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Abstract
In Japan, there are currently seven neonicotinoid (NN) insecticides, e.g. acetemiprid, since 1992 registration of

imidacloprid. The amount of domestic shipment of NNs was 407t in 2009. NNs are water-soluble, systemic, non-

volatile and thermostable. Japanese MRLs for NNs are set at high levels compared to the rest of the world. NNs
show persistent efficacy in plants, soil and natural water. Once ingested, NNs are transported through intestinal
mucosa, blood-brain-barrier and placenta.

The suspected health effects of environmental exposure to NNs were observed in Japan.

1. Inhalational exposure: 78 patients in 2004 and 63 patients in 2005 visited a clinic in Gunma prefecture with head-
ache, chest pain and muscle pain after acetamiprid spray application to pinewoods for a few weeks.

2. Oral exposure: Since 2006, more than 4,000 patients visited the clinic after consecutive intake of conventional
produce, e.g. domestic fruits/vegetables 500 g/day and/or tea beverage 500 m{ /day, with health problems (neo-
Conventional Produce Syndrome, neo-CPS). Urinary 6-chloronicotinic acid (a common metabolite of four NNs)
was quantified by liquid chromatography/mass spectrometry at 7.5-84.8 ng/m{ from 6 neo-CPS patients with
finger tremor, impaired short-term memory, fever, general fatigue, headache, palpitation/chest pain, abdominal
pain, muscle pain/muscle weaknes/muscle spasm, and cough (neo-nicotinic symptoms), as well as abnormal
electrocardiogram.

From the urine of 2 neo-CPS patients with neo-nicotinic symptoms, acetamiprid and seven NN metabolites were
qualitatively detected by liquid chromatography/time-of-flight mass spectrometry; and urinary /N-desmethyl-
acetamiprid (a unique metabolite of acetamiprid) was quantified by liquid chromatography/tandem mass spec-

trometry at 3.2 ng/m £ from one of them.

(Jpn J Clin Ecol 23 : 14—24, 2014)
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I . Introduction

Neonicotinoid (NN) is a systemic insecticide that
possesses nicotinic action as an o4p2 nicotinic
acetylcholine receptor agonist; and its usage is
increasing in the world. The EU decided to ban three
NN insecticides for two years starting in 2013
because of their concern about the decline of the

honeybee population”. In Japan, no valid survey system
exists to watch the number of pollinators; however,
there are some reports of the decline of the honeybee
population®.

We have been studying the environmental health
effects of NN in Gunma prefecture in Japan for ten
years”. In 2013, a metabolite of NN was quantified
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from the urine of patients, who were suspected of
environmental NN intoxication”. Environmental
exposure to NN may lead to typical cardiovascular
and nervous symptoms, which are distinct from those
caused by organophosphates (OPs), in addition to the
adverse effects on pollinators.

In this review, “what neonicotinoids are” is discussed
first, followed by “case presentation of environmental
neonicotinoid exposure” and finally “why neonicotinoid

intoxication was observed in Japan”.

I. What are neonicotinoids?

As of 2014, seven NNs are commercially available
in Japan, namely, imidacloprid, acetamiprid,
nitenpyram, thiacloprid, clothianidin, thiamethoxam
and dinotefuran (Figure 1). Six out of seven of the
NNs possess the same characteristics as chlorinated
organic compounds. Chlorinated organic compounds
are characterized by their strong and prolonged
action, for example organochlorine (OC) insecticide,
including DDT. Recently, two novel insecticides with
nicotinic action, cycloxaprid and sulfoxaflor, are

registered in foreign countries””.

Halogenated

The shipment of NN in Japan has been increasing.
In 1992, imidacloprid was registered first, followed by
acetamiprid. In 2012, non-chlorinated NN, dinotefuran,
was the most shipped, followed by imidacloprid,
clothianidin, and acetemiprid (Figure 2). NNs are used
in various situations, e.g. agriculture, home gardening,
forestry, lawn, termite extermination, building-
products, drugs for animal and disinfectants”. In the
last ten years, the total shipment of NN insecticides
increased more than two-fold, while that of OP
insecticides reduced by half to approximately 3,000t,
which is comparable to 400t of NNs. NN insecticides
are more potent than OP insecticides by weight”.

