whom two doses of these OPs were orally administered.

Results: Using the existing databases, one chromatographic peak was annotated as
2.4-dichlorophenol, which could be a prothiofos metabolite. Using our original data-
set, one peak was annotated as a putative cadusafos metabolite and three peaks as
putative prothiofos metabolites. Of these, all three peaks suggestive of prothiofos
metabolites, 2,4-dichlorophenol, 3,4,5-trihydroxy-6-(2,4-dichlorophenoxy) oxane-
2-carboxylic acid, and (2,4-dichlorophenyl) hydrogen sulfate were confirmed as au-
thentic compounds by comparing their peak data with both the original dataset and
peak data of the standard reagents. The putative cadusafos metabolite was identified
as a level C compound (metabolite candidate with limited plausibility).
Conclusions: Our developed method successfully identified prothiofos metabolites
that are usually not a target of biomonitoring studies. Our approach is extensively
applicable to various environmental contaminants beyond OP pesticides.
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1 | INTRODUCTION

The “exposome”, a term coined in 2005 to account for the un-
explained risk factors underlying human diseases,' necessitates
comprehensive analyses of life-course exposure. The biomon-
itoring approach is essential for exposome studies of environ-
mental chemicals. Trials to monitor all unknown or suspected
chemicals of concern in biospecimens, using the so-called
comprehensive or untargeted analysis, have been conducted”?;
however, such an analytical approach is not adopted widely in ep-
idemiological studies because existing technologies still cannot
meet the requirements for measuring the exposome.* Therefore,
conventional methods of targeted biomonitoring are prevalent in
epidemiological studies of environmental chemicals.””’

Characterizing unknown analytes remains a major chal-
lenge.8 The methodology to identify and quantify low-
abundance analytes is not yet fully developed.8 Untargeted
approaches rely heavily on library searches of tandem mass
spectrometric (MS?) data for annotation with subsequent
standard confirmation,’ which is quite time-consuming.
In addition, the major reference databases for metabolomics
have largely focused on naturally occurring metabolites, and
not exogenous chemical metabolites. Exposomic studies may
thus benefit from a database specifically dedicated to chemi-
cals with environmental exposure.8

Pesticides are a representative group of chemicals for
which comprehensive analytical methods are required, and
several methods have been developed using liquid chroma-
tography combined with high-resolution mass spectrometry
(LC-HRMS).'*!! However, as described, limited information
on pesticide metabolites is available in existing mass spec-
trometry reference databases. Therefore, it is challenging to
identify the structure of these metabolites.

Our goal is to establish a comprehensive analysis method
for human biomonitoring of environmental chemicals that can
be applied to epidemiological studies. As the initial step in
this direction, the objective of this study was to develop an ex-
posomic approach to identify the organophosphate (OP) pes-
ticide metabolome as an example chemical group, focusing
on metabolites of cadusafos and prothiofos in human urine. In
this study, we first show that the existing reference databases
for pesticides are of limited effectiveness to identify exposure,
and second, we developed a comprehensive detection method
for OP metabolites by creating a reference dataset from in
vivo experiments performed on pesticide-treated mice.

2 | MATERIALS AND METHODS

2.1 | Study design

Two approaches were used to annotate human urinary com-
pounds with LC-HRMS: (a) the currently available reference

databases for pesticides and (b) our original mass informa-
tion dataset created from animal experiments for in vivo gen-
eration of pesticide metabolites.

Regarding the first approach, the effectiveness of exist-
ing reference databases for searching OP compounds was ex-
amined by comparing the human urinary metabolome data
with databases provided by the United States Environmental
Protection Agency (US EPA). When building our original
datasets of OP compounds and their metabolites that might be
detected in Japan, we found only 52 OP compounds, includ-
ing parents and their metabolites, in the existing databases.

