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Abstract: Toxicological effects of neonicotinoid insecticides (NNIs) have been reported for mammals, such as humans, rats,
and mice. However, there are limited reports on their toxic effects on wild mammals. To predict NNI‐induced toxic effects on
wild mammals, it is necessary to determine the exposure levels and metabolic ability of these species. We considered that
raccoons could be an animal model for evaluating NNI‐induced toxicities on wildlife because they live near agricultural fields
and eat crops treated with NNIs. The objective of the present study was to estimate the effects of NNI exposure on wild
raccoons. Urinary concentrations of NNI compounds (n= 59) and cytochrome P450‐dependent metabolism of NNIs (n= 3)
were evaluated in wild raccoons captured in Hokkaido, Japan, in 2020. We detected either one of the six NNIs or one
metabolite, including acetamiprid, imidacloprid, clothianidin, dinotefuran, thiacloprid, thiamethoxam, and desmethyl‐
acetamiprid in 90% of raccoons (53/59); the average cumulative concentration of the seven NNI compounds was 3.1 ng/ml.
The urinary concentrations were not much different from those reported previously for humans. Furthermore, we performed
an in vitro assessment of the ability of raccoons to metabolize NNIs using hepatic microsomes. The amounts of NNI
metabolites were measured using liquid chromatography–electrospray ionization–tandem mass spectrometry and compared
with those in rats. Raccoons showed much lower metabolic ability; the maximum velocity/Michaelis–Menten constant (Vmax/
Km) values for raccoons were one‐tenth to one‐third of those for rats. For the first time, we show that wild raccoons could be
frequently exposed to NNIs in the environment, and that the cytochrome P450‐dependent metabolism of NNIs in the livers
of raccoons might be low. Our results contribute to a better understanding of the effects of NNIs on raccoons, leading to
better conservation efforts for wild mammals. Environ Toxicol Chem 2022;41:1865–1874. © 2022 The Authors. Environ-
mental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
Wild mammals are exposed to various environmental pol-

lutants worldwide. Insecticides are among the most influential
xenobiotics that have harmful effects on animals. Several neg-
ative effects on wild mammals of persistent and highly toxic
insecticides such as organochlorines and organophosphates
have been reported in the past (Blus, 2011; Grue et al., 1997;
Kwon et al., 2004; Herceg Romanić et al., 2015). However, the
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use of such compounds has decreased (Van Den Berg
et al., 2017). Recently, the neonicotinoid insecticides (NNIs)
have been the subject of more attention in the field of wildlife
toxicology (Gibbons et al., 2015; Pisa et al., 2021). The NNIs
were developed and commercialized in the early 1990s and
rapidly became some of the most frequently and widely used
insecticides worldwide, in agriculture, veterinary medicine, and
the residential environment (Simon‐Delso et al., 2015). The
NNIs are nicotinic acetylcholine receptor agonists with insect‐
selective activity and are designed to have low toxicity in
mammals (Simon‐Delso et al., 2015; Wang et al., 2018). Be-
cause of these advantageous characteristics, NNIs account for
nearly one‐fifth of the world's insecticide shipments (Wang
et al., 2018). Various types of NNIs, including acetamiprid,
imidacloprid, clothianidin, dinotefuran, thiacloprid, thiame-
thoxam, and nitenpyram, have been registered in more than
120 countries mainly for agricultural use (Casida, 2018). In
Japan, NNIs are some of the most abundantly used in-
secticides, with annual shipments amounting to more than
400 tons in 2020 (National Institute for Environmental
Studies, 2022).

Wildlife species are exposed to NNIs in the environment
and are reported to have many toxic effects. For example,
exposure to low doses of NNIs is believed to cause more
mortality in bee species compared with that in target insects,
and exposure to NNIs is possibly one of the important factors
in colony collapse disorder (Lundin et al., 2015; Whitehorn
et al., 2012). In the aquatic ecosystem of a lake in Japan, the
application of NNIs coincided with a decrease in average
zooplankton biomass and caused a deterioration in the smelt
harvest (Yamamuro et al., 2019). In avian species, exposure to
less than the lethal dose of NNIs disrupted their migratory
behavior (Eng et al., 2019). Humans are also exposed to NNIs
through the oral route after consumption of agricultural prod-
ucts. (Ikenaka et al., 2019; Nimako et al., 2021) A possible re-
lationship between chronic NNI exposure and neurological
disorders, such as attention‐deficit hyperactivity disorder, has
been suggested (Roberts et al., 2019).

