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Fipronil is a highly effective insecticide with extensive usages; however, its distribution and toxic/health effects
in the human population after chronic exposure have not yet been clearly identified. Our objectives were to
determine the levels of serum fipronil and fipronil sulfone, a primary fipronil metabolite, in a general and
sensitive human population using a birth cohort of parent-infant triads in Korea. We further investigated
whether in utero exposure to fipronil and fipronil sulfone can affect health outcomes in newborn infants.

Blood and umbilical cord blood from 169 participants, 59 mother-neonate pairs and 51 matching biological
fathers, were collected; serum fipronil and fipronil sulfone (both blood and cord blood) and serum thyroid
hormones (cord blood) were measured. Demographic, physiological, behavioral, clinical, and socioeconomic
data for each participant were collected via a one-on-one interview and a questionnaire survey.

Fipronil sulfone was detected in the serum of mothers, fathers, and infantile cord blood, while fipronil itself
was not. Maternal fipronil sulfone levels were correlated to those of matched biological fathers and newborn
infants. Adjusted analyses identified significant associations between parental fipronil sulfone levels and
household income. Infantile fipronil sulfone levels were significantly associated with both maternal and paternal
levels as well as maternal pre-pregnant BMI. Furthermore, infantile fipronil sulfone levels were inversely as-
sociated with cord blood T3 and free T3 levels as well as 5-min Apgar scores of newborn infants.

Serum fipronil sulfone was detected in a specific population of mother-neonate pairs and their matched
biological fathers in a manner suggestive of regular exposure to fipronil among urban residents. The findings also
suggest that serum fipronil sulfone placentally transfers to the fetus and affects infantile adverse health out-
comes. This is a first of its kind study; therefore, future studies are warranted.

1. Introduction applications (Hainzl et al., 1998; Narahashi et al., 2007, 2010). Further,

there is no known pesticide resistance in target insects—a phenomenon

Fipronil is a widely used phenylpyrazole insecticide with systemic
effects (Mohamed et al., 2004; Simon-Delso et al., 2015; Tingle et al.,
2003). Fipronil acts as a noncompetitive blocker of gamma-aminobu-
tyric acid (GABA)-gated chloride channels in the central nervous
system, which ultimately leads to insect death (Caboni et al., 2003).
Fipronil exerts selective toxicity toward insect GABA receptors and is
therefore often used as an alternative to other pesticides in many set-
tings, including agricultural, commercial, industrial, and residential

that has been shown to occur for most other pesticides. This, in turn,
has led to a rapid increase in the usage of fipronil, which accounts for
approximately 10% of the global pesticide market (Simon-Delso et al.,
2015). However, the toxic properties of fipronil persist relatively long
in aerobic soils and in water, with a half-life ranging from 2 days to 7.3
months depending on substrate and conditions (Bobé et al., 1997;
Gunasekara et al., 2007).

Following the wide and extensive usage of fipronil and because of
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Abbreviations

BMI body mass index

CI confidence interval

C-section Caesarean section

(4% coefficients of variance

CYP450 cytochrome P450

DDT dichlorodiphenyltrichloroethane

ECLIA  electrochemiluminescence immunoassay
EPA Environmental Protection Agency

ESI electro spray ionization

GABA  gamma-aminobutyric acid

GM geometric mean

GSD geometric standard deviation

KRW Korean Won

LC-MS/MS liquid chromatography electrospray ionization mass

spectrometry
LD50 lethal dose, 50%
LOD limits of detection
NICU neonatal intensive care unit
OCP organochlorine pesticides
PCBs polychlorinated biphenyls
POPs persistent organic pollutants
RSD relative standard deviation
SD standard deviation
SPE solid phase extraction
T3 triiodothyronine;
T4 thyroxine;
TR thyroid hormone receptor
TSH thyroid-stimulating hormone
WHO World Health Organization

its physicochemical properties, fipronil has become a widespread en-
vironmental contaminant (Stone et al., 2014). Although fipronil more
selectively binds to insect GABA receptors than mammalian GABA re-
ceptors (Hainzl et al., 1998), its undesirable effects on non-target or-
ganisms have led to concern about the potential for adverse health ef-
fects in humans (Hayasaka et al., 2012a, 2012b; Liu et al., 2012).
Several in vitro and animal studies have shown that fipronil can induce
cytotoxicity or cell death in human cell lines (Vidau et al., 2009, 2011);
further, disturbed behavior (Udo et al., 2014; Magalhaes et al., 2015)
and thyroid, endocrine, or reproductive dysfunction in rats has been
observed (Herin et al., 2011; Leghait et al., 2009; Ohi et al., 2004;
Tingle et al., 2003).

Human exposure (both environmental and occupational exposures)
to fipronil can occur through ingestion, inhalation, and dermal contact
(Chodorowski and Anand, 2004; Mohamed et al., 2004). Acute poi-
soning in response to fipronil exposure in humans reportedly causes
headache, dizziness, sweating, nausea, vomiting, agitation, and seizures
(Cravedi et al., 2013; Mohamed et al., 2004). Information on the effects
of chronic exposure to fipronil in the human population is limited;
however, the U.S. Environmental Protection Agency (EPA) has classi-
fied fipronil as a possible human carcinogen based on data showing an
increase in thyroid follicular cell tumors in rats after long term exposure
(Hurley, 1998). The World Health Organization (WHO) also classified
fipronil as a Class II moderately hazardous pesticide, with an acute oral
LD50 in rats (97 mg/kg) (World Health Organization et al., 2009).
Consequently, the use of some fipronil-based products on domestic
animals is not recommended (Tingle et al., 2003).