Regarding the second approach, we created an original
dataset of cadusafos and prothiofos as example chemicals,
both highly ranked OP pesticides in terms of shipping vol-
ume in Japan in 2018. These pesticides were selected because
(a) only one metabolite, 2,4-dichlorophenol, was listed in
the existing databases, and (b) the parent compounds were
not metabolized to the common urinary metabolites, dialkyl
phosphates (DAPs), and human biomonitoring has not been
conducted either in Japan or globally. Conventional biomoni-
toring of OP pesticides is usually conducted through the mea-
surement of DAPs in epidemiological studies.'™! The major
problem in using DAPs for exposure assessments is that OP
pesticides with different magnitudes of neurotoxicity are me-
tabolized and excreted in urine as the same DAPs. Another
problem is that some OP pesticides are not metabolized to
DAPs because of their chemical structures. Therefore, it is
essential to develop a comprehensive analysis method for
exposure assessment that can identify an overall picture of
exposure to OP pesticides.

2.2 | Reagents and sample collection

2.2.1 | Reagents

Cadusafos (S, S-di-sec-butyl O-ethyl phosphorodithioate,
purity 99.8%), prothiofos [(2,4-dichlorophenoxy)-ethoxy-
propylsulfanyl-sulfanylidene-A5-phosphane, purity 99.3%],
2,4-dichlorophenol (100 pg/mL in MeOH), glyphosate (5.0 mg/
mL in H,0), diazinon (purity 99.6%), benzoic acid (purity
99.5%), ultrapure water, acetonitrile, and formic acid of analyti-
cal grade were purchased from FUJIFILM Wako Pure Chemical
Corporation. 4-Nitrophenol (purity 100%) was purchased from
Sigma-Aldrich, and 4-nitro-m-cresol (purity 98.0%) was pur-
chased from Tokyo Chemical Industry Co., Ltd. 3,4,5-Trihyd
roxy-6-(2,4-dichlorophenoxy) oxane-2-carboxylic acid (purity
99.9%), (2,4-dichlorophenyl) hydrogen sulfate (purity 99.9%),
and 2-methylsulfonylbutane (purity 99.9%) were synthesized
by Hayashi Pure Chemical Ind., Ltd. Pierce™ LTQ Velos elec-
trospray ionization (ESI)-positive ion calibration solution and
Pierce™ ESI-negative ion calibration solution were purchased
from Thermo Fisher Scientific Co., Ltd.
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2.2.2 | Study population and urine sampling

This part of the study using human urine was approved by the
Ethics Committee of Nagoya City University Graduate School
of Medical Sciences (approval no. 60-18-0021). The study
was conducted in accordance with the Declaration of Helsinki
and nationally valid regulations. We recruited 78 female stu-
dents from a university located in Aichi prefecture, Japan, on
the premise that they did not take any prescribed medicines.
Among these, 73 students (mean age, 21.2 years) provided
written informed consent, submitted first morning voids, and
answered the questionnaire regarding foodstuffs ingested in the
2 days preceding the submitted voids. These urine samples were
transported to our laboratory at 4°C and then stored at —80°C
until analysis. The urine samples were collected between June
4 and July 12, 2018, and stored until December 2019 at —80°C.

2.3 | Comprehensive analysis using
LC-HRMS
2.3.1 | Sample preparation

Sample preparation of pesticide metabolites followed
the Quick, Easy, Cheap, Effective, Rugged, and Safe
(QuUEChERS) method with minor modifications.'* Briefly, a
mixture of 1 mL urine sample, 10 pL internal standard chem-
icals diluted in acetonitrile, 4 mL ultrapure water, 10 mL
acetonitrile, and the salt of the EN method QuEChERS kit
(Agilent Technologies Japan, Ltd.) was vigorously shaken
with a ceramic homogenizer and centrifuged at 3500 rpm
(2356 g) for 10 minutes. The acetonitrile layer was trans-
ferred into a test tube and evaporated to dryness at 37°C under
a stream of nitrogen. The dried residue was then dissolved in
200 pL ultrapure water, placed in a filter tube (Ultrafree-MC
Centrifugal Filter 0.2 pum pore size, hydrophilic PTFE,
0.4 mL volume, non-sterile, Merck Ltd.), and centrifuged at
11 000 rpm (10958 g) at 10°C for 3 minutes. The supernatant
was transferred to a vial and analyzed using LC-HRMS.

