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Highlights 28 
 29 
 CLO is metabolized maternally in mice and rapidly transferred in breast milk.  30 
 CLO and metabolites are more highly concentrated in breast milk than maternal blood. 31 
 Most of CLO and its metabolites were eliminated from the mother's body within 24 h. 32 
 Infants are sensitive to chemicals, so adverse CLO effects in infants are a concern. 33 
  34 
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ABSTRACT 35 

Neonicotinoid pesticides (NNs) have been reported to have neurobehavioral effects on offspring after 36 

fetal and lactational exposure. In this study, clothianidin (CLO), an NN, was administered orally as a 37 

single dose (6.5 mg/kg: 1/10 of the no-observed-adverse-effect level in the current Pesticide Evaluation 38 

Report) to 10-day post-partum ICR mice, and CLO and its metabolite desmethyl-CLO (dm-CLO) were 39 

quantified using liquid chromatography-electrospray ionization/tandem mass spectrometry (LC-40 

ESI/MS/MS) after collecting maternal breast milk and blood samples over time (1, 3, 6, 9, 12, and 24 h 41 

after administration). CLO and dm-CLO were detected in the breast milk at 1 h after the administration, 42 

and their concentrations were significantly higher than those in blood at all time points. The 43 

concentrations of CLO and dm-CLO in the breast milk were at their highest levels at 1 and 3 h, 44 

respectively, and then decreased over time to become almost undetectable at 24 h after the administration. 45 

These results show that CLO is metabolized in the mother’s body and is rapidly transferred to and 46 

concentrated in the breast milk. Since CLO concentrations in breast milk are higher than those in the 47 

blood, there is concern about the effects of CLO during lactation. 48 

 49 
KEY WORDS: breast milk, clothianidin, fetomaternal transfer, maternal blood, metabolites, 50 
neonicotinoid 51 
  52 
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1. Introduction 53 

Neonicotinoid pesticides (NNs) are nicotinic analogues that target insect-type nicotinic acetylcholine 54 

receptors (nAChRs). Until relatively recently, they had been widely adopted worldwide as alternatives 55 

to organophosphorus pesticides. The NNs are characterized by penetration, persistence, and selective 56 

toxicity, and seven are currently in wide use: imidacloprid (IMI), nitenpyram, acetamiprid (ACE), 57 

thiamethoxam (TMX), thiacloprid, clothianidin (CLO), and dinotefuran (DIN) (Bass et al., 2015; 58 

Tomizawa and Casida 2003). As competitive modulators of nAChRs, they exhibit insecticidal activity 59 

by continuously exciting and disturbing neurons, and their affinity for nAChRs is tens to hundreds of 60 

times higher than that of mammals (Tomizawa and Casida 2005).  61 

However, since the 1990s, when the use of NNs began, there have been reports of mass deaths and 62 

disappearances of honeybees in some regions of the European Union (EU) and the United States. This 63 

phenomenon has been called “colony collapse disorder,’’ and NNs have been suggested to be involved 64 

(Henry et al., 2012; Whitehorm et al., 2012; Gill et al., 2012). As a result, in 2013 the EU placed a 65 

moratorium on three kinds of neonicotinoids (IMI, TMX, and CLO), forbidding their use in flowering 66 

crops that appeal to honeybees and other pollinating insects, and in 2018 the EU decided to ban the 67 

outdoor use of controversial neonicotinoid pesticides altogether, based on the threat they pose to 68 

pollinators. The U.S. Environmental Protection Agency (EPA) began regulating new or expanded 69 

outdoor use in 2015 (U.S. Environmental Protection Agency, 2015). In Japan, however, rather than 70 

tightening regulations, the Ministry of Health, Labor and Welfare relaxed food residue standards for 71 

CLO and ACE in 2015, TMX in 2016, and IMI in 2017, and the use of NNs continues. Despite the 72 

above-mentioned change in their worldwide use, Japan continue to permit the use of NNs in agriculture 73 

and forestry, household pest control, pet care, gardening, and many other applications, making them a 74 

familiar part of daily life. 75 

In recent years, NNs have been shown to have adverse effects on reproduction (Tokumoto et al., 2013; 76 

Hoshi et al., 2014; Kitauchi et al., 2021), thymus and intestinal microflora (Onaru et al., 2020), and 77 

neurobehavior (Hirai et al., 2022; Hirano et al., 2015, 2018, 2021; Nishi et al., 2022; Takada et al., 2018, 78 

2020; Yoneda et al., 2018) due to exposure to non-toxic doses in birds and mammals, and it has been 79 

confirmed that NNs affect higher vertebrates. Along with organophosphorus and pyrethroid compounds, 80 

NNs were detected in the urine of Japanese adults, children and neonates (Ichikawa et al., 2019; Ikenaka 81 

et al., 2019; Oya et al., 2021; Ueyama et al., 2015), and CLO and its metabolites, which are NNs, were 82 

found to be rapidly transferred from mother to fetus (Ohno et al., 2020), indicating that NNs are routinely 83 

transferred between mothers and children. Although the no-observed-adverse-effect level (NOAEL) for 84 

NNs was established based on toxicity studies using adult animals, fetuses and infants are also 85 

considered to be vulnerable to chemicals because of their underdeveloped blood-brain barrier (Charnly 86 
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et al., 2001), and thus the direct application of the NOAEL of NNs to adult animals may affect the 87 

development of fetuses and infants. In fact, the exposure of perinatal mice to the NOAEL of NNs has 88 

been reported to cause germ cell abnormalities in offspring (Yanai et al., 2017) and neurodevelopmental 89 

toxicity (Hoshi, 2021; Nakayama et al., 2018; Maeda et al., 2021; Sano et al., 2016), indicating that NNs 90 

exert effects on the next generation. 91 

Breast milk is a major source of nutrition for newborns, as it contains fats, proteins, carbohydrates, 92 

minerals, and vitamins, as well as the antibodies and lymphocytes necessary to protect the infant from 93 

infection and inflammation, and contributes to the healthy development of the immune system and 94 

intestinal microflora. For example, colostrum, which is secreted during the first few days after delivery, 95 

contains infection-fighting substances such as IgA, complement, lactoferrin, and macrophages, which 96 

protect the infant from infection. There are reports that breastfed infants have lower mortality rates than 97 

artificially fed infants, and that the incidence of acute infectious diseases such as allergies, insulin-98 

dependent diabetes, and Campylobacter enteritis is reduced in breastfed infants (Ito and Lee 2003; Ip et 99 

al., 2007). 100 

However, if a mother ingests a chemical substance, it may be transferred to the breast milk and affect 101 

the infant. In fact, it has been reported that anxiolytics, antiepileptics, antipyretics, anti-inflammatory 102 

drugs, and nicotine are transferred to human breast milk and affect infants (Tyson et al. 1937; Vorherr 103 

1974; Ito and Lee 2003; Napierala et al. 2016). In addition, persistent organic pollutants, such as dioxins 104 

and organochlorine pesticides, including dichlorodiphenyltrichloroethane (DDT), polychlorinated 105 

biphenyls (PCBs), polychlorinated dibenzo-p dioxins (PCDDs), and polychlorinated dibenzofurans 106 

(PCDFs), have been detected in breast milk (van den Berg et al., 2017), suggesting that they affect 107 

growth hormones and thyroid hormones related to infant neurodevelopment (Kao et al., 2019). NNs, 108 

which are currently among the most used pesticides, have also been detected in human breast milk (Chen 109 

et al., 2020), suggesting that they may have been correlated with a documented suppression of 110 

neurological development in nursing infants. 111 

We herein quantitatively evaluated the amount of CLO, which has been reported to have developmental 112 

neurotoxicity, and its metabolites transferred to breast milk over time in mice. 113 