Meanwhile, in July/August 2017, fipronil-contaminated eggs were
distributed to several European and Asian countries, including
Germany, Switzerland, France, Hong Kong, and South Korea. Fipronil-
contaminated eggs may have been consumed for a long time prior to the
discovery, and exposure levels may have exceeded the threshold, posing
a threat to human health. In addition, fipronil sulfone, a primary me-
tabolite of fipronil, is reported to be more persistent in organisms than
fipronil, with a relatively longer half-life (estimated half-life is
150-245h in rodents) (Cravedi et al., 2013; Leghait et al., 2010; F.
Mohamed et al., 2004); further, fipronil sulfone-induced toxicity is
more severe in mammals (Das et al., 2006) or human cells than fipronil-
induced toxicity (Romero et al., 2016). Another study by McMahen
et al. (2015) suggested that serum fipronil sulfone levels are a useful
biomarker for environmental fipronil exposure in rodents and humans.
However, there is very limited human data available regarding the
distribution of fipronil and fipronil sulfone in the healthy general po-
pulation or its health effects after chronic exposure.

In this study, we aimed to determine the levels of serum fipronil and
its major metabolite, fipronil sulfone, among a general and sensitive
human population using a birth cohort of parent-infant triads in Korea.

525

We further investigated whether fipronil and fipronil sulfone can be
placentally transferred and affect health outcomes in newborn infants.
To this end, we measured fipronil and fipronil sulfone levels in blood
serum and cord blood serum, as well as thyroid hormone levels, in-
cluding thyroid-stimulating hormone (TSH), triiodothyronine (T3),
thyroxine (T4), free T3, and free T4 in cord blood serum. We further
evaluated factors that may influence fipronil exposure among pregnant
women, including physiological, behavioral, and socioeconomic char-
acteristics.

2. Materials and methods
2.1. Study population

Sixty-five healthy pregnant woman-newborn infant-matching bio-
logical-father pairs were recruited before delivery from Inje University
Ilsan Paik Hospital in South Korea from March 2013 to July 2015.
Pregnant women receiving prenatal care and delivering their newborn
infants at 31-41 weeks of gestation were included. Written informed
consents were obtained from each patient using consent forms and a
protocol approved by the Institutional Review Board of Ilsan Paik
Hospital (IRB number: IB-1211-038).

2.2. Blood and data collection

Maternal and paternal blood samples were collected when the
participating pregnant women visited the hospital for their delivery,
and umbilical cord blood from newborn infants was collected during
delivery. Blood samples were collected using serum separation tubes on
site and stored at —80 °C until analysis. All samples and data were
processed blindly.

A one-on-one interview and a questionnaire survey for demo-
graphic, physiological, behavioral, and socioeconomic data of each
participant were competed at the time when blood samples were ob-
tained. The questions included age, body mass index (BMI, kg/mz),
weight gain during the gestation (kilograms (kg)), waist circumference
(centimeters (cm)), age of menarche, duration of menstrual cycle, his-
tory of dysmenorrhea and related surgeries, gravity, parity, cigarette
smoking, alcohol consumption, exposure to second-hand smoke, phy-
sical activity, owing a pet or pets (i.e. dog or cat), and socioeconomic
characteristics. Current or previous health status of study population
and newborn infantile birth outcomes were also collected from the
medical record. For the birth outcomes for newborn infants, gestational
age (weeks), birth weight (g), birth length (cm), head circumference
(cm), ponderal index (g/cm®), cord pH, Apgar score, neonatal intensive
care unit (NICU) admission status, significant morbidity (in case of that
infant had at least one diagnosis from following; intraventricular
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hemorrhage, respiratory distress syndrome, bronchopulmonary dys-
plasia, and necrotizing enterocolitis), and thyroid function were ex-
amined. Gestational age was assessed by the obstetrician based on last
menstruation or early ultrasound estimates.

2.3. Measurement of fipronil and fipronil sulfone

Serum fipronil and fipronil sulfone from a birth panel including
pregnant woman-newborn infant-matching biological-father pairs were
measured with liquid chromatography electrospray ionization mass
spectrometry (LC-MS/MS) using Nexera X2 (Shimadzu, Kyoto, Japan)
and API 4500 (Applied Biosystems, Foster, CA) as detailed in a previous
publication (Bichon et al., 2008). In brief, fipronil and fipronil sulfone
were extracted from serum using solid phase extraction (SPE) cartridges
(Strata-X (30mg/1 cc, Phenomenex, UK). Serum samples (200 pL) were
applied to the cartridges conditioned with 2mL MeOH and 2 mL ul-
trapure water. The cartridges were washed with 2 mL ultrapure water
as well as 2 mL 30% methanol. The analytes were then eluted with 3 mL
methanol. The extract was dried using a vacuum evaporator and re-
constituted in 200 pL. MeOH, and 5 pL was injected into a LC-MS/MS
system. The separation of fipronil sulfone was carried out using a YMC-
Pack ODS-AQ (50 mm X 2.0 mm, 3 um) column. The flow rate used was
500 uL.min~ !, and MS/MS was performed in electro spray ionization
(ESI) negative mode.

For each analysis, method and matrix blanks were evaluated for
contamination or background levels of the compounds of interest. The
limits of detection (LOD) were determined from guidelines established
by the US FDA. The LOD for fipronil was 0.027 ng/mL and for fipronil
sulfone was 0.087 ng/mL. For each instrumental run, reagent blanks
and QC samples were included for quality control. The method vali-
dation test was performed with bovine serum spiked with 3 points of
standard materials. The accuracies were between 80% and 120%, and
precisions were lower than 15% relative standard deviation (RSD) for
high, medium and low concentrations of spiked samples (n = 7). More
details regarding determination of fipronil and fipronil sulfone are
provided in Tables S1, S2, and S3.