2.3.2 | LC-HRMS settings

Chromatographic separation was performed using an UltiMate
3000 (Thermo Fisher Scientific Co., Ltd.) set with a Hypersil
Gold C18 column (100 x 2.1 mm, 1.9 um particles) (Thermo
Fisher Scientific Co., Ltd.). The following LC operating condi-
tions were used: total flow rate of the mobile phase, 0.2 mL/
min; total run time including equilibration, 20 minutes. The
initial mobile phase composition was 95% mobile phase A
(0.1% formic acid in water) and 5% mobile phase B (0.1% for-
mic acid in acetonitrile). After 1 minute, the percentage of mo-
bile phase B was linearly increased to 95% within 9 minutes.
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After that, mobile phase B was increased quickly to 100% and
maintained for 5 minutes. The composition was returned to the
initial conditions and equilibrated for 5 minutes. The injection
volume was 5 pL. Eluted compounds were detected using a Q
Exactive Focus Orbitrap (Thermo Fisher Scientific Co., Ltd.)
equipped with an ESI source. Ionization settings for both posi-
tive and negative modes were selected in accordance with the
method reported by Roca et al,' with minor modifications.
The ion source parameters were as follows: 4.0 kV (positive
mode) and 2.5 kV (negative mode); sheath gas flow rate, 45;
auxiliary gas flow rate, 10; sweep gas flow rate, 2; auxiliary
gas heater temperature, 400°C; capillary temperature, 250°C;
S-lens RF level, 50. Switching for the fragmentation of ions
with higher collision-induced dissociation cell was performed
with N, (>99%) and three different collision energies (15,
30, and 45 eV). Calibration was performed at least once each
week using Pierce™ LTQ Velos ESI Positive Ion Calibration
Solution and Pierce™ ESI Negative Ion Calibration Solution.

The system was operated in full-scan mode (m/z 120-
1000) at a resolving power of 70000 and in a data-dependent
MS/MS mode to gain MS? fragment ions at a resolving power
of 17500.

2.3.3 | Candidate peak extraction

Candidate peaks were extracted from the raw data using
Compound Discoverer 3.1 (Thermo Fisher Scientific Co.,
Ltd.), based on the HRMS peak of the exact mass of each
of the [2M + HJ*, [2M — H]~, [M + HCOO]", [M + H]*,
[M +K]*, [M + Na]*, [M + NH,]*, or [M — H] ions, with a
mass measurement error of +5 ppm.

2.4 | Annotation of peak compounds
using the existing pesticide reference databases

We compared the molecular formulas calculated from
precursor isotopic ion spectra obtained from urine sam-
ples from 73 students with those in 10 free databases for
pesticides provided by the US EPA (Pesticide Chemical
Search Database,15 Swiss Pesticides and Metabolites,lé‘17
Pesticide Screening List for Luxembourg,18 Natural Product
Insecticides,19 Office of Pesticide Programs Information
Network,20 PESTACTIVES,21 List of Inert Ingredients
Food and Nonfood Use [last updated October 25, 2019],22
Pesticide Properties DataBase,23 Swiss Pesticides and
Transformation Products,24 and TOXCAST_Phasei—EPA
ToxCast Screening Library [Phase I subset]?). Although
the databases contained pesticides other than OPs, such as
neonicotinoid and pyrethroid insecticides, and several envi-
ronmental chemicals, we confined annotations to the 52 OP
compounds.
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2.5 | Annotation strategy for
identification of peaks detected in human urine

The key concept of this approach, that is, extrapolation of
mouse metabolomics data to humans, was previously re-
ported by Jamin et al.'’ To identify OP metabolites in human
urine, we produced our original dataset for the urinary me-
tabolites from an experiment in which two example OP pes-
ticides, cadusafos and prothiofos, were administered to mice.
The obtained information for exact masses, retention times
(tg), and MS? spectra of the urinary components in the re-
spective OP-administered mice were registered in the data-
set. If standard reagents were available, their data were also
added to the dataset. Finally, the human urinary metabolome
data were compared with the original dataset. Subsequently,
we classified the identification levels of each metabolite as
described in Section 2.5.3.

