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ABSTRACT

Fipronil is a phenylpyrazole insecticide commonly used in resaemnd agricultural
applications. To understand more about the potential risks associatefipvanil, dosed Long
Evans rats were evaluated for metabolites to develop a set oadiens for use in human
exposure studiedJrine from treated rats was found to contain seven unique metaptlitesf
which had not been previously reported. Fipronil sulfone was confirmed tbeb@rimary
metabolite in rat serum. The fipronil metabolites identified inréspective matrices were then
evaluated in matched human urine and serum samples from voluniger®wnown pesticide
exposures. Although no fipronil or metabolites were detected in human fipraxil sulfone
was present in the serum of approximately 25% of the individuatsaentrations ranging from
0.1-4 ng/mL. These results are comparable to results from an egiady of workers in a
fipronil production facility. These results indicate that mampyadinil metabolites are produced
following exposures in rats and that fipronil sulfone could be auldggbmarker in human
serum. Furthermore, human exposure to fipronil may occur regaladyequire more extensive

characterization.
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ABBREVIATIONS

DI: Deionized

ESI: electrospray ionization

GABA: gamma-aminobutyric acid

HPLC: high performance liquid chromatography

LC: liquid chromatography

LOQ: limit of quantitation

MS: mass spectrometry

NIEHS: National Institute for Environmental Health Sciences
QC: quality control

Q-TOF: quadrupole time-of-flight

% RSD: Percent Relative Standard Deviation

SPE: solid phase extraction

TOF: time-of-flight

UPLC: ultra performance liquid chromatography

US EPA: United States Environmental Protection Agency

WWTP: waste water treatment plant

1. INTRODUCTION

Fipronil (Figure 1) is a phenylpyrazole broad-spectrum imsdetthat is registered for use in
residential settings including ant baits and gels, cockroach dmaitgyels, and termite control
products; veterinary applications such as spot treatment fleackndotitrol products for dogs
and cats; ornamental turf applications such as fire ant controhgililtural applications such

as pest control on potato cropg/hen initially produced, fipronil was the first insecticide to ac
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by targeting the gamma-aminobutyric acid (GABA) receptor andawasable selective toxicity
towards insects rather than mamrfils

A 1997 report indicated that 480 tons of fipronil were produced per yeRhbne Poulent,

and between 1998 and 2008 it was reported that usage averaged 150,000 poutigs of ac

ingredient per 1.5 million acréswidespread fipronil use has led to contamination of water and
soil (1-158 ng/L of parent or environmental degradate) in sevetasstecluding, but not limited
to Alabama, Georgia, California, Louisiana, and Indiada Perhaps as a result of this
contamination, fipronil has been implicated as one of the chenasatxiated with the colony
bee collapst

Because little was found in the peer-reviewed literature abfmutdisposition of fipronil,
Cravedi et al. (2013) performed a thorough study on the metabolismputish, and
elimination of fipronil in rats that showed fipronil is primardgnverted to fipronil sulfonéM1
Figure 1), a metabolite which was stored mainly in adiposeetis;d adrenals Fipronil's
association with thyroid disruptibh endocrine disruptidh, and neurotoxic effectsin rats has
also led to a growing concern about the potential for human health effects in theddst dec

The effects of acute human exposure to fipronil include headachenedigzivomiting, and
seizured *° Information on the effects of chronic exposure is limited, butUBeEPA has
classified fipronil as a possible human carcinogen based on datahthas an increase of
thyroid follicular cell tumors in both sexes of the'fawidau et al. (2011) also concluded that
fipronil has the potential to cause apoptosis by uncoupling oxidative phokgilooryat
relatively low concentrations (5-10 uM) in human cell Iife#\ case of acute human self-
poisoning with fipronil has demonstrated that fipronil levels cananerelevated in serum for

days after exposure, and that fipronil sulfone was the primary metabdliterevious study also
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showed that fipronil sulfone is the predominant metabolite in human fiverosomes via
cytochrome P-450 oxidatidh Very little is known about human exposure to fipronil in the
general population. One occupational exposure study of workerspaomilfproduction facility
reports a mean fipronil sulfone serum level of 7.79 nd/mL

There is little published on fipronil in humdfs™ *’and no data from the general population.
This may be because human samples can be difficult to obtain adydeand@hey often have
significant matrix effects due to high concentrations of endogenousicdiemmaking the
identification of metabolites difficult. Therefore, we used a unique workflowsvtiesed animal
samples were used to develop a set of potential serum/urine biomarkers usiofyflight mass
spectrometry. Serum and urine samples from human subjectshavithown exposures were
then analyzed via targeted screening for the putative fipronil biomsatiecharacterize fipronil

exposure in humans from the general population.
2. MATERIALS AND METHODS

Chemicals. Unlabeled fipronil (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phensl
(trifluoromethylsulfinyl)-1-H-pyrazole-3-carbonitrile, >99%) ands i metabolites: fipronil
sulfone (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(trifl@onethyl)sulfonyl]-H-
pyrazole-3-carbonitrile, >99%), fipronil sulfide (5-amino-1-[2,6-dichlordr#horomethyl)-
phenyl]-4-[(trifluoromethyl)thio]-H-pyrazole-3-carbonitrile, 98%), fipronil amide (5-amino-1-
[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(trifluoromethyl)thidlH-pyrazole-3-carboxamide,
>99%), and monochloro fipronil  (5-amino-1-[2-chloro-4-(trifluoromethyl)-phiayl
[(trifluoromethyl)sulfinyl]-1H-pyrazole-3-carbonitrile, >97%) were procured as solid analytical
standards from the pesticide repository through the US EPANate, MD, USA). These five

analytical standards were prepared as a mixture in acewraindl used for all subsequent

5
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matrix-matched standard curves. The internal standard fipronil jdgsdée supporting
information for structure) (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-piig-4-
(methylsulfinyl)-1-H-pyrazole-3-carbonitrile, 99%, 0.1 ng/uLAxetonitrile) was ordered from
Crescent Chemical Company (Islandia, NY, USA).

Acetonitrile and methanol (B&J Brand HighPurity Solvent) werecpased from Honeywell
Burdick & Jackson (Muskegon, MI,USA) and ammonium acetate froom&igldrich (St.
Louis, MO, USA). Deionized water was generated in house fr@arasted Easypure UV/UF

(Dubuque, 1A, USA) coupled with activated charcoal and ion exchange resin i&niste

2.1 Animals. This study was part of an investigation of the neurotoxic effectganil in
rodents® * The animal facility is accredited by the American Assimiafor Accreditation of
Laboratory Animal Care International, and all protocols were apgdrbyethe National Health
and Environmental Effects Research Laboratory Institutional Anima &aat Use Committee at
the United States Environmental Protection Agency. Male Long Evamg6@90 days old)
were acquired from Charles River Laboratories (Wilmington, MA)indal husbandry details
are provided in the Supporting Information. Animals were dosed rejhedite oral gavage at
either 5 (low dose) or 10 (high dose) mg/kg with fipronil suspendedrimail (1 mL/kg) every
24 hours for two weeks. Control rats were gavaged with corn oil ondyhdBirs after the 12
dose, rats were euthanized. Trunk blood was collected in tubes with@eoagoiant and stored
on ice for 1-1.5 h.. The samples were centrifuged at ¥3§@or 30 min. at 4° C. The serum was
collected, frozen on dry ice, and stored at *8Quntil analysis. Urine was collected in a syringe
either from voids on a clean table or via bladder puncture and tnaustera micro-centrifuge

tube, immediately frozen on dry ice, and stored at -80 °C until analysis.



132 2.2 Human Samples. Matched human urinen£84) and serum nE96) samples, from
133 individuals with no known fipronil exposure, were collected by the ddati Institute for
134  Environmental and Health Sciences (NIEHS protocol number 10-E-0063)dmethmil and
135 June 2011. The human samples were simply a sample of conveniencerambtvaeant to be
136  representative of a specific population. The urine collected wsgotasample and was not
137  concentrated or representative of a specific sampling period. ¥ehsntvere anonymous, and
138  no personally identifiable information was provided. The samples fn@me male and female
139  volunteers of various ethnicities between 19 and 73 years of agewsho the Raleigh-Durham
140  area of North Carolina (Table 1). Although 100 volunteers participated inutihg steveral urine

141 and serum samples were not included due to an insufficient volume for analysis.

142 Table 1. Human demographic data.
143
Sex Age Race

Male Female 19-33 34-48 48-62 62-76 Asian Black White Other
144 % 30 70 29 30 33 8 3 32 63 2
145
146
147 2.3 Extraction Protocols. Samples were extracted in a manner that optimized recovery and

148  reproducibility while reducing matrix interference. Animal gd@s were small volumes that did
149  not require solid phase extraction (SPE). However, a protocol involving SPE wasngeliwith
150 the human samples to reduce matrix interference. Sampletexirpmtocols for biologicals are
151  described below. More information on methods development for human samples foaind in
152 the Supporting Information. Rat serum samples were first armhlyby liquid
153  chromatography/time-of-flight mass spectrometer (LC/TO&}Mn order to identify any
154  metabolites. Human samples were then analyzed by liquid chromatpfgratérquadrupole

155 mass spectrometer (LC/triple-quad) for quantification of mettsolfor which analytical
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standards were possessed. LC/Q-TOF was used for structurelagbrci of unknown
metabolites.

2.4 Rat serum. Rat serum (25 pL) was denatured with 100 pL of 0.1 M formid aod
precipitated with 1 mL of a cold acetonitrile solution spiked wli internal standard (fipronil
des-k, 25 ng). The sample was then centrifuged for 5 minutes at 22%00n aliquot of the
supernatant was mixed 50:50 with 10 mM ammonium acetate buffer, aydeshaia LC/TOF
and LC/triple-quadn=9 for high dose (10 mg/kg/dayn:10 for low dose (5 mg/kg/day); and
n=11 for control animals, which were treated with vehicle. Qudiatitawas performed for
fipronil and fipronil sulfone. The results of the quantitation are showrthe supporting
information.

2.5 Rat urine. Rat urine (100 uL) was precipitated with 900 pL of cold acetémiand
centrifuged for 8 minutes at 12500¢g. An aliquot of the supernatant was extracted and mixed
50:50 with 10 mM ammonium acetate buffer before LC/MS analysi8. for high dose (10
mg/kg/day);n=4 for low dose (5 mg/kg/day); am3 for control animals. Quantitation was only
performed for the fipronil sulfone metabolite, as standards vmete available for other
metabolites. Quantitation specifics can be found in the Supporting latiorm Fipronil sulfone
concentrations in rat urine were used to approximate the relaineewtrations of the other
observed metabolites.

2.6 Human serum. Human serum (200 pL) was denatured with 20 uL of a 0.1 M formic acid
solution spiked with internal standard (fipronil des-b ng) and precipitated with 2 mL of cold
acetonitrile. The sample was centrifuged for 10 minutes at 125@Gnd concentrated using
solid phase extraction (SPE) using an Oasis 3cc HLB cart{Mgers Corporation, Milford,

MA) SPE cartridges were conditioned with 3 mL of methanol and 3 multcdpure water,



179 samples were loaded, washed with 3 mL of 95:5 water/acetositliléion, then eluted with 3
180 mL of acetonitrile. The eluate was evaporated undeatNA0° C until approximately 200 pL
181 remained. The concentrated solution was mixed 50:50 with 10 mM ammonetateabuffer
182  and analyzed via LC/TOF and LCl/triple-quack96). In order to determine the concentration of
183 compounds of interest, a seven-point matrix-matched (blank calf defenTechnologies-
184  Gibco®, Grand Island, NY) extracted standard curve from 0.1-50 ng/mohg alith a method
185  blank (DI water) and a matrix blank was run with the human serum samples. The lowesinval
186  the standard curve (0.1 ng/mL) was considered the lower limit of quantitation (LLOQ

187 2.7 Human urine. Human urine (5-12 mL) was precipitated with 1 mL of acetonitnid a
188  concentrated using the SPE method described above with an Casi#d.B cartridge with the
189  exception that cartridges were conditioned with 5 mL of methanobandt of ultrapure water,
190 samples were loaded, washed with 5 mL of 95:5 water/acetositlilgion, then eluted with 5
191 mL of acetonitrile. The eluate was evaporated unde@atN40° C until approximately 1 mL
192 remained. The concentrated solution was mixed 50:50 with 10 mM ammoogiateabuffer in
193 an LC vial and analyzed by LC-TOF/M8=84). Note that several urine samples were excluded
194  due to insufficient volume.

195 2.8 Analytical Instrumentation. Targeted analyses (LC/triple-quad) were carried out using an
196  Agilent 1100 HPLC (Agilent Technologies, Palo Alto, CA) interfacathva Sciex 3000 triple
197 quadrupole mass spectrometer (Applied Biosystems/MDS Sciexrkisy, CA) fitted with an
198 electrospray ionization source (ESI) operated in the negative tmmzmode. Compounds
199 contained in the LCltriple-quad method (fipronil, fipronil sulfone, fiprosullfide, fipronil
200 amide, and monochloro fipronil) were optimized on a compound specific hafsnation

201 regarding transitions are included in the Supporting Information.
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The HPLC system consisted of a Phenomenex Luna C18 column (50 x 3pnm,T®rrance,
CA, USA) with a Security-guard guard column (Phenomenex). Th@adeconsisted of the
following: 0.4 mL/min flow rate which increased to 0.75 mL/min atta® min; temperature: 30
°C; mobile phases — A: ammonium acetate buffer (0.2 mM) and Dr.wegihanol (95:5, v/v),
and B: ammonium acetate buffer (0.2 mM) and acetonitrile:DI w@&t5, v/v); gradient: 0-2
min 50% A and 50% B; 2.1-4 min, a linear gradient from 50:50 A:B to 10:90 A:B;min 10%
A and 90% B; 6.1-10 min re-equilibration to 50% A and 50% B.

Non-targeted analyses (LC/TOF) were carried out using anedtgil100 HPLC (Agilent
Technologies, Palo Alto, CA) interfaced with an Agilent 6210 Tim&ght (TOF) mass
spectrometer fitted with an electrospray ionization source oplemtéhe negative ionization
mode at 120 Volts. Any drift in the mass accuracy of the T@E gontinuously corrected by
infusion of two reference compounds (purima/4 = 119.0363] and hexakis (1H, 1H, 3H-
tetrafluoropropoxy) phosphazena/g= 966.0007]) via dual-ESI sprayer.

The HPLC method consisted of a Zorbax Eclipse Plus C18 columnk(3Q mm, 3.5 um;
Agilent Technologies, Palo Alto, CA) fitted with a Phenomeneard column (Torrance, CA).
The method consisted of the following: 0.2 mL/min flow rate; at°’GQ mobile phases: A:
ammonium formate buffer (0.4 mM) and DI water:methanol (95:5 v/v), andnBnonium
formate (0.4 mM) and methanol:DI water (95:5 v/v); gradient: 0-5 animear gradient from
50:50 A:B to 100% B; 5-15 min, 100% B; 15-18 min re-equilibration to 50% A and 50% B.

2.9 Identification of Spectral Features. The TOF-MS system has proprietary software that
can be used in non-targeted analyses to help identify compoundsetsgecific to a treatment
group or a specific experimental condition. For example, to ideptfgntial biomarkers of

fipronil exposure, control and dosed animal samples are analyzed, andulamoleatures

10
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(identifiable peaks) were first extracted according to gpecified criteria (e.g., minimum peak
height, area count). The two groups of extracted features warectimpared using The Mass
Profiler software, which singles out only those compounds that arel fouthe dosed group.
This collection of compounds can be thought to represent either the mamempiound,
metabolites of the parent, or specific biological responsesatbaattributable to the treatment
administered.

The exact monoisotopic mass of each of these "treatment onlyirdeavas then used to
generate a ranked list of possible chemical formulae fdr eaknown. The numerical ranking
is based on the difference between the calculated and measured mass, tlealsotmaince and
the isotope spacing. If authentic standards are available, the identipyadased feature can be
confirmed using chromatographic retention time, exact monoisotopgs, mend isotopic
distribution.

Fipronil is an interesting and somewhat unique compound because it caiafiisorine
atoms and two chlorine atoms, that result in a significant negaitags defect (435.93869 Da,
with the [M-HJ ion seen in negative ionization mode being 434.98421 which is preserved in
most of its metabolic products to the extent that the F and Ckatomretainéd. Moreover, the
isotopic spacing between the Cl isotopB€l([75.77%] and’Cl [24.23%]) leads to a distinctive
isotopic pattern that aids greatly with identification (SI Feg@j. Both of these characteristics
were useful in identifying fipronil-related metabolites.

Metabolites that were identified using the LC/TOF instrumentrde=d above were then
investigated further using an Agilent 1200 HPLC system fitteétl @i6250 quadrupole time-of-

flight mass spectrometer (Q-TOF) (Agilent Technologiedp PPdto, CA) using the same LC

11



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

conditions as previously described. The LC/Q-TOF allowed fragmentati various collision
energies of metabolites of interest which helped with structure elucidation.

2.10 Quality Assurance/Control. For each analysis, method and matrix blanks were
evaluated for contamination or background levels of the compounds of intémnest. randomly
chosen samples were replicated in each quantitative experionensure consistency within the
data sets. Parent-daughter ratios should be consistent, and ratiorimgrig a robust way to
confirm the presence of a specific compound. Therefore, inatigeted screening of samples,
the ratio between the primary and secondary parent-daughter transition wasedaoiconfirm
the presence of each compound in the MS method. High and low concergralay control
(QC) samples containing the fipronil mixture of five analytistandards described in the
Chemicalssection were run with each batch of human serum samples. Thepkesavere
included to ensure analytical precision and accuracy.

2.11 Statistics. GraphPad Prism version 6.0 was used for statistical analyses dfpronil
sulfone concentrations in human serum with respect to race, aggeaddr. Normality was
tested using the Shapiro-Wilk normality test. Values were notaltymiistributed; therefore, we
used nonparametric statistics (Mann-Whitney test for comparisorardds, and Spearman
correlation analysis) for all analyses. Statistics for geaddrrace differences were based on a
non-detect/detect designation of “0” and “1”, respectively. Valuet wieae below the LOQ
(below the lowest curve point) were replaced with LOQ/2 for thea8nan Correlation analysis.

All tests were carried out at the 95% confidence level.