2.4. Measurement of thyroid hormones in cord blood

Cord blood samples were kept at —80 °C until thyroid hormone
analysis. The measurement of thyroid hormones, including TSH, total
T3, total T4, free T3, and free T4 in cord serum samples was performed
using the electrochemiluminescence immunoassay (ECLIA, Roche
Diagnostics GmbH, Mannheim, Germany). The interassay coefficients of
variance (CV) for the thyroid assay did not exceed 10%, which met the
laboratory's established requirements for precision. The LOD was
0.026 ng/dL for free T3, 0.023 ng/dL for free T4, 0.195 ng/mL for T3,
0.420 pg/dL for T4, and 0.005 ulU/mL for TSH. Samples were treated
with monoclonal antibodies labeled with a ruthenium complex (T3-
specific antibody, T4-specific antibody, TSH-specific antibody, free T3-
specific antibody, free T4-specific antibody, respectively) and in-
cubated. A sandwich-complex formed with target analytes, and che-
miluminescent emission was measured.

2.5. Statistical analysis

Among the subjects whose blood/cord blood samples were col-
lected, levels of serum fipronil and fipronil sulfone were available for
59 mothers, 59 paired neonates, and 51 matching fathers; thus, a total
of 59 mother-neonate pairs and 51 matching biological fathers were
finally chosen for this study. Mean + standard deviation (SD), median
(range), geometric mean (95% confidence interval (CI)), or number
(frequency) was tabulated to describe demographic characteristics, fi-
pronil and fipronil sulfone levels, cord blood thyroid profiles, or birth
outcomes when appropriate. Serum fipronil sulfone levels were de-
tected in all study participants; however, serum fipronil levels from the
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study participants (except one paternal serum sample) were not de-
tected above the LOD. Thus, only serum fipronil sulfone levels were
analyzed/considered in this study.

Serum fipronil sulfone levels from all participants were compared
by maternal, paternal, or newborn infantile characteristics using a two-
sample t-test or ANOVA test. The following covariates were introduced:
age at delivery (< 30 or = 30 years), maternal (pre-pregnancy) and
paternal BMI (< 25 or = 25kg/m?), parity (primipara or multipara),
mode of delivery (vaginal delivery or caesarean section), education
level (< University or = University), previous and second-hand
smoking status of mother (yes or no), paternal smoking (yes or no),
household income (< 3,000,000 or = 3,000,000 South Korean Won
(KRW) per month; 1000 KRW is approximately equivalent to U$ 1.00),
infantile gender (male or female), birthweight (< 2500 or = 2500 g),
gestational age (< 37 or = 37 weeks), NICU admission (yes or no),
ponderal index (< 2.32, 2.32-2.85, or > 2.85), and significant mor-
bidity (yes or no). For household income, the total income from both
paternal and/or maternal incomes was considered (if maternal income
was available); thus, household income from 51 households was con-
sidered in this study.

The correlation between mother, father, and matched infant fipronil
sulfone levels was tested using the Pearson correlation test. We per-
formed linear regression analyses to explore whether maternal, pa-
ternal, or infantile fipronil sulfone levels were affected by maternal or
paternal covariates, including age, BMI (pre-pregnant BMI for maternal
level), parity (primipara or multipara), weight gain during pregnancy,
smoking status (indirect smoking status for maternal levels; yes or no),
education level (< University or = University), and household income
(< 3,000,000 or = 3,000,000 KRW/month). To identify the factors
related to fipronil sulfone levels in parental serum and infantile cord
serum, multiple linear regression analyses were performed considering
various covariates (stated above) based on our linear regression models
and previous reported literature (Chen et al., 2012; Fei et al., 2007;
Hamm et al., 2010; Maisonet et al., 2012).

Associations between fipronil sulfone levels in cord blood and
newborn infantile birth outcomes were evaluated using linear regres-
sion and multiple linear regression models. Since infantile morbidity
and gestational age significantly affected Apgar scores and thyroid
hormone levels (i.e. T3, Free T3, and TSH) in cord blood, infantile
morbidity and gestational age were also considered for the associations
between fipronil sulfone levels in cord blood and newborn infantile
birth outcomes; therefore, maternal age, maternal pre-pregnant BMI,
parity, education level, smoking status (indirect smoking status for
maternal level), household income, infantile sex, gestational age, birth
weight, birth length, head circumference, birth morbidity, Apgar score,
and ponderal index were considered for the multiple linear regression
models. All statistical analyses were conducted using SPSS statistical
software (version 21, Chicago, IL). P values less than 0.05 were con-
sidered statistically significant.

3. Results

There were a total of 169 participants in this study: fifty nine
pregnant women-paired newborn infants, and 51 corresponding biolo-
gical fathers. All pregnant women and biological fathers (husbands)
were healthy urban residents, and only one household owned a pet
(dog) at home during the pregnancy; thus, most were not directly nor
occupationally exposed to any pesticides, including fipronil, during the
pregnancy. The distribution of demographic, behavioral, and socio-
economic characteristics of the study population is shown in Table 1.
Most of our participants (both pregnant women and biological fathers)
were educated at least a university levels (> 80.4%) and have house
income more than 3,000,000 KRW/month, which is the approximate
average income among 20 to 30 year-old office workers in Korea
(64.7%). The health outcomes of newborn infants, including physical,
hormonal, and health screening data from are shown in Table 1. Mean
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Table 1
Characteristics of the study population.