 114 

2. Materials and methods 115 

2.1. Experimental animals and procedure 116 

Pregnant ICR mice were purchased from Japan SLC (Hamamatsu, Japan). All mice were maintained 117 

in individual (40.5 × 20.5 × 18.5 cm) ventilated cages (Sealsafe Plus Mouse; Tecniplast, Buguggiate, 118 

Italy) under controlled temperature (23 ± 2 °C), humidity (50 ± 10%) and ventilation (cage: 75 times/h) 119 

on a 14-h light/10-h dark cycle at the Kobe University Life-Science Laboratory with ad libitum access 120 
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to a pellet diet (DC-8; Clea Japan, Tokyo) and water. Thirteen mother mice were used in the experiments. 121 

 122 

2.2. CLO administration 123 

To determine the single dose, the intake was calculated as 7.5 mL/kg body weight. CLO was dissolved 124 

in dimethyl sulfoxide (DMSO, FUJIFILM Wako Pure Chemical Co. Osaka, Japan) at a dose of 1% of 125 

the total amount, and then dissolved in 0.5% carboxymethyl cellulose (FUJIFILM Wako Pure Chemical 126 

Co.) to obtain a dose concentration of 6.51 mg/kg/day. The dose concentration was based on the non-127 

toxic dose (65.1 mg/kg body weight) in ICR female mice in general pharmacological studies (Food and 128 

Agriculture Organization of the United Nations, 2016; Uneme et al., 2006). The CLO solution was 129 

administered as a single gavage dose to dams on postpartum day 10-11 (Fig. 1). 130 

 131 

2.3. Quantitative analysis 132 

2.3.1. Breast milk collection and blood sampling 133 

At 1, 3, 6, 9, 12, and 24 h after the CLO administration, breast milk and blood samples were collected 134 

from 13 dams and stored at –80℃ until analysis (Fig. 1). For the milk collection, a one-handed milking 135 

device for mice and rats (KN-591; Natsume Seisakusho, Tokyo) was used with some modifications (the 136 

teat contact area was changed to a 10 µL tip) (Fig. 2). The milk was collected immediately after 137 

administration of oxytocin (9-24 U/100 g body weight) under general anesthesia. The method of the 138 

milk collection was based on a previous study (Kawakami et al., 2015). Blood was collected from the 139 

tail vein of dams. 140 

 141 

2.3.2. Sample extraction 142 

From 1 to 5 µL of breast milk was measured, and then 2 mL of distilled water (D.W.), and 50 µL of 143 

CLO-d3 (100 ppb), as an internal standard, were added and the mixture was transferred to a 15 mL tube. 144 

Three mL of sodium acetate buffer (0.5 g/3 mL) and 1 mL of acetonitrile containing 1% formic acid 145 

were added, and the solution was mixed for 5 min. After that, 3.5 g of MgSO4 was added and the solution 146 

was mixed for 10 min, followed by centrifugation at 10,000G for 5 min. After centrifugation, 70 µL of 147 

the supernatant was passed through a GL Science MonoSpin Phospholipid cartridge. One hundred and 148 

fifty µL of D.W. containing 1% formic acid was added to the transit solution, and was transferred to an 149 

HPLC vial for LC/MS analysis. 150 

 151 

2.3.3. Liquid chromatography-electrospray ionization/tandem mass spectrometry (LC-ESI/MS/MS) 152 

analysis 153 

The LC-ESI/MS/MS analysis was performed based on Ohno et al. (2020). In brief, A 6495B Triple 154 
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Quadrupole Electrospray ionization (ESI)-LC/MS system from Agilent Technologies (Santa Clara, CA, 155 

USA) was used for the measurements. For HPLC analysis, Kinetex® Biphenyl (particle size 2.7 µm, 156 

100×3.0 mm; Phenomenex, Torrance, CA) was used as the analytical column. For solvent A, 0.1% 157 

formic acid + 10 mM ammonium acetate D.W. solution was used, and for solvent B, 0.1% formic acid 158 

+ 10 mM ammonium acetate methanol solution was used. Gradient elution was programmed as follows: 159 

for t = 0~1 min, 5% B (isocratic); for t = 12 min, 95% B (gradient); and for t = 12~13 min (gradient), 160 

95% B (isocratic). The column temperature and flow rate were set at 50 °C and 0.7 mL/min, respectively, 161 

and the target compounds were detected by multiple reaction monitoring (MRM) in positive ionization 162 

mode.  163 

The quantification analysis was performed using the internal standard method with CLO-d3 as the 164 

internal standard. 165 

Ohno et al. (2020) targeted six metabolites. However, in this study, more advanced pretreatment was 166 

required because breast milk, which contains more fat-soluble foreign substances than plasma, was 167 

targeted. Therefore, only CLO and the major metabolite, dm-CLO, were targeted for quantification 168 

because the recovery of the other metabolites was as low as about 20%. The recovery of CLO and dm-169 

CLO were good, at 100% and 70%, respectively. The recovery rates of CLO and CLO metabolites were 170 

95% CLO, 99% CLO-d3, 40% CLO-urea, 70% dm-CLO, 33% desmethyl-CLO-urea (dm-CLO-urea), 171 

and 20% desnitro-CLO (dn-CLO) at 50 ppb, and 100% CLO, 100% CLO-d3, 40% CLO-urea, 70% dm-172 

CLO, 36% dm-CLO-urea, and 20% dn-CLO at 100 ppb. The limits of detection were 5 ppb for CLO 173 

and 10 ppb for dm-CLO, respectively.  174 

 175 

2.4. Statistical analysis 176 

Statistical analyses were performed with Excel Statistics 2012 (version 1.00; SSRI, Tokyo). The ratio 177 

of milk concentration to blood concentration at 1, 3, 6, and 9 h CLO and dm-CLO were analyzed using 178 

Welch’s t-test. The results were considered significant when the P-value was less than 0.05. 179 

 180 

3. Results 181 

3.1. Kinetics and detected amounts of CLO compounds 182 

3.1.1. CLO 183 

CLO was detected in the breast milk and blood at 1, 3, 6, and 9 h after the CLO administration; at 12 184 

and 24 h, CLO was below the detection limit or milk could not be collected (Table 1, Fig. 3A). 185 

CLO levels in the breast milk were highest at 1 h after the administration in 8 of the 9 cases, with 186 

values of 3,428.8 ng/mL in dam 1, 2,299.7 ng/mL in dam 2, 3,249.2 ng/mL in dam 3, 1,474.5 ng/mL in 187 

dam 4, 2,974.6 ng/mL in dam 5, 2,170.8 ng/mL in dam 6, 2,409.9 ng/mL in dam 7 and 3,302.3 ng/mL 188 
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in dam 8. The doses decreased gradually at 3, 6, and 9 h after the administration, and no CLO was 189 

detected at 12 and 24 h. However, the CLO concentration increased by 21.4 ng/mL at 6 to 9 h after the 190 

administration in dam 7. 191 

Maternal blood CLO concentrations were highest at 1 h after the administration in 8 of 9 animals, with 192 

values of 1,519.6 ng/mL in dam 1, 2,546.1 ng/mL in dam 2, 2,924.7 ng/mL in dam 3, 1,769.8 ng/mL in 193 

dam 5, 1,014.0 ng/mL in dam 6, 1,640.5 ng/mL in dam 7, 1,722.2 ng/mL in dam 8 and 736.6 ng/mL in 194 