The NNI‐induced toxicological effects on animals mainly
depend on two factors: the exposure dose and the suscepti-
bility to the chemical. There are some reports regarding NNI
detection in wild mammalian species (Byholm et al., 2018;
Kaczyński et al., 2021; MacDonald et al., 2018). In these pre-
vious studies, NNIs were detected in organs such as the liver
and muscle of certain wildlife species like wild boar, deer, and
birds; however, the rate of detection and concentrations were
low in most cases, and exposure levels of NNIs cannot be es-
timated from the concentrations in these organs. In a phar-
macokinetic analysis, more than 60% of the NNIs were found to
be excreted through urine in mice, and concentrations of NNI
residues in urine were much higher than those in organs or
tissues (Ford & Casida, 2006). In a human study, the urinary
excretion correction coefficient was used to estimate exposure
amounts of NNIs (Ikenaka et al., 2019). Therefore, urinary
samples are the most appropriate for accurate estimation of
the rate of exposure and exposure amounts of NNIs in wild
mammals. In addition, susceptibility to NNIs in wild mammals

has not been investigated (Pisa et al., 2021). The NNIs are
metabolized mainly in the liver by cytochrome P450 (CYP),
which is a phase I xenobiotic‐metabolizing enzyme (Shi
et al., 2009). The metabolic ability of CYP is an important factor
in determining the susceptibility of an animal species to NNIs
(Khidkhan et al., 2021). To assess NNI‐induced toxicities, an-
imal species with a high toxicological risk, such as highly sen-
sitive species, should be used to avoid underestimating the
toxic effects.

In the present study, we focused on the raccoon, Procyon
lotor, as an animal model to evaluate the NNI‐induced effects
on wild mammals. They have been reported to inhabit sub-
urban agricultural areas and forest areas in Hokkaido, Japan,
and they eat crops (Osaki et al., 2019). Although there are no
previous reports about the NNI exposure situation in raccoons,
they could be exposed to NNIs after eating sprayed crops. In
addition, in the Canidae family, the metabolic abilities of CYPs
are generally lower than in other mammals such as rats (Ishizuka
et al., 2006). Raccoons are members of the Procyonidae spe-
cies, included in the Canidae family, and may have a lower
ability for CYP‐dependent NNI metabolism than other species.
Owing to the possibilities of high exposure risk and low met-
abolic abilities, we surmised that raccoons could be used as
indicator animals for evaluating the toxicological effects of
NNIs on wild mammalian species. Raccoons were imported
into Japan as companion animals from North America in the
1980s and are now distributed throughout the country as an
invasive alien species (Ikeda et al., 2004). Therefore, raccoons
have been euthanized in control programs to conserve the
ecosystem, and we were able to obtain several samples of
these euthanized individuals.

In the present study, we measured the urinary concen-
trations of NNIs to determine the exposure of wild raccoons in
Hokkaido, and we investigated their hepatic metabolic ability,
to evaluate their susceptibility to these compounds.

MATERIALS AND METHODS
Animals and treatments

Using box trap systems (Havahart Large Collapsible Pro
Cage Model 1089; Woodstream), 54 raccoons were captured in
2021 from a forest surrounded by cropland in Hokkaido. Rac-
coons were collected from April to October when crops are
generally cultivated outside, and NNIs are thought to be ap-
plied to crops; thus, the sampling period was considered to be
optimal for the assessment of NNI exposure to raccoons. The
captured raccoons were anesthetized in the box traps with
1.2mg/kg butorphanol tartrate (Vetorphale; Meiji Seika),
40 µg/kg medetomidine hydrochloride (Dolbene; Kyoritsu), and
0.2mg/kg midazolam (Dormicum; Astellas) administered
through an intramuscular injection. Then the raccoons were
euthanized by injecting potassium chloride into their hearts.
Another five carcasses were collected as part of the feral rac-
coon control program in Hokkaido, for a total of 59 to be used
in our study. Raccoon body weights and sex were recorded, and
age was estimated using skulls (Junge & Hoffmeister, 1980). The
age, sex, and date of capture are presented in the Supporting

1866 Environmental Toxicology and Chemistry, 2022;41:1865–1874—S. Shinya et al.

© 2022 The Authors wileyonlinelibrary.com/ETC



Information, Table S1. Urine samples were collected by cys-
tocentesis and kept at −20 °C until the assay. The livers of rac-
coons were collected within 3 h after their deaths from bodies
that had been preserved on ice. The livers were immediately
frozen in liquid nitrogen and preserved at −80 °C until the assay.
All procedures for animal care and experiments were performed
per the Animal Care and Use Committee of the Graduate School
of Veterinary Medicine, Hokkaido University (Approval No. 18‐
0001). The animal experiments at the Graduate School of Hok-
kaido University were accredited by the Guidelines of the As-
sociation for Assessment and Accreditation of Laboratory Animal
Care International.