Variable Mean = SD (range) Number (%)
All 169 (100)
Maternal characteristics (N = 59)
Age at delivery (years) 32.08 + 3.23 (26-41)
Pre-pregnant BMI (kg/m?) 21.92 * 3.75 (16.61-32.19)
Mode of delivery
Vaginal delivery 37 (62.7)
C-section” 22 (37.3)
Parity
Primipara 33 (55.9)
Multipara 26 (44.1)
Smoking status before pregnancy
No 55 (93.2)
Yes 4 (6.8)
Smoking status during pregnancy
No 59 (100)
Yes 0
Second hand smoking status
No 39 (66.1)
Yes 20 (33.9)
Alcohol drinking status during pregnancy
No 58 (98.3)
Yes 1Q1.7)
Education
< University 9 (15.3)
= University 50 (84.7)
Paternal characteristics (N = 51)
Age at delivery (years) 34.31 + 4.43 (27-46)
BMI (kg/m?) 23.95 + 3.09 (17.90-34.84)
Smoking status during pregnancy
No 14 (27.5)
Yes 37 (72.5)
Alcohol drinking status during pregnancy
No 0
Yes 51 (100)
Education
< University 10 (19.6)
= University 41 (80.4)
Household income (KRW/
month)”
< 3,000,000 18 (35.3)
= 3,000,000 33 (64.7)
Infants characteristics (N = 59)
Sex
Male 35 (59.3)
Female 24 (40.7)

37.44 + 2.59 (30.6-41.0)
2983.66 = 547.09
(1710-3940)

33.11 * 1.92 (28.5-36.0)
48.57 + 2.76 (41.5-53.5)

Gestational age (weeks)
Birth weight (g)

Head circumference (cm)
Birth length (cm)

Ponderal index (g/cm®)° 2.51 *+ 0.19 (2.16-2.97)
Cord pH 7.30 = 0.06 (7.2-7.5)
Base deficit —3.32 = 2.69 (—13.4-4.2)
Apgar score at 1 min 7.85 = 1.19 (5-10)
Apgar score at 5-min 9.07 = 0.64 (7-10)
Thyroid hormones
T3 (ng/mL)d 0.59 = 0.08 (0.41-0.80)
T4 (ug/dL)® 8.06 = 1.21 (5.55-10.69)
Free T3 (ng/dL)" 0.13 + 0.02 (0.08-0.19)
Free T4 (ng/dL)® 1.25 + 0.14 (0.99-1.58)

TSH (ulU/mL)" 10.98 *+ 6.70 (2.97-40.55)

2 C-section, Caesarean section.

> Thousand South Korean Won (KRW) is approximately equivalent to U$
1.00.

¢ Ponderal index, birth weight (gram) divided by third power of body length
(centimeter), then multiplied by 100.

4 T3, Triiodothyronine.

¢ T4, Thyroxine.

f Free T3, Free triiodothyronine.

¢ FreeT4, Free Thyroxine.

b TSH, Thyroid-stimulating hormone.

527

International Journal of Hygiene and Environmental Health 222 (2019) 524-532

Apgar scores in the newborn infants at 1 and 5 min were 7.85 * 1.19
and 9.07 = 0.64, respectively, indicating overall good health at birth.
Infant serum thyroid hormones, including T3, free T3, T4, free T4, and
TSH were within normal range, which are defined in other publications
(Kapelari et al., 2008; Oddie et al., 1979).

Levels of fipronil and fipronil sulfone among the study population
are shown in Table 2. Fipronil sulfone was detected in the serum of
mothers, fathers, and infantile cord blood, while fipronil itself was not
(except one paternal serum sample). Fipronil sulfone levels were
highest in the paternal samples (geometric mean = 1.163 * 0.797 ng/
mL, range, 0.130-3.570ng/mL) and were significantly higher than
those in the maternal (0.744 = 0.426 ng/mL, range, 0.0790-2.910 ng/
mL) and infant samples (0.525 * 0.240ng/ml, range,
0.159-1.750 ng/mL), as measured from cord blood.

The associations between parental fipronil sulfone levels and par-
ental characteristics are shown in Table 3 as well as Table S4. The level
of fipronil sulfone in the multiparous women was significantly higher
than that in primipara women. Household income was a borderline
significant variable for both maternal and paternal fipronil sulfone le-
vels, while paternal fipronil sulfone levels were not significantly dif-
ferent by any characteristics. However, both maternal and paternal fi-
pronil sulfone levels were significantly associated with household
income (8 = 0.354, 95% CI =0.030, 0.678; and S = 0.493, 95%
CI = 0.030, 0.970, respectively) after adjustments for age, BMI (pre-
pregnant BMI for maternal level), weight gain during pregnancy, parity,
smoking status (indirect smoking for maternal level), education level,
and household income (Table 3).

Further univariate analysis examining differences in associations
between infantile fipronil sulfone levels and maternal, paternal, and
infant characteristics revealed household income as a significant vari-
able (distinguished between < 3,000,000 or = 3,000,000 KRW/
month) (Table S5). This finding is consistent with both maternal and
paternal analysis trends towards significance (p < 0.1) detected in
comparisons of parental fipronil sulfone levels to household income
level (Table S4).

As shown in Fig. 1, maternal fipronil sulfone levels were strongly
correlated with paternal and infantile levels (Fig. 1A and B, respec-
tively), and paternal fipronil sulfone levels were also significantly cor-
related with infantile levels (Fig. 1C). Concordantly, Table 4 shows that
infantile cord blood fipronil sulfone levels were significantly associated
with both maternal and paternal levels (8 = 0.306, 95% CI = 0.131,
0.480; and 8 = 0.183, 95% CI = 0.069, 0.298, respectively) after ad-
justing for maternal age, maternal pre-pregnant BMI, maternal weight
gain during pregnancy, parity, maternal indirect smoking status, pa-
ternal age, paternal BMI, paternal smoking status, parental education
levels, and household income. These results indicate that maternal fi-
pronil sulfone can be placentally transferred to the fetus and subse-
quently to newborn infants. In addition, adjusted analysis revealed that
maternal pre-pregnant BMI was inversely associated with infantile fi-
pronil sulfone levels (8 = —0.019, 95% CI = —0.039, —0.001).