dam 9. The doses decreased gradually at 3, 6, and 9 h after the administration, and no CLO was detected 195 

at 12 and 24 h. 196 

The CLO concentration in the breast milk was significantly higher than that in the blood at 1 and 3 h 197 

after the administration (Fig. 3A). 198 

 199 

3.1.2. dm-CLO  200 

In the breast milk and maternal blood, dm-CLO, the metabolite of CLO, was detected at 1, 3, 6, and 9 201 

h after the administration; at 12 and 24 h, dm-CLO was below the detection limit or milk could not be 202 

collected in most samples (Table 2, Fig. 3B). 203 

The concentration of dm-CLO in the breast milk increased gradually at 1, 3, and 6 h after administration 204 

in dam 4, and decreased gradually at 1, 3, 6, and 9 h after the administration in dam 8, but was highest 205 

at 3 h after the administration in 7 of 9 dams, with values of 975.6 ng/mL in dam 1, 1,144.5 ng/mL in 206 

dam 2, 1,133.5 ng/mL in dam 3, 925.7 ng/mL in dam 5, 1,370.7 ng/mL in dam 6, 1,860.9 ng/mL in dam 207 

7, and 1,196.6 ng/mL in dam 9. The dm-CLO levels decreased gradually at 6, 9 and 12 h after the 208 

administration, and no dm-CLO was detected at 24 h. 209 

Concentrations of dm-CLO in the maternal blood were highest in 4 of the 9 dams at 1 h after the 210 

administration, with values of 768.6 ng/mL in dam 3, 230.1 ng/mL in dam 6, 521.3 ng/mL in dam 7, and 211 

535.7 ng/mL in dam 8. The dose gradually decreased at 3, 6, and 9 h after the administration. Five of 212 

the nine dams had the highest doses at 3 h after the administration, with values of 282.7 ng/mL in dam 213 

1, 678.3 ng/mL in dam 2, 520.6 ng/mL in dam 4, 376.7 ng/mL in dam 5, and 217.2 ng/mL in dam 9. The 214 

dose decreased gradually at 6 and 9 h after the administration. No dm-CLO was detected in the blood at 215 

12 and 24 h after the administration. 216 

At 1, 3, 6, and 9 h after the administration, concentrations of dm-CLO in the breast milk were 217 

significantly higher than those in the maternal blood (Fig. 3B). 218 

 219 

3.2. Trends in CLO and dm-CLO concentrations in the breast milk and blood 220 

In the breast milk, the highest concentration of CLO (2,663 ± 191 ng/mL) was observed at 1 h after the 221 

administration, and the highest dm-CLO concentration (1,084 ± 126 ng/mL) was observed at 3 h after 222 
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the administration. The CLO concentration remained higher than the dm-CLO concentration until 3 h 223 

after the administration, but the dm-CLO concentration exceeded the CLO concentration from 6 h after 224 

the administration (Fig. S1). In the blood, the CLO concentration was highest (1,656 ± 225 ng/mL) at 1 225 

h after the administration, and the dm-CLO concentration was highest (397 ± 73 ng/mL) at 1 h after the 226 

administration. CLO concentrations remained higher than dm-CLO concentrations until 3 h after the 227 

administration, but dm-CLO concentrations were higher than CLO concentrations at 6 and 9 h after the 228 

administration (Fig. S1). 229 

 230 

3.3. Ratio of CLO and dm-CLO concentrations in the breast milk to those in the blood 231 

The ratio of CLO concentration in the breast milk to that in the blood was greater than 1 in all cases 232 

except for dam 2 at 1 h after the administration, dam 4 at 3 h after the administration, and dams 10-13 233 

at 9 h after the administration (Table S1). The hourly distribution was also skewed toward the milk side 234 

rather than toward the y = x slope (Fig. 4A). The ratio of dm-CLO concentration in milk to that in the 235 

blood was greater than 1 in all cases except for dams 2 and 4 at 1 h after the administration and dam 4 236 

at 3 h after the administration (Table S2). The distribution of dm-CLO in milk was more skewed toward 237 

the milk side than toward the slope of y = x (Fig. 4B). 238 

 239 

4. Discussion 240 

The present study demonstrated that CLO and its metabolites (dm-CLO) were transferred to breast 241 

milk very rapidly and that their concentrations in milk were significantly higher than their concentrations 242 

in maternal blood. 243 

As a preliminary experiment, the NOAEL dose of CLO was administered to dams, and breast milk and 244 

blood samples were collected. As a result, the data variability was very large in the administered groups, 245 

so this study was conducted at 1/10 of the NOAEL (Table S3 and S4). Since no CLO or its metabolites 246 

were detected in the vehicle-treated control group, the so-called negative control was omitted for the 247 

purpose of this study.  248 

The breast milk was collected at about 1 to 2 weeks after parturition, when milk secretion in mice is at 249 

its maximum (Hanrahan and Eisen 1970; Knight et al., 1986), in order to secure the milking volume. It 250 

has been reported that gentle finger massage around the mammary gland promotes milk evacuation and 251 

results in successful milking (Muranishi et al., 2016). Therefore, the milking tube part of the milking 252 

device (KN-591; Natsume Seisakusho, Tokyo) was modified to suction the entire teat using a 10 µL tip 253 

and silicone tube (Fig. 2). In addition, since milking without oxytocin was extremely difficult, oxytocin 254 

was injected just before milking to stimulate milk secretion. Oxytocin is a non-peptide hormone. 255 

Generally, oxytocin is released from the axon terminals of neurons in the posterior lobe of the pituitary 256 
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gland into the bloodstream when the stimulus of sucking the teats is transmitted to magnocellular 257 

neurons at the hypothalamic periventricular and supraoptic nuclei (Leng et al., 2015). The myoepithelial 258 

cells around the nipple contract, and the milk stored in the mammary gland is discharged into a primary 259 

duct beneath the nipple. Oxytocin also regulates other physiological functions, such as sexual behavior, 260 

feeding regulation, and thermoregulation (Baskerville and Douglas 2008; Leng et al. 2008; Yuan et al., 261 

2020). It has been reported that medium- to long-term administration of oxytocin does not affect breast 262 

milk composition (Ballou et al., 2013; Nostrand et al., 1991), and in this experiment, oxytocin 263 

administration was incorporated into the milking procedure because the milk supply and confirmation 264 

of CLO transfer were of paramount importance. 265 

CLO is known to be metabolized into several metabolites in the mammalian body (Ohno et al., 2020). 266 

In the present analysis, metabolites other than dm-CLO, the major metabolite of CLO, were below the 267 

detection limit, indicating that CLO is present in blood and breast milk mostly in the form of CLO or 268 

dm-CLO. In other words, CLO may be metabolized to CLO or dm-CLO in the blood and then transferred 269 

to breast milk, where it is excreted while maintaining the state of CLO or dm-CLO. In fact, Ford and 270 

Casida (2006) showed that CLO is immediately excreted in the urine in the form of CLO or dm-CLO, 271 

with a half-life of several tens of minutes. On the other hand, a previous study using a 10-times-higher 272 

dose (=NOAEL dose) of CLO than the current dose showed that when CLO was administered to mothers, 273 

CLO and CLO metabolites [dm-CLO, desmethyl-desnitro-CLO (dm-dn-CLO), dm-CLO-urea, dn-CLO, 274 

CLO-urea, and 1-methyl-3-nitroguanidine (MNG)] were detected in the samples (Ohno et al., 2020). 275 