3. RESULTS

3.1 Quality Assurance/Control. All lab prepared target and non-target analysis blanks and

control samples were below the LLOQ for compounds of interesllirexperiments. All

12



270  replicates for all experiments had a mean standard erratS8fo<or all replicates and ensured
271 reliable data. For all targeted analyses, the ion ratios betthegprimary and secondary parent-
272 daughter transitions were consistent for all standard compounds @) and confirmed
273 analytical precision. All QC samples (high and low) were 100% + 15% of the nominesva

274 3.2 Urine from Treated Rodents. The urine from rodents treated for 14 days with fipronil
275 was analyzed for biomarkers of exposure via non-targeted anabsislescribed above,
276  molecular features (significant chromatographic peaks) weraotett from analytical runs of
277  both dosed and control animals, and The Mass Profiler software wdstaissolate those
278  features that were unique to the dosed animals. The most placesiolelate biomarkers were
279  those compounds with the signature isotope pattern of two chlorine édrRggure 2) and/or
280 significant negative mass defects indicative of fluorine andrictd atoms. Seven high
281  abundance peaks fitting these criteria were identified, and tfo¢ ex@noisotopic mass of each
282 was used to generate a ranked list of plausible formulae and pmvdasg structures. We
283  ultimately assigned tentative compound identity according to knowabolét pathways (e.g.,
284  oxidation, sulfation, glucuronidation), the retention of negative masstdafiel/or the isotopic
285  pattern associated with chlorine, and consistency with resultsgrewous studies. Information
286  on the seven metabolites can be found in Table 2. Four of the compounds (M1, M2, M3, M5, and
287  M6) were identified in previous studied’, whereas two more (M4 and M7) are reported for the
288  first time in this study (Figure 1). It should be noted thatgpectral feature observed for the
289  glucuronide conjugate (M6) splits into two chromatographic peaks, rkelt ineaning that the
290 glucuronide molecule adds to both the oxygen and the nitrogen atorkigsee 1). We were
291 unable to differentiate which peak corresponded to which structure, buwaseformed

292  preferentially. However, this spectral feature is not observed for tregesatinjugate (M5).

13



293 To better characterize the structures of metabolites M4 andhd7ragmentation patterns of
294  the parent metabolites were analyzed via LC/Q-TOF. No usefuniattion was gained about
295 metabolite M4; however, the fragmentation pattern of metabolite M@edheto predict a
296  plausible structure. M7 structural information could be gleaned fooking at the exact masses
297  of molecular fragments originating from the parent moledebe.example, if the mass of a €O
298 group is observed in the fragmentation pattern, it can be adstime the molecule likely
299 contained a carboxylic acid. Spectral information regarding thignfentation pattern can be
300 found in the Supporting Information (S| Figure 3).

301 Fipronil sulfone (M1) was confirmed by an authentic standard thahkasame retention time,
302 monoisotopic mass, ion fragmentation pattern, and isotope spacinginRats 5 mg/kg/day
303 dose-group had median concentrations of fipronil sulfone of 25.4 (+ 18.7) ng/mik, tivi10
304 mg/kg/day group had 31.9 (£ 13.2) ng/mL (Sl Figure 1). If the fipronil sulfone coatiens are
305 used to generate estimated relative response factors for o#tabaiites that do not have
306 standards (assuming that all respond similarly within the TCH);Mve estimate the relative
307 concentrations of fipronil metabolites in dosed-rodent urine to be
308 M6>M4>M5>M3>M7>M1>M2. The estimated concentrations of M2 and M63&and 2,000
309 ng/mL respectively.

310 Table2. LC/TOF characteristics of putative metabolites in rat urine.

Metabolite Retention Time  Predicted Formula Score of Predicted [M-H] Measured Mass [M-H] Calculated Mass ~Appm  Monoisotopic Mass
(mins) of parent Formula (m/z) (m/z) (m/z)

M1 (Fipronil Sulfone) 7.57 C12H4CI2F6N402S 99.63 450.9266 450.9263 0.67 451.9336

M2 7.3 C9HA4CI2F3N3 93.50 279.9665 279.9662 1.07 280.9734

M3 1.62 C11H402NA4CI2F3 99.53 350.9667 350.9669 0.43 351.9742

M4 5.38 C10H4CI2F3N302 98.63 323.9565 323.9560 1.54 324.9633

M5 1.4 C11H5CI2F3N404S 99.38 414.9290 414.9288 0.48 415.9361

M6 1.39 C17H13CI2F3N407 98.74 511.0036 511.0041 0.98 512.0113

3 11 M7 5.38 C11H3CI2F3N40 98.93 332.9564 332.9563 0.30 333.9563

14
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Figure 1. Proposed metabolic pathway of fipronil in the rat. M4 and M7 are proptsetuses
based on MS data, isotope distributions, and exact mass. M1, M2, M3, M5, andefd6
identified in rat urine. Unobserved metabolites labeled (UM) weradeaitified but are likely

intermediates.
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3.3 Serum from treated rodents. The serum from treated rats was analyzed for all suspected
biological metabolites via LC-TOF to evaluate the presenp@sdible serum biomarkers. In our
analysis we detected no additional metabolites other than smaliras of un-metabolized
fipronil and fipronil sulfone which had been previously identified teyesal groups”
Quantitative data for fipronil and fipronil sulfone in rat serum ba found in the Supporting
Information.

3.4 Human urine. Urine samples from 100 volunteer North Carolina residents with no known
exposures to fipronil or other pesticides were examined for M1-Nentified in rodent urine)
and for all other plausible fipronil adducts or derivatives using thteods described above. No
parent fipronil or any plausible metabolites were found in the human urine samples.

3.5 Human serum. Matched human serum samples were analyzed for the metabolites
observed in rat serum (fipronil and fipronil sulfone) by a tadyetpproach (LC/triple-quad,
LOQ = 0.1 ng/mL). Only trace amounts of the parent fipronil weredaarnthe human blood
samples. However, fipronil sulfone (the putative biomarker idedtifiethe rodent study) was
detected in approximately 25% of the samples, at levels mfiggm 0.1 to 4 ng/mL [mean =

0.2 (x0.6) ng/mL] (Figure 2).
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Fipronil Sulfone Concentration in

Human Serum Samples
10

~lp Mean from occupational exposure study

Concentration (ng/mL)
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Figure 2 shows fipronil sulfone concentrations in human seturhe red dotted line represents

the mean (7.79 ng/mL) observed in an occupatiox@bsure study.

*n = 96, four samples were excluded due to insufiici@lume.

3.6 Statistical Analyses. Statistics (for the human serum data) showed tz@ and age may
have some impact on the level of fipronil sulfonehuman serum. A slight positive correlation
was found for increasing age and fipronil sulforgel (Spearmam = 0.21 andp = 0.042).
Caucasians had median fipronil sulfone levels thete significantly higher than in African
Americans p < 0.0001 and Mann-Whitney = 556) (the Asian and “other” categories were
excluded from statistical analyses because there tee few samples). However, no significant
difference was found between males and femagles 0.99 and Mann-Whitney = 959.5).
Information regarding statistics can be found & 8upporting Information.
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4. DISCUSSION

This study demonstrates how advanced time-of-flight mass spettyoteehniques can be
used to more fully describe the metabolism of xenobiotic compoundsatedranimal studies
and how this knowledge can be applied in human biomonitoring studies ke rakevant
conclusions about human exposures to emerging compounds of concern. Owr gpatiivas
to use the biomarkers identified from the dosed rodent work in the mnafya set of human

biological samples to characterize the rate of fipronil exposure in theagpopulation.

In describing the metabolism of fipronil in rodents, our results Wagely consistent with
previous studied,?" 2while also extending what is known about the basic metabolic process
Two novel metabolites observed in rat urine in this study whietewot seen by Cravedi et al.
(2013) can be attributed to differences in study design. Spegificalf Long Evans rats were
dosed (5 or 10 mg/kg/day) for 14 days then sacrificed 6 hours la#tdadt dose. In contrast,
Cravedi et al. (2013) dosed acutely at 10 mg/kg and collected urineramd svery 24 h. over a
72 h. period Differences between rat strain or length of dosing regimen msg made it
possible to identify different products of fipronil metabolism, suckthaspyrazole ring opened

products or the highly oxidized heteroaromatic amine derivatives.

The proposed metabolic pathway in the rat and compound structures fcamdbén Figure 1.
We propose that a new metabolite (M7) in rat urine, an imine, sefsoith the loss of water from
metabolite M3, which is a fipronil metabolite that is hydroigthat both the carbon and the
nitrogen. We also identified what is hypothesized to be nitroso compoutid \(¥& believe that

M3 and M4 are formed from an unobserved hydroxyl amine intermedidte2j. The hydroxyl
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amine (M3) has been identified in this and in previous stiidies to our knowledge this is the
first report of a nitroso metabolite of fipronil in rat urinethAdugh the structure for metabolite
M4 is only putative, heterocyclic aromatic amines are known to uadsodpgical oxidation to
form nitroso compounds. This process is mediated by cytochrome P-45088%HRf. Many
heterocyclic amines are known carcinog&tfs,due to their ability to be hydroxylated and then
form DNA adducts. The observation of N-hydroxylated fipronil metaé®lit this and other
rodent studies warrants further investigation of fipronil metaboishumans and the resulting
effects.

Noninvasive biomarkers like those present in urine, exhaled breathfihgérnails, etc. are
optimal for use in human studies, and one intention of this study wegpkore whether any of
the urinary metabolites found in the rats could be used as biomaifkerposure in humans.
Studies with human liver microsomes have shown that fipronil ishokad to fipronil sulfone
in vitro, and Mohamed et al. (2004) have identified fipronil sulfone as a metaboltumans
acutely exposed to high do$es®_ENREF 13 Aside from these, no publications comment on the
disposition of fipronil in humans. In this study we analyzed human uaimglss for any of the
metabolites identified as possible biomarkers in rat urine. Thenedsef fipronil and its
metabolites in the human urine samples was undoubtedly related tofawtorg. To start with,
it is possible that most human elimination of these matevadars via the feces, as is the case
with rodent$® %2 Secondly, and perhaps more importantly, our study subjects veenatiafly
volunteers from the Raleigh-Durham area of North Carolina witknieavn exposures to fipronil
and/or any other similar pesticides. Identification of small ansoohtunknown chemicals in
urine from populations with no known exposure can be difficult due to the kErgpunt of

endogenous compounds found in the matrix. A more effective strategy wotddaoek with a
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group of individuals with higher exposure levels (preferably occupalyprialdetermine human
urinary metabolites. Despite negative findings with the human sanmgles, 25% of the serum
samples contained measureable amounts of fipronil sulfone (range Orih/mH), providing
clear evidence that humans are regularly exposed to fipronilerestingly the highest
concentrations found in this study were only half of the occupatiorappsed worker serum
levels reportet.

The general population likely shares specific exposure routesofQhe most likely routes of
exposure is contact with pets that have received applications aifigre. Frontline® Plus) or
have had contact with indoor/outdoor applications around the home. Notably, Mdrgan e
(2008) concluded that family pets can act as vehicles for human e&pdsurthe
organophosphorous insecticides, such as diaZin@pecifically, fipronil is widely used to
control residential insect pests such as termites and firecamt®ors where pets frequent,
leading to transport of the material indoors. Furthermore, maayahd tick topical products
contain approximately 10% fipronil and are applied directly toskme and fur of dogs and cats,
leading to human exposure to fipronil through direct contact with th&st pyk et al. (2012)
used a fluorescent indicator to show that these fipronil residues are easshgired from pets to
humans by way of direct contact for one week following applicitigkccording to estimates
from the American Humane Association, up to 46% and 39% of US househefusiégs and
cats, respectively. Use of fipronil containing products with theasenals could conceivably
result in some measurable human exposures. Ongoing efforts iabo(data not shown) are
investigating domestic indoor sources of exposure that may be impaitece local waste water

treatment plant (WWTP) effluent is shown to contain fipronil and metabolites.
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416 Statistical analysis showed that higher concentrations of fipsaifbne in human serum was
417  correlated with increasing age and that people who self-idsht#s Caucasians had median
418  concentrations of fipronil sulfone in serum that was significahitjher than those who self-
419 identified as African Americans. The difference in the two sas@s particularly interesting,
420 since thep value was very small and noticeable trends can be seen in theithataspect to
421  detects and non-detects (see Supporting Information). No conclusioh& ckawn from these
422  observations because the sample set was from a relativelyssinsét of the population and no
423  metadata was known. However, factors such as race or socioecotatnschsive been found to
424  influence exposure rates for other chemical cldé8és

425 While the target of fipronil is insects, the two trifluorortmgtgroups of fipronil may increase
426 the compound’s absorption and distribution upon accidental exposure by humans.
427  Approximately 20-25% of drugs produced in the pharmaceutical industrgicaat least one
428  strategically incorporated fluorine atom (usually in the form ittifee one fluorine atom or a
429 trifluoromethyl group) because fluorine can significantly intpgmophilicity and improve the
430 bioavailability of orally administered drugs. Several studiegehshown that the addition of
431  fluorine, the most electronegative element, can decrease theaqKdherefore basicity of
432 surrounding functional groups® Although the effect is not always predictable, this decreased
433  basicity stabilized molecules in the harsh acidic conditions ofstbemach and increases
434 bioavailability’” *® Another factor that affects the absorption and distribution of aculelds
435  lipophilicity. Compounds usually enter into cell membranes via passarsgort (although
436  active transport is an alternate mechanism). Passive transgoires that the molecule is able to
437 permeate the cell membrane, but also avoid entrapment by the lipyerbiThe electron

438  withdrawing capabilities of fluorine can, in some cases, be incdgubta tune a compound’s
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lipophilicity and ease passive transport into ¢&f§ Fipronil's presence in human serum
demonstrated that the chemical is, in fact, absorbed by humaner-iainzl et. al (1996)
found that fipronil lost almost all activity in neurotoxicity stuli®n mice without the
trifluoromethylsulfinyl functional group.Metabolites of fipronil have also been found in many
rat tissues, including brain cétl§' ° demonstrating that even highly selective membranes are
somewhat permeable to these chemicals. The fluorinated functiooapsgmay increase
fipronil's potency as an insecticide; however, they may alsoaserabsorption and distribution

of the potentially toxic compound in non-target organisms, such as humansgletiogsthat
fipronil has been associated with endocrine disruption, neurotoxicity, anihagenicity***
accidental exposure and increased bioavailability may be problematic.

In conclusion, previously reported metabolites in rat urine and seemmnaonfirmed, and two
novel urinary metabolites have been proposed. The putative biomarkersidetein the rodent
study were used in human serum analysis, where fipronil sulfoedouad in approximately
25% of serum samples from a random population of North Carolina resi@&eamtsn fipronil
levels in our study suggest that human exposure to fipronil may be@opand comparable to
occupationally exposed workers. Matched urine was also analyzeab fiptonil or any of its
metabolites were identified, which suggests that urine may non keppropriate matrix for
biomonitoring populations with no known exposure to fipronil. More extensigeacterization
of the metabolites produced in humans exposed to higher levels of fim®miEll as the effects
from low but chronic exposure to fipronil is needed. Further investigatom also necessary to

describe the sources of fipronil exposure and identify rates of exposure in othetipogula
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603 4. SUPPORTING INFORMATION

604 5.1 Rodents were housed in polycarbonate cages containing heat-treated hardwgod chi

605 bedding. Access to food (Purina 5008 Chow; Lab Diet/PMI Nutrition Inteme{ Richmond,
606 IN) and tap water was providedd libitum Animals were allowed to acclimate to their
607  surroundings in the animal colony for 5-7 days before beginning atsy Td®e animal colony
608 was maintained at a temperature of 22 2C2 with humidity at 40 + 20%, and a 12:12 hr

609 light:dark cycle (light on at 6:00 a.m.).

610 5.2 Recovery Experiment for Fipronil in Dosed-rat Serum. Standard fipronil (200 ng) was
611 added to a vial containing blank rat serum (100 pL), along with 100 @l1d¥ formic acid and
612 1 mL of cold acetonitrile. The solution was centrifuged at 12,6Qf) and the supernatant was

613  extracted. In a separate vial, blank rat serum was dirguitgd with fipronil standard (200 ng).
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Both the supernatant and the control sample were mixed 50:50 with 18mm\bnium acetate

buffer and analyzed via LC/triple-quad. The fipronil recovery rate was 98%.

5.3 Recovery Experiment for Fipronil in Spiked Human Serum. A standard mix of fipronil
metabolites (10 ng each metabolite) was added to a vial contdilzsing calf serum (200 uL),
along with 25 pL of a 0.1 M formic/internal standard solution (fiprdes-F, 10 ng) and 2 mL
of acetonitrile. The solution was centrifuged at 12,%0§ and was extracted onto an Oasis 3cc
HLB solid phase extraction cartridge. The solid phase extractiethad consisted of
conditioning the cartridge with 3 mL of methanol followed by 3 mLDbdfwater; loading the
sample; washing with 3 mL of 95:5 water:acetonitrile; and elwirig 3 mL of acetonitrile. The
samples were evaporated underail40 °C until 200 pL remained. In a separate vial (the control
sample), only 200 pL of blank calf serum, 25 pL of the 0.1 M formid/iaternal standard
solution and 2 mL of acetonitrile was added (no fipronil or metabqliées) this vial was also
carried through the procedure, just as the experimental sampleoiitrel sample was spiked
with the standard mix of fipronil metabolites (10 ng/metabold#er evaporation. All the
samples were prepared 50:50 with 10 mM ammonium acetate karftegnalyzed via LC/triple-

quad (=3). The results are shown below in Sl Table 1.

S| Table 1. Human serum recovery experiment results.

Compound Average % Recovery (+ %RSD)
Fipronil 82+2.4
Fipronil sulfone 83 13.6
Fipronil sulfide 84 +3.6
Fipronil amide 82+7.3
Monochloro fipronil 85+3.5
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5.4 Recovery Experiment for Fipronil in Spiked Human Urine. A standard mix of fipronil
metabolites (400 ng/metabolite) was added to a vial containing 10 mlard human urine and
1 mL of acetonitrile/internal standard solution (fipronil dgs-B3 ng). The solution was
extracted onto an Oasis 6¢cc HLB solid phase extraction cartfldhgesolid phase extraction
method was the same as for human serum, except the elution stéprakeadstead of 3 mL of
acetonitrile. The solution was evaporated undeafN0 °C until 1 mL remained. In the control
sample, 10 mL of blank human urine and 1 mL acetonitrile were added gramiffi or
metabolites), and this vial was also carried through the procephsteas the experimental
samples. After evaporation the control sample was spiked withtahdasd fipronil metabolite
mixture (400 ng/metabolite). All samples were prepared 50:50 MitmM ammonium acetate

buffer and analyzed via LC/triple-quaa=@). The results are shown below in S| Table 2.

Sl Table 2. Human urine recovery experiment results.

Compound Average % Recovery (+ %RSD)
Fipronil 103 £5.8

Fipronil sulfone 100 +10

Fipronil sulfide 99+7.0

Fipronil amide 104 £3.8

Monochloro fipronil 101 +5.0
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5.5 Quantitation of fipronil and fipronil sulfonein the serum of treated rodents. Rat serum

(25 pL) was denatured with 100 pL of 0.1 M formic acid and precigitaith 1 mL of a cold

acetonitrile solution spiked with the internal standard (fipronitlele5 ng). The sample was

then centrifuged for 5 minutes at 1259@. An aliquot of the supernatant was mixed 50:50 with

10 mM ammonium acetate buffer, and analyzed via LC/TOF and pléfguad.n=9 for high

dose (10 mg/kg/day)n=10 for low dose (5 mg/kg/day); amg11 for control animals, which
were treated with vehicle. To determine the concentration of compounueresst, a nine-point
matrix-matched extracted standard curve from 10-5000 ng/mL, a metndd(Bll water), and a

matrix blank (blank rat serum) was run with the rat serum sssmh LC/triple-quad. The

lowest value on the standard curve (10 ng/mL) was considered tkee liovit of quantitation

(LOQ). The results of the quantitation are shown in Sl Table 3.