Interestingly, negative associations between birth outcomes and
cord blood serum fipronil sulfone were detected before and after
making model adjustments as shown in Table 5. In univariate linear
regression analysis, cord blood T3 levels were significantly associated
with infant fipronil sulfone levels (f = —0.066, 95% CI = —0.130,
—0.001). Further analyses showed significant associations between
both cord blood T3 (8 = —0.105, 95% CI = —0.190, —0.020) and free
T3 (= —0.021, 95% CI = —0.040, —0.002), which were sig-
nificantly associated with infantile fipronil sulfone level after adjusting
for maternal age, maternal pre-pregnant BMI, parity, maternal indirect
smoking status, paternal smoking status, parental education levels,
household income, infant sex, gestational age, birth weight, birth
length, head circumference, birth morbidity, Apgar scores, and Pond-
eral index. Multiple regression models after adjustments also revealed a
significant negative association between infantile fipronil sulfone levels
and 5-min Apgar scores (8 = —0.477, 95% CI = —0.902, —0.051).
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Table 2
Distribution of fipronil and fipronil sulfone in study population.

International Journal of Hygiene and Environmental Health 222 (2019) 524-532

Maternal serum (N = 59)

Paternal serum (N = 51)

Cord blood serum (N = 59)

Fipronil Fipronil sulfone Fipronil Fipronil sulfone Fipronil Fipronil sulfone
GM® + GSD” (ng/mL) 0.744 + 0.426 1.163 = 0.797* 0.525 + 0.240
LOD ¢ 0.078 0.036 0.078 0.036 0.078 0.036
Number > LOD (%) 0 59 (100) 1(2.78) 51 (100) 0 59 (100)
Minimum 0.079 0.12 0.130 0.159
Median 0.753 0.12 1.310 0.506
Maximum 2.910 0.12 3.570 1.750
* Significantly different from maternal and newborn infant levels (p < 0.05).

# GM, geometric mean.
> GSD, geometric standard deviation.
¢ LOD, limit of detection.

Table 3

Association between serum fipronil sulfone concentration and characteristics of study population.

Variable Beta coefficient (95% CI%)
Crude Adjusted”

Maternal serum fipronil sulfone
Age

Pre-pregnant BMI

Weight gain during pregnancy
Parity

Indirect smoking status
Education

Household Income

Paternal serum fipronil sulfone
Age

BMI

Smoking status

Education

Household income

0.029 (—0.011, 0.068)
0.006 (—0.029, 0.040)
—0.013 (—0.036, 0.009)
0.262 (0.013, 0.510)"
0.045 (—0.224, 0.316)
0.115 (—0.240, 0.469)
0.237 (—0.046, 0.520)*

0.008 (—0.038, 0.055)
—0.020 (—0.066, 0.025)
0.075 (—0.392-0.542)
—0.352 (—0.867, 0.164)
0.374 (—0.049, 0.797)*

—0.026 (—0.086, 0.033)
0.006 (—0.038, 0.050)
—0.133 (—0.037, 0.019)
0.303 (—0.066, 0.673)
0.024 (—0.291, 0.339)
0.195 (—0.302, 0.692)
0.354 (0.030, 0.678)"

—0.014 (—0.066, 0.038)
0.019 (—0.054, 0.093)
—0.030 (—0.494, 0.436)
—0.437 (—1.103, 0.229)
0.493 (0.017, 0.970)"

p < 0.05; # borderline significance (p < 0.1).
2 CI, confidence interval.

> Model was adjusted for age, pre-pregnant BMI, weight gain during pregnancy, parity, indirect smoking status, education level,
and household income for the maternal fipronil sulfone level. Model was adjusted for age, BMI, smoking status, education level,

and household income for the paternal fipronil sulfone level.
4. Discussion

Serum fipronil and fipronil sulfone levels were examined to de-
termine their distribution in a general and sensitive human population
of parent-infant triads. Our study demonstrates that urban residents are
likely to be exposed to fipronil, and fipronil sulfone can be placentally
transferred, thereby affecting health outcomes in newborn infants. To
our knowledge, this is the first study to report distribution of serum
fipronil and fipronil sulfone levels and the consequent outcomes using a

birth cohort.

When fipronil is absorbed in mammals following exposure, it is

rapidly metabolized through three major mechanisms: (1) an oxidiza-
tion step, leading to fipronil sulfone formation via cytochrome P450
(CYP450); (2) a reduction step, leading to fipronil sulfide; and (3) a
hydrolysis step, leading to fipronil amide (Brennan et al., 2009a, 2009b;
Caboni et al., 2003; Mohamed et al., 2004). No appreciable gender
differences have been identified for the absorption, metabolism, dis-
tribution, or excretion of fipronil after exposure in rodents (FAO, 1998).
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Fig. 1. Scatter plots between variables. Fipronil sulfone concentrations from (A) paternal and maternal samples, (B) maternal and infantile samples, and (C) paternal
and infantile samples are shown. r = Pearson's correlation coefficient. *** = p < 0.001.
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Table 4

Association between cord blood serum fipronil sulfone concentration and characteristics of study population.