However, dm-dn-CLO, dn-CLO, CLO-urea, and MNG were detected in much lower amounts than CLO 276 

and dm-CLO. Moreover, this experiment required a higher sample dilution rate to analyze breast milk, 277 

which has a higher lipid content. Therefore, the recovery rate of metabolites other than dm-CLO was as 278 

low as about 20%, suggesting that the metabolites, if present, may be too small to be detected in this 279 

experiment, which was conducted at 1/10 of the NOAEL dose. In other words, the CLO dosage, sample 280 

dilution rate, and recovery rates of metabolites differed from those in the method of Ohno et al. (2020), 281 

which was one reason why metabolites other than dm-CLO were not detected in our experiments, 282 

suggesting that other metabolites, although in small amounts, may in fact be present. As for the 283 

metabolite desnitro, which was not detected in this experiment, in the case of IMI and ACE, the binding 284 

of desnitro-IMI (dn-IMI) and desnitro-ACE (dn-ACE) to nAChR is reversed between insects and 285 

mammals, resulting in higher toxicity in mammals. In addition, the nitroguanidine derivatives of IMI, 286 

TMX, CLO, and DIN bind more strongly to α4β2 nAChRs than to Drosophila nAChRs (Kanne et al., 287 

2005), which suggests that some metabolites of CLO may be more toxic to mammals. Furthermore, 288 

CLO is also a partial agonist of mammalian neuronal α7 nAChRs and has high affinity for them 289 

(Cartereau et al., 2018; Xiang et al., 2020), raising concerns about α7 nAChRs-mediated effects on 290 
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neurodevelopment, the immune system, and the reproductive system. In short, if CLO is present in breast 291 

milk in the form of a metabolite such as desnitro, the adverse effects on infants who ingest it are likely 292 

to be greater than the adverse effects in those who ingest the parent compound. 293 

In the present study, CLO concentrations in both the breast milk and blood reached their highest levels 294 

at 1 h after the administration, were halved or lower at 3 h, and were below the detection limits at 12 295 

and 24 h. The concentration of dm-CLO in the milk reached its highest level at 3 h after the 296 

administration and in the blood at 1 h after the administration, was halved at 6 h, and was at trace levels 297 

or below the detection limit at 12 and 24 h. In other words, the CLO concentrations in breast milk and 298 

blood peaked at or before 1 h after the administration and were halved at 3 h, and most of the CLO was 299 

excreted from the body within 24 h. The dm-CLO concentrations in the milk peaked at 3 h and those in 300 

the blood peaked at 1 h after the administration, and the dm-CLO concentrations in both milk and blood 301 

were halved at 6 h and mostly excreted within 24 h. Regarding the hemodynamics of CLO, previous 302 

studies have shown that the CLO blood concentration decreased with time from 1 h after administration 303 

and the dm-CLO blood concentration increased from 1 to 3 h after administration (Ohno et al., 2020), 304 

which is consistent with these findings. 305 

In our present experiments, it was shown that the CLO and dm-CLO concentrations were significantly 306 

higher in the breast milk than in the blood. In regard to nicotine, nicotine concentrations have been 307 

shown to be higher in breast milk than in blood. This is mainly because nicotine, when administered via 308 

drinking water, is distributed into breast milk, which contains high lipid content and is more acidic 309 

(Matta et al., 2007). Although the cause of the high CLO concentrations in breast milk is not clear, the 310 

fact that both CLO and dm-CLO concentrations were higher in the breast milk than in the blood is an 311 

important new finding, suggesting that CLO may be accumulated or concentrated during the production 312 

of breast milk. This was also confirmed in our present experiments by measuring the ratio of CLO 313 

concentration in the breast milk to CLO concentration in the blood; the results were shown as a scatter 314 

plot for each time point after administration, and indicated that the tendency for CLO concentration to 315 

increase in the breast milk does not change with time. Moreover, the kinetics of CLO and dm-CLO in 316 

the milk and blood were very similar, suggesting that the metabolism and accumulation of CLO in the 317 

blood and milk are comparable. For dm-CLO only, the time of maximum blood concentration varied 318 

between 1 and 3 h after the administration, which may have been due to individual differences in the 319 

metabolic rate of each animal. 320 

In a previous study, it was reported that neurogenesis in the hippocampal dentate gyrus was impaired 321 

in mice exposed to ACE and IMI at the postnatal age of 12-26 days (Nakayama et al., 2019), suggesting 322 

that postnatal exposure to NN impairs neurodevelopment. It was also found that urinary detection and 323 

concentration of N-desmethylacetamiprid (DMAP), a metabolite of ACE, were higher in low-birth-324 
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weight infants (SGA) than in normal infants (AGA) (Ichikawa et al., 2019), suggesting that NN exposure 325 

via breast milk may affect neonatal neurodevelopment. In the present study, the CLO and dm-CLO 326 

concentrations were higher in the breast milk than in the blood. This suggests that CLO exposure per 327 

body weight differs between mothers and infants with different sensitivities, and that we should pay 328 

attention to NN exposure in fetuses and infants, since both are vulnerable to chemicals. In humans, 329 

infants are more sensitive to drugs due to the immaturity of their enzyme and drug systems, and 330 

differences in the number and affinity of drug receptors, so that they cannot absorb and metabolize drugs 331 

in the same way as adults. In fact, neonates have a longer gastric emptying time, and immature pancreatic 332 

and biliary functions, bacterial flora, and transport-enzyme activities, all of which are thought to affect 333 

drug absorption. In addition, CYPs, which are necessary enzymes for liver metabolism, and renal 334 

functions, such as tubular secretion and glomerular filtration, are immature during the first months of 335 

life and mature to adult levels within a few months (Matalova, et al., 2016). These facts indicate that the 336 

half-life of drugs is longer in neonates, and drugs in breast milk may accumulate and reach high 337 

concentrations in infants. In the past, simulations of chemical exposure to lactating children have shown 338 

that the half-life is the most important factor in determining the infant's systemic exposure to chemicals 339 

via breast milk (Verner et al., 2017). This means that the half-lives of CLOs and their metabolites 340 

obtained in this study are longer in infants, and the impairment of infants' health due to their 341 

accumulation is of concern. 342 

 343 

5. Conclusion 344 

The present study is the first report to demonstrate that CLO is metabolized maternally in mice and is 345 

transferred and concentrated in breast milk very rapidly. CLO and its metabolites were found to be more 346 

concentrated in the milk than in the blood, and most of them were eliminated from the mother's body 347 

within 24 h. Since the sensitivity of infants to chemicals is greater than that of their mothers, the 348 

developmentally adverse effects of CLO on infants are a matter of concern. In the future, it will be 349 

necessary to study the exposure of infants to CLOs through breast milk in more detail. 350 
 351 
Conflict of interest statement 352 
The authors declare that there are no conflicts of interest. 353 
 354 
Acknowledgments 355 
This work was supported in part by Grants-in-Aid for Scientific Research A (JP18H04132: YI) and B 356 
(JP22H03750 & JP19H04277: NH), a Grant-in-Aid for Challenging Exploratory Research 357 
(JP21K19846: NH), and a Grant-in-Aid for Early-Career Scientists (JP19K19406: TH) from the 358 
Ministry of Education, Culture, Sports, Science and Technology of Japan. We also acknowledge 359 
financial support in the form of “Act Beyond Trust” (GIA) civil grants in 2020 and 2021 (NH). The 360 



13 
 

funders had no role in the study design, data collection and analysis, decision to publish, or preparation 361 
of the manuscript.  362 