2.5.1 | Urine collection from animal
experiments to acquire metabolome data for
cadusafos and prothiofos

This part of the study was conducted in accordance with the
Japanese law concerning the protection and control of ani-
mals and the guidelines of Animal Care and Use in Nagoya
City University Graduate School of Medical Sciences (ap-
proval No. H29M-37). Two 10-week-old male ICR mice
were purchased from Japan SLC, Inc. The animal room tem-
perature and relative humidity were maintained at 23°C-25°C
and 40%—-50%, respectively, with a 12 hours light/dark cycle
(lights on from 9:00 am to 9:00 pm). After a 1-2 week ac-
climation period, each mouse was administered vehicle only
(corn oil) by gavage as a control on the first day. Thereafter,
a quarter (second day) and half (fourth day) of the lethal dose
50 (LDsy) of cadusafos or prothiofos (LDs, = 68 and 940 mg/
kg for cadusafos® and prothiofos,27 respectively) were dis-
solved in corn oil and administered to the mice. They were
allowed to rest on the third day. Immediately after the treat-
ment, the mice were placed in metabolic cages and allowed
ad libitum access to water and food (standard commercial
diet, CE-2, CLEA Japan, Inc). Urine samples were collected
24 hours after administration and stored at —80°C until anal-
ysis. Samples were collected in February 2019 and stored

until July 2020 at —80°C. Urine samples diluted 10-fold with
ultrapure water were analyzed using the same conditions as
for human urine samples.

2.5.2 | Original dataset preparation of the
in vivo metabolome of urine from OP-treated mice

First, metabolism information for pesticides (cadusafos28 and
prothiofoszg) were acquired from previous reports, and each
metabolite was listed. In addition, theoretical phase II me-
tabolites of the listed metabolites were considered along with
phase I metabolites. Next, chromatographic peaks detected in
urine from OP-treated mice were selected and their peak infor-
mation was used to construct our original metabolome dataset
only when the peak areas from mice treated with both quarter
and half LDs, were larger than those in the vehicle-treated
mouse. When the exact masses of detected peaks matched
the listed metabolites and their MS? spectra were obtained,
these data, along with tz, were registered in mzVault™ 2.3
(Thermo Fisher Scientific Co., Ltd.) as “mouse data” with-
out structure characterization and used for further analysis as
an original dataset for the mass spectral database searches.
Moreover, the mzVault best match score was calculated. This
score indicates the degree of matching in mass-to-charge ratio
(m/z) and fragment ion intensities between the observed peak
and the MS? fragment pattern registered in mzVault.

2.5.3 | Peaks comparison between human
urine and mouse data

The exact masses, tg, and MS? spectra (if available) obtained
from human urine samples were compared with those of
mouse data according to the workflow shown in Figure 1. If
the corresponding standard reagent was available, we com-
pared this information in human urine with that of the standard.
The tolerances of the mass measurement error and difference
in ty were within +5 ppm (10 ppm for mzVault matching)
and +0.3 minutes, respectively. A formula estimated from the
theoretical isotopic pattern was also considered.

Peaks in human urine that matched mouse data were
categorized into four classes according to our original cri-
teria of confidence levels (Table 1 and Figure 1) (confirmed

Start
Peaks detectedw\ [ Match |Yes [ MS2 matches |Yes [standard |Yes [ t, matches | Yes [MS? matches|yeg )
in human urine/ | Mouse data ? === mouse data ? available 2/~ standard ? standard ? Confirmed
'n human urinej - 1ass, ty
MS? of h MS2 of standard
No No not avatbie. NO | No No ot available.
x‘;ttacsgﬁtigate C B- B+ Go'to start * Go'to start ¥ A

FIGURE 1

Workflow for identifying peaks detected in human urine by comparing with “mouse data”. The identification levels in this figure

are the same as those shown in Table 1. *In this case, the peak detected from humans is not considered the same as the standard, so return to the

start and reconsider the identification level



NOMASA er AL Journal of Occupational Health A/ LEYJ_S of 11
—_—
TABLE 1 Criteria for the identification level of peaks detected in human urine
Match with
Standard reagents ""Mouse data"
Level Exact mass tg" MSs? Exact mass tg" MS?®
Confirmed Confirmed metabolite O @) @) @) O O
A Probable metabolite 0 ) NAS 0 0 o)
B Possible metabolite
¥ NAl NAT NAT o) 0 o}
- NAl NAl NAT 0 0 NA'
C Metabolite candidate with NAT NAT NAT O O X

limited plausibility
Notes: NAY, MS? spectral data of standard reagents were not available.
NAq[, standard reagent was not available.
NAu, MS? spectral data of human urine were not available.
“tg, retention time (error tolerance within +0.3 min).