International Journal of Hygiene and Environmental Health 222 (2019) 524-532

Variable

Beta coefficient (95% CI%)

Crude

Adjusted”

Maternal serum fipronil sulfone level

Maternal age

Maternal pre-pregnant BMI
Maternal weight gain during pregnancy

Parity

Maternal indirect smoking status

Maternal education

Paternal serum fipronil sulfone level

Paternal age

Paternal BMI

Paternal smoking status
Paternal education
Household income

0.486 (0.365, 0.607) ~
0.015 (—0.012, 0.041)
—0.007 (—0.030, 0.016)
—0.008 (—0.022, 0.007)
0.130 (-0.038, 0.297)
—0.007 (—0.187, 0.173)
0.108 (—0.127, 0.343)
0.295 (0.204, 0.386) "
0.010 (—0.010, 0.029)
—0.004 (—0.034, 0.025)
0.044 (—0.158, 0.246)
—0.001 (—0.228, 0.226)
0.197 (0.016, 0.377) *

0.306 (0.131, 0.480) *
0.015 (—0.018, 0.047)
-0.019 (-0.039, -0.001)*
—0.003 (—0.014, 0.008)
—0.090 (—0.259, 0.078)
—0.074 (—0.208, 0.060)
0.078 (—0.158, 0.313)
0.183 (0.069-0.298) "
0.004 (—0.023, 0.031)
—0.002 (—0.023, 0.018)
—0.0001 (—0.132, 0.132)
0.090 (—0.112, 0.293)
0.030 (—0.124, 0.174)

*p < 0.05; # borderline significance (p < 0.1).
# CI: confidence interval.

b Model adjusted for parental age, parental BMI (pre-pregnant BMI for maternal level), parity, maternal weight gain during pregnancy,
smoking status (indirect smoking status for maternal level), parental education levels, and household income.

A pharmacokinetic study showed that once absorbed, fipronil is highly
converted to fipronil sulfone, with a biotransformation rate of ap-
proximately 75% in rats (Roques et al., 2012). Among fipronil meta-
bolites, fipronil sulfone is the predominant form in humans and rats
(Tang et al., 2004; McMahen et al., 2015); thus, only fipronil sulfone
levels were measured in this study. Several studies using rodent models
have shown that fipronil sulfone is more persistent in organisms, with
an estimated half-life of 150-245 h; it is slowly eliminated, attributable
to being highly distributed to adipose tissue and moderately distributed
to adrenal glands, thyroid, pancreas, skin, liver, kidneys, muscle,
ovaries, and uterus. Further, fipronil sulfone is widely found in food-
stuffs (e.g. milk and eggs) (FAO, 1998).

Fipronil was not detected in mother, father, or infantile cord blood
serum, except one paternal serum sample; however, fipronil sulfone in

Table 5

serum or cord blood was detected in all study participants. This sug-
gests that our study participants were regularly and chronically exposed
to fipronil, which is readily metabolized to fipronil sulfone. Fipronil
sulfone is more persistent and is eliminated more slowly than fipronil,
as shown in rodents. A case report of acute fipronil exposure after self-
poisoning in 7 patients who consumed 1600-3740 ng/mL fipronil also
reported that plasma fipronil concentrations fall rapidly and disappear
from the blood over the first 15-20 h, and fipronil metabolites (i.e. fi-
pronil sulfone) concentrations plateau over time (Mohamed et al.,
2004). In addition, McMahen et al. (2015) measured and reported
serum fipronil and fipronil sulfone levels in 96 individuals with no
known fipronil exposure, and only serum fipronil sulfone was detected
in 25% of their samples. Furthermore, the detected fipronil sulfone
levels (0.1-4 ng/mL) were in a similar range as our results. A study by

Association between cord blood serum fipronil sulfone concentration and birth outcomes.

Birth outcomes Beta coefficient (95% CI)

Crude Adjusted (Model n° Adjusted (Model ID)*
T3¢ —0.066 (-0.130, -0.001)* —0.104 (-0.177, -0.029) * -0.105 (-0.190, -0.020) "
T4¢ —0.297 (—1.287, 0.693) —0.902 (-1.927, 0.122) —0.677 (—1.790, 0.435)
FreeT3' —0.013 (—0.029, —0.003) —0.021 (-0.037, -0.004) * —0.021 (-0.040, -0.002) "
FreeT4® —0.042 (—0.154, 0.071) —0.039 (—0.162, 0.083) —0.033 (—0.163, 0.096)
TSH" 0.290 (—5.191, 5.771) 0.984 (—5.412, 7.380) 0.537 (—6.745, 7.818)

Gestational age (weeks)
Birth weight (g)

Head circumference (cm)
Birth length (cm) 0.050 (—2.209, 2.309)
Ponderal index (g/cm®) 0.023 (—0.129, 0.175)
Cord pH —0.028 (—0.077, 0.021)
Base deficit —0.418 (—2.689, 1.853)
Apgar score at 1 min —0.050 (—1.020, 0.920)
Apgar score at 5-min —0.314 (—0.830, 0.203)

—0.054 (—2.171, 2.063)
19.873 (—437.97, 477.720)
—0.062 (—1.634, 1.510)

—0.343 (—1.940, 1.254)
—14.368 (—65.946, 37.211)
—0.089 (—1.176, 0.997)
0.092 (—0.204, 0.388)
0.014 (—0.029, 0.056)
—0.010 (—0.068, 0.048)
1.029 (—1.697, 3.756)
—0.217 (-1.132, 0.697)
—0.538 (-1.061, - 0.015) *

0.109 (—1.604, 1.822)
5.965 (—44.652, 56.583)
—0.183 (—1.312, 0.946)
-0.018 (—0.310, 0.275)
—0.004 (—0.045, 0.038)
—0.023 (—0.089, 0.042)
1.397 (—1.785, 4.579)
0.375 (—0.430, 1.180)
—0.477 (-0.902, -0.051) *

*p < 0.05; # borderline significance (p < 0.1).
2 CI, confidence interval.