Extraction of NNIs from urine samples
The NNI compounds, including acetamiprid, N‐desmethyl‐

acetamiprid (dm‐acetamiprid), imidacloprid, clothianidin,
dinotefuran, thiacloprid, thiamethoxam, and nitenpyram,
were extracted and purified using a combination of quick,
easy, cheap, effective, rugged, and safe (QuEChERS) and
cold‐induced aggregation microextraction methods (Song
et al., 2019; Vichapong et al., 2016). First, 2 ml of urine sample
was mixed with 2ml of 16% sodium acetate buffer (0.5 g/3ml
double‐distilled water) and 4ml of 1% formic acid in acetoni-
trile. Subsequently, 50 µl of 100 ng/ml NNI internal standards
containing deuterated labeled standards for acetamiprid
(acetamiprid‐d3), dm‐acetamiprid‐(dm‐acetamiprid‐d3), imida-
cloprid (imidacloprid‐d4), clothianidin (clothianidin‐d3), thia-
cloprid (thiacloprid‐d4), thiamethoxam (thiamethoxam‐d4),
nitenpyram (nitenpyram‐d3), and dinotefuran (dinotefuran‐d3)
were mixed by vortexing for 5min. The mixtures were centri-
fuged at 10,000 g for 5min and frozen overnight at −20 °C. The
supernatants (400 µl) were filtered using Centricut W‐MO
(Kurabo Industries) by centrifuging at 12,000 g for 5min. The
refined samples were subjected to a solid phase extraction
method using an ISOLUTE

®

HYDRO DME+ 400mg/3ml car-
tridge (Biotage; Suwannarin et al., 2020) and eluted with 600 µl
of acetonitrile. After dry‐solidifying using a centrifugal evapo-
rator (CVE‐200D with UT‐2000; EYELA), extracts were redis-
solved in 200 µl of 20% (v/v) methanol and transferred into vials
for instrumental analysis.

Urine extract was analyzed using a liquid
chromatography–mass spectrometer (LC–MS; 6495 Triple
Quadrupole; Agilent Technologies) equipped with a Kinetex

Biphenyl column (3.0× 100mm, φ2.7 µm; Phenomenex). Elec-
trospray ionization (ESI) was applied. The solvent, gradient, oven
temperature, and flow rate used for the liquid chromatography
are shown in the Supporting Information, Table S2. Multiple‐
reaction monitoring was used for mass spectrometry, as shown in
Table 1. The precision of the analysis for all eight NNIs was
confirmed by multiple analyses, as shown in Table 1. The analysis
was performed using the internal standards methods. In-
formation regarding the internal standards is provided in the
Supporting Information, Table S3. For each NNI compound,
calibration curves were used in final concentrations of 0.01, 0.05,
0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 ng/ml. An NNI standard
was added to canine urines that did not contain any NNIs, and
extraction and purification were performed at each calibration
point using the method just described. We confirmed that line-
arity (r2) exceeded 0.99 for all the calibration curves. Procedural
blank samples were prepared with each batch of 20 samples. No
NNI compounds were detected from any procedural blank
samples in our study. The method detection limit (MDL) and
accuracy (percentage of recovery) were determined by replicate
analyses (n= 5) of NNI‐mixed canine urine that did not contain
any NNIs and NNI‐mixed double‐distilled water at three different
concentrations (1, 5, and 10 ng/ml). The practical quantitative
limit (PQL) was settled as five times the MDL. The recovery rate
and PQL are shown in Table 1. Urine samples from healthy dogs
in which no NNI peak was detected were used for quality control.
A standard mixture of NNI compounds was added to yield a
urinary concentration of 5 µg/L. The quality control samples were
injected with each batch of 20 samples. The between‐day ac-
curacy was within 80%–120%.

Measurement of urinary creatinine concentration
Urinary concentrations of NNIs were adjusted for creatinine to

compensate for the hydration condition of raccoons between
spot samples (Mage et al., 2008; Nimako et al., 2021). Urinary
concentrations could be affected by the amount of water the
raccoons drank before and after capture. Creatinine concen-
trations in urine were measured using the LC–ESI–MS/MS tech-
nique. Thawed urine samples were diluted 100 times in distilled
water; thereafter, 10 µl of the diluted sample was supplemented
with 990 µl of creatinine‐d3 in acetonitrile. The sample was finally
transferred into a high‐performance liquid chromatography vial

TABLE 1: Selected neonicotinoids and their metabolites detected in raccoon urine samples

Target neonicotinoid PQL (µg/L) Recovery rate (%) RSD (%) MRM (m/z) CE Polarity for ESI

Acetamiprid 0.046 103 5 223.1> 126.0 24 +
N‐dm‐acetamiprid 0.047 108 4 209.1> 125.8 20 +
Imidacloprid 0.056 105 9 256.1> 209.2 20 +
Clothianidin 0.064 106 10 250.0> 132.0 16 +
Dinotefuran 0.29 96 3 203.1> 157.0 12 +
Thiacloprid 0.027 99 7 253.0> 126.0 28 +
Thiamethoxam 0.064 108 8 292.0> 181.0 24 +
Nitenpyram 0.212 98 6 271.1> 126.0 36 +

CE= collision energy; ESI= electrospray ionization; MRM=multiple‐reaction monitoring; PQL= practical detection limit; RSD= relative standard deviation.
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for analysis using LC–ESI–MS/MS (20A series with LCMS8040;
Shimadzu) equipped with a Shodex Asahipak NH2P‐40 2D
(2× 150mm ID) column (Showa Denko America). The LC–ESI–MS
analysis was carried out in an isocratic mode. Details of the
LC–ESI–MS/MS analysis, including solvent, gradient, oven tem-
perature, flow rate, and selected m/z ions, are shown in the
Supporting Information, Table S4. Urinary creatinine concen-
trations were calculated using the internal standards method,
and the calibration curves were generated using seven‐point
calibration standards ranging from 1 to 500 ng/ml.