®MS?, MS? spectra (error tolerance was within +5 ppm).

metabolite; probable metabolite [level A]; possible metab-
olite [level B]; metabolite candidate with limited plausibil-
ity [level C]) as per previous research.’**! First, if the exact
masses and tg of the peaks in human urine did not match
those of the peaks in mouse data, they were judged as not
metabolite candidates. If the exact masses and ty of the peaks
in human urine matched those of mouse data, but the MS?
spectra did not match those of mouse data or the human MS?
spectra data were unavailable, these were classified as level C
or level B, respectively. For the other peaks in human urine,
if their MS? spectra matched those of mouse data and the
standard reagents were unavailable, the urinary metabolite
candidates were classified as level B*. When the standards
were available and their t; and MS? spectra matched those of
human urinary peaks of the metabolite candidates, the candi-
dates were identified as a confirmed metabolite. Meanwhile,
the candidates were identified as the probable metabolites
(Ievel A) if MS? spectra of the standards were unavailable.

Next, MS? spectra obtained by a fixed collision energy of
30 eV in humans were compared with those of mouse me-
tabolome data and standard reagents, which were obtained at
the same collision energy condition, using a different analy-
sis software, Xcalibur Qual Browser (Thermo Scientific), to
confirm the classifications.

3 | RESULTS

3.1 | Annotation of the human urinary
compounds using the existing pesticide
reference databases

In total, 43 991 peaks were detected in urine samples col-
lected from 73 students. Of these, 5191 peaks (including

2804 peaks having fully matched molecular formula) were
a hit with the molecular formula of compounds listed in 10
free reference databases provided by the US EPA. Based on
the analyses, which focused on 52 OPs, of the 5191 peaks, 25
OP pesticides (including parent compounds and their metab-
olites) were suggested to have the same elemental composi-
tion based on the isotopic mass distribution. Examples of the
suspected compounds are acephate, benzoic acid, diazinon,
and its major metabolites 2-isopropyl-4-methyl-6-hydroxyp
yrimidine, 2,4-dichlorophenol, glyphosate, 4-nitro-m-cresol,
and 4-nitrophenol. Of these, tg of only benzoic acid and
2,4-dichlorophenol matched those of the respective com-
mercial standards, whereas the MS? spectra of all the puta-
tive OPs matched those of the standards (data not shown).
Benzoic acid and 2,4-dichlorophenol were identified in three
and 16 urine samples, respectively. DAPs were not identified
in any of the samples.

3.2 | Annotation of human urinary
compounds using our original dataset

3.2.1 | Creating the original dataset of urinary
OP metabolites (mouse data)

In the urine obtained from the cadusafos-treated mouse, the
parent compound (cadusafos) and six putative metabolites,
of which the exact masses matched those presented previ-
ously,28 were detected in the following suspected chemical
structures: butane-2-sulfonic acid, 2-methylsulfonylbutane,
3-methylsulfonylbutan-2-ol, butan-2-ylsulfanyl (ethoxy)
phosphinic acid, bis (butan-2-ylsulfanyl) phosphinic acid,
and 3,4,5-trihydroxy-6-[2-(methylsulfonyl)butanoxy]oxane-
2-carboxylic acid (or (3,4,5-trihydroxy-6-[ I-methyl-2-(meth
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ylsulfonyl)propanoxyJoxane-2-carboxyric acid)). Of these, a
standard reagent was available only for the parent compound,
cadusafos. The tg and MS? spectra of cadusafos detected in
mouse urine matched those of the standard reagent.