> Model I was adjusted for maternal age, maternal pre-pregnant BMI, parity, smoking status (indirect smoking status for maternal level), parental education levels,
household income, infant sex, gestational age, birth weight, birth length, head circumference, and Ponderal index.

¢ Model 1T was adjusted for maternal age, maternal pre-pregnant BMI, parity, smoking status (indirect smoking status for maternal level), parental education levels,
household income, infant sex, gestational age, birth weight, birth length, head circumference, Ponderal index, birth morbidity, Apgar score at 1 min, and Apgar score

at 5min.
4 T3, Triiodothyronine.
¢ T4, Thyroxine.
f Free T3, Free triiodothyronine.
¢ FreeT4, Free Thyroxine.
" TSH, Thyroid-stimulating hormone.
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Herin et al. (2011) also reported serum fipronil and fipronil sulfone
levels among 159 workers from a factory manufacturing fipronil-con-
taining veterinary drugs. Among these 159 workers, serum fipronil
sulfone was detected in 155 samples, with levels ranging from 0.37 to
42.45ng/mL, which are higher than those measured in our general
population. In the same study of 159 workers, serum fipronil levels
were detectable in only 33 workers (20.1%), attributable to its short
half-life in serum; the detected serum fipronil concentrations probably
corresponded to the previous 24 h of occupational exposure.

We observed a strong correlation for fipronil sulfone levels between
family members (i.e. maternal levels vs. paternal or infantile levels;
paternal levels vs. infantile levels), suggesting that mother and biolo-
gically matched father (husband) likely share similar exposure routes,
including lifestyle and diet. Furthermore, our multiple regression
models showed that both maternal and paternal fipronil sulfone levels
were significantly associated with household income after adjustments.
It is generally known that a lower income increases the risk of exposure
to environmental hazards, including pesticides and air pollutants
(Evans and Kantrowitz, 2002; Ma et al., 2002; Mohd Shariff et al.,
2015). There are few studies regarding fipronil exposure among hu-
mans, especially urban residents; thus, it is hard to directly compare the
association between household income and fipronil sulfone levels re-
ported here with the results of other studies. Exposure to fipronil or
fipronil sulfone likely occurred via dietary intake, dermal contact, or
household dust; for those with indoor pets, exposure may be attribu-
table to the use of veterinary medicine (Chun and Kang, 2003; Cochran
et al., 2015: Mahler et al., 2009). Households with higher incomes are
more likely to own pets (i.e. dogs) (Saunders et al., 2017), providing a
higher chance for exposure to fipronil from dogs treated for fleas and
ticks (Jennings et al., 2002). However, only one family reported owning
a dog in our study; thus, contact with pets would not be the main route
of fipronil exposure, and dietary intake is likely an important factor in
our study. Furthermore, Higher income households tend to spend more
money per person per month on food eaten both at home and when
dining out than lower income households (French et al., 2010); thus,
they may be more prone to eating meats (i.e. chicken), eggs, or grains
contaminated with fipronil.

Interestingly, our results show that infantile fipronil sulfone levels
were inversely associated with maternal pre-pregnant BMI after ad-
justing for confounders, while maternal fipronil sulfone levels were not
associated with pre-pregnant BMI. Again, there are no known studies
available to compare with this inverse association between maternal
pre-pregnant BMI and infantile fipronil sulfone levels. However, fi-
pronil sulfone is lipophilic and therefore preferably stored in adipose
tissue and slowly eliminated from the fat. Consequently, lower serum
fipronil sulfone levels may be measured in persons with a higher BMIL
While not discussed here, several studies of persistent organic pollu-
tants (POPs), a group of lipophilic chemicals that includes organo-
chlorine pesticides (OCP) and polychlorinated biphenyls (PCBs), re-
ported a similar inverse relationship (Agudo et al., 2009; Dirinck et al.,
2011; Wolff et al., 2005). During the early pregnancy (before actual
weight gain), pregnant women with a lower BMI might have higher
serum fipronil sulfone levels; consequently, this may affect infantile
exposure levels throughout the pregnancy period and be involved in
fetal programing (Kind et al., 2006). Furthermore, the lack of an as-
sociation between maternal fipronil sulfone levels and pre-pregnant
BMI is likely attributable to the increased weight gain observed during
the later stages of pregnancy, which might affect serum fipronil sulfone
levels. However, additional studies using a larger sample size or animal
models are needed to confirm this.

Fipronil has selective toxicity toward insects rather than mammals
(Hainzl et al., 1998); however, it is becoming increasingly evident that
fipronil causes neurotoxic, hepatotoxic, nephrotoxic, and cytotoxic ef-
fects in humans and animals, as well as reproductive and endocrine
toxicities (Das et al., 2006; de Oliveira et al., 2012; Khan et al., 2015;
Ohi et al., 2004; Romero et al., 2016; Roques et al., 2013). In recent
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years, oxidative stress has been suggested to play a critical role in fi-
pronil-induced toxicities by altering the antioxidant defense system,
thereby damaging cellular macromolecules such as lipids, proteins, and
DNA (Badgujar et al., 2016; Clasen et al., 2012; Khan et al., 2015;
Slotkin and Seidler, 2005; Wang et al., 2016). Mechanisms underlying
the toxicity associated with fipronil metabolites, including fipronil
sulfone, are relatively unknown; however, fipronil sulfone has been
suggested to be the cause of fipronil-induced toxicity rather than fi-
pronil itself (Wang et al., 2016). Fipronil sulfone reportedly has a 6-fold
greater binding affinity for GABA receptors in mice and humans (Hainzl
et al., 1998) and higher toxicity in mammals than does fipronil (Das
et al., 2006; Romero et al., 2016).