The characteristics of three classes of insecticides
are summarized in Table1® . Acetamiprid represents
NN; MEP (Fenitrothion) represents OP; and DDT
represents OC insecticides. NN is water-soluble and
systemic. It penetrates into the plant body and exerts
its effects. NN cannot be removed from fruits and
vegetables even by washing them with soap water.
NN has a very low volatility. However, NN could be
disseminated by contaminating in particle matter'.

NN is long-lasting in efficacy. The efficacy of NN, of

Non—halogenated
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Figure 1 Chemical structures of neonicotinoid insecticides.
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Figure 2 The shipment of neonicotinoids in Japan.

(Source: Webkis-plus?®, Center for Environmental Risk Research, National Institute for Environmental Study)

Table 1 Characteristics of three classes of insecticides

Class Neonicotinoid Organophosphate Organochlorine
(Abbreviation) (NN) (OP) (00)

For example Acetamiprid MEP DDT
Water solubility High Low Very low

log Pow (20 °C) 0.8 3.43 6.76
Volatility Very low Medium Low

Vapor pressure (Pa) <1.0x10°¢ *t 1.57x1073 *2 2.53x1075 *3
Efficacy period Long Short Very long

Half life in water 349 days ** 57days *° 150 years
Bio-concentration - - +

Log BCF 2 1.3-2.6 2.7-4.9
Bio-accumulation Possible - +
Environmental accumulation Possible - +
Toxicity for mammals

LD50 (rat &', mg/kg BW) 217 945 113
Neurodevelopmental toxicity Suspected Suspected Suspected

*1: 25 °C, *2: 25 °C, *3: 20 °C, *4: natural water, *5: pH 7.1, 30 °C,

Reference: 8-12)
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course, is not as long as OC, but longer than OP. For
example, the half-life of acetamiprid in natural water
is about one year. In soil, more than 3 months are
needed for an 80% decline of acetamiprid and its
metabolite”, so environmental accumulation of NN
may occur'’. Bio-concentration factors of NNs are
lower than DDT™ ™ because of its high water-
solubility and low octanol-water partition coefficient.
Meanwhile how much bioaccumulation of NNs occurs

in human body is not known.

IM. Environmental neonicotinoid exposure
and health effect

i . Subacute abnormal electrocardiographic
findings observed after acetamiprid spray ap-
plication for pinewoods

Gunma prefecture is located in the middle of Japan.
Two million people live in this 700 km? basin, at the
head of the Tone River.

In the summer of 2004, acetamiprid was sprayed for
pinewoods as a countermeasure against pine wilt
disease. A 0.02% acetamiprid aqueous solution was
applied on pinewood forests in the mountainsides with
air blast spraying equipment, which blew the solution

to a height of 40 m or higher above the ground during
several weeks. Seventy-eight patients visited a clinic
in Gunma prefecture 0.5-3 days after the application
with symptoms of central nervous system 91%
(headache, general fatigue, depression, impairment of
concentration, sleep disorders, memory impairment,
or fretfulness and difficulty in speech), skeletal muscle
91% (shoulder stiffness, muscle weakness/muscle
spasms/muscle pain or tremor), cardiovascular system
77% (chest pain or palpitations), body temperature
77% (fever or coldness of extremities), eye 67.9%
(accommodation disorder, photophobia or reduced
visual acuity), gastrointestinal tract 60% (abdominal
pain, diarrhea or constipation), respiratory system
42.3% (cough or sputum), secretory gland 30.8%
(sweating, salivation or thirst/dry mouth) and
electrocardiographic abnormalities 89% (ST-T changes
68%, bradycardia, tachycardia, T-wave abnormality or
prolonged QT intervals)”. Their demographic data are
shown in Table 2. During this season, OP (mainly DEP
and MEP) was also applied a little.