Sl Table 3. Descriptive statistics and select percentiles for fipronil fymanil sulfone in rat

serum.

Compound Dose Conc. (mg/kg bw) LOQ (ng/mL) | %<LOQ Min 5% 25% 50% 75% 95% Max
Fipronil Control 10 91 <LOQ | <LOQ | <LOQ | <L0Q | 0.419 | 13.8 10.1
Sulfone Control 10 91 <LOQ | 0.133 1.01 1.65 2.12 8.12 13.3
Fipronil 5 10 0 4.83 4.98 552 | 8.82 11.9 | 12.9 13.7
Sulfone 5 10 0 2120 | 2147 | 2250 | 2465 | 2573 | 2630 | 2630
Fipronil 10 10 0 6.03 6.53 8.07 11.7 17.0 | 26.6 | 29.3
Sulfone 10 10 0 2,880 | 2,952 | 3,110 | 3,670 | 3,990 | 4,180 | 4,280
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5.6 Quantitation of fipronil sulfonein the urine of treated rodents. Rat urine (100 pL) was
treated with 900 pL of cold acetonitrile. The sample was therriftgetd for 8 minutes at
12,500x g, prepared 50:50 with 210mM ammonium acetate buffer, and analyzed itigple=
quad.n = 2 for high dose (10 mg/kg/day);= 4 for low dose (5 mg/kg/day); amd= 6 for
control animals. In order to determine concentration of compounds ofsintarseven-point
extracted standard curve prepared in DI water from 10-5000 ng/orig &lith a method blank
(DI water) was run with the experimental rat urine samplegidgbire 1shows median fipronil
sulfone concentrations for rodents dosed with fipronil. The high dose grau@ hmaedian
concentration of 32 +13 ng/mL fipronil sulfone, while the low dose group had-29 ng/mL

and the control animals had 0 4 ng/mL.

The LCltriple quad used for the quantitation of fipronil sulfone was aeW Acquity
ultraperformance liquid chromatography system coupled with a WQteaso Premier XE triple
guadrupole mass spectrometer (UPLC-MS/MS; Waters CorporatioBP4A aliquot of each
sample was injected onto an Acquity UPLC BEH C18 column{in7 2.1 x 50 mm; Waters
Corporation) that was maintained at 50 °C. The mobile phase consistetvefit A: 2 mM
ammonium acetate buffer with 5% methanol and solvent B: aceteratria flow rate of 400
uL/min, starting with 75% solvent A for 30 s and then increasing@0é solvent B at 3.5 min
and 100% solvent B at 3.6 min and held for 0.9 min. At 4.6 min the gradienteitaned to
60% solvent A and held until 6.0 min. Electrospray negative ionizationuges in the mass
spectrometer source. The capillary voltage was set at negativekM).4and the source
temperature was 150 °C. The primary transition used for quantitatoAdya? - 244.0n/z and
two other transitions were monitored for confirmation, 451.2 to 28¥2and 451.2 to 414.9

m/z
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5.7 Time-of-flight mass spectrometry scoring and isotope patterns.
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S| Figure 2 shows the spectral pattern of a molecule contaiBioglorine atom Note thalt
323.9560m/zis the most abundant isotope, 325.9m/zcontains oné’Cl, and 327.95(m/z
contains twd''Cl. The 324.9592n/z contains on*C. The numerical ranking for formu
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shows a control animal sample and the absenceedlafor M4
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5.8 MetaboliteM7 inrat urine
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Sl Figure 3 shows the fragmentation pattern of Metabolite M7 in the LC/Q-TTte red
circles/boxes show the fragment and the spectrum at the bottom #temwsaks corresponding

to the fragments.

5.9 Statistical Data. Statistical analyses of the human serum data was perfornek R
comparisons for gender and race was done by a Mann-Whitney t&gie@man Correlation
analysis was also used to evaluate the relationship betweesndgeoncentration of fipronil

sulfone in serum.

Gender: A two-tailed unpaired Mann-Whitney test was performed to compareathies
between genders. The gender were not significantly different (P=h89Mann-Whitney

U=959.5). S| Table 4 shows the number of detects and non-detects for each gender.

Sl Table4. Number of detects and non-detects for the genders.

Gender Detects Non-Detects Number of Samples
Male 7 12 29
Female 17 67 67
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Age: A two-tailed Spearman Correlation analysis was performed to&eaihether there was
a relationship between age and concentration of fipronil sulfone. dinelation between age
and concentration was significant (Spearman 0.21 andp = 0.0418). S| Figure 5 shows the

linear regression.

Age vs. Concentration

S| Figureb. Correlation between age and concentration of fipronil sulfone.
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Race: A nonparametric analysis of the mean fipronil sulfone conceotiinf the sample of
people who self-identified as either Caucasiar6@) or African Americanr=34) origin was
performed. The Asian and “other” categories were excluded bethesse were not enough
samples in those categories for statistical analyses. éiogoto a two-tailed unpaired Mann-
Whitney test, there was found to be a significant differencéenranks of the concentrations
between the two racep £ <0.0001 and Mann-Whitndy=556). The number of detects and non-

detects in each group is shown in S| Table 5. There were anargber of detects in the

Caucasian category, but only one detect in the African American category.

S| Table 5 shows the number of detects vs. non-detects for each race.

Race Detects Non-Detects Number of Samples
Caucasian 22 39 61
African American 1 29 30
Asian 1 2 3
Other 0 2 2
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778

779 5.10 Transitions in LC/triple quad method. SI Table 6 below lists the parent to daughter

780 transitions which were monitored in the Agilent 1100 LC/triple quad method.

781 Sl Table 6. LC/triple quad parent-daughter transitions.

Compound Transition Parent Daughter
Fipronil 1° 434.9 329.8
Fipronil 2° 434.9 249.9
Fipronil 3° 434.9 277.8

Fipronil sulfone 1° 451.1 415.0
Fipronil sulfone 2° 451.1 281.9
Fipronil sulfone 3° 451.1 243.9
Fiproni sulfide 1° 418.9 382.8
Fiproni sulfide 2° 418.9 261.7
Fiproni sulfide 3° 418.9 313.8
Fipronil amide 1° 452.9 347.7
Fipronil amide 2° 452.9 303.8
Fipronil amide 3° 452.9 271.9
Monochloro fipronil 1° 401.1 283.9
Monochloro fipronil 2° 401.1 295.9
Monochloro fipronil 3° 401.1 331.9
Fipronil des F3 1° 387.2 281.9
Fipronil des F3 2° 387.2 331.0
782 Fipronil des F3 3° 387.2 351.0

783
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785

786

787

788
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790 5.11 Sl Figure 6 showsfipronil des-k which was used as an internal standard for analytical
791  methods due to its similarity in structure to fipronil. The structure is shown below.

i Vi

HsC—S

Cl Cl

792 F
793

794 Molecular Formula: C.2H;Cl,F3N,0OS
795 Monoisotopic Mass: 381.966971 Da
796 [M-H]-: 380.959694 Da

797

798
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*Response to Reviewers

Dr. Alcock,

Thank you for the comments on our recently submitted manuscript entitled: “ldentification of fipronil
metabolites by time-of-flight mass spectrometry for application in a human exposure study”
(Manuscript ID: ENVINT-D-14-01277). We appreciated the reviewers’ careful reading and criticism of this
manuscript, and we thank them for their considerable efforts to help improve this submission. We have
made a substantial revision of this work by responding to the reviewers’ comments. A point-by-point
response to each of the comments follows:

Reviewer 1:
Summary

This manuscript discusses a new analytical method that was developed to identify seven different
metabolites of fipronil in the serum and urine samples of male, adult rats. This method was
subsequently used to identify the same metabolites in the serum and urine samples of adults from the
general population. This is an important manuscript as no published biomonitoring data exist on the
nonoccupational exposures of humans to fipronil. In my review, | found the methodology to be quite
good, however, the manuscript needs to be written more clearly in several sections, particularly
providing more specific details (as described below). | have the following suggested comments to
improve the quality of this manuscript.

We appreciate that the reviewer recognizes the importance of the work. In an effort to address his/her
concerns about the clarity and specificity of several of the sections, we have made corrections
throughout the manuscript, which are highlighted in blue.

Abstract - Provide more detailed information (i.e., number of rats, actual doses, adult rats were used,
number of human serum and urine samples, year of studies [rats/human]). Specify the aims/objectives
of the manuscript. As this is a methods focused paper, | suggest that you list the actual seven
metabolites that you identified in rat serum/urine if space permits (or at least the two newly identified
metabolites). Suggest removing the following sentence (line 32) "These results are comparable to the
results from an exposure study of workers in a fipronil production facility" (statement is vague and
belongs more in the discussion section).

As to provide more detailed information on the dosed rodent study, we cited the Freeborn et al.
manuscript that contains all pertinent details for which the reviewer asked. However, for the reviewer:
The study was performed from 10/10/12 - 11/20/12.

How many rats (total and by group) were used in this experiment?

0 mg/kg/day: 11 rats; 5 mg/kg/day: 10 rats; 10 mg/kg/day: 9 rats



Space doesn’t permit listing the actual seven metabolites identified in the abstract, but we did
incorporate the two that were newly identified. We added more details for the dosed rodent and
human studies, and, as suggested, we removed line 32. We also expanded the discussion section to
cover the comparison of this study with the occupational exposure study in more detail (lines 390-397 in
the revised manuscript).

Introduction section - This section does not flow well and needs better organization and more specific
details:

We have made some changes, and hopefully the introduction flows better now.

Lines 65 -71: Is there a newer citation of how many tons of fipronil are manufactured in the US or
worldwide? The current one cites a 20 year old (1997) report. Make it clear that you are discussing levels
of fipronil in only the US, worldwide or both. Suggest deleting the sentence "Perhaps as a result of this
contamination, fipronil has been implicated as one of the chemicals associated with colony bee
collapse". Instead suggest adding more information, including citations, on identified sources and
potential routes of human exposures to fipronil in this paragraph

We cited the most recent reference for production volume that could be found, and we had also cited a
more recent EPA report from 2011, which covers from 1998 to 2008. We also altered the text to indicate
this (line 66 in the revised manuscript).

Line 72- Suggest first discussing the one case of human poisoning with fipronil and that fipronil sulfone
was identified as the primary metabolite (mentioned in Line 83), then discuss the only recent study by
Cravedi et al (2013) that examined the toxicokinetics of fipronil in rats administered a single oral dose of
10 mg/kg body weight.

We disagree with the reviewer. We feel as though the introduction is better organized by first discussing
information pertaining to rat studies and then information about known human studies. We organized
our study in this way, by first dosing rodents, looking for metabolites, and then analyzing human serum
and urine for those metabolites.

Line 88- This sentence needs more details about the study by Herin et al, 2011 "One occupational
exposure study of workers at a fipronil production facility reports a mean fipronil sulfone level of 7.79
ng/mL." - For example, how many workers, was this a cross sectional study, and year/ location of study.

We added some additional information: the number of workers in the study and the mean and standard
deviation of fipronil sulfone in human serum (lines 89-90).

Line 97 (last paragraph) -As mentioned for the abstract, list the specific aims/objectives of this work.
The specific aims of the study were included in the introduction: “The specific objectives of the study
were to develop a unique workflow where dosed animal samples were used to identify potential
serum/urine biomarkers via time-of-flight mass spectrometry which were subsequently evaluated in
serum and urine of a group of volunteers from North Carolina to assess exposure.” (lines 93-97 in the
revised manuscript)



Line 125 - States that the "Animals were dosed repeatedly by oral gavage at either 5 or 10 mg/kg with
fipronil..... Did you based this on the weight of individual rats? Suggest removing the word "repeatedly".

Per the reviewer’s suggestions, line 125 was changed to “daily”. This is important from the toxicological
perspective. The rats were weighed daily, and dosing occurred based on the weight of individual
animals.

Lines 127-131 - How much trunk blood and urine were collected from each rat? When was the rat study
performed? How many rats (total and by group) were used in this experiment?

The Moser et al. paper has all of these details (reference 19). However, for the reviewer, 2 ml of trunk
blood was collected for serum. Urine varied by rat (some had none), since the method of collection was
by bladder puncture. See earlier comment for when the rodent study was performed and number of
rats in the study.

Line 142 - Suggest adding an additional row "number" of subjects for Table 1 and moving it to the results
section or alternatively write out this information in a paragraph in the results section.

As the number of subjects is 100, we did not incorporate an additional row in the demographic Table 1,
since the rows for percent and number would be repetitive. The number of participants was added to
the table header (line 143) for clarification.

Lines 158 & Line 166: For rat serum and rat urine-- Unclear why you had different number of animals for
each matrix and by treatment group (5 and 10 mg/kg and control). Were some of the rats dropped (i.e.,
died) from the experiment?

Details on numbers of rats per group and those dropped are in the Freeborn et al. paper and are beyond
the scope of this work. We only used urine and serum for metabolite identification purposes.

Line 174: For human serum - specify here actual number of samples that were analyzed. List here the
actual chemicals analyzed in this matrix.

Details on the number of serum samples were already provided in the manuscript, but they were moved
to the beginning of the paragraph for clarification (line 173). We also added a sentence to clarify that all
chemicals for which standards were possessed and that were in the methods section were included in
the mass spec method (line 181).

Line 187: For human urine - specify the number of samples analyzed. Why wasn't the same volume of
urine used per sample to analyze for the target chemicals ("5-12 mL" were used)? List the actual
chemicals analyzed in this matrix.

Details on the number of urine samples were already provided in the manuscript, but they were moved
to the beginning of the paragraph for clarification (line 187). And, as above we added clarification that
all chemicals in the methods section were included in the mass spec method (lines 193-194). As for the
volume used, we used the volume of urine we received, which differed among samples.



Line 341: Since fipronil sulfone was detected in only 25% of the samples, it is not appropriate to conduct
more advanced statistical analysis (i.e., Mann-Whitney/Spearman Correlations) of all human serum data
when 75% of the data are censored.

We agree with the reviewer. We have altered the manuscript by removing the statistics sections and
discussing only range and trends in number of detects (lines 332-333 and 411 to 414). Table 3 in the
revised manuscript was moved from the supporting information to the body of the manuscript. We also
added a section on observations in our sample subset, specific to Caucasians (lines 420-423).

Discussion section (Line 395)- Should mention some limitations of this study. In particular, several
studies have shown measureable levels of fipronil degradates, include fipronil sulfone, in environmental
media. It is possible that some of the measureable levels of fipronil sulfone in the human serum
samples could have originated from the preformed metabolite (e.g., fipronil sulfone). So, it may or may
not be a useful biomarker?

We thank the reviewer for this suggestion and agree with the reviewer. Line 414-420 were added to
discuss study limitations, specifically the limited specificity of fipronil sulfone as a biomarker.

Reviewer #2:

This manuscript describes a LC/TOF-MS method to develop a set of potential serum/urine biomarkers of
fipronil exposure and a quantitative LC/MS method to estimate human fipronil exposure. The
manuscript is clear; the results for metabolites identification are well described and discussed. However,
as the authors explain in discussion (lines 389-391), searching urinary fipronil biomarkers in human
known to be exposed to fipronil will be more relevant than human with no known fipronil exposure.
Moreover, the results and statistical analysis obtained in human sample are too weak to be published
Environment International.

We appreciate the comments from Reviewer 2. Our responses are highlighted in red.

While we agree with the reviewer on most of this point, the samples were samples of convenience. It
would be much more applicable to conduct this study in an occupationally exposed cohort as the
reviewer suggests, to identify urinary metabolites. However, we are mostly interested in assessing
exposure in the general population, and as cited, some occupational exposure work has already been
done.

We have altered the statistical treatment of our data per the suggestion of both reviewers. See
comments above and below for specifics.

Major concerns:

A proper validation of the quantitation methods for both human and rat samples are lacking (linearity,
accuracy, repeatability, reproductibility, validation of LOQ). There is no way to know if the announced
LOQ is statistically significant from the blank sample. Moreover 9% of rat controls are contaminated
with fipronil and fipronil sulfone (see Sl table 3) impeding of the data in particular for low concentration.



For clarification, the human samples had different purposes. The rodent samples were only to identify
metabolites. Quantitation of the rodent sample was determine the best biomarker candidates based on
concentration. However, as suggested by the reviewer, we added r-squared values and validated the
LLOQ for the human samples (lines 250-254 and 267-270).

In addition, the contamination of fipronil and fipronil sulfone was in only one of the control rat serum
samples at the LLOQ (10 ng/mL). Again, these samples were specifically used to identify metabolites for
our purposes. Sl table 3 was changed to better show the data.

The human population is not big enough and not well documented so that seems not reasonable to
make statistical analysis. If the objectives were to determine whether the biomarkers identified in rats
are suitable for human biomonitoring survey, working with subject known to be exposed with fipronil
(pet groomers, gardeners...) will be more relevant to search potential fipronil biomarkers in urine and
consequently to make statistics on age, race and gender

We agree with the reviewer and made changes, which were also suggested by reviewer 1, specific to the
statistics.

These were samples of convenience. Our objective was to analyze serum and urine samples from people
in the general population in order to characterize exposure. Of course, an occupational exposure study
would be useful for identifying urinary metabolites, but we didn’t have access to these types of samples.

There is not assessment of interspecies variability of fipronil metabolism either quantitative or
qualitative. Knowing that such variability exists as shown in rat and sheep (Leghait et al. Toxicol Lett.
2010 May 4;194(3):51-7.), information should be provided to ascertain the fact that rat is relevant to
human.

Interspecies variability is not relevant to the scope of this study. No changes were made.

Minor Comments:

Line 72: Leghait et al works about fipronil thyroid disruption and hepatic effects on metabolism in rats
should be mentioned (Toxicology. 2009 Jan 8;255(1-2):38-44). Moreover authors should specify that
hepatic metabolism is not well documented in the literature.

Again, this is interesting but, beyond the scope of the paper.

Line 92: Authors should generalize this sentence to "biological matrix" leads to "matrix effect due to
high concentration of endogenous chemicals", endogenous compounds are not only interfering in
human samples but also in animal serum samples.

We agree with the reviewer that this is true in human samples; however, in dosed animal samples there

is so much chemical of interest relative to the endogenous chemicals that matrix is generally not an
issue. No changes were made.



Line 125: 5 mg/kg/Day cannot be considered as a low dose of fipronil, author should correct by (dose 1
or lowest dose) for 5 mg/kg/Day and (dose 2 or highest dose) for 10 mg/kg/Day. Authors should explain
why they used these 2 doses.