Preparation of hepatic microsomes for in vitro
NNI metabolism assay

Liver samples of adult raccoons (n= 3) and 7‐week‐old
Sprague–Dawley rats (n= 4) were used to obtain hepatic mi-
crosomal fractions. All animals used in this assay were male.
Raccoons were caught in Hokkaido as described in the pre-
vious section, Animals and treatment, and no NNIs were de-
tected in these raccoons. The Sprague–Dawley rats were
purchased from Japan SLC. Hepatic microsomal fractions were
prepared from raccoons and rats using the method described
by Omura and Sato (1964) with slight modifications. The liver
was homogenized with approximately three times the volume
of 0.1M potassium phosphate buffer (KPB; pH 7.4) and cen-
trifuged at 9000 g at 4 °C for 20min. The supernatants were
filtered using gauze and centrifuged twice at 105,000 g and
4 °C for 60min. Microsomal pellets at the bottom of centrifuge
tubes were resuspended in 0.1M KPB and preserved at −80 °C
until subsequent use. The microsomal protein concentration
was measured using the BCA protein kit (Thermo Fisher Sci-
entific). The CYP concentration was determined using a re-
ported method (Omura & Sato, 1964). The difference in the CO
absorbance between 400 and 500 nm was examined by spec-
trophotometry (UV‐2600; Shimadzu). The CYP concentration
was calculated using the absorbance values at 450 and 490 nm.

In vitro CYP‐dependent metabolism of NNIs
Metabolic assay of NNIs using hepatic microsomes was per-

formed using a slight modification of the method described
previously (Khidkhan et al., 2021): the protein concentrations of
liver microsome were changed from 5 to 3mg/ml for both rac-
coons and rats. The incubation mixture consisted of KPB (0.1M,
pH 7.4), MgCl2 (3mM in final concentration), glucose‐6‐
phosphate (5mM), and hepatic microsomes (3mg/ml of protein
concentrations). As a substrate, imidacloprid (Kanto Chemical),
clothianidin (Wako Pure Chemical), acetamiprid (Cosmo Bio), or
thiamethoxam (Dr. Ehrenstorfer) in 3% methanol were added at
final concentrations of 10, 25, 50, 100, 200, and 400 µM.
After preincubation at 37 °C for 5min, the enzymatic reaction
was initiated by adding glucose‐6‐phosphate dehydrogenase
(2 IU/ml) and nicotinamide adenine dinucleotide phosphate hy-
drogen (0.5mM). After incubation for 30min, 200 µM of 1%
formic acid in acetonitrile was mixed to terminate the enzymatic
reaction. Samples were then centrifuged at 15,000g for 10min,

and the supernatant was filtered using a GL Chromato Disk
sample filter (pore size, 0.2 µM; GL Sciences). We performed all
assays in duplicate for each concentration. Negative control
mixtures without substrate were used for each sample.

An LC–ESI–MS/MS device (6495 Triple Quadruple; Agilent
Technologies) equipped with a Kinetex Biphenyl column
(3.0 × 100mm, φ2.7 µm; Phenomenex) was used to measure
the target metabolites of imidacloprid, clothianidin, acet-
amiprid, and thiamethoxam. In the previous study (Khidkhan
et al., 2021), the following metabolites were produced by CYP‐
dependent in vitro metabolic assay in several mammalian
species: 4OH‐imidacloprid, 5OH‐imidacloprid, desmethyl‐
clothianidin, and desmethyl‐acetamiprid. Therefore, the same
metabolites were measured in our study; 4OH‐imidacloprid,
5OH‐imidacloprid and desmethyl‐clothianidin were synthe-
sized at Toho University, Chiba, Japan, and desmethyl‐
acetamiprid was purchased from Sigma‐Aldrich. Details of the
LC–EIS–MS/MS analysis, including solvent, gradient, oven
temperature, flow rate, collision energy, and selected ions are
shown in the Supporting Information, Table S5.

Calculation of estimated daily intake of NNIs
from urinary concentrations

Estimated daily intake amounts of NNIs in raccoons were
calculated from creatinine‐adjusted NNI concentrations using
the following formula:

Estimated daily intake amount/body weight (µg/kg/day)=
urinary NNI concentration (µg/g creatinine) ×maximum daily
creatinine excretion amount/body weight in dog (0.04 g/kg/
day) × 1/r (urinary excretion correction coefficient).

The following values were applied for the urinary excretion
correction coefficients: r= 0.586 for acetamiprid, r= 0.133 for
imidacloprid, r= 0.596 for clothianidin, r= 0.899 for dinote-
furan, r= 0.05 for thiacloprid, r= 0.6 for thiamethoxam (Ikenaka
et al., 2019). These r values were obtained from previous
studies on humans.