The following year, acetamiprid was applied again; and
sixty-three patients visited the clinic with chest pain,
chest discomfort or palpitations with headache, nausea

Table 2 Demographic data and electrocardiographic findings of patients
after the acetemiprid ground application

Year 2004 2005
Applied pesticide Acetamiprid (+OP) Acetamiprid
Applied period 5.26-6.28 5.17-6.24
Total spread volume (t) 249 158
Total applied acetamiprid (kg) 49 31.6
acetamiprid per area (ug/m?) 70 45
Number of patients 78 63
male/female 20/58 18/45
Age (years old) 2-62 3-78
under 15 years old 32 (50%) 15 (26%)
Abnormal Electrocardiogram (%) 69 (89%) 57 (91%)
Sinus tachycardia 7( 9%) 14 (22%)
Sinus bradycardia 25 (32%) 4 ( 6%)
ST-T changes 53 (68%) 30 (49%)
T-wave abnormality 16 (21%) 7 (11%)
Prolonged QT intervals 7 ( 9%) 12 (19%)




18 Jpn J Clin Ecol (Vol.23 No.l 2014)

Table 3 Acetamiprid deposits during and after the ground application

Distance from the

Maximum Deposit

Interval after

Sampling point sprayed area (km) (ng/cm?) application (hours)
I 0 311.7 During application
I 0.5 11.2 During application
I 2 1.31 6-8
v 3 2.32 During application
\% 5 2.25 6-8

Reference: 15)

and dizziness”. Electrocardiographic abnormality was
found in 91% patients (ST-T change, tachycardia, QT
prolongation, bradycardia) (Table 2).

In 2005, a research group quantified acetamiprid
deposits after the ground application. The maximum
values of deposits in the applied area were higher
than those in non-applied area; however, low-level
deposits were also found at 2-5 km away from the
applied area. The maximum values of deposits were
sometimes observed 6-8 hours after the application
(Table 3). If the patient’'s symptoms were caused
by acetamiprid, the maximum dose of exposure is
estimated to be 84.1ug/kg BW.

In literature, a few cases of occupational inhala-
tional exposure to NN insecticides were reported. In
acute inhalational exposure, imidacloprid caused
severe systemic action, e.g. renal and hepatic
dysfunctions, leukoclastic vasculitis, rhabdomyolysis,
for more than a week'®'™; and in chronic inhalational
exposure, NN was related to a decrease in lung
capacity'. Inhalational exposure to NN may induce a
delayed reaction, which is consistent with the animal
studies™*”.

ii . Subacute intoxication after consecutive in-
take of fruits and tea beverages

Since August 2006, 1,111 patients visited the clinic
in eight months with chest pain, chest discomfort or
palpitations, which resembled to those found after
acetemiprid spray application. They also complained
of headache, abdominal pain, muscle pain and fever.

Impaired short-term memory, finger tremor, and

abnormal heart rhythm (tachycardia, bradycardia and
arrhythmia) were observed clinically. The patients’
ages ranged from 1 to 79 years old. All patients were
non-smokers. It is noteworthy that acetemiprid
spray application for pinewoods ceased by July 2006
in Gunma. Five hundred forty nine out of 1,111 of the
patients had consumed large amounts of conventionally
grown domestic fruits/ vegetables or tea beverages
before the onset. All were recovered by prohibition of
domestic fruits and tea beverage”. We therefore
referred to these new symptoms as neo-Conventional
Produce Syndrome (neo-CPS), which follows the
intake of conventional produce. From 2007 to 2009,
no less than 4,000 patients visited the clinic with neo-
CPS, and 193 were from outside of Gunma, e.g.
Saitama, Tochigi, Tokyo, Kanagawa, Ibaragi, Chiba,
Nagano, Niigata, Yamanashi, Shizuoka, Aichi, Miyagi,
Iwate, Osaka and Shimane.

We speculated neo-CPS might be mainly caused by
oral NN exposure, although exposure to other
pesticides, phytochemicals and other environmental
pollutants has not been excluded. Neo-CPS was
empirically defined as the symptoms of unknown
origin after consecutive intake of domestic fruits/
vegetables 500g/day or tea beverage 500mZ /day for
more than several days. We began to collect neo-CPS
patients’ urine for chemical analysis of NN metabolites.