Per the reviewer’s suggestions, throughout the paper as appropriate we changed low to “lowest” and
high to “highest” dose for 5 and 10 mg/kg bw, respectively. We cite the Freeborn et al. paper for
specifics on why these doses were chosen. Further discussion on this matter is beyond the scope of the

paper.

Line 133: Is there a questionnaire for human sample collection to know if the individuals were in contact
with pets or gardening during the previous weeks? Authors should document how was evaluated the
"no known fipronil exposure". Information can be crucial for discussion about human fipronil sulfone
exposure. Because fipronil sulfone is a persistent metabolite in the organism (half time life estimated to
200 Hr).

Although this information would be nice to have, no questionnaire came with these samples, as they
were samples of convenience. This would be a good idea for a follow-up study on fipronil source
identification though.

What we mean by “no known exposure” is that we do not know what the study participants were
exposed to, as we don’t know occupation, habits, hobbies, etc.

As suggested by the reviewer, information on half-life in rodents from the manuscript by Mohamed et
al. was added to the introduction on line 74.

Line 188: Why working with 6 cc cartridges for urine sample (5-12 mL), which need high volume
loadings, instead of 3 cc cartridges which have been developed for serum samples?

No changes were made, but for the reviewer:
We had a clogging issue, since urine was diluted in 20 mL of DI water, and we needed a bigger cartridge.

§ 3.5 (line 333): Fipronil sulfone is the main serum metabolite of fipronil in human or rodent. It is well
described in the literature and as so can be considered as a "known" biomarker.

As the reviewer suggested, the word putative was removed from line 331. However, the only human
data available are two studies, one on occupationally exposed workers and one on an acute poisoning.
This is the first study to demonstrate this biomarker’s utility in samples from the general population.

§ 4 (line 303-308): Authors should explain the use of these 2 dosing regimen for urinary metabolites
identification. Roques et al. works (Toxicol Sci. 2012 Dec;130(2):444-5), concluded that a dosing regimen
of 1.5 mg/kg/D of fipronil for 14 days increase fipronil biotransformation rate into sulfone (Toxicol Sci.
2012 Dec;130(2):444-5). Authors should have considered this information to establish their dosing
regimen. Comparing urinary metabolites obtained with a high dose (5 or 10 mg/kg/D for 14 days) and a
low dose (estimated from mean occupational exposure study, for example) would be more judicious to
evaluate the relevance of identified urinary biomarkers of fipronil regarding reported exposure scheme
in human.



As above, this is beyond the scope of the study, since no toxicology work was undertaken in this effort,
and relevant citations are given. The reviewer clearly has an in depth understanding of the fipronil
literature, and we thank him/her for the additional information. Dosed animal studies are generally
above human exposure levels, so extrapolation is always an issue.

Sl table 3: This table is useless and very difficult to understand. Moreover, there are inconstancies
between 95% column and Max column (line 1and 4).

We altered the table (Sl Table 3 in the revised manuscript line 519) to make it more useful. Thank you
for pointing out the inconsistencies.

Sl Table 4: the column "Numbers of samples" do not correspond to the sum of the "detects" and "non-
detects" column.

The previous Sl table 4 was corrected and moved to the body of the text (Table 3 line 335 in the revised
manuscript). Thank you for pointing this out.

EDITOR COMMENTS:

| strongly agree with Reviewer #2's comment on method validation. Please provide more details in the
revised manuscript.

In responding to the comments of the reviewers and the editor we included new information on the
validation of the method (r-squared and signal-to-noise ratio of blanks compared to the lowest working
standard curve sample). High and low QA/QC samples were already in the text for rodent and human
samples to address precision validation questions. In addition the text discussed replicate precision (~5-
10% of sample) that were run in each analytical batch. As a whole this data shows good precision and
accuracy for both rodent and human samples. However, due to the scope of our study, the method
validation in human samples was more pertinent as we used rodent samples for metabolite discovery
exclusively.

Please use <mu>L instead of uL throughout the text Line 384: reference missing (ENREF 13)

Suggestions as noted were changed. Thank you for your careful consideration of this work.
Additional changes:

After careful consideration of the reviewer’s comments on our statistical treatment of the data, we
altered Figure 2 and included median estimated concentration rather than mean concentration of the
Herin et al., study. We noted the data in the occupationally exposed worker study was log-normally
distributed, and thus the mean was not appropriate. We used a recent publication from Pleil et al., 2014
(reference added) for this calculated median concentration using the published values in Herin et al.
Some additional text was added to the manuscript (line 390-397) addressing this change.
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ABSTRACT

Fipronil is a phenylpyrazole insecticide commonly used in resaemnd agricultural
applications. To understand more about the potential fisksuman exposurassociated with
fipronil, urine and serum from dosed Long Evanisiltrats(5 and 10 mg/kg bvwwere analyzed
to identify metabolites as potential biomarkers for use in humamonitoring studies. Urine
from treated rats was found to contain seven unique metabolitespftwhich had not been
previously reported-+4 and M7 which were putatively identified as a nitroso compound and an
Imine, respectivelyFipronil sulfone was confirmed to be the primary metaboliteairserum.
The fipronil metabolites identified in the respective matricesewthen evaluated in matched
human urine(n=84) and serum(n=96) samples from volunteers with no known pesticide
exposures. Although no fipronil or metabolites were detected in human fipramil sulfone
was present in the serum of approximately 25% of the individuatsaentrations ranging from
0.1-4 ng/mL. These results indicate that many fipronil metabo#itesproduced following
exposures in rats and that fipronil sulfone is a useful biomankkbuman serum. Furthermore,

human exposure to fipronil may occur regularly and require more extensive chzatioter

Keywords: Fipronil, LC/TOF, Biomarker, Human Exposure, Metabolism
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ABBREVIATIONS

DI: Deionized

ESI: electrospray ionization

GABA: gamma-aminobutyric acid

GSD: geometric standard deviation

HPLC: high performance liquid chromatography
LC: liquid chromatography

LLOQ: lower limit of quantitation

MS: mass spectrometry

NIEHS: National Institute for Environmental Health Sciences
QC: quality control

Q-TOF: quadrupole time-of-flight

% RSD: Percent Relative Standard Deviation
SD: standard deviation

SPE: solid phase extraction

TOF: time-of-flight

UPLC: ultra performance liquid chromatography

US EPA: United States Environmental Protection Agency

1. INTRODUCTION

Fipronil (Figure 1) is a phenylpyrazole broad-spectrum imngdetthat is registered for use in
residential settings as part of ant and cockroach baits andagel$ermite control products;
veterinary applications such as spot treatment flea and tickot@naducts for dogs and cats;
ornamental turf applications such as fire ant control; and agriablypplications such as pest

control on potato crops When initially produced, fipronil was the first insecticide ta by



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

targeting the gamma-aminobutyric acid (GABA) receptor and hawdhle selective toxicity
towards insects rather than mamrfials

A 1997 report indicated that 480 tons of fipronil were produced per yeRhbne Poulent,

anda more recent EPA report indicated tbhetween 1998 and 2008 usage averaged 150,000

pounds of active ingredient per 1.5 million adreWVidespread fipronil use has led to
contamination of water and soil (1-158 ng/L of parent or environmentahdisgy) in several
states including, but not limited to Alabama, Georgia, Californ@yidiana, and Indiafia’.
Perhaps as a result of this contamination, fipronil has been atesdli@s one of the chemicals
associated with the colony bee colldpse

Because little was found in the peer-reviewed literature abfmutdisposition of fipronil,
Cravedi et al. (2013) performed a thorough study on the metabolismputish, and
elimination of fipronil in rats and showed that fipronil is primagbnverted to fipronil sulfone
(M1 Figure 1), a more persistent metabofitetimated half-life is 208 hours in rodeftahich
was stored mainly in adipose tissue and adr€hatsaddition, fipronil has been associated with
thyroid disruptioft!, endocrine disruptidf, and neurotoxic effectdin rats which has led to
concern about the potential for human health effects in the last decade.

The effects of acute human exposure to fipronil include headachenedigzivomiting, and
seizured *° Information on the effects of chronic exposure is limited, butUBeEPA has
classified fipronil as a possible human carcinogen based on datahinas an increase of
thyroid follicular cell tumors in both sexes of the'tawidau et al. (2011) also concluded that
fipronil has the potential to cause apoptosis by uncoupling oxidative phokgilooryat
relatively low concentrations (5-10 uM) in human cell liftand a case of acute human self-

poisoning with fipronil has demonstrated that fipronil levels cananerelevated in serum for
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days after exposure, and that fipronil sulfone was the primaryboig&d A previous study also
showed that fipronil sulfone is the predominant metabolite in human riverosomes via
cytochrome P-450 oxidatidh

Although, one occupational exposure study of workers59) ata fipronil production facility
reports a mean fipronil sulfone serum level’df (SD = 7.7) ng/mL:! very little is known about
human exposure to fipronil in the general populatibh'’ This may be because human samples
can be difficult to obtain and analyze due to high concentratioesadiigenous chemicals and
significant matrix effects which make the identification oétabolites difficult. The specific
objectives of the study were to develop a unique workflow where dosethlasamples were
used to identify potential serum/urine biomarkers via time-of-fliglaiss spectrometry which
were subsequently evaluated in serum and urine of a group of volumteersidérth Carolina to

aSSess exposure.

MATERIALS AND METHODS

2.1 Chemicals. Unlabeled fipronil (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phens
(trifluoromethylsulfinyl)-1-H-pyrazole-3-carbonitrile, >99%) ands i metabolites: fipronil
sulfone (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(triflaonethyl)sulfonyl]-H-
pyrazole-3-carbonitrile, >99%), fipronil sulfide (5-amino-1-[2,6-dichlordarfhjoromethyl)-
phenyl]-4-[(trifluoromethyl)thio]-H-pyrazole-3-carbonitrile, 98%), fipronil amide (5-amino-1-
[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(trifluoromethyl)thidlH-pyrazole-3-carboxamide,
>99%), and monochloro fipronil  (5-amino-1-[2-chloro-4-(trifluoromethyl)-pheayl
[(trifluoromethyl)sulfinyl]-1H-pyrazole-3-carbonitrile, >97%) were procured as solid analytical

standards from the pesticide repository through the US EPANate, MD, USA). These five
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analytical standards were prepared as a mixture in acewraindl used for all subsequent
matrix-matched standard curves. The internal standard fipronil dgsdée supporting
information for structure) (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-pyig-4-
(methylsulfinyl)-1-H-pyrazole-3-carbonitrile, 99%, 0.1 ng/pLAnetonitrile) was ordered from
Crescent Chemical Company (Islandia, NY, USA).

Acetonitrile and methanol (B&J Brand HighPurity Solvent) werecpased from Honeywell
Burdick & Jackson (Muskegon, MI,USA) and ammonium acetate froom&igldrich (St.
Louis, MO, USA). Deionized water was generated in house fr@arasted Easypure UV/UF

(Dubuque, 1A, USA) coupled with activated charcoal and ion exchange resin i&niste

2.2 Animals. This study was part of an investigation of the neurotoxic efeictgronil in
rodents® *° The animal facility is accredited by the American Assémiafor Accreditation of
Laboratory Animal Care International, and all protocols were apdrbyethe National Health
and Environmental Effects Research Laboratory Institutional Anima &1t Use Committee at
the United States Environmental Protection Agency. Male Long Evamg6@90 days old)
were acquired from Charles River Laboratories (Wilmington, MA)indal husbandry details
are provided in the Supporting Information. Animals were dose&d by oral gavage at either 5
(lowest dose) or 10 (highest dose) mg/kg with fipronil suspendearimasl (1 mL/kg) every 24
hours for two weeks. Control rats were gavaged with corn oil onlyh@&ixs after the 4dose,
rats were euthanized. Trunk blood (2 mL) was collected in tubes witmigoagulant and
stored on ice for 1-1.5 h.. The samples were centrifuged at23P6r 30 min. at 4° C. The

serum was collected, frozen on dry ice, and stored 2G&Mtil analysis. Urine was collected in
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a syringe either from voids on a clean table or via bladder punataréransferred to a micro-
centrifuge tube, immediately frozen on dry ice, and stored at -80 °C until @nalysi

2.3 Human Samples. Matched human urinen£84) and serum nE96) samples, from
individuals with no known fipronil exposure, were collected by the ddati Institute for
Environmental and Health Sciences (NIEHS protocol number 10-E-0063)dmethmil and
June 2011. The human samples were simply a sample of conveniencerambtraeant to be
representative of a specific population. The urine collected wsisoasample and was not
concentrated or representative of a specific sampling period. ¥ehsntvere anonymous, and
no personally identifiable information was provided. The samples fn@me male and female
volunteers of various ethnicities between 19 and 73 years of agewsho the Raleigh-Durham
area of North Carolina (Table 1). Although 100 volunteers participated inuiig several urine
and serum samples were not included due to an insufficient volume for analysis.

Table 1. Human demographic data fore 100 volunteers

Sex Age Race
Male Female 19-33 34-48 48-62 62-76 Asian Black White Other
% 30 70 29 30 33 8 3 32 63 2

2.4 Extraction Protocols. Samples were extracted in a manner that optimized recovery and
reproducibility while reducing matrix interference. Animal gd@s were small volumes that did
not require solid phase extraction (SPE). However, a protocol involving SPE wasneekioith
the human samples to reduce matrix interference. Sampletextrpmtocols for biologicals are
described below. More information on methods development for human samplas foand in
the Supporting Information. Rat serum samples were first amhlyby liquid
chromatography/time-of-flight mass spectrometer (LC/TO&Mn order to identify any

metabolites. Human samples were then analyzed by liquid chromatgrigbdrquadrupole

7



156 mass spectrometer (LC/triple-quad) for quantification of mettsolfor which analytical
157  standards were possessed. LC/quadrupole/time-of-flight mass speteyrdiinC/Q-TOF) was
158  used for structure elucidation of unknown metabolites.

159 2.5 Rat serum. Rat serum (25 pL) was denatured with 100 pL of 0.1 M formid aad
160  precipitated with 1 mL of a cold acetonitrile solution spiked whi internal standard (fipronil
161 des-k, 25 ng). The sample was then centrifuged for 5 minutes at 12%00\n aliquot of the
162  supernatant was mixed 50:50 with 10 mM ammonium acetate buffer, aydezhaia LC/TOF
163 and LC/triple-quadn=9 for highest dose (10 mg/kg/dayh=10 for low dose (5 mg/kg/day);
164 andn=11 for control animals, which were treated with vehicle. Quaittitat/as performed for
165  fipronil and fipronil sulfone. The results of the quantitation are showrthe supporting
166  information.

167 2.6 Rat urine. Rat urine (100 pL) was precipitated with 900 puL of cold aceitiand
168  centrifuged for 8 minutes at 12560g. An aliquot of the supernatant was extracted and mixed
169  50:50 with 10 mM ammonium acetate buffer before LC/MS analgsi3.for highest dose (10
170  mg/kg/day);n=4 for low dose (5 mg/kg/day); amet3 for control animals. Quantitation was only
171 performed for the fipronil sulfone metabolite, as standards were available for other
172  metabolites. Quantitation specifics can be found in the Supporting latiomm Fipronil sulfone
173 concentrations in rat urine were used to approximate the relaiieewtrations of the other
174  observed metabolites.

175 2.7 Human serum. Human serum (200 plp=96) was denatured with 20 pL of a 0.1 M
176  formic acid solution spiked with internal standard (fipronil dgs&Fng) and precipitated with 2
177 mL of cold acetonitrile. The sample was centrifuged for 10 minute$2&%00 x g and

178  concentrated using solid phase extraction (SPE) using an OasidLE cartridge (Waters
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Corporation, Milford, MA). SPE cartridges were conditioned with 3 shimethanol and 3 mL
of ultrapure water, samples were loaded, washed with 3 mL ofv@&&r/acetonitrile solution,
then eluted with 3 mL of acetonitrile. The eluate was evaporatddrug at 40° C until
approximately 200 puL remained. The concentrated solution was mix&@ %6th 10 mM
ammonium acetate buffer and analyzed via LC/TOF and LC/tripledgquad compounds listed
In the chemical sectionin order to determine the concentration of compounds of interest, a
seven-point matrix-matched (blank calf serum-Life Technologibésd®, Grand Island, NY)
extracted standard curve from 0.1-50 ng/mL, along with a method bldnkafBr) and a matrix
blank was run with the human serum samples. The lowest value omatitarsl curve (0.1
ng/mL) was considered the lower limit of quantitation (LLOQ).

2.8 Human urine. Human urine (5-12 mL;=84) was precipitated with 1 mL of acetonitrile
and concentrated using the SPE method described above with an OdslsB6cartridge with
the exception that cartridges were conditioned with 5 mL of methambI5 mL of ultrapure
water, samples were loaded, washed with 5 mL of 95:5 water/acétosolution, then eluted
with 5 mL of acetonitrile. The eluate was evaporated undet MO° C until approximately 1 mL
remained. The concentrated solution was mixed 50:50 with 10 mM ammoog&iateabuffer in
an LC vial and analyzed by LC-TOF/M$=84) for all compounds listed in the chemicals
section, as well as for any unknown metabaoliNete that several urine samples were excluded
due to insufficient volume.

2.9 Analytical Instrumentation. Targeted analyses (LC/triple-quad) were carried out using an
Agilent 1100 HPLC (Agilent Technologies, Palo Alto, CA) interfacathva Sciex 3000 triple
guadrupole mass spectrometer (Applied Biosystems/MDS SciexrRaisg, CA) fitted with an

electrospray ionization source (ESI) operated in the negative fimmzemode. Compounds
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contained in the LC/triple-quad method (fipronil, fipronil sulfone, fiprosuilfide, fipronil
amide, and monochloro fipronil) were optimized on a compound specific bafkianation
regarding transitions are included in the Supporting Information.

The HPLC system consisted of a Phenomenex Luna C18 column (50 x 3pnm,T®rrance,
CA, USA) with a Security-guard guard column (Phenomenex). Th@adeconsisted of the
following: 0.4 mL/min flow rate which increased to 0.75 mL/min at&ta® min; temperature: 30
°C; mobile phases — A: ammonium acetate buffer (0.2 mM) and Dr.wegihanol (95:5, v/v),
and B: ammonium acetate buffer (0.2 mM) and acetonitrile:DI w@&t5, v/v); gradient: 0-2
min 50% A and 50% B; 2.1-4 min, a linear gradient from 50:50 A:B to 10:90 A:B;min 10%
A and 90% B; 6.1-10 min re-equilibration to 50% A and 50% B.

Non-targeted analyses (LC/TOF) were carried out using anerdtgil100 HPLC (Agilent
Technologies, Palo Alto, CA) interfaced with an Agilent 6210 Tim&ght (TOF) mass
spectrometer fitted with an electrospray ionization source oplemtéhe negative ionization
mode at 120 Volts. Any drift in the mass accuracy of the T@E gontinuously corrected by
infusion of two reference compounds (purima/4 = 119.0363] and hexakis (1H, 1H, 3H-
tetrafluoropropoxy) phosphazena/g= 966.0007]) via dual-ESI sprayer.