14 
 

References 363 
 364 
Baskerville, T.A. and Douglas, A.J., 2008. Interactions between dopamine and oxytocin in the control 365 

of sexual behaviour. Prog. Brain Res. 170, 277–290. 366 
Ballou, L.U., Bleck, J.L., Bleck, G.T., Bremel, R.D., 1993. The effects of daily oxytocin injections 367 

before and after milking on milk production, milk plasmin, and milk composition. J. Dairy Sci. 76, 368 
1544–1549. 369 

Bass, C., Denholm, I., Williamson, M.S., Nauen, R., 2015. The global status of insect resistance to 370 
neonicotinoid insecticides. Pestic. Biochem. Physiol. 121, 78–87. 371 

Cartereau, A., Martin, C., Thany, S.H., 2018. Neonicotinoid insecticides differently modulate 372 
acetycholine-induced currents on mammalian α7 nicotinic acetylcholine receptors. Br. J. 373 
Pharmacol. 175, 1987–1998. 374 

Charnley, G., Putzrath, R.M., 2001. Children's health, susceptibility, and regulatory approaches to 375 
reducing risks from chemical carcinogens. Environ. Health Perspect. 109, 187–192. 376 

Chen, D., Liu, Z., Barrett, H., Han, J., Lv, B., Li, Y., Li, J., Zhao, Y., Wu, Y., 2020. Nationwide 377 
biomonitoring of neonicotinoid insecticides in breast milk and health risk assessment to nursing 378 
infants in the Chinese population. J. Agric. Food Chem. 68, 13906–13915. 379 

Food and Agriculture Organization of the United Nations 2016. FAO Specifications and Evaluations for 380 
Agricultural Pesticide Clothianidin. http://www.fao.org/3/ca7726en/ca7726en.pdf (accessed 19 381 
February 2022). 382 

Ford, K.A., Casida, J.E., 2006. Unique and common metabolites of thiamethoxam, clothianidin, and 383 
dinotefuran in mice. Chem. Res. Toxicol. 19, 1549–1556. 384 

Gill, R.J., Ramos-Rodriguez, O., Raine, N.E., 2012. Combined pesticide exposure severely affects 385 
individual-and colony-level traits in bees. Nature 491, 105–108. 386 

Hanrahan, J.P., Eisen, E.J., 1970. A lactation curve for mice. Lab Anim Care. 20, 101–104. 387 
Henry, M., Henry, M., Béguin, M., Requier, F., Rollin, O., Odoux, J.F., Aupinel, P., Aptel, J., 388 

Tchamitchian, S., Decourtye, A., 2012. A common pesticide decreases foraging success and 389 
survival in honey bees. Science 336, 348–350. 390 

Hirai, A., Sugio, S., Nimako, C., Nakayama, S.M.M., Kato, K., Takahashi, K., Arizonom, K., Hiranom 391 
T., Hoshi, N., Fujioka, K., Taira, K., Ishizuka, M., Wake, H., Ikenaka, Y., 2022. Ca2+ imaging with 392 
two-photon microscopy to detect the disruption of brain function in mice administered 393 
neonicotinoid insecticides. Sci. Rep. 12, 5114. 394 

Hirano, T., Miyata, Y., Kubo, S., Ohno, S., Onaru, K., Maeda, M., Kitauchi, S., Nishi, M., Tabuchi, Y., 395 
Ikenaka, Y., Ichise, T., Nakayama, S.M.M., Ishizuka, M., Arizono, K., Takahashi, K., Kato, K., 396 
Mantani, Y., Yokoyama, T., Hoshi, N., 2021. Aging-related changes in the sensitivity of behavioral 397 
effects of the neonicotinoid pesticide clothianidin in male mice. Toxicol Lett. 342, 95-103. 398 

Hirano, T., Yanai, S., Omotehara, T., Hashimoto, R., Umemura, Y., Kubota, N., Minami, K., Nagahara, 399 
D., Matsuo, E., Aihara, Y., Shinohara, R., Furuyashiki, T., Mantani, Y., Yokoyama, T., Kitagawa, 400 
H., Hoshi, N., 2015. The combined effect of clothianidin and environmental stress on the behavioral 401 
and reproductive function in male mice. J. Vet. Med. Sci. 77, 1207–1215. 402 

Hirano, T., Yanai, S., Takada, T., Yoneda, N., Omotehara, T., Kubota, N., Minami, K., Yamamoto, A., 403 
Mantani, Y., Yokoyama, T., Kitagawa, H., Hoshi, N., 2018. NOAEL-dose of a neonicotinoid 404 
pesticide, clothianidin, acutely induce anxiety-related behavior with human-audible vocalizations 405 
in male mice in a novel environment. Toxicol. Lett. 282, 57–63. 406 



15 
 

Hoshi, N., 2021. Adverse effects of pesticides on regional biodiversity and their mechanisms. In: 407 
Matsuda, T., Wolff, J., Yanagawa, T., (Eds), Risks and Regulation of New Technologies. Springer, 408 
Singapore, pp. 235–247. 409 

Hoshi, N., Hirano, T., Omotehara, T., Tokumoto, J., Umemura, Y., Mantani, Y., Tanida, T., Warita, K., 410 
Tabuchi, Y., Yokoyama, T., Kitagawa, H., 2014. Insight into the mechanism of reproductive 411 
dysfunction caused by neonicotinoid pesticides. Biol. Pharm. Bull. 37, 1439–1443. 412 

Ichikawa, G., Kuribayashi, R., Ikenaka, Y., Ichise, T., Nakayama, S.M.M., Ishizuka, M., Taira, K., 413 
Fujioka, K., Sairenchi, T., Kobayashi, G., Bonmatin, J.M., Yoshihara, S., 2019. LC-ESI/MS/MS 414 
analysis of neonicotinoids in urine of very low birth weight infants at birth. PLoS One. 14, 415 
e0219208. 416 

Ikenaka, Y., Miyabara, Y., Ichise, T., Nakayama, S., Nimako, C., Ishizuka, M., Tohyama, C.,2019. 417 
Exposures of children to neonicotinoids in pine wilt disease control areas. Environ. Toxicol. Chem. 418 
38, 71–79. 419 

Ip, S., Chung, M., Raman, G., Chew, P., Magula, N., DeVine, D., Trikalinos, T., Lau, J., 2007. 420 
Breastfeeding and maternal and infant health outcomes in developed countries. Evid. Rep. Technol; 421 
Assess. 153, 1–186. 422 

Ito, S., Lee, A., 2003. Drug excretion into breast milk—overview. Adv. Drug Deliv. Rev. 55, 617–627. 423 
Kanne, D.B., Dick, R.A., Tomizawa, M., Casida, J.E., 2005. Neonicotinoid nitroguanidine insecticide 424 

metabolites: synthesis and nicotinic receptor potency of guanidines, aminoguanidines, and their 425 
derivatives. Chem. Res. Toxicol. 18, 1479–1484. 426 

Kao, C.C., Que, D.E., Bongo, S.J., Tayo, L.L., Lin, Y.H., Lin, C.W., Lin, S.L., Gou, Y.Y., Hsu, W.L., 427 
Shy, C.G., Huang, K.L., Tsai, M.H., Chao, H.R., 2019. Residue levels of organochlorine pesticides 428 
in breast milk and its associations with cord blood thyroid hormones and the offspring's 429 
neurodevelopment. Int. J. Environ. Res. Public Health. 16, 1438. 430 

Kawakami, K., Yamada, K., Notsu, Y., Zahid, H.M., Nabika, T., Yamada, T., 2015. Development of one-431 
handed milking device to collect milk from lactating rats: Analysis of feeding with progressive 432 
lactation. Shimane J. Med. 32, 13–18. 433 