In the urine obtained from the prothiofos-treated mouse,
15 putative metabolites were detected for which the exact
masses matched those presented previously.29 The suspected
compounds were: 2,4-dichloro-1-[ethoxy (propylsulfanyl)
phosphoryl] oxybenzene (prothiofos oxon); 3.4,5-trihydrox
y-6-(2,4-dichlorophenoxy) oxane-2-carboxylic acid; ethoxy-
dihydroxy-sulfanylidene-A5-phosphane; ethyl dihydrogen
phosphate; ethoxy-hydroxy-isopropylsulfanyl-sulfanylidene-
AS-phosphane; propane-2-ylsulfanyl(ethoxy)phosphinic
acid;  2,4-dichlorophenol;  3,5-dichlorobenzene-1,2-diol;
(2,4-dichlorophenyl) hydrogen sulfate; (2,4-dichlorop
henoxy)-ethoxy-sulfanyl-sulfanylidene-A5-phosphan
e; 2,4-dichloro-1-[ethoxy(sulfanyl)phosphoryl]  oxyben-
(2,4-dichlorophenyl) ethyl hydrogen phosphate;
2,4-dichloro-1-[ethoxy (methylsulfanyl) phosphoryl] oxy-
benzene; 3.,4,5-trihydroxy-6-(2-hydroxy-4,6-dichlorophe
noxy) oxane-2-carboxylic acid (or 3,4,5-trihydroxy-6-(2-
hydroxy-3,5-dichlorophenoxy) oxane-2-carboxylic acid);
and (2,4-dichloro-6-hydroxyphenyl) hydrogen sulfate (or
(3,5-dichloro-6-hydroxy) phenyl hydrogen sulfate). Of
these, standard reagents were available for prothiofos oxon,
(2,4-dichlorophenyl) hydrogen sulfate, 2,4-dichlorophenol,
and  3,4,5-trihydroxy-6-(2,4-dichlorophenoxy)
carboxylic acid, of which the t; and MS? spectra matched
those of the respective signal peaks detected in mouse urine.

zene;

oxane-2-

3.2.2 | Identification of peak compounds
detected in human urine by comparison of the
peak data with our original dataset (mouse data)

A summary of the identified peaks detected in
human urine at levels higher than level C is shown in
Table 2. Of these, three peak compounds were attrib-
uted to prothiofos metabolites and identity confirmed
(2,4-dichlorophenol [Figure 2], 3,4,5-trihydroxy-6-(2,4
-dichlorophenoxy) oxane-2-carboxylic acid [Figure 3],
and (2,4-dichlorophenyl) hydrogen sulfate [Figure 4]) by
comparing with mouse data and with data obtained from
the standard reagent. One peak compound was attributed
to the cadusafos metabolite and identified as level C be-
cause the MS? spectra did not match that of mouse data.
The mzVault best match scores, which indicate the extent
of matching (0%-100%) between the best fragmentation
scan results for the compounds in human urine and the
spectra registered in mouse data in mzVault, were 62.8%,
97.0%, and 85.6% for 2,4-dichlorophenol, 3,4,5-trihydro
xy-6-(2,4-dichlorophenoxy) oxane-2-carboxylic acid, and
(2,4-dichlorophenyl) hydrogen sulfate, respectively.

Regarding the peaks identified as confirmed compounds,
three human urine samples showed peaks corresponding to
2.,4-dichlorophenol at concentrations of 10-15 ppb. 3,4,5-Tri
hydroxy-6-(2,4-dichlorophenoxy) oxane-2-carboxylic acid at
concentrations of 7-100 ppb and (2,4-dichlorophenyl) hydro-
gen sulfate at below 10 ppb were identified in five and four
human urine samples, respectively.

For suspected 2-methylsulfonylbutane as a putative ca-
dusafos metabolite, the exact mass and ty but not MS? spectra
of the peaks from 63 human samples matched those of mouse
data, and the tg and MS? spectra from human and mouse urine
samples were inconsistent with those of the standard reagent.
Therefore, the peak compounds detected in the samples were
presumably structural isomers of 2-methylsulfonylbutane.
That of the mouse urine may be a possible unknown metab-
olite of cadusafos because of its dose-dependent peak height
increase.