The HPLC method consisted of a Zorbax Eclipse Plus C18 columnk(3Q mm, 3.5 um;
Agilent Technologies, Palo Alto, CA) fitted with a Phenomeneard column (Torrance, CA).
The method consisted of the following: 0.2 mL/min flow rate; at°’GQ mobile phases: A:
ammonium formate buffer (0.4 mM) and DI water:methanol (95:5 v/v), andnBnonium
formate (0.4 mM) and methanol:DI water (95:5 v/v); gradient: 0-5 anlimear gradient from

50:50 A:B to 100% B; 5-15 min, 100% B; 15-18 min re-equilibration to 50% A and 50% B.

10
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2.10 Identification of Spectral Features. The TOF-MS system has proprietary software that
can be used in non-targeted analyses to help identify compoundsetsgecific to a treatment
group or a specific experimental condition. For example, to idepofgntial biomarkers of
fipronil exposure, control and dosed animal samples are analyzed, andulamolieatures
(identifiable peaks) were first extracted according to gpecified criteria (e.g., minimum peak
height, area count). The two groups of extracted features warectimpared using The Mass
Profiler software, which singles out only those compounds that arel fouthe dosed group.
This collection of compounds can be thought to represent either the pmamempiound,
metabolites of the parent, or specific biological responsesathaattributable to the treatment
administered.

The exact monoisotopic mass of each of these "treatment onlyirdeavas then used to
generate a ranked list of possible chemical formulae fdr eaknown. The numerical ranking
is based on the difference between the calculated and measured mass, tlealsotm@ince and
the isotope spacing. If authentic standards are available, the identpyaydased feature can be
confirmed using chromatographic retention time, exact monoisotopgs, mend isotopic
distribution.

Fipronil is an interesting and somewhat unique compound because it caixaihsorine
atoms and two chlorine atoms, that result in a significant negatags defect (435.93869 Da,
with the [M-HJ ion seen in negative ionization mode being 434.98421 which is preserved in
most of its metabolic products to the extent that the F and Cbatomretainéd. Moreover, the
isotopic spacing between the Cl isotopB€l([75.77%] and’Cl [24.23%]) leads to a distinctive
isotopic pattern that aids greatly with identification (SI Feg@j. Both of these characteristics

were useful in identifying fipronil-related metabolites.
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Metabolites that were identified using the LC/TOF instrumentrde=d above were then
investigated further using an Agilent 1200 HPLC system fittetl @i6250 quadrupole time-of-
flight mass spectrometer (Q-TOF) (Agilent Technologiedp Pdto, CA) using the same LC
conditions as previously described. The LC/Q-TOF allowed fragmentat various collision
energies of metabolites of interest which helped with structure elucidation.

211 Quality Assurance/Control. For each analysis, method and matrix blanks were
evaluated for contamination or background levels of the compounds of inféredtl OQ was
determined as the concentration of the lowest working standard, whigkptedicted within
30% of a theoretical valueThe LLOQ in the quantitative human serum experiments was
validated by calculating signal-to-noise ratios for the 451miAransition relative to a method
blank. R-squared values for all quantitative procedures were mahitorensure predictability.
Three randomly chosen samples were replicated in each quaatietperiment to ensure
consistency within the data sets. Parent-daughter ratios shouldormstent, and ratio
monitoring is a robust way to confirm the presence of a spemifimpound. Therefore, in the
targeted screening of samples, the ratio between the primargemotdary parent-daughter
transition was monitored to confirm the presence of each compoundMstineethod. High and
low concentration quality control (QC) samples containing the fiproniture of five analytical
standards described in tdemicalssection were run with each batch of human serum samples

to ensure analytical precision and accuracy.

3. RESULTS

3.1 Quality Assurance/Control. All lab prepared target and non-target analysis blanks and

control samples were below the respective LLOQ for compounds ofshie all experiments.

12
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Validation of the LLOQ in the human serum quantitative experimgmosved that the lowest
curve point differed from the method blank (signal-to-noise rationfethod blank = 3 + 1;
signal-to-noise ratio for 0.1 ng/mL standard = 20 = 12). All r-seghasalues were greater than
0.99, which ensured predictabilitAll replicates for all experiments had a relative standard
deviation of <15%. For all targeted analyses, the ion ratios betleegrimary and secondary
parent-daughter transitions were consistent for all standard compaondd$hose observed in
unknown samples (ion ratio mean = 20%). All QC samples (high and leve) W00% + 15% of
the nominal values.

3.2 Urine from Treated Rodents. The urine from rodents treated for 14 days with fipronil
was analyzed for biomarkers of exposure via non-targeted anafsislescribed above,
molecular features (significant chromatographic peaks) weraotett from analytical runs of
both dosed and control animals, and The Mass Profiler software wdstassolate those
features that were unique to the dosed animals. The most platesia®late biomarkers were
those compounds with the signature isotope pattern of two chlorine édrigure 2) and/or
significant negative mass defects indicative of fluorine andricld atoms. Seven high
abundance peaks fitting these criteria were identified, and tlo¢ exanoisotopic mass of each
was used to generate a ranked list of plausible formulae and pmovdésg structures. We
tentatively assigned compound identity according to known metabolic pati{egy, oxidation,
sulfation, glucuronidation), the retention of negative mass defect atioisotopic pattern
associated with chlorine, and consistency with results from prestodges. Information on the
seven metabolites can be found in Table 2. Four of the compounds (M1, M2, M3 )dMg96x
were identified in previous studigs?’, whereas two more (M4 and M7) are reported for the first

time in this study (Figure 1). It should be noted that the spefesdiire observed for the
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glucuronide conjugate (M6) splits into two chromatographic peaks, rke$t ineaning that the
glucuronide molecule adds to both the oxygen and the nitrogen atorkrigsee 1). We were
unable to differentiate which peak corresponded to which structure, buwaseformed
preferentially. However, this spectral feature is not observed for tregesatinjugate (M5).

To better characterize the structures of metabolites M4 andhdZragmentation patterns of
the parent metabolites were analyzed via LC/Q-TOF. No usefuimmaftion was gained about
metabolite M4; however, the fragmentation pattern of metabolite M@etheto predict a
plausible structure. M7 structural information could be gleaned fooking at the exact masses
of molecular fragments originating from the parent moledebe.example, if the mass of a €O
group is observed in the fragmentation pattern, it can be adsthme the molecule likely
contained a carboxylic acid. Spectral information regarding thignfentation pattern can be
found in the Supporting Information (Sl Figure 3).

Fipronil sulfone (M1) was confirmed by an authentic standard thahkasame retention time,
monoisotopic mass, ion fragmentation pattern, and isotope spacinginRats 5 mg/kg/day
dose-group had mean concentrations of fipronil sulfone of 24.1 (SD = il while the 10
mg/kg/day group had 31.9 (SD = 13.1) ng/mL (S| Figure 1). If thproril sulfone
concentrations are used to generate estimated relative respctose for other metabolites that
do not have standards (assuming that all respond similarly withirQkReMS), we estimate the
relative concentrations of fipronil metabolites in dosed-rodent urine e
M6>M4>M5>M3>M7>M1>M2. The estimated concentrations of M2 and M63&rand 2,000
ng/mL respectively.

Table 2. LC/TOF characteristics of putative metabolites in rat urine.

14



Metabolite Retention Time  Predicted Formula Score of Predicted [M-H] Measured Mass [M-H] Calculated Mass Appm  Monoisotopic Mass

(mins) of parent Formula (m/z) (m/z) (m/z)
M1 (Fipronil Sulfone) 7.57 C12H4CI2F6N402S 99.63 450.9266 450.9263 0.67 451.9336
M2 7.3 C9HA4CI2F3N3 93.50 279.9665 279.9662 1.07 280.9734
M3 1.62 C11H402NA4CI2F3 99.53 350.9667 350.9669 0.43 351.9742
M4 5.38 C10H4CI2F3N302 98.63 323.9565 323.9560 1.54 324.9633
M5 1.4 C11H5CI2F3N404S 99.38 414.9290 414.9288 0.48 415.9361
M6 1.39 C17H13CI2F3N407 98.74 511.0036 511.0041 0.98 512.0113
315 M7 5.38 C11H3CI2F3N40 98.93 332.9564 332.9563 0.30 333.9563
316
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Figure 1. Proposed metabolic pathway of fipronil in the rat. M4 and M7 are proptsetuses
based on MS data, isotope distributions, and exact mass. M1, M2, M3, M5, andefd6
identified in rat urine. Unobserved metabolites labeled (UM) weradewitified but are likely

intermediates.

3.3 Serum from treated rodents. The serum from treated rats was analyzed for all suspected
biological metabolites via LC-TOF to evaluate the presenp@sdible serum biomarkers. In our
analysis we detected no additional metabolites other than smalliras of un-metabolized
fipronil and fipronil sulfone which had been previously identified leyesal groups®
Quantitative data for fipronil and fipronil sulfone in rat serum ba found in the Supporting
Information.

3.4 Human urine. Urine samplegn=84) from volunteer North Carolina residents with no
known exposures to fipronil or other pesticides were examined foMM {identified in rodent
urine) and for all other plausible fipronil adducts or derivativesguiir® methods described
above. No parent fipronil or any plausible metabolites were found in the human urine samples

3.5 Human serum. Matched human serum samples96) were analyzed for the metabolites
observed in rat serum (fipronil and fipronil sulfone) by a tadyetpproach (LC/triple-quad,
LOQ = 0.1 ng/mL). Only trace amounts of the parent fipronil wereddanthe human blood
samples. However, fipronil sulfone (the biomarker identified in thentostedy) was detected in

approximately 25% of the samples, at levels ranging from 0.1 to 3.9 r(§fgure 2).Table 3

describes general trends in the data in terms of detects vs. non-detects.

Table 3 shows the number of detects vs. non-detects for each gender and race.
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Gender Detects Non-Detects Number of Samples

Male 7 12 29
Female 17 67 67
Race Detects Non-Detects Number of Samples
Caucasian 22 39 61
African American 1 29 30
Asian 1 2 3
Other 0 2 2
342
Fipronil Sulfone Concentration in
Human Serum Samples
10
9
—~ 8
-
£7
(@]
5
s 6
2
_‘c_U' 5 el e e e—e———————————————————— e e
s ~ > Estimated median from occupational exposure study
S 4
8
o 3
@)
2
: Ill I
o Ml pa Wl | I S
N D 0 A AR QPPN RPN oD D FOR RN RE RS EPEE @AM ARG R P
Sample Number
343

344  Figure 2 shows fipronil sulfone concentrations in human seturhe red dotted line represents
345

346 *n = 96, four samples were excluded due to insufiici®lume.

347

348 4. DISCUSSION
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This study demonstrates how advanced time-of-flight mass spettyoteehniques can be
used to more fully describe the metabolism of xenobiotic compoundsatedranimal studies
and how this knowledge can be applied in human biomonitoring studies ke rakevant
conclusions about human exposures to emerging compounds of concern. Owr gpatiivas
to use the biomarkers identified from the dosed rodent work in the mnafya set of human

biological samples to characterize the rate of fipronil exposure in theagpopulation.

In describing the metabolism of fipronil in rodents, our results Wagely consistent with

previous studie¥’ 2 24

while also extending what is known about the basic metabolic process.
Two novel metabolites observed in rat urine in this study whietewot seen by Cravedi et al.
(2013) can be attributed to differences in study design. Spegificalf Long Evans rats were
dosed (5 or 10 mg/kg/day) for 14 days then sacrificed 6 hours la#tdast dose. In contrast,
Cravedi et al. (2013) dosed acutely at 10 mg/kg and collected urineram svery 24 h. over a
72 h. period’. Differences between rat strain or length of dosingmegi may have made it

possible to identify different products of fipronil metabolism, suckthaspyrazole ring opened

products or the highly oxidized heteroaromatic amine derivatives.

The proposed metabolic pathway in the rat and compound structures fcamdbén Figure 1.
We propose that a new metabolite (M7) in rat urine, an imine, sefsoith the loss of water from
metabolite M3, which is a fipronil metabolite that is hydroigthat both the carbon and the
nitrogen. We also identified what is hypothesized to be nitroso compoufid \(¥& believe that
M3 and M4 are formed from an unobserved hydroxyl amine intermetldte2j. The hydroxyl
amine (M3) has been identified in this and in previous sttfliest to our knowledge this is the
first report of a nitroso metabolite of fipronil in rat urinethAdugh the structure for metabolite

M4 is only putative, heterocyclic aromatic amines are known to uadsodpgical oxidation to
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372 form nitroso compounds. This process is mediated by cytochrome P-45008#HRP. Many
373 heterocyclic amines are known carcinog&h$,due to their ability to be hydroxylated and then
374 form DNA adducts. The observation of N-hydroxylated fipronil metag®lih this and other
375 rodent studies warrants further investigation of fipronil metabolishhumans and the resulting
376  effects.

377 Noninvasive biomarkers like those present in urine, exhaled breathfilhgérnails, etc. are
378 optimal for use in human studies, and one intention of this study wegpkare whether any of
379 the urinary metabolites found in the rats could be used as biomaikerposure in humans.
380  Studies with human liver microsomes have shown that fipronil isbhokad to fipronil sulfone
381 in vitro, and Mohamed et al. (2004) have identified fipronil sulfone as a metabolitumans
382 acutely exposed to high do&€$ Aside from these, no publications comment on the disposition
383  of fipronil in humans. In this study we analyzed human urine sanfipieany of the metabolites
384 identified as possible biomarkers in rat urine. The absenaprohil and its metabolites in the
385 human urine samples was undoubtedly related to many factors. Twigarit is possible that
386 most human elimination of these materials occurs via the fasds,the case with rodehts:
387  Secondly, and perhaps more importantly, our study subjects wentiggsgolunteers from the
388 Raleigh-Durham area of North Carolina with no known exposures to fipradiflor any other
389 similar pesticides. Identification of small amounts of unknown cbalsiin urine from
390 populations with no known exposure can be difficult due to the large amo@mdofienous
391 compounds found in the matrix. A more effective strategy would beot& with a group of
392 individuals with higher exposure levels (preferably occupationtdlyjetermine human urinary

393 metabolites. Despite negative findings with the human urine sar2plspf the serum samples
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contained measureable amounts of fipronil sulfone (range 0.1 — 4 ng/mL)dipgowilear

evidence that humans are regularly exposed to fipronil.

The general population likely shares specific exposure routesofQhe most likely routes of
exposure is contact with pets that have received applications aifigre. Frontline® Plus) or
have had contact with indoor/outdoor applications around the home. Notably, Mdrgan e
(2008) concluded that family pets can act as vehicles for human e&pdsurthe
organophosphorous insecticides, such as diaZin@pecifically, fipronil is widely used to
control residential insect pests such as termites and firecamt®ors where pets frequent,
leading to transport of the material indoors. Furthermore, maayahd tick topical products
contain approximately 10% fipronil and are applied directly toskme and fur of dogs and cats,
leading to human exposure to fipronil through direct contact with th&st pyk et al. (2012)
used a fluorescent indicator to show that these fipronil residues are eashgtred from pets to
humans by way of direct contact for one week following applicitigkccording to estimates
from the American Humane Association, up to 46% and 39% of US househefuslégs and
cats, respectively. Use of fipronil containing products with theasenals could conceivably

result in some measurable human exposures. Ongoing efforts iabo(data not shown) are
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investigating domestic indoor sources of exposure that may be anposince local WWTP
effluent is shown to contain fipronil and metabolites.

Although we felt the study was well-designed, it did have aliiewations. First, the fipronil
sulfone metabolite may not be a specific biomarker for fiprombsure, since it is known that it
can undergo photochemical degraddtiand its presence has been documented in environmental
media by several reports®® thus one could be exposed to either fipronil or the degradate. In
addition our sample size was relatively sma#100). Furthermore, the number of detects was
less than 30% of the total sample; which did not warrant a stakisinalysis. More work is
needed on a larger and more diverse sample before further conclusimobg cdrawn. Worth
mentioning, however, was that approximately 92% of fipronil sulfone d&tesdn human serum
were from Caucasians, which represented only 63% of our samplesie$hit suggests that
discrepancies between ethnicities may be present.

While the target of fipronil is insects, the two trifluorortmgtgroups of fipronil may increase
the compound’'s absorption and distribution upon accidental exposure by humans.
Approximately 20-25% of drugs produced in the pharmaceutical industrgicaat least one
strategically incorporated fluorine atom (usually in the form itifee one fluorine atom or a
trifluoromethyl group) because fluorine can significantly impgmophilicity and improve the
bioavailability of orally administered drugs. Several studiegehshown that the addition of
fluorine, the most electronegative element, can decrease theamdKaherefore basicity of
surrounding functional group’s*> Although the effect is not always predictable, this decreased
basicity stabilized molecules in the harsh acidic conditions ofstbemach and increases
bioavailability’® *”. Another factor that affects the absorption and distribution of aaulelés

lipophilicity. Compounds usually enter into cell membranes via passansport (although
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active transport is an alternate mechanism). Passive transgoires that the molecule is able to
permeate the cell membrane, but also avoid entrapment by the ligy@rbiThe electron
withdrawing capabilities of fluorine can, in some cases, be incdgubta tune a compound’s
lipophilicity and ease passive transport into ¢&M8 Fipronil's presence in human serum
demonstrated that the chemical is, in fact, absorbed by humaner-iainzl et. al (1996)
found that fipronil lost almost all activity in neurotoxicity stuli®n mice without the
trifluoromethylsulfinyl functional group.Metabolites of fipronil have also been found in many
rat tissues, including brain cell§ ° demonstrating that even highly selective membranes are
somewhat permeable to these chemicals. The fluorinated functiooapsgmay increase
fipronil's potency as an insecticide; however, they may alsoaserabsorption and distribution
of the potentially toxic compound in non-target organisms, such as humansdetiogsthat
fipronil has been associated with endocrine disruption, neurotoxicity, anihagenicity?™
accidental exposure and increased bioavailability may be problematic.

In conclusion, previously reported metabolites in rat urine and searmaonfirmed, and two
novel urinary metabolites have been proposed. The putative biomarkersidetein the rodent
study were used in human serum analysis, where fipronil sulfoedoudad in approximately
25% of serum samples from a convenient sample of North Carolirdemési Serum fipronil
levels in our study suggest that environmental exposures to fipragilbe common, but likely
lower than occupational exposures. Matched urine was also analyzex fyortonil or any of
its metabolites were identified, which suggests that urine mapeiain appropriate matrix for
biomonitoring populations with no known exposure to fipronil. More extensigeacterization

of the metabolites produced in humans exposed to higher levels of fim®miEll as the effects

22



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

from low but chronic exposure to fipronil is needed. Further investigatom also necessary to

describe the sources of fipronil exposure and identify rates of exposure in othetipopula

5. SUPPORTING INFORMATION

5.1 Rodents were housed in polycarbonate cages containing heat-treated hardwgpod chi
bedding. Access to food (Purina 5008 Chow; Lab Diet/PMI Nutrition Inteme{ Richmond,
IN) and tap water was providedd libitum Animals were allowed to acclimate to their
surroundings in the animal colony for 5-7 days before beginning atsy Td®e animal colony
was maintained at a temperature of 22 2C2 with humidity at 40 + 20%, and a 12:12 hr

light:dark cycle (light on at 6:00 a.m.).