Firstly, we sought to analyze 6-chloronicotinic acid
(6-CNA) asaurinary biomarker byion chromatography
with the lowest level of qualification (LOQ) of 40 ppb.
6-CNA is a common metabolite of chloropyridinyl
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neonicotinoid i.e. acetamiprid, imidacloprid, thiacloprid,

" and cycloxaprid (Figure 3). Urine was

nitenpyram”
prospectively collected from thirty-three patients with
neo-CPS. They were classified into two groups by
the onset time, Group A: eleven patients who visited
the clinic within 24 hours after the onset, Group B:
twenty-two patients who visited the clinic one to
several days after the onset or whose onset time was
not identified. In Group B, urinary 6-CNA was
detected from only one patient. In Group A, urinary
6-CNA was detected from six of eleven patients who
showed similar symptoms and mainly took domestic
fruits or tea beverage before the onset™ (Figure 4).
We thought those symptoms were one of the core
group of neo-CPS which related to chloropyridinyl
neonicotinoid exposure, and named them neo-
nicotinic symptoms, i.e. finger tremor, impaired
short-term memory, fever (>37°C), general fatigue,
headache, palpitation/chest pain, abdominal pain,
muscle pain/muscle weakness/muscle spasm, and
cough.

Secondly, we quantified urinary 6-CNA from neo-CPS
patients with neo-nicotinic symptoms by liquid
chromatography/mass spectrometry with LOQ of 1 ppb.
The levels of urinary 6-CNA ranged from 7.5 to 84.8
ppb. Interestingly in five of six cases, the maximum
level of 6-CNA of each patient’s urine was detected
2-20 days after the first visit™.

Thirdly, we analyzed the known metabolites of
acetemiprid, imidacloprid and clothianidin by liquid
chromatography/time-of-flight mass spectrometry in
the urine of three neo-CPS patients with neo-nicotinic
symptoms within 24 hours from onset. NN and
metabolites were qualitatively found from two of them
as follows: acetemiprid; an acetamiprid metabolite,
N-desmethyl-acetamiprid; three imidacloprid metabo-
lites, 5-hydroxy-imidacloprid, 4,5-dehydro-imidacloprid
and 4,5-dihydroxy-imidacloprid; two clothianidin
N-desmethyl-clothianidin, N-(2-
(methylsulfinyl) thiazole-5-carboxyl)-glycine; and a

metabolites,

common metabolite of acetemiprid and imidacloprid,

N- (6-chloronicotinoyl)-glycine” (Figure 3).

Finally, we quantified N-desmethyl-acetamiprid at
3.2 ppb with LOQ of 0.5 ppb, and acetemiprid at 0.058
ppb (lessthan LOQ of 0.1 ppb) by liquid chromatography/
tandem mass spectrometry in the urine of a neo-CPS
patient with neo-nicotinic symptoms. N-desmethyl-
acetamiprid was quantified no more than LOQ from
eleven patients without neo-nicotinic symptoms”.
From the urine of three 60s-70s women of neo-CPS
without abnormal ECG, who were diagnosed
dementia by low value of Hasegawa Dementia Scale
(<20) with impaired short-term memory, 0.91-1.7
ppb of N-desmethyl-acetamiprid was quantified
(unpublished data).

We speculate that neo-nicotinic symptoms is

related to the accumulation of NN in the human body,
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Figure 4 Comparison of subjective symptoms, clinical findings and fruits/vegetables/
tea beverage intake between three groups of neo-CPS.

especially acetamiprid. Although it remains unknown
whether NNs, as well as metabolites, are causative
toxicants or coincidental xenobiotics, we found
retrospectively 102 patients (male/female=20/82)
with neo-nicotinic symptoms from 2008 to 2012, all
were neo-CPS, and recovered by stopping the intake
of domestic fruits and tea beverage.

The reversibility of impaired short-term memory
is one of the most representative symptoms of neo-
CPS. In October 2006, a 14-year-old girl visited the
clinic with headache, shoulder pain, palpitations,
impaired short-term memory, insomnia and a poor
result of examination. Her grades at school were
getting worse. She descended from the top of her
class to the bottom in a few months. She could not
remember what she ate the previous day. In
November 2006, she visited an ophthalmologist, and
was diagnosed with accommodation disorder sus-
pected by pesticide exposure. In January 2007, her
headache continued. The doctor stopped her intake
of fruits and tea beverages. One week later, her
headache disappeared; and her impaired short-term

memory and disorder of accommodation improved.