4 | DISCUSSION

In this study, we developed an exposomic approach to com-
prehensively detect metabolites of OP pesticides in human
urine collected from the general population. Searches against
10 reference databases for pesticides resulted in the detec-
tion of benzoic acid and 2,4-dichlorophenol; however, such
searches were theoretically considered to be of limited ef-
fectiveness for the purpose of comprehensive detection of
OP exposure because the number of registered metabolites
of major OPs is limited. Although these databases cover pes-
ticides other than OPs, such as pyrethroid and neonicotinoid
insecticides, herbicides, bactericides, and rodenticides, a new
database for biomonitoring of pesticides is indispensable.

Using our original dataset, we succeeded in identifying
three prothiofos metabolites, which we could not find except
for 2,4-dichlorophenol in the existing reference databases and
have not previously been a target of human biomonitoring.
Hence, our developed approach for the creation of datasets
from animal experiments, including exact mass, tg, and MS?
spectra, should be effective in assessing human exposure not
only to OPs but also to other chemicals for which reference
standards are unavailable.

Similar to the present study, Jamin et al'® orally adminis-
tered pesticides to rats to create a comparison dataset. They
attempted a three-step structure confirmation of hypothesized
metabolites, that is, matching of the exact mass and isotopic
pattern, observation of characteristic MS" fragmentation pat-
terns of hypothesized Phase II conjugated metabolites, and
confirmation of the authentic standard. Although none of
the standards for metabolites putatively characterized were
available except for a fenitrothion metabolite, they showed
the application of the characterized data to the statistical
data analysis for an exposomic epidemiological study. In the
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FIGURE 3 Representative extracted ion chromatograms (A and C) and MS? spectra (B, retention time [tz] = 8.1 min and D, tz = 8.2 min) of

suspected 3,4,5-trihydroxy-6-(2,4—dichlorophenoxy) oxane-2-carboxylic acid in human (A, B) and mouse (C, D) urine. The orange and blue lines

show the peaks detected in the urine from the mouse administered one-half and one-quarter of the lethal dose 50, respectively. The arrowheads

indicate the peaks that are broken down in the MS? spectra. The filled circles indicate the m/z of the precursor ions. As the tz and MS? spectra

matched those of the standard reagent, the compound was confirmed to be 3,4,5-trihydroxy-6-(2,4—dichlorophenoxy) oxane-2-carboxylic acid (ie, a

confirmed metabolite). Values in parenthesis on vertical axes of chromatograms indicate peak intensities at 100% relative abundance



NOMASA ET AL.
Human y
1(A) 839
(1.5E+06)]
80
8 -
g 1 s
2 60 s
e ] 3
2 w0 *
© 1 =
2] :
20 o
0-;||1||n1||ll||]|||1
7 8 10
Time (min)
Mouse ,5_ (c)
(7.0E+08) ] v
] 8.52
80
s ] |
& 1 3
- kad =
E-] [
< Al 2
£ 40 =
] 59 2
g >3 5
20 \ &
0 IIII|IIII~;|IIII]IIII
7
Time (min)

=
=3

Journal of Occupational Health g LEYJ&

(B) 160.9568
80—- cl 1-H*

] Y
60 7 on
40
a5 124.9799 ®

] 1450623 | 197.1183 2409136
01—t o L Il]‘ =4 |l| R P P R

50 100 150 200 250

m/z

(D) o
100+ 160.9567

80
60

407

: .

20 ot

] 179537 240913

] 756207 124,980 /2331978

L o e e I e e LI S B S

50 100 180 200 250

miz

FIGURE 4 Representative extracted ion chromatograms (A and C) and MS? spectra (B, retention time [tz] = 8.4 min and D, tz = 8.5 min)

of suspected (2,4-dichlorophenyl) hydrogen sulfate in human (A, B) and mouse (C, D) urine. The orange and blue lines show the peak detected in

the urine from the mouse administered a half and a quarter of the lethal dose 50, respectively. The arrowheads indicate the peaks that are broken

down in the MS> spectra. The filled circles indicate the m/z of the precursor ions. As the tz and MS? spectra matched those of the standard reagent,

the compound was confirmed to be (2,4-dichlorophenyl) hydrogen sulfate (ie, a confirmed metabolite). Values in parenthesis on vertical axes of

chromatograms indicate peak intensities at 100% relative abundance

present study, three metabolites of prothiofos were detected
in both human and mouse urine at high identification levels
(confirmed metabolites).