Kitauchi, S., Maeda, M., Hirano, T., Ikenaka, Y., Nishi, M., Shoda, A., Murata, M., Mantani, Y., 434 
Yokoyama, T., Tabuchi, Y., Hoshi, N., 2020. Effects of in utero and lactational exposure to the no-435 
observed-adverse-effect level (NOAEL) dose of the neonicotinoid clothianidin on the reproductive 436 
organs of female mice. J. Vet. Med. Sci. 83, 746–753. 437 

Knight, C.H., Maltz, E., Docherty, A.H., 1986. Milk yield and composition in mice: effects of litter size 438 
and lactation number. Comp. Biochem. Physiol. A Comp. Physiol. 84, 127–133. 439 

Leng, G., Onaka, T., Caquineau, C., Sabatier, N., Tobin, V.A., Takayanagi, Y., 2008. Oxytocin and 440 
appetite. Prog. Brain. Res. 170, 137–151. 441 

Leng, G., Pineda, R., Sabatier, N., Ludwig, M., 2015. 60 YEARS OF NEUROENDOCRINOLOGY: 442 
The posterior pituitary, from Geoffrey Harris to our present understanding. J. Endocrinol. 226, 443 
T173–185. 444 

Maeda, M., Kitauchi, S., Hirano, T., Ikenaka, Y., Nishi, M., Shoda, A., Murata, M., Mantani, Y., Tabuchi, 445 
Y., Yokoyama, T., Hoshi, N., 2020. Fetal and lactational exposure to the no-observed-adverse-effect 446 
level (NOAEL) dose of the neonicotinoid pesticide clothianidin inhibits neurogenesis and induces 447 
different behavioral abnormalities at the developmental stages in male mice. J. Vet. Med. Sci. 83, 448 
542–548. 449 

Matalova, P., Urbanek, K., Anzenbacher, P., 2016. Specific features of pharmacokinetics in children. 450 



16 
 

Drug Metab. Rev. 48, 70–79. 451 
Matta, S.G., Balfour, D.J., Benowitz, N.L., Boyd, R.T., Buccafusco, J.J., Caggiula, A.R., Craig, C.R., 452 

Collins, A.C., Damaj, M.I., Donny, E.C., Gardiner, P.S., Grady, S.R., Heberlein, U., Leonard, S.S., 453 
Levin, E.D., Lukas, R.J., Markou, A., Marks, M.J., McCallum, S.E., Parameswaran, N., Perkins, 454 
K.A., Picciotto, M.R., Quik, M., Rose, J.E., Rothenfluh, A., Schafer, W.R., Stolerman, I.P., Tyndale, 455 
R.F., Wehner, J.M., Zirger, J.M., 2007. Guidelines on nicotine dose selection for in vivo research. 456 
Psychopharmacology (Berl) 190, 269–319. 457 

Muranishi, Y., Parry, L., Averous, J., Terrisse, A., Maurin, A.C., Chaveroux, C., Mesclon, F., Carraro, V., 458 
Bruhat, A., Fafournoux, P., Jousse, C., 2016. Method for collecting mouse milk without exogenous 459 
oxytocin stimulation. Biotechniques 60, 47–49. 460 

Nakayama, A., Yoshida, M., Kagawa, N., Nagano, T., 2018. The neonicotinoids acetamiprid and 461 
imidacloprid impair neurogenesis and alter the microglial profile in the hippocampal dentate gyrus 462 
of mouse neonates. J. Appl. Toxicol. 39, 877–887. 463 

Napierala, M., Mazela, J., Merritt, T.A., Florek, E., 2016. Tobacco smoking and breastfeeding: Effect 464 
on the lactation process, breast milk composition and infant development. A critical review. 465 
Environ. Res. 151, 321–338. 466 

Nishi, M., Sugio, S., Hirano, T., Kato, D., Wake, H., Shoda, A., Murata, M., Ikenaka, Y., Tabuchi, Y., 467 
Mantani, Y., Yokoyama, T., Hoshi, N., 2022. Elucidation of the neurological effects of clothianidin 468 
exposure at the no-observed-adverse-effect level (NOAEL) using two-photon microscopy in vivo 469 
imaging. J. Vet. Med. Sci. 84, 585–592. 470 

Nostrand, S.D., Galton, D.M., Erb, H.N., Bauman, D.E., 1991. Effects of daily exogenous oxytocin on 471 
lactation milk yield and composition. J. Dairy Sci. 74, 2119–2127. 472 

Ohno, S., Ikenaka, Y., Onaru, K., Kubo, S., Sakata, N., Hirano, T., Mantani, Y., Yokoyama, T., Takahashi, 473 
K., 2020. Quantitative elucidation of maternal-to-fetal transfer of neonicotinoid pesticide 474 
clothianidin and its metabolites in mice. Toxicol. Lett. 322, 32–38. 475 

Onaru, K., Ohno, S., Kubo, S., Nakanishi, S., Hirano, T., Mantani, Y., Yokoyama, T., Hoshi, N., 2020. 476 
Immunotoxicity evaluation by subchronic oral administration of clothianidin in Sprague-Dawley 477 
rats. J. Vet. Med. Sci. 82, 360–372. 478 

Oya, N., Ito, Y., Ebara, T., Kato, S., Ueyama, J., Aoi, A., Nomasa, K., Sato, H., Matsuki, T., Sugiura-479 
Ogasawara, M., Saitoh, S., Kamijima, M., 2021. Cumulative exposure assessment of 480 
neonicotinoids and an investigation into their intake-related factors in young children in Japan. Sci. 481 
Total Environ. 750, 141630. 482 

Sano, K., Isobe, T., Yang, J., Win-Shwe, T.T., Yoshikane, M., Nakayama, S.F., Kawashima, T., Suzuki, 483 
G., Hashimoto, S., Nohara, K., Tohyama, C., Maekawa, F., 2016. In utero and lactational exposure 484 
to acetamiprid induces abnormalities in socio-sexual and anxiety-related behaviors of male mice. 485 
Front. Neurosci. 10, 228.  486 

Takada, T., Yoneda, N., Hirano, T., Onaru, K., Mantani, Y., Yokoyama, T., Kitagawa, H., Tabuchi, Y., 487 
Nimako, C., Ishizuka, M., Ikenaka, Y., Hoshi, N., 2020. Combined exposure to dinotefuran and 488 
chronic mild stress counteracts the change of the emotional and monoaminergic neuronal activity 489 
induced by either exposure singly despite corticosterone elevation in mice. J. Vet. Med. Sci. 82, 490 
350–359. 491 

Tokumoto, J., Danjo, M., Kobayashi, Y., Kinoshita, K., Omotehara, T., Tatsumi, A., Hashiguchi, M., 492 
Sekijima, T., Kamisoyama, H., Yokoyama, T., Kitagawa, H., Hoshi, N., 2013. Effects of exposure 493 
to clothianidin on the reproductive system of male quails. J. Vet. Med. Sci. 75, 755–760. 494 



17 
 

Tomizawa, M., Casida, J.E., 2003. Selective toxicity of neonicotinoids attributable to specificity of 495 
insect and mammalian nicotinic receptors. Annu Rev Entomol. 48, 339–364. 496 

Tomizawa, M., Casida, J.E., 2005. Neonicotinoid insecticide toxicology: mechanisms of selective action. 497 
Annu. Rev. Pharmacol. Toxicol. 45, 247–268. 498 