5.2 Recovery Experiment for Fipronil in Dosed-rat Serum. Standard fipronil (200 ng) was
added to a vial containing blank rat serum (100 pL), along with 100 @L1d¥ formic acid and
1 mL of cold acetonitrile. The solution was centrifuged at 12,6Qf) and the supernatant was
extracted. In a separate vial, blank rat serum was dirggitked with fipronil standard (200 ng).
Both the supernatant and the control sample were mixed 50:50 with 18mm\bnium acetate

buffer and analyzed via LC/triple-quad. The fipronil recovery rate was 98%.

5.3 Recovery Experiment for Fipronil in Spiked Human Serum. A standard mix of fipronil
metabolites (10 ng each metabolite) was added to a vial contdilsing calf serum (200 uL),
along with 25 pL of a 0.1 M formic/internal standard solution (fiprdes-F, 10 ng) and 2 mL
of acetonitrile. The solution was centrifuged at 12,%0§ and was extracted onto an Oasis 3cc

HLB solid phase extraction cartridge. The solid phase extractiethad consisted of
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conditioning the cartridge with 3 mL of methanol followed by 3 mLDbdfwater; loading the
sample; washing with 3 mL of 95:5 water:acetonitrile; and elwirig 3 mL of acetonitrile. The
samples were evaporated undegrail40 °C until 200 pL remained. In a separate vial (the control
sample), only 200 pL of blank calf serum, 25 pL of the 0.1 M formid/iaternal standard
solution and 2 mL of acetonitrile was added (no fipronil or metabqliées) this vial was also
carried through the procedure, just as the experimental sampleoiitrel sample was spiked
with the standard mix of fipronil metabolites (10 ng/metabold#er evaporation. All the
samples were prepared 50:50 with 10 mM ammonium acetate larftegnalyzed via LCltriple-

quad (=3). The results are shown below in Sl Table 1.

S| Table 1. Human serum recovery experiment results.

Compound Average % Recovery (+ %RSD)
Fipronil 82+2.4
Fipronil sulfone 83 13.6
Fipronil sulfide 84 £3.6
Fipronil amide 82+7.3
Monochloro fipronil 8513.5

5.4 Recovery Experiment for Fipronil in Spiked Human Urine. A standard mix of fipronil
metabolites (400 ng/metabolite) was added to a vial containing 10 ard€ human urine and
1 mL of acetonitrile/internal standard solution (fipronil dgs-B3 ng). The solution was
extracted onto an Oasis 6¢cc HLB solid phase extraction cartfldhgesolid phase extraction
method was the same as for human serum, except the elution stéprakedstead of 3 mL of

acetonitrile. The solution was evaporated undeafN\40 °C until 1 mL remained. In the control
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sample, 10 mL of blank human urine and 1 mL acetonitrile were added gramiffi or

metabolites), and this vial was also carried through the procephsteas the experimental
samples. After evaporation the control sample was spiked withtahdasd fipronil metabolite
mixture (400 ng/metabolite). All samples were prepared 50:50 MitmM ammonium acetate

buffer and analyzed via LC/triple-quaa=@). The results are shown below in S| Table 2.

S| Table 2. Human urine recovery experiment results.

Compound Average % Recovery (+ %RSD)
Fipronil 103 +5.8

Fipronil sulfone 100 £10

Fipronil sulfide 99+7.0

Fipronil amide 104 +3.8

Monochloro fipronil 101 £5.0

5.5 Quantitation of fipronil and fipronil sulfonein the serum of treated rodents. Rat serum
(25 pL) was denatured with 100 pL of 0.1 M formic acid and precigitaith 1 mL of a cold
acetonitrile solution spiked with the internal standard (fipronitlle5 ng). The sample was
then centrifuged for 5 minutes at 1259@. An aliquot of the supernatant was mixed 50:50 with
10 mM ammonium acetate buffer, and analyzed via LC/TOF andijp€#quad.n=9 for highest
dose (10 mg/kg/day)n=10 for lowest dose (5 mg/kg/day); amell1 for control animals, which
were treated with vehicle. To determine the concentration of compounusralst, a nine-point
matrix-matched extracted standard curve from 10-5000 ng/mL, a metodd(Bll water), and a
matrix blank (blank rat serum) was run with the rat serum sssmh LC/triple-quad. The
lowest value on the standard curve (10 ng/mL) was considered tke liavit of quantitation

(LLOQ). The results of the quantitation are shown in S| Table 3.

25



524 Sl Table 3. Mean, standard deviation, and 95% confidence interval for fipronil and fipronil

525 sulfone in rat serum.

Compound | Dose Conc. (mg/kg bw) |LOQ (ng/mL)|Mean (ng/mL)| St. Dev. [95% Conf. Int.
Fipronil control 10 1.0 (<LLOQ) 3.0 1.8
Sulfone control 10 2.5 (<LLOQ) 3.7 2.2
Fipronil 5 10 8.9 (<LLOQ) 3.4 2.1
Sulfone 5 10 2424 193.3 119.8
Fipronil 10 10 13.9 7.8 51
526 Sulfone 10 10 3548 511.9 334.4
527 5.6 Quantitation of fipronil sulfonein the urine of treated rodents. Rat urine (100 pL) was

528 treated with 900 pL of cold acetonitrile. The sample was therriftgy@d for 8 minutes at
529 12,500x g, prepared 50:50 with 10mM ammonium acetate buffer, and analyzed itigplec

530 quad.n = 2 for highest dose (10 mg/kg/daw);= 4 for lowest dose (5 mg/kg/day); ané 6 for

531 control animals. In order to determine concentration of compounds ofsintareseven-point
532  extracted standard curve prepared in DI water from 10-5000 ng/omg a&tith a method blank
533 (DI water) was run with the experimental rat urine samplegidgaire 1shows median fipronil
534  sulfone concentrations for rodents dosed with fipronil. The highest dose grdup heean
535 concentration of 31.9 (SD = 13.1) ng/mL fipronil sulfone, while the lowest dosup had 24.1

536 (SD = 18.7) ng/mL and the control animals had mean concentrations below the LLOQ.

537 The LCltriple quad used for the quantitation of fipronil sulfone was aeW Acquity
538 ultraperformance liquid chromatography system coupled with a Watexso Premier XE triple
539 quadrupole mass spectrometer (UPLC-MS/MS; Waters CorporatioAD+4A. aliquot of each
540 sample was injected onto an Acquity UPLC BEH C18 column {in7 2.1 x 50 mm; Waters
541  Corporation) that was maintained at 50 °C. The mobile phase consissetverit A: 2 mM
542 ammonium acetate buffer with 5% methanol and solvent B: aceteratrib flow rate of 400

543  ulL/min, starting with 75% solvent A for 30 s and then increasing@Oé solvent B at 3.5 min
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and 100% solvent B at 3.6 min and held for 0.9 min. At 4.6 min the gradienteitaned to
60% solvent A and held until 6.0 min. Electrospray negative ionizationuged in the mass
spectrometer source. The capillary voltage was set at negativ&kM)./and the source
temperature was 150 °C. The primary transition used for quantitatoAyla? - 244.0n/z and

two other transitions were monitored for confirmation, 451.2 to 26¥Zand 451.2 to 414.9

m/z
Concentration of Fipronil Sulfone in Repeatedly Dosed Rat
Urine

50
= M Fipronil Sulfone
£ 40 I
oo
£
c 30
.2
®
5 20
[=
8
c 10
S

0 T
0 5 10
Dose (mg/kg/day)

S| Figure 1. Median fipronil sulfone concentration in rat urine.
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562 5.7 Time-of-flight mass spectrometry scoring and isotope patterns.
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567 Sl Figure 2 shows the spectral pattern of a molecule contaiichlorine atomsiNote that

568  323.9560m/zis the most abundant isotope, 325.9m/zcontains oné’Cl, and 327.95(m/z
569  contains twd'Cl. The 324.9592n/z contains on**C. The numerical ranking for formu

570 generated for compound (M4) is shown. Theextracted ion chromatogragWorklist Data 2)

571  shows a control animal sample and the absenceedlafor M4
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Sl Figure 3 shows the fragmentation pattern of Metabolite M7the LC/Q-TOF. The red

circles/boxes show the fragment and the spectrutiheabottom shows the peaks corresponding

to the fragments.

5.9 Transitions in LC/triple quad method. SI Table 6 below lists the parent to daughter

transitions which were monitored in the Agilent Q10C/triple quad method.

S| Table 6. LC/triple quad parent-daughter transitions.

Compound
Fipronil
Fipronil
Fipronil

Fipronil sulfone
Fipronil sulfone
Fipronil sulfone
Fiproni sulfide
Fiproni sulfide
Fiproni sulfide
Fipronil amide
Fipronil amide
Fipronil amide
Monochloro fipronil
Monochloro fipronil
Monochloro fipronil
Fipronil des F3
Fipronil des F3
Fipronil des F3

Transition

10
>
>
r
>
>
7
>
>
7
>
>
7
>
>
7
>
>

Parent

434.9
434.9
434.9
451.1
451.1
451.1
418.9
418.9
418.9
452.9
452.9
452.9
401.1
401.1
401.1
387.2
387.2
387.2

Daughter

329.8
249.9
277.8
415.0
281.9
243.9
382.8
261.7
313.8
347.7
303.8
271.9
283.9
295.9
331.9
281.9
331.0
351.0
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5.10 SI Figure 6 showsfipronil des-k which was used as an internal standard for analytical

methods due to its similarity in structure to fipronil. The structure is shown below.

a Vi

HsC—S

Cl Cl

F

Molecular Formula: C,oH,CI,F3N,0S
Monoisotopic Mass: 381.966971 Da
[M-H]-: 380.959694 Da
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ABSTRACT

Fipronil is a phenylpyrazole insecticide commonly used in resaemnd agricultural
applications. To understand more about the potential risks for human expssacei@d with
fipronil, urine and serum from dosed Long Evans adult rats (5 and 10 imgjkgere analyzed
to identify metabolites as potential biomarkers for use in human bitoniogi studies.Urine
from treated rats was found to contain seven unique metabolitespftwhich had not been
previously reported—M4 and M7 which were putatively identified asrasa compound and an
imine, respectively. Fipronil sulfone was confirmed to be the pyimaetabolite in rat serum.
The fipronil metabolites identified in the respective matricesewthen evaluated in matched
human urine rf=84) and serumnE96) samples from volunteers with no known pesticide
exposures. Although no fipronil or metabolites were detected in human fiprail sulfone
was present in the serum of approximately 25% of the individuatsaentrations ranging from
0.1-4 ng/mL. These results indicate that many fipronil metabo#itesproduced following
exposures in rats and that fipronil sulfone is a useful biomankkbuman serum. Furthermore,

human exposure to fipronil may occur regularly and require more extensive chzatioter

Keywords: Fipronil, LC/TOF, Biomarker, Human Exposure, Metabolism



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

ABBREVIATIONS

DI: Deionized

ESI: electrospray ionization

GABA: gamma-aminobutyric acid

GSD: geometric standard deviation

HPLC: high performance liquid chromatography
LC: liquid chromatography

LLOQ: lower limit of quantitation

MS: mass spectrometry

NIEHS: National Institute for Environmental Health Sciences
QC: quality control

Q-TOF: quadrupole time-of-flight

% RSD: Percent Relative Standard Deviation
SD: standard deviation

SPE: solid phase extraction

TOF: time-of-flight

UPLC: ultra performance liquid chromatography

US EPA: United States Environmental Protection Agency

1. INTRODUCTION

Fipronil (Figure 1) is a phenylpyrazole broad-spectrum imngdetthat is registered for use in
residential settings as part of ant and cockroach baits andagel$ermite control products;
veterinary applications such as spot treatment flea and tickot@naducts for dogs and cats;
ornamental turf applications such as fire ant control; and agriablypplications such as pest

control on potato crops When initially produced, fipronil was the first insecticide ta by
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targeting the gamma-aminobutyric acid (GABA) receptor and hawdhle selective toxicity
towards insects rather than mamrfials

A 1997 report indicated that 480 tons of fipronil were produced per yeRhbne Poulent,
and a more recent EPA report indicated that between 1998 and 2008 usaged\i&0,000
pounds of active ingredient per 1.5 million adre®idespread fipronil use has led to
contamination of water and soil (1-158 ng/L of parent or environmentahdisgy) in several
states including, but not limited to Alabama, Georgia, Californ@yidiana, and Indiafia’.
Perhaps as a result of this contamination, fipronil has been atesdli@s one of the chemicals
associated with the colony bee colldpse

Because little was found in the peer-reviewed literature abfmutdisposition of fipronil,
Cravedi et al. (2013) performed a thorough study on the metabolismputish, and
elimination of fipronil in rats and showed that fipronil is primagbnverted to fipronil sulfone
(M1 Figure 1), a more persistent metabolite (estimatedlifelis 208 hours in rodentsyhich
was stored mainly in adipose tissue and adr€hatsaddition, fipronil has been associated with
thyroid disruptioft!, endocrine disruptidf, and neurotoxic effectdin rats which has led to
concern about the potential for human health effects in the last decade.

The effects of acute human exposure to fipronil include headachenedigzivomiting, and
seizured *° Information on the effects of chronic exposure is limited, butUBeEPA has
classified fipronil as a possible human carcinogen based on datahthas an increase of
thyroid follicular cell tumors in both sexes of the'tawidau et al. (2011) also concluded that
fipronil has the potential to cause apoptosis by uncoupling oxidative phokgilooryat
relatively low concentrations (5-10 uM) in human cell liftand a case of acute human self-

poisoning with fipronil has demonstrated that fipronil levels cananerelevated in serum for
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days after exposure, and that fipronil sulfone was the primanyboi&d. A previous study also
showed that fipronil sulfone is the predominant metabolite in human fiverosomes via
cytochrome P-450 oxidatidh

Although, one occupational exposure study of workexd §9) at a fipronil production facility
reports a mean fipronil sulfone serum level of 7.8 (SD = 7.7) ng/maery little is known about
human exposure to fipronil in the general populatibh'’ This may be because human samples
can be difficult to obtain and analyze due to high concentratiorsadiigenous chemicals and
significant matrix effects which make the identification oétabolites difficult. The specific
objectives of the study were to develop a unique workflow where dosethlasamples were
used to identify potential serum/urine biomarkers via time-of-fliglaiss spectrometry which
were subsequently evaluated in serum and urine of a group of volumteerklérth Carolina to

aSSEesSSs exposure.

MATERIALS AND METHODS

2.1 Chemicals. Unlabeled fipronil (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phengH
(trifluoromethylsulfinyl)-1-H-pyrazole-3-carbonitrile, >99%) ands i metabolites: fipronil
sulfone (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(trifl@mnethyl)sulfonyl]-H-
pyrazole-3-carbonitrile, >99%), fipronil sulfide (5-amino-1-[2,6-dichlordarfhjoromethyl)-
phenyl]-4-[(trifluoromethyl)thio]-H-pyrazole-3-carbonitrile, 98%), fipronil amide (5-amino-1-
[2,6-dichloro-4-(trifluoromethyl)-phenyl]-4-[(trifluoromethyl)thidlH-pyrazole-3-carboxamide,
>99%), and monochloro fipronil  (5-amino-1-[2-chloro-4-(trifluoromethyl)-phiayl
[(trifluoromethyl)sulfinyl]-1H-pyrazole-3-carbonitrile, >97%) were procured as solid analytical

standards from the pesticide repository through the US EPANate, MD, USA). These five
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analytical standards were prepared as a mixture in acewraindl used for all subsequent
matrix-matched standard curves. The internal standard fipronil dgsdée supporting
information for structure) (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)-pyig-4-
(methylsulfinyl)-1-H-pyrazole-3-carbonitrile, 99%, 0.1 ng/pLAnetonitrile) was ordered from
Crescent Chemical Company (Islandia, NY, USA).

Acetonitrile and methanol (B&J Brand HighPurity Solvent) werecpased from Honeywell
Burdick & Jackson (Muskegon, MI,USA) and ammonium acetate froom&igldrich (St.
Louis, MO, USA). Deionized water was generated in house fr@arasted Easypure UV/UF

(Dubuque, 1A, USA) coupled with activated charcoal and ion exchange resin i&niste

2.2 Animals. This study was part of an investigation of the neurotoxic efeictgronil in
rodents® * The animal facility is accredited by the American Assimiafor Accreditation of
Laboratory Animal Care International, and all protocols were apdrbyethe National Health
and Environmental Effects Research Laboratory Institutional Anima &=at Use Committee at
the United States Environmental Protection Agency. Male Long Evamg6@90 days old)
were acquired from Charles River Laboratories (Wilmington, MA)indal husbandry details
are provided in the Supporting Information. Animals were dosed by oral gavage at either 5
(lowest dose) or 10 (highest dose) mg/kg with fipronil suspendearimasl (1 mL/kg) every 24
hours for two weeks. Control rats were gavaged with corn oil onlyh@&ixs after the 4dose,
rats were euthanized. Trunk blood (2 mL) was collected in tubes witmigoagulant and
stored on ice for 1-1.5 h.. The samples were centrifuged at23P6r 30 min. at 4° C. The

serum was collected, frozen on dry ice, and stored 2G&Mtil analysis. Urine was collected in



131  a syringe either from voids on a clean table or via bladder purataréransferred to a micro-
132 centrifuge tube, immediately frozen on dry ice, and stored at -80 °C until @nalysi

133 2.3 Human Samples. Matched human urinen£84) and serum nE96) samples, from
134 individuals with no known fipronil exposure, were collected by the dWati Institute for
135  Environmental and Health Sciences (NIEHS protocol number 10-E-0063)dmethmil and
136 June 2011. The human samples were simply a sample of conveniencerambtvaeant to be
137  representative of a specific population. The urine collected wsgotsample and was not
138  concentrated or representative of a specific sampling period. ¥ehsntvere anonymous, and
139  no personally identifiable information was provided. The samples fn@me male and female
140  volunteers of various ethnicities between 19 and 73 years of agewsho the Raleigh-Durham
141  area of North Carolina (Table 1). Although 100 volunteers participated inutihg steveral urine

142 and serum samples were not included due to an insufficient volume for analysis.