Prothiofos is widely used in Japan, with 64 tons used in
2018 (National Institute for Environmental Studies, J apan).32
In Japan, it is applied to various crops, including soybean,
potato, and onion.*®> We used a questionnaire to survey meals
taken during the 2 days preceding sampling, which showed
that most participants had eaten foodstuffs for which prothio-
fos use was approved (data not shown; this information was
blinded to the measurer of the urinary metabolites).

As prothiofos metabolites were synthesized as required
by our study, most of the peaks could not be compared with
information obtained from standard reagents, because they
were not commercially available. Similar to the present study,
Loépez et al'! verified the detection of urinary metabolites in
humans only for the OP metabolites for which standard re-
agents were available.

Currently, as there are limited data on pesticide metabo-
lites in the existing reference databases, it is not practical to
use them for the detection of pesticide metabolites in human
urine. To resolve this, we orally administered dosages of two
OP pesticides to mice, thereby creating an original metabo-
lite dataset of these two OP pesticides for comparison and

increased the credibility of the peak compounds as metabo-
lites by confirming the dose-dependency of the peaks. One
may argue that the metabolites detected in human urine were
not necessarily detected in pesticide-treated mice because of
species differences in enzyme abundance and activity, such
as carboxylesterase and cytochrome P450.>*% However,
from an ethical perspective, it is practically impossible to
administer sufficient concentrations of OP pesticides to hu-
mans or to primates that might minimize kinetic differences
with humans. Nonetheless, we believe that the present in vivo
generation system of the metabolites should work not only
for cadusafos and prothiofos, but also for other environmen-
tal chemicals, as high-dose administration would produce the
minimum necessary amount of the relevant metabolites. This
trial warrants continuation, and we plan to extend the created
dataset to cover all the major OP pesticides used in Japan.
There are some limitations to the present approach.
First, DAPs were not detected in the present study samples.
Exposomic untargeted approaches can only measure chemi-
cals that are isolated in extraction processes.8 In addition, un-
targeted analyses of xenobiotics presenting at low levels are
significant challenges. Therefore, hybrid approaches, that is,
the use of both targeted and untargeted approaches, are rec-
ommended for exposomic biomonitoring.8 Second, structural
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characterization through in vivo generation of metabolites
and the following standard confirmation does not necessar-
ily result in the identification of their parent compounds.
In the present study, the confirmed prothiofos metabolites,
other than 3,4,5-trihydroxy-6-(2,4-dichlorophenoxy) oxane-
2-carboxylic acid, were also reported to be the metabolites
of 2-(2,4-dichlorophenoxy) acetic acid (2,4-D), a phenoxy
herbicide.*¢ Although the possibility that the parent com-
pound was 2,4-D was less likely (see Supporting Information
for this confirmation), another possibility is that the parent
was 2.,4-dichlorophenol. The World Health Organization re-
ported the detection of 2,4-dichlorophenol from tap water in
the chlorination process.39 Likewise, the possibility that the
detected metabolites were derived from other parent com-
pounds or have the same structures as the intermediate me-
tabolites of the chemicals of interest cannot be ruled out in
some cases.

In conclusion, we successfully identified urinary com-
pounds suggesting the exposure to prothiofos, which has not
previously been a target pesticide in biomonitoring studies
in humans, by developing a comprehensive analysis method
using an original extensive dataset produced through animal
experiments. Although authentic analytical standards are
not required for the discovery of new and relevant exposure
biomarkers, and are necessary only when a new biomarker
is identified and needs to be validated in exposomic epide-
miological studies,® our approach is promising as being ap-
plicable not only to other OP pesticides, but also to various
environmental contaminants.
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