Her performance improved gradually; and her grades
were at the top of her class again (unpublished data).

Finger tremor is another typical symptom of neo-
CPS. Neurologically, it is postural tremor of approxi-
mately 4-12 Hz, and may be diagnosed as an idiopathic
one. As the diagnosis of essential tremor of non-
smoker, not only caffeine but also the intake of
conventional produces might be considered for
exclusion.

Characteristic electrophysiological abnormalities
are observed in neo-CPS patients. A 28-year-old
woman visited the clinic with chest pain, headache,
sleepiness, constipation, throat pain, and muscle pain
after consecutive intake of bottled green tea 500 m/
per day for more than 3 months. Finger tremor and
impaired short-term memory were also observed. In
her ECG, severe sinus tachycardia (146 bpm) was
observed on the first day of visit. On the next day,
her heart rate returned to almost the normal range,
but mild QT prolongation emerged. Tachycardia
followed by bradycardia is popular in the patients
with neo-nicotinic symptoms, as well as intermittent

WPW syndrome, paroxysmal atrial fibrillation or
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early repolarization, which is a candidate trigger of
sudden death. NN might facilitate those kinds of
arrhythmia by the substantial electrocardiographic
condition. In auditory brain stem response (ABR),
the shortening of the interval between the first wave
and the fifth wave (I-V interval) is a typical finding.
By sound stimulation to the ear, five waves may occur
by the successive nerve excitation. It is known that
in chronic OP intoxication the fifth wave latency and
I-V interval are elongated, but in neo-CPS with neo-
nicotinic symptoms, both shorten. In the infrared
pupillography, not only sympathotonic but also
parasympathotonic findings were observed. A pupil
action for photo-stimulation is a good marker of
autonomic activity. Her heart rate was 146 bpm, which
suggests sympathotonic. However, the parameter of
infrared pupillography, D1 and Al decreased, which
means miosis; and it can be interpreted as
parasympathetic dominant state. Input disturbance
is unlikely. Maximum dilatation velocity increased™.

Attention deficit hyperactivity disorder (ADHD)-
like reactions were observed in a few children of neo-
CPS. A 3-year-old boy went for grape picking with
his parents. From Sep 4™, he started drinking fresh
grape juice more than 500 m# per day. On Sep 8, he
showed incontinence, stomachache and low activity;
and his heart rate was 108 bpm. On Sep 11 he was
hyperactive and unruly; and his heart rate was 85
bpm. On Sep 16", he recovered completely, and his
ADHD-like action diminished (unpublished data).
We could not analyze his urine.

Skin eruption was frequently observed in neo-CPS

* Anti-virus drug were

who classified in Group B
effective for the skin eruption. In Japan, the pandemic
of Kaposi's varicellimorm eruption, which is caused
by Herpes Simplex virus, was reported”. The
immunotoxicity of NNs would be considered for
human being after chronic exposure. Di Priscoreported
that clothianidin acts as a negative modulator of NF-
)

kB activation in honey bees™.

Depression was also observed in a patient of

neo-CPS. A 31-year-old man drank bottled green tea
500m¥ per day consecutively. Since he had prolonged
exposure to imidacloprid by the termite control of his
dwelling in 2003, he was depressive. A psychiatric
doctor administered antipsychotic drugs in diagnosis
of depression with personality disorder. One day, he
visited the clinic and complained of muscle pain,
finger tremor, general fatigue, impaired short-term
memory, insomnia, poor verbal communication,
palpitations, chest pain, and fever 38.5 °C. His ECG
showed early repolarization pattern. In auditory
brainstem response, I-V interval was shortened,
and pupillography showed sympathotonic and
parasympathotonic pattern. After six weeks of the
prohibition of green tea, his verbal communication
improved; and the irritation diminished™.
iii. Toxicological consideration of neo-Conven-
tional Produce Syndrome

Minimum levels of urinary NNs and metabolites in
neo-CPS are as follows: N-desmethyl-acetamiprid:
3.2 ppb in neo-nicotinic symptoms and 0.91 ppb in
dementia; acetamiprid: 0.058 ppb (<LOQ) in neo-
nicotinic symptoms. In the literature, the minimum
toxic dose of acute acetemiprid intoxication was
rather high (30 mg/kg BW) with plasma acetemiprid
of 2.39 ppm”. However, 3 ppb of imidacloprid was
detected from the urine of a patient who attempted
suicide by ingestion of imidacloprid solution and was
put in intensive care™.