Tyson, R.M., Shrader, E.A., Peblman, H.H., 1937. Drugs transmitted through breast milk. J. Pediatr. 11, 499 
824–832. 500 

Ueyama, J., Harada, K.H., Koizumi, A., Sugiura, Y., Kondo, T., Saito, I., Kamijima, M., 2015. Temporal 501 
levels of urinary neonicotinoid and dialkylphosphate concentrations in Japanese women between 502 
1994 and 2011. Environ. Sci. Technol. 49, 14522–14528. 503 

Uneme, H., Konobe, M., Akayama, A., Yokota, T., Mizuta, K., 2006. Discovery and development of a 504 
novel insecticide ‘Clothianidin’. Sumitomo Kagaku 2. 1–14. (https://www.sumitomo-505 
chem.co.jp/english/rd/report/theses/docs/20060202_h6t.pdf) (accessed 19 February 2022). 506 

U.S. Environmental Protection Agency, 2015. New and Pending Submissions for Outdoor Uses of 507 
Products Containing the Nitroguanidine Neonicotinoids Imidacloprid, Dinotefuran, Clothianidin 508 
or Thiamethoxam. https://www.epa.gov/sites/default/files/2015-04/documents/neonicotinoid-new-509 
use.pdf (accessed 19 February 2022). 510 

van den Berg, M., Kypke, K., Kotz, A., Tritscher, A., Lee, S.Y., Magulova, K., Fiedler, H., Malisch, R., 511 
2017. WHO/UNEP global surveys of PCDDs, PCDFs, PCBs and DDTs in human milk and benefit-512 
risk evaluation of breastfeeding. Arch. Toxicol. 91, 83–96. 513 

Verner, M.A., Plouffe, L., Kieskamp, K.K., Rodríguez-Leal, I., Marchitti, S.A., 2017. Evaluating the 514 
influence of half-life, milk: plasma partition coefficient, and volume of distribution on lactational 515 
exposure to chemicals in children. Environ. Int. 102, 223–229. 516 

Vorherr, H., 1974. Drug excretion in breast milk. Postgrad Med. 56, 97–104. 517 
Whitehorn, P.R., O'Connor, S., Wackers, F.L., Goulson, D., 2012. Neonicotinoid pesticide reduces 518 

bumble bee colony growth and queen production. Science 336, 351–352. 519 
Xiang, D., Xu, X., Zhou, Q., Yan, R., Chen, M., Guo, Y., Zhu, G., 2020. The expression of soluble 520 

functional α7-nicotinic acetylcholine receptors in E. coli and its high-affinity binding to 521 
neonicotinoid pesticides. Pestic. Biochem. Physiol. 164, 237–241. 522 

Yanai, S., Hirano, T., Omotehara, T., Takada, T., Yoneda, N., Kubota, N., Yamamoto, A., Mantani, Y., 523 
Yokoyama, T., Kitagawa, H., Hoshi, N., 2017. Prenatal and early postnatal NOAEL-dose 524 
clothianidin exposure leads to a reduction of germ cells in juvenile male mice. J. Vet. Med. Sci. 79, 525 
1196–1203. 526 

Yoneda, N., Takada, T., Hirano, T., Yanai, S., Yamamoto, A., Mantani, Y., Yokoyama, T., Kitagawa, H., 527 
Tabuchi, Y., Hoshi, N., 2018. Peripubertal exposure to the neonicotinoid pesticide dinotefuran 528 
affects dopaminergic neurons and causes hyperactivity in male mice. J. Vet. Med. Sci. 80, 634–637. 529 

Yuan, J., Zhang, R., Wu, R., Gu, Y., Lu, Y., 2020. The effects of oxytocin to rectify metabolic dysfunction 530 
in obese mice are associated with increased thermogenesis. Mol. Cell. Endocrinol. 514, 110903.  531 

  532 

http://www.sumitomo-chem.co.jp/english/rd/report/theses/docs/20060202_h6t.pdf
http://www.sumitomo-chem.co.jp/english/rd/report/theses/docs/20060202_h6t.pdf


18 
 

FIGURE LEGENDS 533 
Fig. 1 Experimental schedule 534 

CLO was orally administered to ICR mice on postpartum day 10 or 11 (n=13). Breast milk and blood 535 

samples were collected at 1, 3, 6, 9, 12, and 24 h after the administration. 536 

 537 

Fig. 2 Milking device 538 

(A) The milking device was a one-handed milking device for mice and rats (KN-591; Natsume 539 

Seisakusho, Tokyo), which consists of a pressure adjustment pipe, sampling tube, exhaust pipe, and 540 

milking pipe. The milking pipe was replaced with the straight part of a 10 µL tip, a pipette connecting 541 

part of a 10 µL tip (110-207C; WATSON Co., Tokyo), and a silicon tube (10 mm long, 4 mm in outer 542 

diameter, 2 mm in inner diameter). The exhaust pipe was connected to an aspirator and milk was 543 

collected from a 10 µL tip in contact with the teat into a sampling tube. The milk collection method was 544 

based on that in a previous study (Kawakami et al., 2015).  545 

(B) The 10 µL tip was approximately 20 mm in length at the pipette-connecting part and at the straight 546 

part. The colors of the parts in (A) correspond to those in (B). 547 

 548 

Fig. 3 CLO and dm-CLO concentrations in breast milk and blood 549 

(A) The CLO concentration in milk was highest at 1 h after the administration and was gradually 550 

decreased at 3, 6, and 9 h. The blood CLO concentration was highest at 1 h after the administration and 551 

was gradually decreased at 3, 6, and 9 h. The CLO concentration in the milk and blood was below the 552 

detection limit at 12 and 24 h. CLO concentrations in the milk were significantly higher than those in 553 

the blood at 1 and 3 h after the administration. The values are expressed as mean ± SE. The numbers of 554 

samples were as follows: 1 h (milk, blood = 9), 3 h (milk, blood = 9), 6 h (milk = 4, blood = 6), 9 h (milk 555 

= 7, blood = 9), 12 h (milk = 5, blood = 6), and 24 h (milk = 3, blood = 12). **P < 0.01. 556 

(B) The milk dm-CLO concentrations were highest at 3 h after the administration and were gradually 557 

decreased at 6, 9, and 12 h. Dm-CLO concentrations in the blood were highest at 1 h or 3 h after the 558 

administration and were gradually decreased at 6 and 9 h after the administration. The milk dm-CLO 559 

concentrations were below the detection limit at 24 h and the blood dm-CLO concentrations were below 560 

the detection limit at 12 and 24 h after the administration. The concentrations of dm-CLO in the milk 561 

were significantly higher than those of dm-CLO in the blood at 1, 3, 6, and 9 h after the administration. 562 

The values are expressed as mean ± SE. The numbers of samples were as follows: 1 h (milk, blood = 9), 563 

3 h (milk, blood = 9), 6 h (milk = 5, blood = 6), 9 h (milk = 7, blood = 9), 12 h (milk = 5, blood = 6), 564 

and 24 h (milk = 5, blood = 12); *P < 0.05, **P < 0.01. 565 

 566 
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Fig. 4 Ratio of CLO and dm-CLO concentrations in the breast milk to those in the blood 567 

(A) The distribution of CLO concentrations in the milk relative to CLO concentrations in the blood 568 

showed that CLO concentrations in the milk were higher. The numbers of samples were as follows: 1 h 569 

= 9, 3 h = 9, 6 h = 4, and 9 h =4. 570 

(B) The distribution of dm-CLO concentrations in the milk relative to dm-CLO concentrations in the 571 

blood showed that dm-CLO concentrations in the milk were higher. The numbers of samples were as 572 

follows: 1 h = 9, 3 h = 9, 6 h = 5, and 9 h = 7. 573 

 574 

Fig. S1 Changes in CLO and dm-CLO concentrations in the breast milk and blood 575 