The adverse effects of pesticides on thyroid dysfunction and thyroid
cancer have been investigated (Goldner et al., 2010; Maervoet et al.,
2007; Meeker et al., 2007; Sermo et al., 2005; Scollon et al., 2004;
Tingle et al., 2003; Zhang et al., 2010). Several animal and human
studies revealed that pesticides, including dichlorodiphenyltri-
chloroethane (DDT), thiocarbamate, insecticides, and fungicides can act
as thyroid disruptors by decreasing T4, freeT4, T3, and free T3 levels as
well as increasing TSH levels (Brucker-Davis, 1998; Farokhi and
Taravati, 2014; Garry, 2005; Toft et al., 2006). Fipronil has also been
reported to cause thyroid disruption in several studies (Grimalt et al.,
1994; Herin et al., 2011; Leghait et al., 2009; Roques et al., 2012).
Fipronil disrupts GABAergic signaling activity (Cole et al., 1993), and
the GABA system closely interacts with thyroid hormones (Wiens and
Trudeau, 2006). An in vitro study by Lu et al. (2015) showed that fi-
pronil sulfone has endocrine disrupting potential via thyroid hormone
receptor (TR)B antagonistic activity. Further, significant disorganiza-
tion in the thyroidean tissue and follicular alterations were observed in
fipronil-exposed mice (Ferreira et al., 2012), and fipronil treatment
increased the plasma concentration of TSH, decreased the concentra-
tion of T4, and increased the prevalence of thyroid gland tumors in rats
(FAO, 1998). In a human study, fipronil sulfone concentrations were
negatively correlated with serum TSH concentrations in fipronil pro-
duction facility workers occupationally exposed to fipronil, suggesting
that fipronil has a central inhibitory effect on TSH secretion in humans
(Herin et al., 2011).

Our adjusted analyses identified significant inverse associations
between infantile fipronil sulfone levels and cord blood T3 and free T3
levels as well as 5-min Apgar scores in newborn infants. These results
provide the first evidence that in utero fipronil sulfone exposure ad-
versely affects thyroid hormone levels and subsequent developmental
defects. Fetal thyroid hormone levels at birth are associated with fetal
growth, since thyroid hormones play a crucial role in fetal development
as well as neurodevelopment and metabolism (Alvarez-Pedrerol et al.,
2009; Ausé et al., 2004; Bernal, 2007; Cam et al., 2018; Cuevas et al.,
2005; Lavado-Autric et al., 2003). Furthermore, thyroid status and
timing during development has a significant impact on behavior, lo-
comotor ability, speech, and cognition (Anderson, 2008; Bernal, 2007;
Costeira et al., 2011; Zoeller and Rovet, 2004). Human fetuses are
particularly sensitive to pesticide exposure, attributable to rapidly de-
veloping brains and underdeveloped detoxification systems (Eskenazi
et al., 2008). Several previous studies have shown that in utero exposure
to pesticides, including organophosphate pesticides, can adversely af-
fect fetal development (Barr et al., 2010; Perera et al., 2003).

In this study, 5-min Apgar scores were inversely associated with
infantile fipronil sulfone levels, suggesting in utero exposure to fipronil
sulfone may induce subsequent health risk in infants. Lower 5-min
Apgar scores are considered a marker for developmental vulnerability
in 5-year-old children (Razaz et al., 2016), including an increased risk
of developing several diseases such as premature retinopathy (Marinov
etal., 2017), childhood cancer (Li et al., 2012), and psychosis (Kotlicka-
Antczak et al, 2014). Although our mean 5-min Apgar scores
(9.07 = 0.64) were relatively high, additional studies with larger
sample sizes are needed to confirm subsequent health effects in infants
born with lower Apgar scores and higher fipronil sulfone levels.
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Our study has a few limitations. First, our sample size (59 mother-
neonate pairs and 51 matching biological fathers) was relatively small.
In addition to the small sample size, we lacked dietary data, although
we assume fipronil exposure among our study participants was mainly
attributable to dietary intake; therefore, these factors should be con-
sidered when interpreting these results and merits caution. Second, this
study is a cross-sectional study based on analyses of blood samples (for
fipronil and fipronil sulfone levels as well as thyroid hormone levels in
cord blood) and demographic, physiological, behavioral, socio-
economic, and clinical data collected simultaneously at birth; thus,
determinations of causal association are limited. Furthermore, lack of
information regarding serum lipid levels is another limitation, attribu-
table to the lipophilic properties of fipronil (O’Brien et al., 2017); thus,
consideration of serum lipids is needed when describing fipronil con-
centration and interpreting associations.

Despite these limitations, our study provides the distribution of fi-
pronil sulfone in a general and sensitive population. Furthermore, our
study is the first to evaluate adverse birth outcomes in newborns in
relation to maternal and infantile fipronil sulfone exposure via trans-
placental transmission. However, these findings should be confirmed by
a more appropriate longitudinal design with larger sample size, as well
as more information regarding possible routes of fipronil exposure (i.e.
diet or house dust).

5. Conclusions

Serum fipronil sulfone was detected in a specific population of
mother-neonate pairs and their matched biological fathers in a manner
suggestive of regular exposure to fipronil among general urban re-
sidents. Furthermore, this study is the first to show serum fipronil sul-
fone placentally transfers to the fetus and adversely affects infantile
health outcomes, including measurements of thyroid function and 5-
min Apgar scores.
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