143 Table 1. Human demographic data for the 100 volunteers.
144
Sex Age Race

Male Female 19-33 34-48 48-62 62-76 Asian Black White Other
145 % 30 70 29 30 33 8 3 32 63 2
146
147
148 2.4 Extraction Protocols. Samples were extracted in a manner that optimized recovery and

149  reproducibility while reducing matrix interference. Animal gd@s were small volumes that did
150  not require solid phase extraction (SPE). However, a protocol involving SPE wasngeliwith
151  the human samples to reduce matrix interference. Sampletexirpmtocols for biologicals are
152  described below. More information on methods development for human samples foand in
153 the Supporting Information. Rat serum samples were first armhlyby liquid
154  chromatography/time-of-flight mass spectrometer (LC/TO&}Mn order to identify any

155  metabolites. Human samples were then analyzed by liquid chromatpfgratérquadrupole

7



156 mass spectrometer (LC/triple-quad) for quantification of mettsolfor which analytical
157  standards were possessed. LC/quadrupole/time-of-flight mass speteyrdiinC/Q-TOF) was
158  used for structure elucidation of unknown metabolites.

159 2.5 Rat serum. Rat serum (25 pL) was denatured with 100 pL of 0.1 M formid aad
160  precipitated with 1 mL of a cold acetonitrile solution spiked whi internal standard (fipronil
161 des-k, 25 ng). The sample was then centrifuged for 5 minutes at 12%00\n aliquot of the
162  supernatant was mixed 50:50 with 10 mM ammonium acetate buffer, aydezhaia LC/TOF
163 and LC/triple-quadn=9 for highest dose (10 mg/kg/dayh=10 for low dose (5 mg/kg/day);
164 andn=11 for control animals, which were treated with vehicle. Quaittitat/as performed for
165  fipronil and fipronil sulfone. The results of the quantitation are showrthe supporting
166  information.

167 2.6 Rat urine. Rat urine (100 pL) was precipitated with 900 puL of cold aceitiand
168  centrifuged for 8 minutes at 12560g. An aliquot of the supernatant was extracted and mixed
169  50:50 with 10 mM ammonium acetate buffer before LC/MS analgsi3.for highest dose (10
170  mg/kg/day);n=4 for low dose (5 mg/kg/day); amet3 for control animals. Quantitation was only
171 performed for the fipronil sulfone metabolite, as standards were available for other
172  metabolites. Quantitation specifics can be found in the Supporting latiomm Fipronil sulfone
173 concentrations in rat urine were used to approximate the relaiieewtrations of the other
174  observed metabolites.

175 2.7 Human serum. Human serum (200 pln=96) was denatured with 20 uL of a 0.1 M
176  formic acid solution spiked with internal standard (fipronil dgs&Fng) and precipitated with 2
177 mL of cold acetonitrile. The sample was centrifuged for 10 minute$2&%00 x g and

178  concentrated using solid phase extraction (SPE) using an OasiHLE cartridge (Waters
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Corporation, Milford, MA). SPE cartridges were conditioned with 3 shimethanol and 3 mL
of ultrapure water, samples were loaded, washed with 3 mL ofv@&&r/acetonitrile solution,
then eluted with 3 mL of acetonitrile. The eluate was evaporatddrug at 40° C until
approximately 200 puL remained. The concentrated solution was mix&@ %6th 10 mM
ammonium acetate buffer and analyzed via LC/TOF and LCl/triplesfquadl compounds listed
in the chemical section. In order to determine the concentrati@moropounds of interest, a
seven-point matrix-matched (blank calf serum-Life Technologibésd®, Grand Island, NY)
extracted standard curve from 0.1-50 ng/mL, along with a method bldnkafBr) and a matrix
blank was run with the human serum samples. The lowest value omatitarsl curve (0.1
ng/mL) was considered the lower limit of quantitation (LLOQ).

2.8 Human urine. Human urine (5-12 mLn=84) was precipitated with 1 mL of acetonitrile
and concentrated using the SPE method described above with an OdslsB6cartridge with
the exception that cartridges were conditioned with 5 mL of methambI5 mL of ultrapure
water, samples were loaded, washed with 5 mL of 95:5 water/acétosolution, then eluted
with 5 mL of acetonitrile. The eluate was evaporated undet MO° C until approximately 1 mL
remained. The concentrated solution was mixed 50:50 with 10 mM ammoogaiateabuffer in
an LC vial and analyzed by LC-TOF/M®=84) for all compounds listed in the chemicals
section, as well as for any unknown metabolites. Note thatadaweme samples were excluded
due to insufficient volume.

2.9 Analytical Instrumentation. Targeted analyses (LC/triple-quad) were carried out using an
Agilent 1100 HPLC (Agilent Technologies, Palo Alto, CA) interfacathva Sciex 3000 triple
guadrupole mass spectrometer (Applied Biosystems/MDS SciexrKaisg, CA) fitted with an

electrospray ionization source (ESI) operated in the negative fimmzmode. Compounds
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contained in the LC/triple-quad method (fipronil, fipronil sulfone, fiprosuilfide, fipronil
amide, and monochloro fipronil) were optimized on a compound specific bafkianation
regarding transitions are included in the Supporting Information.

The HPLC system consisted of a Phenomenex Luna C18 column (50 x 3pnm,T®rrance,
CA, USA) with a Security-guard guard column (Phenomenex). Th@adeconsisted of the
following: 0.4 mL/min flow rate which increased to 0.75 mL/min at&ta® min; temperature: 30
°C; mobile phases — A: ammonium acetate buffer (0.2 mM) and Dr.wegihanol (95:5, v/v),
and B: ammonium acetate buffer (0.2 mM) and acetonitrile:DI w@&t5, v/v); gradient: 0-2
min 50% A and 50% B; 2.1-4 min, a linear gradient from 50:50 A:B to 10:90 A:B;min 10%
A and 90% B; 6.1-10 min re-equilibration to 50% A and 50% B.

Non-targeted analyses (LC/TOF) were carried out using anerdtgil100 HPLC (Agilent
Technologies, Palo Alto, CA) interfaced with an Agilent 6210 Tim&ght (TOF) mass
spectrometer fitted with an electrospray ionization source oplemtéhe negative ionization
mode at 120 Volts. Any drift in the mass accuracy of the T@E gontinuously corrected by
infusion of two reference compounds (purima/4 = 119.0363] and hexakis (1H, 1H, 3H-
tetrafluoropropoxy) phosphazena/g= 966.0007]) via dual-ESI sprayer.

The HPLC method consisted of a Zorbax Eclipse Plus C18 columnk(3Q mm, 3.5 um;
Agilent Technologies, Palo Alto, CA) fitted with a Phenomeneard column (Torrance, CA).
The method consisted of the following: 0.2 mL/min flow rate; at°’GQ mobile phases: A:
ammonium formate buffer (0.4 mM) and DI water:methanol (95:5 v/v), andnBnonium
formate (0.4 mM) and methanol:DI water (95:5 v/v); gradient: 0-5 anlimear gradient from

50:50 A:B to 100% B; 5-15 min, 100% B; 15-18 min re-equilibration to 50% A and 50% B.
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2.10 Identification of Spectral Features. The TOF-MS system has proprietary software that
can be used in non-targeted analyses to help identify compoundsetsgecific to a treatment
group or a specific experimental condition. For example, to idepofgntial biomarkers of
fipronil exposure, control and dosed animal samples are analyzed, andulamolieatures
(identifiable peaks) were first extracted according to gpecified criteria (e.g., minimum peak
height, area count). The two groups of extracted features warectimpared using The Mass
Profiler software, which singles out only those compounds that arel fouthe dosed group.
This collection of compounds can be thought to represent either the pmamempiound,
metabolites of the parent, or specific biological responsesatbaattributable to the treatment
administered.

The exact monoisotopic mass of each of these "treatment onlyirdeavas then used to
generate a ranked list of possible chemical formulae fdr eaknown. The numerical ranking
is based on the difference between the calculated and measured mass, tlealsotmaince and
the isotope spacing. If authentic standards are available, the identpyaydased feature can be
confirmed using chromatographic retention time, exact monoisotopgs, mend isotopic
distribution.

Fipronil is an interesting and somewhat unique compound because it caixaihsorine
atoms and two chlorine atoms, that result in a significant negaitags defect (435.93869 Da,
with the [M-HJ ion seen in negative ionization mode being 434.98421 which is preserved in
most of its metabolic products to the extent that the F and Cbatomretainéd. Moreover, the
isotopic spacing between the Cl isotopB€l([75.77%] and’Cl [24.23%]) leads to a distinctive
isotopic pattern that aids greatly with identification (SI Feg@j. Both of these characteristics

were useful in identifying fipronil-related metabolites.
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Metabolites that were identified using the LC/TOF instrumentrde=d above were then
investigated further using an Agilent 1200 HPLC system fitted &i6250 quadrupole time-of-
flight mass spectrometer (Q-TOF) (Agilent Technologiedp Pdto, CA) using the same LC
conditions as previously described. The LC/Q-TOF allowed fragmentat various collision
energies of metabolites of interest which helped with structure elucidation.

211 Quality Assurance/Control. For each analysis, method and matrix blanks were
evaluated for contamination or background levels of the compounds of infdredtLOQ was
determined as the concentration of the lowest working standard, wiokkptedicted within
30% of a theoretical value. The LLOQ in the quantitative human sewpariments was
validated by calculating signal-to-noise ratios for the 451mAiAransition relative to a method
blank. R-squared values for all quantitative procedures were mahitoensure predictability.
Three randomly chosen samples were replicated in each quaatietperiment to ensure
consistency within the data sets. Parent-daughter ratios shouldormstent, and ratio
monitoring is a robust way to confirm the presence of a spemifimpound. Therefore, in the
targeted screening of samples, the ratio between the primargemoddary parent-daughter
transition was monitored to confirm the presence of each compoundMStineethod. High and
low concentration quality control (QC) samples containing the fiproniture of five analytical
standards described in tdemicalssection were run with each batch of human serum samples

to ensure analytical precision and accuracy.

3. RESULTS

3.1 Quality Assurance/Control. All lab prepared target and non-target analysis blanks and

control samples were below the respective LLOQ for compounds ofshie all experiments.
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Validation of the LLOQ in the human serum quantitative experimgmsved that the lowest
curve point differed from the method blank (signal-to-noise rationfethod blank = 3 + 1;
signal-to-noise ratio for 0.1 ng/mL standard = 20 + 12). All r-seglaalues were greater than
0.99, which ensured predictability. All replicates for all expentaehad a relative standard
deviation of <15%. For all targeted analyses, the ion ratios betheegrimary and secondary
parent-daughter transitions were consistent for all standard comp@ueda + 20%). All QC
samples (high and low) were 100% + 15% of the nominal values.

3.2 Urine from Treated Rodents. The urine from rodents treated for 14 days with fipronil
was analyzed for biomarkers of exposure via non-targeted anafsislescribed above,
molecular features (significant chromatographic peaks) weracotett from analytical runs of
both dosed and control animals, and The Mass Profiler software wdstassolate those
features that were unique to the dosed animals. The most platesia®late biomarkers were
those compounds with the signature isotope pattern of two chlorine édbrigure 2) and/or
significant negative mass defects indicative of fluorine andrictd atoms. Seven high
abundance peaks fitting these criteria were identified, and tlo¢ @x@noisotopic mass of each
was used to generate a ranked list of plausible formulae and pmovdésg structures. We
tentatively assigned compound identity according to known metabolic pati{e/gy, oxidation,
sulfation, glucuronidation), the retention of negative mass defect atioisotopic pattern
associated with chlorine, and consistency with results from prestodges. Information on the
seven metabolites can be found in Table 2. Four of the compounds (M1, M2, M3 )dM9 63
were identified in previous studigs?’, whereas two more (M4 and M7) are reported for the first
time in this study (Figure 1). It should be noted that the spefesdire observed for the

glucuronide conjugate (M6) splits into two chromatographic peaks, rke$t ineaning that the
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glucuronide molecule adds to both the oxygen and the nitrogen atorkrigsee 1). We were
unable to differentiate which peak corresponded to which structure, buwaseformed
preferentially. However, this spectral feature is not observed for tregesatinjugate (M5).

To better characterize the structures of metabolites M4 andhdZragmentation patterns of
the parent metabolites were analyzed via LC/Q-TOF. No usefuimmaftion was gained about
metabolite M4; however, the fragmentation pattern of metabolite M@etheto predict a
plausible structure. M7 structural information could be gleaned fooking at the exact masses
of molecular fragments originating from the parent moledebe.example, if the mass of a €O
group is observed in the fragmentation pattern, it can be adstime the molecule likely
contained a carboxylic acid. Spectral information regarding thignfentation pattern can be
found in the Supporting Information (Sl Figure 3).

Fipronil sulfone (M1) was confirmed by an authentic standard thahkasame retention time,
monoisotopic mass, ion fragmentation pattern, and isotope spacinginRats 5 mg/kg/day
dose-group had mean concentrations of fipronil sulfone of 24.1 (SD = il while the 10
mg/kg/day group had 31.9 (SD = 13.1) ng/mL (S| Figure 1). If thproril sulfone
concentrations are used to generate estimated relative respctose for other metabolites that
do not have standards (assuming that all respond similarly withirQkReMS), we estimate the
relative concentrations of fipronil metabolites in dosed-rodent urine e
M6>M4>M5>M3>M7>M1>M2. The estimated concentrations of M2 and M63@&rand 2,000
ng/mL respectively.

Table 2. LC/TOF characteristics of putative metabolites in rat urine.
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Metabolite Retention Time  Predicted Formula Score of Predicted [M-H] Measured Mass [M-H] Calculated Mass Appm  Monoisotopic Mass

(mins) of parent Formula (m/z) (m/z) (m/z)
M1 (Fipronil Sulfone) 7.57 C12H4CI2F6N402S 99.63 450.9266 450.9263 0.67 451.9336
M2 7.3 C9HA4CI2F3N3 93.50 279.9665 279.9662 1.07 280.9734
M3 1.62 C11H402NA4CI2F3 99.53 350.9667 350.9669 0.43 351.9742
M4 5.38 C10H4CI2F3N302 98.63 323.9565 323.9560 1.54 324.9633
M5 1.4 C11H5CI2F3N404S 99.38 414.9290 414.9288 0.48 415.9361
M6 1.39 C17H13CI2F3N407 98.74 511.0036 511.0041 0.98 512.0113
314 M7 5.38 C11H3CI2F3N40 98.93 332.9564 332.9563 0.30 333.9563
315
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Figure 1. Proposed metabolic pathway of fipronil in the rat. M4 and M7 are proptsetuses
based on MS data, isotope distributions, and exact mass. M1, M2, M3, M5, andefd6
identified in rat urine. Unobserved metabolites labeled (UM) weradewitified but are likely

intermediates.

3.3 Serum from treated rodents. The serum from treated rats was analyzed for all suspected
biological metabolites via LC-TOF to evaluate the presenp@sdible serum biomarkers. In our
analysis we detected no additional metabolites other than smalliras of un-metabolized
fipronil and fipronil sulfone which had been previously identified leyesal groups®
Quantitative data for fipronil and fipronil sulfone in rat serum ba found in the Supporting
Information.

3.4 Human urine. Urine samplesn=84) from volunteer North Carolina residents with no
known exposures to fipronil or other pesticides were examined foM¥ {identified in rodent
urine) and for all other plausible fipronil adducts or derivativesguiir® methods described
above. No parent fipronil or any plausible metabolites were found in the human urine samples

3.5 Human serum. Matched human serum samples46) were analyzed for the metabolites
observed in rat serum (fipronil and fipronil sulfone) by a tadyetpproach (LC/triple-quad,
LOQ = 0.1 ng/mL). Only trace amounts of the parent fipronil wereddanthe human blood
samples. However, fipronil sulfone (the biomarker identified in thentostedy) was detected in

approximately 25% of the samples, at levels ranging from 0.1 to 3.9 r(§fgure 2). Table 3

describes general trends in the data in terms of detects vs. non-detects.

Table 3 shows the number of detects vs. non-detects for each gender and race.
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Gender Detects Non-Detects Number of Samples

Male 7 12 29
Female 17 67 67
Race Detects Non-Detects Number of Samples
Caucasian 22 39 61
African American 1 29 30
Asian 1 2 3
Other 0 2 2
341
Fipronil Sulfone Concentration in
Human Serum Samples
10
9
—~ 8
-
E s
(@)
S
s 6
i)
w5 S s
= ~ L Estimated median from occupational exposure study
S 4
c
o 3
O
2
: Ill I
oM _hl s W | B
N D9 DX RPN RPN DN DI PGNP A D PE @AM AR SR L DSOS
Sample Number
342

343  Figure 2 shows fipronil sulfone concentrations in human seturhe red dotted line represents

344  the median calculated from an occupational expaostuidy”” %

345 *n = 96, four samples were excluded due to insufiici®lume.

346

347 4. DISCUSSION
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This study demonstrates how advanced time-of-flight mass spettyoteehniques can be
used to more fully describe the metabolism of xenobiotic compoundsatedranimal studies
and how this knowledge can be applied in human biomonitoring studies ke rakevant
conclusions about human exposures to emerging compounds of concern. Owr gpatiivas
to use the biomarkers identified from the dosed rodent work in the mnafya set of human

biological samples to characterize the rate of fipronil exposure in theagpopulation.

In describing the metabolism of fipronil in rodents, our results Wagely consistent with

previous studie¥’ 2 24

while also extending what is known about the basic metabolic process.
Two novel metabolites observed in rat urine in this study whietewot seen by Cravedi et al.
(2013) can be attributed to differences in study design. Spegificalf Long Evans rats were
dosed (5 or 10 mg/kg/day) for 14 days then sacrificed 6 hours la#tdast dose. In contrast,
Cravedi et al. (2013) dosed acutely at 10 mg/kg and collected urineram svery 24 h. over a
72 h. period’. Differences between rat strain or length of dosingmegi may have made it

possible to identify different products of fipronil metabolism, suckthaspyrazole ring opened

products or the highly oxidized heteroaromatic amine derivatives.

The proposed metabolic pathway in the rat and compound structures fcamdbén Figure 1.
We propose that a new metabolite (M7) in rat urine, an imine, sefsoith the loss of water from
metabolite M3, which is a fipronil metabolite that is hydroigthat both the carbon and the
nitrogen. We also identified what is hypothesized to be nitroso compoufid \(¥& believe that
M3 and M4 are formed from an unobserved hydroxyl amine intermetldte2j. The hydroxyl
amine (M3) has been identified in this and in previous sttfliest to our knowledge this is the
first report of a nitroso metabolite of fipronil in rat urinethAdugh the structure for metabolite

M4 is only putative, heterocyclic aromatic amines are known to uadsodpgical oxidation to
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371 form nitroso compounds. This process is mediated by cytochrome P-45008#HRP. Many
372 heterocyclic amines are known carcinog&h®,due to their ability to be hydroxylated and then
373 form DNA adducts. The observation of N-hydroxylated fipronil metag®linh this and other
374 rodent studies warrants further investigation of fipronil metabolishhumans and the resulting
375  effects.