In the milk, the highest CLO concentration (2,663 ± 191 ng/mL) was observed at 1 h after the 576 

administration, and the highest dm-CLO concentration (1,084 ± 126 ng/mL) was observed at 3 h after 577 

the administration. In the blood, the CLO concentration was highest at 1 h after the administration (1,656 578 

± 225 ng/mL), and the dm-CLO concentration was highest at 1 h after the administration (397 ± 73 579 

ng/mL). The values are expressed as mean ± SE. 580 
 581 
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Table 1  CLO concentration in the maternal milk and blood

dam 1 h 3 h 6 h 9 h 12 h 24 h

3428.8 1678.8 － － － －

1519.6 492.7 74.5 － － < LOD

2299.7 1318.6 － － － －

2546.1 1095.8 － 23.2 － < LOD

3249.2 1471.2 532.9 － － －

2924.7 861.2 192.7 － － －

1474.5 1322.7 977 668.9 － －

1032.4 1431.3 326.3 － － < LOD

2974.6 1336 － － － －

1769.8 676.4 166.2 19.2 － < LOD

2170.8 1195.6 － － － －

1014 222.5 － < LOD － < LOD

2409.9 1344.9 82.5 103.9 < LOD －

1640.5 89.6 9.9 < LOD < LOD < LOD

3302.3 518 44.9 25.5 － －

1722.2 360.5 9.3 < LOD < LOD < LOD

2659.3 3022.2 － － － －

736.6 545.3 － － － < LOD

－ － － 28.9 < LOD < LOD

－ － － 38.4 < LOD < LOD

－ － － 10.3 < LOD －

－ － － 27.2 < LOD < LOD

－ － － 18 < LOD < LOD

－ － － 32.3 < LOD < LOD

－ － － 7.6 < LOD < LOD
－ － － 26.8 < LOD < LOD

－ : Not examined or samples not taken; LOD: Limit of detection;

Upper cell: Breast milk; Lower cell: Maternal blood (ng/mL).
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Table 2  dm-CLO concentration in the maternal milk and blood

dam 1 h 3 h 6 h 9 h 12 h 24 h

935.2 975.6 － － － －

243.1 282.7 253.3 － － < LOD

546.3 1144.5 － － － －

638.6 678.3 － 55.7 － < LOD

790.9 1133.5 590.6 － － －

768.6 646.2 388.1 － － －

143.7 473.6 568.5 － － －

158.5 520.6 216.4 － － < LOD

744.5 925.7 602.5 62.1 － －

368.6 376.7 179.4 54 － < LOD

580 1370.7 － － － －

230.1 219.8 － 29.3 － < LOD

940.2 1860.9 334 155.9 < LOD < LOD

521.3 122 101.8 47.6 < LOD < LOD

1089.8 672.2 227.2 148.4 － －

535.7 324 80.5 44.2 < LOD < LOD

443 1196.6 － － － < LOD

104.6 217.2 － － － < LOD

－ － － 187.8 49.7 < LOD

－ － － 117.6 < LOD < LOD

－ － － 173 48 －

－ － － 74.8 < LOD < LOD

－ － － 218.7 40.3 < LOD

－ － － 81.5 < LOD < LOD

－ － － 96.6 22.2 < LOD
－ － － 62.6 < LOD < LOD

－ : Not examined or samples not taken; LOD: Limit of detection;

Upper cell: Breast milk; Lower cell: Maternal blood (ng/mL).
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Table S1  CLO ratio of the maternal milk vs. blood

dam 1 h 3 h 6 h 9 h 12 h 24 h
1 2.3 3.4 － － － －

2 0.9 1.2 － － － －

3 1.1 1.7 2.8 － － －

4 1.4 0.9 3.0 － － －

5 1.7 2.0 － － － －

6 2.1 5.4 － － － －

7 1.5 15.0 8.3 － － －

8 1.9 1.4 4.8 － － －

9 3.6 5.5 － － － －

10 － － － 0.8 － －

11 － － － 0.4 － －

12 － － － 0.6 － －

13 － － － 0.3 － －

－ : Not examined or samples not taken



Table S2.  dm-CLO ratio of the maternal milk vs. blood

dam 1 h 3 h 6 h 9 h 12 h 24 h
1 3.8 3.5 － － － －

2 0.9 1.7 － － － －

3 1.0 1.8 1.5 － － －

4 0.9 0.9 2.6 － － －

5 2.0 2.5 3.4 1.2 － －

6 2.5 6.2 － － － －

7 1.8 15.3 3.3 3.3 － －

8 2.0 2.1 2.8 3.4 － －

9 4.2 5.5 － － － －

10 － － － 1.6 － －

11 － － － 2.3 － －

12 － － － 2.7 － －

13 － － － 1.5 － －

－ : Not examined or samples not taken



Table S3  CLO concentration in the maternal milk and blood after administration of NOAEL doses of CLO 

dam 1 h 6 h 12 h 24 h

31919.6 5517.0 151.6 2069.7

10922.3 < LOD － < LOD

35045.3 1247.3 < LOD < LOD

9353.6 507.3 < LOD < LOD

44963.2 2644.0 < LOD < LOD

13900.1 700.5 < LOD < LOD

147255.7 26980.2 2969.8 < LOD

9054.8 7439.3 753.2 < LOD

49791.8 4493.3 59.7 < LOD

14700.3 1562.3 31.5 < LOD

< LOD < LOD < LOD －

< LOD < LOD < LOD < LOD

< LOD < LOD － －

< LOD < LOD － < LOD

< LOD < LOD － －

< LOD < LOD － < LOD

< LOD < LOD < LOD < LOD

< LOD < LOD < LOD < LOD

< LOD < LOD < LOD －

< LOD < LOD < LOD < LOD

－ : Not examined or samples not taken; LOD: Limit of detection;

Upper cell: Breast milk; Lower cell: Maternal blood (ng/mL).

CLO-1

CLO-2

CLO-3

CLO-4

CLO-5

Ctrl-2

Ctrl-3

Ctrl-4

Ctrl-5

Ctrl-1



Table S4  dm-CLO concentration in the maternal milk and blood after administration of NOAEL doses of CLO 

dam 1 h 6 h 12 h 24 h

20273.8 13545.0 4267.6 1487.7

5956.0 855.7 － < LOD

35611.8 3857.2 605.1 < LOD

9736.3 1989.7 < LOD < LOD

30322.4 16262.8 1608.0 < LOD

10954.7 5136.3 761.0 < LOD

157056.6 37224.2 10363.5 186.8

7731.8 10767.5 2869.4 < LOD

44303.9 15088.1 3007.8 < LOD

13115.4 < LOD 934.2 < LOD

< LOD < LOD < LOD －

< LOD < LOD < LOD < LOD

< LOD < LOD － －

< LOD < LOD － < LOD

< LOD < LOD － －

< LOD < LOD － < LOD

< LOD < LOD < LOD < LOD

< LOD < LOD < LOD < LOD

< LOD < LOD < LOD －

< LOD < LOD < LOD < LOD

－ : Not examined or samples not taken; LOD: Limit of detection;

Upper cell: Breast milk; Lower cell: Maternal blood (ng/mL).

CLO-1

CLO-2

CLO-3

CLO-4

CLO-5

Ctrl-2

Ctrl-3

Ctrl-4

Ctrl-5

Ctrl-1
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