Statistical analysis
Statistical analyses were conducted using the JMP

®

Pro 16
software (SAS Institute). For the calculations of ∑NNIs, concen-
trations below PQL were set to zero. For the statistical sig-
nificance analysis, concentrations of NNIs below the PQL were
set as the PQL value divided by the square root of 2 (Hornung &
Reed, 1990). The Michaelis–Menten equation was used to cal-
culate kinetic parameters such as maximum velocity (Vmax),
Michaelis–Menten constant (Km), and Vmax/Km ratio in GraphPad
Prism Ver 8.0 for Windows (GraphPad Prism Software). Student's
t‐test was performed to compare the Vmax/Km ratio between
raccoons and rats. Mann–Whitney's U test was applied for the
comparison of creatinine‐adjusted NNI concentration. Creatine‐
adjusted NNI concentrations between sex and age were com-
pared using Mann–Whitney's U test. The Steel Dwass test
was used for comparison of creatinine‐adjusted NNI concen-
tration among sampling months between April and October.
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A p‐value < 0.05 was considered statistically significant for all
analyses.

RESULTS AND DISCUSSION
Detection of NNIs in the urine of raccoons

The urinary concentrations of NNI compounds in raccoon
samples were measured and corrected using creatinine con-
centrations in urine. The volume‐based and creatinine‐adjusted
NNI concentrations are shown in Tables 2 and 3, respectively.
Six parent NNI compounds (acetamiprid, imidacloprid, clo-
thianidin, dinotefuran, thiacloprid, and thiamethoxam) and one
NNI metabolite (dm‐acetamiprid) were detected at the fol-
lowing frequencies: clothianidin (66.1%)> dm‐acetamiprid
(52.5%)> acetamiprid (35.6%)> imidacloprid (23.7%)> dinote-
furan (20.3%)> thiamethoxam (18.6%)> thiacloprid (3.4%). The
compound nitenpyram was not detected in all the raccoons.
Either one of the six NNIs or one metabolite was detected in
samples from 90% of the raccoons (53/59). There was no sig-
nificant difference between sex, age, and month of capture in
all NNI compounds. Ours is the first study to report the de-
tection of NNI compounds in wild raccoons. Previously, NNI
residues were found in wild terrestrial vertebrates, including
wild boar, deer, and birds (Byholm et al., 2018; ńKaczyński
et al., 2021; MacDonald et al., 2018). Although NNIs were
extracted from the blood and organs of wildlife species in these
previous studies, we used urine samples from raccoons, and
could therefore detect NNIs more frequently. The frequent
detection of these NNI compounds in urine samples suggests
that NNIs could be omnipresent among the population of wild
raccoons in Hokkaido. In Japan, NNIs are often applied to
agricultural crops, including corn and fruits, which are often
eaten by raccoons (Osaki et al., 2019; Taira, 2014). It is possible
that residues of NNIs applied to agricultural fields in the cap-
ture areas of our study might have transferred through crops
into wild raccoons. We found the remains of crops in the
stomachs of more than one‐fourth of the raccoons.

Urinary concentrations of NNIs in the raccoons determined in
the present study were compared with those in Japanese
people reported in a previous study (Ikenaka et al., 2019;
Table 4). Creatinine‐adjusted concentrations were used for

comparison to correct for the hydration conditions of raccoons
among spot samples, because raccoons might have consumed
different amounts of water before and after capture, and their
urine might be concentrated. Creatinine‐based correction be-
tween different animal species is now commonly used to com-
pensate for urinary levels of various compounds, including
hormones and herbicides (Karthikraj & Kannan, 2019; Syme
et al., 2007). There are no data on raccoons; the daily excreted
amounts of creatinine in the urine are almost the same between
dogs and humans (dogs: ~20–40mg/kg/day; humans:
~1000–2000 mg/day in adults [20–40mg/kg/day for a body
weight of 50 kg]; Bingham et al., 1988; Braun et al., 2003). In the
taxonomy of mammals, raccoons and dogs are classified as
Carnivora; thus dogs are much closer to raccoons than humans.
Therefore, we assumed that it is possible to evaluate the ex-
posure levels of raccoons by comparing the creatinine‐adjusted
urinary concentrations of NNIs with those of humans. Overall,
the detected concentrations of NNIs were not significantly dif-
ferent between raccoons and humans (Table 4). However, the
results of acetamiprid and nitenpyram were different. Raccoons
showed a significantly higher acetamiprid concentration than
humans (mean value; raccoons: 0.28 µg/g creatinine; humans:
0.043 µg/g creatinine). In Japan, acetamiprid is often applied to
crops, such as vegetables and fruits (Fujita et al., 2012). In ad-
dition, nitenpyram was not detected in the raccoons in our study
even though it has been detected in humans at a rate of 30%
(Ikenaka et al., 2019). The shipment amount of nitenpyram in
Hokkaido was the lowest of the seven NNI parent compounds in
2020, at only 5 tons/year, which is approximately 1.2% of the
total shipment amount for the seven NNIs (National Institute for
Environmental Studies, 2022). Therefore, nitenpyram might not
have been applied to crops at the sampling site in our study.