376 Noninvasive biomarkers like those present in urine, exhaled breathfilhgérnails, etc. are
377 optimal for use in human studies, and one intention of this study wegpkare whether any of
378 the urinary metabolites found in the rats could be used as biomaikerposure in humans.
379  Studies with human liver microsomes have shown that fipronil isbhokad to fipronil sulfone
380 in vitro, and Mohamed et al. (2004) have identified fipronil sulfone as a metabolitumans
381 acutely exposed to high do&€§ Aside from these, no publications comment on the disposition
382  of fipronil in humans. In this study we analyzed human urine sanfipleany of the metabolites
383 identified as possible biomarkers in rat urine. The absenaprohil and its metabolites in the
384 human urine samples was undoubtedly related to many factors. Twisarit is possible that
385 most human elimination of these materials occurs via the fasds,the case with rodehts:
386  Secondly, and perhaps more importantly, our study subjects wentig@gsgolunteers from the
387 Raleigh-Durham area of North Carolina with no known exposures to fipradilor any other
388 similar pesticides. Identification of small amounts of unknown cbalsiin urine from
389  populations with no known exposure can be difficult due to the large amoemdofenous
390 compounds found in the matrix. A more effective strategy would beot& with a group of
391 individuals with higher exposure levels (preferably occupationtdlyjetermine human urinary

392 metabolites. Despite negative findings with the human urine sar2plspf the serum samples
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contained measureable amounts of fipronil sulfone (range 0.1 — 4 ng/mL)dipgowilear
evidence that humans are regularly exposed to fipronil.

We compared our results to those from a study by Herin et atevitve serum from workers
in a fipronil production facility was measured for fipronil and fiptanilfone. The median from
the occupational exposure study was calculated from the meamdstandard deviatiorns)
provided via a method by Pleil etZlwhere the geometric mean is used to estimate the median
which is equal tqu/[1 + 0.5 x6/p)?]. Interestingly, the maximum concentration observed in this
study (3.9 ng/mL) was only slightly less than the calculatediam of 5.2 (GSD = 2.4) ng/mL
for the occupationally exposed workErésee Figure 2), where error is represented in terms of
the geometric standard deviation (GSD).

The general population likely shares specific exposure routesofQhe most likely routes of
exposure is contact with pets that have received applications aifigre. Frontline® Plus) or
have had contact with indoor/outdoor applications around the home. Notably, Mdrgan e
(2008) concluded that family pets can act as vehicles for human e&pdsurthe
organophosphorous insecticides, such as diaZin@pecifically, fipronil is widely used to
control residential insect pests such as termites and firecamt®ors where pets frequent,
leading to transport of the material indoors. Furthermore, maayahd tick topical products
contain approximately 10% fipronil and are applied directly toskme and fur of dogs and cats,
leading to human exposure to fipronil through direct contact with th&st pyk et al. (2012)
used a fluorescent indicator to show that these fipronil residues are easshgtred from pets to
humans by way of direct contact for one week following applicitigkccording to estimates
from the American Humane Association, up to 46% and 39% of US househefusiégs and

cats, respectively. Use of fipronil containing products with theasenals could conceivably
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result in some measurable human exposures. Ongoing efforts iabo(data not shown) are
investigating domestic indoor sources of exposure that may be anposince local WWTP
effluent is shown to contain fipronil and metabolites.

Although we felt the study was well-designed, it did have ali@wtations. First, the fipronil
sulfone metabolite may not be a specific biomarker for fipromgbsxre, since it is known that it
can undergo photochemical degraddtiand its presence has been documented in environmental
media by several reports® thus one could be exposed to either fipronil or the degradate. In
addition our sample size was relatively sma#X00). Furthermore, the number of detects was
less than 30% of the total sample; which did not warrant a statisinalysis. More work is
needed on a larger and more diverse sample before further conclusiobg crawn. Worth
mentioning, however, was that approximately 92% of fipronil sulfone a@tean human serum
were from Caucasians, which represented only 63% of our samplesie$iis suggests that
discrepancies between ethnicities may be present.

While the target of fipronil is insects, the two trifluorortmgtgroups of fipronil may increase
the compound’s absorption and distribution upon accidental exposure by humans.
Approximately 20-25% of drugs produced in the pharmaceutical industrgiccat least one
strategically incorporated fluorine atom (usually in the form itfee one fluorine atom or a
trifluoromethyl group) because fluorine can significantly impgmophilicity and improve the
bioavailability of orally administered drugs. Several studiegehshown that the addition of
fluorine, the most electronegative element, can decrease theamdKaherefore basicity of
surrounding functional groups®> Although the effect is not always predictable, this decreased
basicity stabilized molecules in the harsh acidic conditions ofstbemach and increases

bioavailability’® *”. Another factor that affects the absorption and distribution of aulelds
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lipophilicity. Compounds usually enter into cell membranes via passarsgort (although
active transport is an alternate mechanism). Passive transgoires that the molecule is able to
permeate the cell membrane, but also avoid entrapment by the ligy@rbiThe electron
withdrawing capabilities of fluorine can, in some cases, be incdgubta tune a compound’s
lipophilicity and ease passive transport into ¢&M8 Fipronil's presence in human serum
demonstrated that the chemical is, in fact, absorbed by humaner-iainzl et. al (1996)
found that fipronil lost almost all activity in neurotoxicity stuli®n mice without the
trifluoromethylsulfinyl functional group.Metabolites of fipronil have also been found in many
rat tissues, including brain cell§ '° demonstrating that even highly selective membranes are
somewhat permeable to these chemicals. The fluorinated functiooapsgmay increase
fipronil's potency as an insecticide; however, they may alsoaserabsorption and distribution
of the potentially toxic compound in non-target organisms, such as humansdetiogsthat
fipronil has been associated with endocrine disruption, neurotoxicity, anihagenicity?™
accidental exposure and increased bioavailability may be problematic.

In conclusion, previously reported metabolites in rat urine and searmaonfirmed, and two
novel urinary metabolites have been proposed. The putative biomarkersidetein the rodent
study were used in human serum analysis, where fipronil sulfoedousad in approximately
25% of serum samples from a convenient sample of North Carolirdemési Serum fipronil
levels in our study suggest that environmental exposures to fipragilbe common, but likely
lower than occupational exposures. Matched urine was also analyzex fyortonil or any of
its metabolites were identified, which suggests that urine mapeiain appropriate matrix for
biomonitoring populations with no known exposure to fipronil. More extensigeacterization

of the metabolites produced in humans exposed to higher levels of fim®miEll as the effects
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from low but chronic exposure to fipronil is needed. Further investigatom also necessary to

describe the sources of fipronil exposure and identify rates of exposure in othetipopula

5. SUPPORTING INFORMATION

5.1 Rodents were housed in polycarbonate cages containing heat-treated hardwgpod chi
bedding. Access to food (Purina 5008 Chow; Lab Diet/PMI Nutrition Inteme{ Richmond,
IN) and tap water was providedd libitum Animals were allowed to acclimate to their
surroundings in the animal colony for 5-7 days before beginning atsy Td®e animal colony
was maintained at a temperature of 22 2C2 with humidity at 40 + 20%, and a 12:12 hr

light:dark cycle (light on at 6:00 a.m.).

5.2 Recovery Experiment for Fipronil in Dosed-rat Serum. Standard fipronil (200 ng) was
added to a vial containing blank rat serum (100 pL), along with 100 @L1d¥ formic acid and
1 mL of cold acetonitrile. The solution was centrifuged at 12,6Qf) and the supernatant was
extracted. In a separate vial, blank rat serum was dirggitked with fipronil standard (200 ng).
Both the supernatant and the control sample were mixed 50:50 with 18mm\bnium acetate

buffer and analyzed via LC/triple-quad. The fipronil recovery rate was 98%.

5.3 Recovery Experiment for Fipronil in Spiked Human Serum. A standard mix of fipronil
metabolites (10 ng each metabolite) was added to a vial contdilsing calf serum (200 uL),
along with 25 pL of a 0.1 M formic/internal standard solution (fiprdes-F, 10 ng) and 2 mL
of acetonitrile. The solution was centrifuged at 12,%0§ and was extracted onto an Oasis 3cc

HLB solid phase extraction cartridge. The solid phase extractiethad consisted of
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conditioning the cartridge with 3 mL of methanol followed by 3 mLDbdfwater; loading the
sample; washing with 3 mL of 95:5 water:acetonitrile; and elwirig 3 mL of acetonitrile. The
samples were evaporated undegrail40 °C until 200 pL remained. In a separate vial (the control
sample), only 200 pL of blank calf serum, 25 pL of the 0.1 M formid/iaternal standard
solution and 2 mL of acetonitrile was added (no fipronil or metabqliées) this vial was also
carried through the procedure, just as the experimental sampleoiitrel sample was spiked
with the standard mix of fipronil metabolites (10 ng/metabold#er evaporation. All the
samples were prepared 50:50 with 10 mM ammonium acetate larftegnalyzed via LCltriple-

quad (=3). The results are shown below in Sl Table 1.

S| Table 1. Human serum recovery experiment results.

Compound Average % Recovery (+ %RSD)
Fipronil 82+2.4
Fipronil sulfone 83 13.6
Fipronil sulfide 84 £3.6
Fipronil amide 82+7.3
Monochloro fipronil 8513.5

5.4 Recovery Experiment for Fipronil in Spiked Human Urine. A standard mix of fipronil
metabolites (400 ng/metabolite) was added to a vial containing 10 ard€ human urine and
1 mL of acetonitrile/internal standard solution (fipronil dgs-B3 ng). The solution was
extracted onto an Oasis 6¢cc HLB solid phase extraction cartfldhgesolid phase extraction
method was the same as for human serum, except the elution stéprakedstead of 3 mL of

acetonitrile. The solution was evaporated undeafN\40 °C until 1 mL remained. In the control
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sample, 10 mL of blank human urine and 1 mL acetonitrile were added gramiffi or

metabolites), and this vial was also carried through the procephsteas the experimental
samples. After evaporation the control sample was spiked withtahdasd fipronil metabolite
mixture (400 ng/metabolite). All samples were prepared 50:50 MitmM ammonium acetate

buffer and analyzed via LC/triple-quaa=@). The results are shown below in S| Table 2.

S| Table 2. Human urine recovery experiment results.

Compound Average % Recovery (+ %RSD)
Fipronil 103 +5.8

Fipronil sulfone 100 £10

Fipronil sulfide 99+7.0

Fipronil amide 104 +3.8

Monochloro fipronil 101 £5.0

5.5 Quantitation of fipronil and fipronil sulfonein the serum of treated rodents. Rat serum
(25 pL) was denatured with 100 pL of 0.1 M formic acid and precigitaith 1 mL of a cold
acetonitrile solution spiked with the internal standard (fipronitlle5 ng). The sample was
then centrifuged for 5 minutes at 1259@. An aliquot of the supernatant was mixed 50:50 with
10 mM ammonium acetate buffer, and analyzed via LC/TOF andijp€#quad.n=9 for highest
dose (10 mg/kg/day)n=10 for lowest dose (5 mg/kg/day); amell1 for control animals, which
were treated with vehicle. To determine the concentration of compounusralst, a nine-point
matrix-matched extracted standard curve from 10-5000 ng/mL, a metodd(Bll water), and a
matrix blank (blank rat serum) was run with the rat serum sssmh LC/triple-quad. The
lowest value on the standard curve (10 ng/mL) was considered tke liavit of quantitation

(LLOQ). The results of the quantitation are shown in S| Table 3.
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524 Sl Table 3. Mean, standard deviation, and 95% confidence interval for fipronil and fipronil

525 sulfone in rat serum.

Compound | Dose Conc. (mg/kg bw) |LOQ (ng/mL)|Mean (ng/mL)| St. Dev. [95% Conf. Int.

Fipronil control 10 1.0 (<LLOQ) 3.0 1.8
Sulfone control 10 2.5 (<LLOQ) 3.7 2.2
Fipronil 5 10 8.9 (<LLOQ) 3.4 2.1
Sulfone 5 10 2424 193.3 119.8
Fipronil 10 10 13.9 7.8 51

526 Sulfone 10 10 3548 511.9 334.4

527

528

529

530

531 5.6 Quantitation of fipronil sulfonein the urine of treated rodents. Rat urine (100 pL) was

532 treated with 900 pL of cold acetonitrile. The sample was therriftgy@d for 8 minutes at
533 12,500x g, prepared 50:50 with 10mM ammonium acetate buffer, and analyzed itrgple=

534 quad.n = 2 for highest dose (10 mg/kg/daw);= 4 for lowest dose (5 mg/kg/day); ané 6 for

535 control animals. In order to determine concentration of compounds ofsintareseven-point
536 extracted standard curve prepared in DI water from 10-5000 ng/omg alith a method blank
537 (DI water) was run with the experimental rat urine samplegidgaire 1shows median fipronil
538 sulfone concentrations for rodents dosed with fipronil. The highest dose grdup heean
539  concentration of 31.9 (SD = 13.1) ng/mL fipronil sulfone, while the lowest dosup had 24.1

540 (SD = 18.7) ng/mL and the control animals had mean concentrations below the LLOQ.

541 The LCltriple quad used for the quantitation of fipronil sulfone was aeW Acquity

542  ultraperformance liquid chromatography system coupled with a Wateaso Premier XE triple

26



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

guadrupole mass spectrometer (UPLC-MS/MS; Waters CorporatioB4A aliquot of each
sample was injected onto an Acquity UPLC BEH C18 column |in72.1x 50 mm; Waters
Corporation) that was maintained at 50 °C. The mobile phase consistetvefit A: 2 mM

ammonium acetate buffer with 5% methanol and solvent B: aceteratria flow rate of 400
uL/min, starting with 75% solvent A for 30 s and then increasing@0é solvent B at 3.5 min
and 100% solvent B at 3.6 min and held for 0.9 min. At 4.6 min the gradienteitaned to
60% solvent A and held until 6.0 min. Electrospray negative ionizationuged in the mass
spectrometer source. The capillary voltage was set at negativ&kM)./and the source
temperature was 150 °C. The primary transition used for quantitatoAdyla? - 244.0n/z and

two other transitions were monitored for confirmation, 451.2 to 26¥Zand 451.2 to 414.9

m/z
Concentration of Fipronil Sulfone in Repeatedly Dosed Rat
Urine

50
= H Fipronil Sulfone
£ 40 I
oo
£
e 30
.2
®
5 20
c
g
c 10
8

0 T
0 5 10
Dose (mg/kg/day)

S| Figure 1. Median fipronil sulfone concentration in rat urine.
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564

565

566

567

568

569

570

571

5.7 Time-of-flight mass spectrometry scoring and isotope patterns.

x10-1 -ESI EIC(323.9560) Scan Frag=80.0V WorklistData2.d

il

x102 -ESI EIC(323.9560) Scan Frag=120.0V WorklistData5.d

14
0.754
0.5
0251 o Score of TOF-

generated molecular

N

formula.

i 111 MS Spectrum Results x

ie o 2 QR [Ealo e 1 -[me]e Dl % % %[E] =
x102 |-ESI Scan (4.758-5.099 min, 30 Scans) Frag=120.0V WorklistData5.d Subtract m
1.1 3239560
14
0.9
0.8
074 e f a molecule containing 2
0.6
054 | atoms.
044
0.3 =
024 324.9592 327.9502
0.1
N S I

-0.14

gnature isotope pattern

3l 39 330 321 32 303 34 35 36 327 3318 39 330 33 3
Counts (%) vs. Mass-to-Charge (m'z) -

S| Figure 2 shows the spectral pattern of a molecule contaiBichlorine atomsiNote thal
323.9560m/zis the most abundant isotope, 325.9m/zcontains oné’Cl, and 327.95(m/z
contains two''Cl. The 324.9592n/z contains on™*C. The numerical ranking for formu
generated for compound (M4) is shown. Theextracted ion chromatograg¥orklist Data 2)

shows a control animal sample and the absenceedlafor M4
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5.8 MetaboliteM7 inrat urine
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cl cl cl Cl cl cl

Parent:

F F miz=333 F F F F

Cl Cl Cl Cl

| _ —— m/z=213

+ Formate y F_:: F F F

miz = 113 £ F

CF;CO.H

4.8+
4.6
e C11H;Cl,F3N,0

Al C+H-Cl>F,

332.9553
>
—

C7H2C|2F3

By CsHNO

36
344
3.2

2.8
2.6
244
22

1.8+
1.6+
1.4
124

0.8
0.6
0.4
0.2

CF3CO,H
66.0096
C3HN;0

112.9857

94.0036

212.9492

88.9387

CoH,CIFsN;

243,9890/

IJ‘

2949029

. il,_

60 70 80 90 100 110 120 130 140 150 160 170 180 150 200 210 220 230 240 250 260 270 280 230 300 310 320 330 340

Counts vs. Mass-to-Charge (m/z)
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579 Sl Figure 3 shows the fragmentation pattern of Metabolite M7 in the LC/Q-TUTte red
580 circles/boxes show the fragment and the spectrum at the bottom #temwsaks corresponding

581 to the fragments.

582 5.9 Transitions in LC/triple quad method. SI Table 6 below lists the parent to daughter

583 transitions which were monitored in the Agilent 1100 LCl/triple quad method.

584 Sl Table6. LC/triple quad parent-daughter transitions.

Compound Transition Parent Daughter
Fipronil 1° 434.9 329.8
Fipronil 2° 434.9 249.9
Fipronil 3° 434.9 277.8

Fipronil sulfone 1° 451.1 415.0
Fipronil sulfone 2° 451.1 281.9
Fipronil sulfone 3° 451.1 243.9
Fiproni sulfide 1° 418.9 382.8
Fiproni sulfide 2° 418.9 261.7
Fiproni sulfide 3° 418.9 313.8
Fipronil amide 1° 452.9 347.7
Fipronil amide 2° 452.9 303.8
Fipronil amide 3° 452.9 271.9
Monochloro fipronil 1° 401.1 283.9
Monochloro fipronil 2° 401.1 295.9
Monochloro fipronil 3° 401.1 331.9
Fipronil des F3 1° 387.2 281.9
Fipronil des F3 2° 387.2 331.0
585 Fipronil des F3 3° 387.2 351.0

586

587

588

589

590
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592

593

594

595
596

597
598
599

600

601

602

603

604

605

606

607

608

5.10 SI Figure 6 showsfipronil des-k which was used as an internal standard for analytical
methods due to its similarity in structure to fipronil. The structure is shown below.

a Vi

HsC—S

F

Molecular Formula: C.2H;Cl,F3N,0OS
Monoisotopic Mass: 381.966971 Da
[M-H]-: 380.959694 Da
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*Highlights (for review)

Highlights for: Identification of fipronil metabolites by time-of-flight mass spectrometry for application
in a human exposure study

e Afipronil dosed-rodent study was used for metabolite discovery in urine and serum
o Time-of-flight mass spectrometry was used for metabolite identification

e |dentified metabolites were analyzed in 100 human serum and urine samples

e This is the first study to identify these biomarkers of fipronil in a general population
e Results showed 25% of human serum samples contained a fipronil metabolite