neo-nicotinic symptoms seems to occur by the
mediation of nicotinic receptors, because heart,
central nervous systems, neuromuscular junction,
gastrointestinal tract, keratinocyte and immune
system have nicotinic acetylcholine receptors. The
symptoms developed systemically after the onset
and diminished slowly by prohibition of conventional
produce. Bioaccumulation of NN metabolite may
occur in humans by consecutive intake of NNs
contaminated food, because bioaccumulation of
imidacloprid by low dose exposure was observed in

animal study™.
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Table 4 MRLs for apples and tea-leaves

Apples Japan Us CODEX EU
Imidacloprid 0.5 0.5 0.5 0.5
Acetamiprid 2 1 0.7
Thiacloprid 2 0.3 0.7 0.3
Thiamethoxam 0.3 0.2 0.3 0.3
Clothianidin 1 0.5 0.5 0.5
Nitenpyram 0.5 0.01*
Dinotefuran 0.5 0.01%*

Tea-leaves Japan UsS CODEX EU
Imidacloprid 10 - - 0.05%
Acetamiprid 30 50*%* - 0.1*
Thiacloprid 30 - - 10
Thiamethoxam 20 207 20 20
Clothianidin 50 7O 0.7 0.7
Nitenpyram 10 - - -
Dinotefuran 25 - - -

* indicates lower limit of analytical determination.

**There are no U.S. registrations as of February 10, 2010, for the use of acetamiprid on dried tea-leaves.

***There are no U.S. registrations as of March 27, 2013.
****No U.S. registrations.

In our study, women seem to be more susceptible than
men""*". Because both cytochrome P-450 enzymes and
aldehyde oxidases are active for NN metabolism in
the human body, they may develop some metabolites
whose toxicities are not comprehensively evaluated;
and the diversity of those enzyme activities by
species, polymorphism and estrogen-like substances
are known™ .

As the cause of neo-CPS, other pesticides, phyto-
chemicals and new environmental pollutants must be
considered, in addition to nine neonicotinoids. Further

investigation is needed.

IV. Why neonicotinoid intoxication occurs
in Japan?
i . Poor understanding of characteristics
An advertising copy of NN insecticides is “safe and
mild”. Infact, deaths by acute neonicotinoid poisoning
are rare in Japan because concentrations of NNs in

liquid formulations are low”. However, acute oral

toxicities of NNs are comparable to those of OPs, and
lethal (Table 1). We have not been aware of the high
residual pesticides for the decades before 1992 when
the use of NNs started. Successive use of NNs may
cause accumulation and toxicity in the environment
and human beings. We should use NN insecticides
restrainedly and rationally.
ii . Vicinity of applied area from residence

Many farms and forests in Japan are located near
residential areas. When NN insecticide is applied by
aerial or ground spraying, residents are vulnerable to
exposure to drift. The information of spray drift
caused by NN application should be properly obtained
and needs to be disclosed to the public.
iii. High MRLs and a broad range of application

The maximum residue levels (MRL) for acetamiprid
are very high for fruits and tea-leaves in Japan.
Comparisons of MRLs of several NNs for some food
are shown in Table 4. The MRLs of imidacloprid and
thiamethoxam are almost at the same level in the
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world; however the MRLs of acetamiprid, thiacloprid,
and clothianidin are higher in Japan than the EU and
the US™ ™. The use of NN insecticides should be fully
controlled and recorded; and NN exposure in the
general population should be monitored on a systematic

basis with appropriate biomarkers, such as 6-CNA.

V. Conclusion

In Japan, environmental exposure to neonicotinoid
insecticides is prevalent. We have a rather high risk
for environmental intoxication due to the poor under-
standing of its characteristics, the vicinity of the
applied areas from residence, the high MRLs and the
broad range of application. Neonicotinoids are not
necessarily safer than organophosphates. The use of
neonicotinoid insecticides should be modest and
needs to be regulated according to the precautionary

principle with full respect for human health.
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