Most of the exposed acetamiprid is metabolized to
dm‐acetamiprid and excreted through urine in mice (Ford &
Casida, 2006). The metabolite dm‐acetamiprid was more fre-
quently and abundantly detected than acetamiprid in raccoons,
which suggests that it can be used as a marker for acetamiprid
exposure in wild raccoons as it is in humans (Harada
et al., 2016; Marfo et al., 2015). In the future, it might be
possible to detect NNIs with higher sensitivity by measuring
various metabolites simultaneously. However, it has been

TABLE 2: Statistical summary of volume‐adjusted concentrations of neonicotinoids in the urine samples of raccoons (n= 59)

Percentile (µg/L)

Neonicotinoid >PQL (%)a >PQL of DIN (%)b GM± SD (μg/L) 25th 50th 75th 95th 100th PQL

Acetamiprid 35.59 8.47 0.07± 0.20 <PQL <PQL 0.23 0.33 1.29 0.046
N‐dm‐Acetamiprid 52.54 20.34 0.11± 9.33 <PQL <PQL 0.22 3.28 71.28 0.047
Imidacloprid 23.73 8.47 0.06± 0.20 <PQL <PQL <PQL 0.36 1.45 0.056
Clothianidin 66.10 32.20 0.17± 0.89 <PQL 0.14 0.45 2.62 4.33 0.064
Dinotefuran 20.34 20.34 0.25± 0.76 <PQL <PQL <PQL 1.11 5.67 0.29
Thiacloprid 3.39 1.69 0.02± 0.04 <PQL <PQL <PQL <PQL 0.32 0.027
Thiamethoxam 18.64 6.78 0.07± 0.95 <PQL <PQL <PQL 0.42 7.30 0.064
Nitenpyram 0 0 — <PQL <PQL <PQL <PQL <PQL 0.212
∑8NNIs — — 3.11± 10.15 0.52 0.79 1.79 12.16 76.93 —

aPercentage detection frequency.
bPercentage detection frequency above the PQL of dinotefuran (0.29 μg/L).
DIN= dinotefuran; GM= geometric mean; PQL= practical detection limit; ∑8NNIs= sum of creatinine‐adjusted concentrations of neonicotinoid compounds.
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confirmed that acetamiprid in environmental soils is easily
converted to dm‐acetamiprid by soil microorganisms (Ramb-
hade et al., 2010). Therefore, direct exposure of dm‐
acetamiprid to raccoons via environmental materials such as
soil and water in the present study is also possible.

It should be noted that detected frequencies are not strictly
comparable among each NNI compound because the PQLs are
different (e.g., 0.03 µg/L for thiacloprid and 0.29 µg/L for dino-
tefuran). The detected frequency will tend to be higher as the
PQL becomes lower. For strict comparison among NNI com-
pounds, detected rates above the PQL of dinotefuran (0.29 µg/L
and 0.33 µg/g creatinine), which had the highest PQL value, were
calculated as shown in Tables 2 and 3. The detected frequencies
were as follows: clothianidin (32.2%)>dm‐acetamiprid
(20.3%)=dinotefuran (20.3%)> acetamiprid (8.5%)= imidaclo-
prid (8.5%)> thiamethoxam (6.8%)> thiacloprid (1.7%). Apart
from dinotefuran, the order of the detected rates did not dif-
ferent from when the PQLs of each NNI were used. When the
PQL of dinotefuran was used, the detected order of dinotefuran
was higher than when the PQLs of each NNI were used. This
indicates that it is important to apply a common PQL value when
detected rates among multiple NNIs are compared.

CYP‐dependent metabolic ability of NNIs in the
liver

An in vitro acetamiprid metabolism assay confirmed the
formation of dm‐acetamiprid in both raccoons and rats.
As shown in Figure 1A and Table 5, the Vmax/Km values for

dm‐acetamiprid formation were significantly lower in raccoons
than in rats (p= 0.008). In the metabolic assay using imidaclo-
prid, 4OH‐imidacloprid and 5OH‐imidacloprid were produced
in both raccoons and rats. Significantly lower Vmax/Km values for
4OH‐imidacloprid and 5‐OH imidacloprid formation were
found in raccoons than in rats (p= 0.046 for 4OH‐imidacloprid;
p= 0.036 for 5OH‐imidacloprid; Figure 1C and D and Table 5).
In the assay for clothianidin, it was revealed that dm‐
clothianidin was produced in both raccoons and rats. When
mice are exposed to clothianidin, dm‐clothianidin is the most
abundantly detected metabolite in the brain and liver (Ford &
Casida, 2006). As shown in Figure 1B and Table 5, the ability of
raccoon microsomes to metabolize clothianidin to dm‐
clothianidin was lower than that of rat microsomes (p= 0.031).
In addition, it was found that the ability to convert thiame-
thoxam to clothianidin in raccoons was much lower than in rats
(p= 0.001), as shown in Figure 1E and Table 5.

Among all the NNI metabolites we analyzed, raccoon mi-
crosomes showed much lower metabolic capacities than those
of rats; Vmax/Km values in raccoons were approximately one‐
tenth to one‐third those in rats. Metabolism of NNIs is effi-
ciently performed by CYP, and CYP‐dependent metabolism is
one of the most important factors in determining the chemo-
sensitivity of NNIs (Simon‐Delso et al., 2015; Thompson
et al., 2020). Based on our results, the difference in the meta-
bolic abilities of NNIs between raccoons and rats could be
dependent on the differences in expression levels and func-
tions of each CYP isoform. It has been reported that NNIs such
as clothianidin and thiamethoxam are metabolized by CYP

TABLE 3: Statistical summary of creatinine‐adjusted concentrations of neonicotinoids in the urine samples of raccoons (n= 59)

Percentile (µg/g creatinine)

Neonicotinoid >PQL (%)a ＞PQL of DIN (%)b GM± SD (μg/g creatinine) 25th 50th 75th 95th 100th PQL

Acetamiprid 35.59 8.47 0.10± 0.74 <PQL <PQL 0.25 0.79 5.61 0.053
N‐dm‐acetamiprid 52.54 20.34 0.16± 10.78 <PQL <PQL 0.35 8.28 76.56 0.054
Imidacloprid 23.73 8.47 0.08± 0.75 <PQL <PQL <PQL 0.43 5.76 0.064
Clothianidin 66.1 32.20 0.26± 1.65 <PQL 0.21 0.43 4 9.4 0.074
Dinotefuran 20.34 20.34 0.37± 1.64 <PQL <PQL <PQL 1.38 10.28 0.33
Thiacloprid 3.39 1.69 0.03± 0.44 <PQL <PQL <PQL <PQL 3.41 0.031
Thiamethoxam 18.64 6.78 0.10± 0.95 <PQL <PQL <PQL 0.5 6.96 0.074
Nitenpyram 0 0 — <PQL <PQL <PQL <PQL <PQL 0.24
∑8NNIs — — 1.60± 13.13 0.79 1.36 2.53 15.98 82.62 —

aPercentage detection frequency.
bPercentage detection frequency above the PQL of dinotefuran (0.29 μg/g creatinine).
DIN= dinotefuran; GM= geometric mean; PQL= practical detection limit; ∑8NNIs= sum of creatinine‐adjusted concentrations of neonicotinoid compounds.

TABLE 4: Urinary neonicotinoid concentrations (µg/g creatinine) in raccoons compared with that in Japanese people

Subject Measure ACE dm‐ACP IMI CLO DIT TCP TMXM NIT

Raccoons: present study (n= 59) DF (%) 35.59 52.54 23.73 66.1 20.34 3.39 18.64 0
Mean 0.28 2.48 0.23 0.81 0.74 0.09 0.29 0

Maximum 5.61 76.56 5.76 9.4 10.28 3.41 6.96 0
Japanese people: Ikenaka et al. (2019; n= 45) DF (%) 11.11 86.67 17.78 48.89 48.89 33.33 33.33 26.67

Mean 0.043 2.2 0.13 1.06 0.57 0.03 0.17 0.1
Maximum 1.03 26.92 1.59 15.06 9.49 0.2 2.11 1.25

ACE= acetamiprid; CLO= clothianidin; DIT= dinotefuran; DF= detection frequency; dm‐ACP= dimethyl acetamiprid; IMI= imidacloprid; NIT= nitenpyram; TCP=
thiacloprid; TMXM= thiamethoxam.
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2A6, 2B6, 2C19, and 3A4 in humans (Shi et al., 2009). Although
there are no data on CYP isoforms that metabolize acetamiprid,
the metabolic abilities of these CYP isoforms may be lower in
raccoons than in rats. The results of a metabolic assay using
liver microsomes indicate that raccoons might be more sus-
ceptible to NNIs than rats. Further studies should be per-
formed to identify interspecies differences in NNI metabolism
in the livers of several other wild mammalian species.

Estimated risk of NNIs in wild raccoons
The urinary concentrations of NNIs in raccoons were on the

same level as those in humans, suggesting that raccoons could

be exposed to comparable levels of NNIs in the environment.
Raccoons live near farmlands, eat agricultural crops in
Hokkaido (Osaki et al., 2019), and are therefore frequently
exposed to multiple NNIs. Although the exact risks associated
with such multiple exposures in mammals are not well under-
stood, additive and synergistic toxicities associated with mul-
tiple exposures can be of concern. Emerging reports suggest
that NNI exposure can have neurotoxic effects on mammals
even at low exposure doses. For example, in mice, anxiety‐
related behavior was induced by exposure to a considerably
low dose of clothianidin, less than the no‐observable‐adverse‐
effect levels (NOAEL; ∼50mg/kg in a 78‐week carcinogenicity
study; Hirano et al., 2018). As shown in Table 6, daily intake

(A) (B)

(C)

(E)

(D)

FIGURE 1: (A–E) Michaelis–Menten plots for cytochrome P450 (CYP) activity of neonicotinoid insecticides in Sprague–Dawley (SD) rat (blue circles)
and raccoon (red squares) liver microsomes. Each value is shown as mean± SD.
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amounts of NNIs were estimated from urinary concentrations.
The maximum estimated cumulative intake amount for the six
NNIs was 5.51 µg/kg/day. Based on this estimation, exposure
levels of NNIs in this raccoon population were much lower than
NOAEL levels.

Because the enzymatic activities of CYP, the major meta-
bolic pathway for NNIs, were lower in raccoons, they might be
more susceptible than humans or experimental animals. The
typical toxic effects of low‐dose NNI exposure are based on
neurodisruption, including increased frequency of anxiety‐like
behavior and decreased memory capacities in experimental
animals (Cimino et al., 2017; Hirano et al., 2015). Therefore, it is
possible that the behavior of raccoons might be somewhat
affected by frequent NNI exposure, although the amounts
detected in wild raccoons in the present study were far lower
than the exposure dose in previous animal experiments; gen-
erally, approximately 5–50mg/kg of exposure is used in mice
and rats for the assessment of NNI‐induced neurotoxicities
(Sheets et al., 2016). In wildlife species, nonlethal toxic effects
that have only slight changes at individual levels can have a
significant impact at the population and ecosystem levels
(Hay, 2009; Köhler & Triebskorn, 2013). The NNIs are believed
to have high selective toxicity in insects and lower toxic effects
in mammals (Simon‐Delso et al., 2015; Wang et al., 2018), but
there are concerns about unknown toxicity in wildlife species;

thus, biomonitoring and research, taking interspecies differ-
ences into account, will be needed in the future.

CONCLUSIONS
In the present study, six parent NNI compounds and one

NNI metabolite were detected in wild raccoons from Hokkaido.
Either one of the six NNIs or one metabolite were detected in
90% of raccoons (53/59), indicating that most raccoons were
exposed to NNIs in the environment. Most of the detected
NNIs in raccoons were not significantly different from the uri-
nary concentrations reported previously in humans. The results
indicate that raccoons can be frequently exposed to NNIs in
agricultural areas. In addition, in vitro metabolic assays sug-
gested that raccoons could have a low ability to metabolize
NNIs in the liver: the Vmax/Km values for raccoons were one‐
tenth to one‐third those for rats. Our results will contribute to a
better understanding of the estimation and evaluation of NNI‐
induced toxic effects on raccoons and could finally result in the
enhanced conservation of wild mammalian species.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5349.

TABLE 5: Michaelis–Menten kinetics parameters (Vmax [pmol/min/mg], Km [µM], Vmax/Km [µL/min/mg]; mean± SD) for cytochrome P450 (CYP)
metabolism of neonicotinoids

Substrate Metabolite Parameter Rat Raccoon Significance

Acetamiprid dm‐Acetamiprid Vmax/Km 4.3± 1.3 1.1± 0.6 —*
Vmax 795± 75 769± 365
Km 203± 62 1109± 981

Imidacloprid 4OH‐imidacloprid Vmax/Km 6.6± 1.5 1.9± 1.3 —*
Vmax 1013± 66 2820± 1764
Km 159± 25 657± 369

5OH‐imidacloprid Vmax/Km 4.4± 0.4 1.5± 0.5 —*
Vmax 882± 19 1143± 256
Km 201± 17 985± 544

Clothianidin dm‐Clothianidin Vmax/Km 2.0± 0.6 0.7± 0.5 —*
Vmax 866± 201 36± 26
Km 506± 214 103± 80

Thiamethoxam Clothianidin Vmax/Km 3.5± 0.6 0.4± 0.0 —*
Vmax 1055± 161 203± 43
Km 305± 52 467± 64

*Statistically significant differences in Vmax/Km between rat and raccoon (Student's t‐test, p< 0.05).

TABLE 6: Estimated daily intake amounts of neonicotinoid insecticides from urinary concentrations (µg/kg/day) in raccoons (n= 59)

Percentile (µg/kg/day)

Neonicotinoid GM± SD (μg/kg/day) 25th 50th 75th 95th 100th

Acetamiprid 0.019± 0.051 <PQL <PQL 0.017 0.054 0.383
Imidacloprid 0.069± 0.225 <PQL <PQL <PQL 0.129 1.731
Clothianidin 0.054± 0.111 <PQL 0.014 0.029 0.268 0.631
Dinotefuran 0.033± 0.073 <PQL <PQL <PQL 0.061 0.457
Thiacloprid 0.075± 0.349 <PQL <PQL <PQL <PQL 2.729
Thiamethoxam 0.019± 0.063 <PQL <PQL <PQL 0.033 0.464
∑6NNIs 0.269± 0.713 0.065 0.113 0.213 0.630 5.513

GM= geometric mean; PQL= practical detection limit; ∑6NNIs= sum of estimated daily intake amounts of neonicotinoid compounds.
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