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A B S T R A C T   

The nonlinearity of internal exposure to 8 pesticides was investigated in toxicity studies using kinetics to identify 
nonlinearity visually and to investigate the influence of nonlinearity on toxicological evaluation. Data were 
obtained from risk assessment reports published by the Food Safety Commission (FSCJ). Nonlinearity was 
defined using 2 indicators: the lowest visual inflection point (LVIP) and the second lowest visual inflection point 
(SVIP) of kinetics by drawing a linear distribution chart. The area under the curve and 24-h urine concentrations 
were stable parameters used to identify the LVIP/SVIP. The sampling timing affected the blood concentrations, 
and the LVIP/SVIP was detected for 6 pesticides using the parent compounds or their metabolites as analytes. 
The subproportional nonlinearity was significant for these pesticides. The LVIP/SVIP values were consistent in 
the same species up to a 1-year period, but the values showed species-specific differences in several compounds. 
In all compounds found to be nonlinear, apical outcomes were observed at the SVIP or above. The presence of 
nonlinearity was recognized by the FSCJ. The recognition influenced their judgment of no-observed-adverse- 
effect levels (NOAELs) for carcinogenicity or health-based guidance values, indicating the importance of 
appropriate kinetics to identify the nonlinearity for toxicological evaluation of pesticide residue.   

1. Introduction 

Pesticides are considered potentially toxic (WHO, 2018). In dietary 
risk assessments of pesticide residues, toxicological evaluations have 
been conducted to identify treatment related adverse effects on human 
health based on various types of toxicity studies using experimental 
animals in accordance with test-guidelines authorized by national 
and/or international regulatory bodies. In such guidelines for studies of 
chemicals, including pesticides, the administered doses have been set to 
detect toxicity at the maximum tolerated dose (MTD) for over half a 
century. 

Recently, researchers in the regulatory toxicology field proposed 
shifting from MTD-based to kinetically derived maximum dose (KMD)- 
based evaluation (Barton et al., 2006; Doe et al., 2006; Creton et al., 
2009), and KMD has been defined as the dose at the point of departure 
from linearity of internal exposure or the inflection point of nonlinear 
toxicokinetics (TK) behavior (Barton et al., 2006; Creton et al., 2012; 
Saghir et al., 2012; Saghir, 2015). Thus, KMD-based or 
pharmacokinetics-emphasized approaches for toxicological evaluation 
of pesticide residues as well as chemicals in other sectors have been 
developed (Creton et al., 2012; McCoy et al., 2012; McFadden, 2012; 
Saghir et al., 2012; Terry et al., 2016: Heringa, 2013; Sewell et al., 
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2017). To improve the approach to human relevance of animal data in 
the toxicological evaluation of residue levels of chemicals, including 
pesticides, more pragmatically, it is scientifically reasonable that toxi-
cological evaluation is shifted from MTD-based to 
pharmacokinetics-based, because consumers are rarely exposed to res-
idue levels of chemicals at levels showing the nonlinearity of internal 
exposure through foods. In annual monitoring in Japan, the residue 
levels of pesticides in foods were undetectable or much lower than the 
maximum residue limit (MRL) in Japan (Ministry Health Labor and 
Welfare (MHLW, 2018). 

Recently opportunities for pesticide evaluations in which kinetics 
were investigated in each toxicity study have been increasing for risk 
assessors. They noted that such kinetics investigations are essential for 
comprehensive evaluations for human health assessments, but also 
noted that no common standardized methods are used in kinetics in-
vestigations, with neither guidance nor guidelines on kinetic empha-
sizing toxicological evaluation. The FAO and WHO Joint Meeting of 
Pesticide Residues (JMPR) stated a need for guidance on toxicological 
interpretation due to the shift from MTD to KMD-based evaluations of 
pesticide residues in general consideration (FAO/WHO, 2020). 

In this study, we analyzed pesticides in which kinetic investigations 
were conducted concurrently with toxicity studies. Our purposes were to 
compare the appropriate parameters for kinetics investigations in 
toxicity studies to identify the nonlinearity of internal exposure, and to 
investigate the influence of the nonlinearity of internal exposure on 
interpretation in toxicological evaluation. Based on the analysis, we 
discussed what type of interpretation should be applicable to toxico-
logical data with nonlinearity of internal exposure. All data used in our 
current investigation were obtained from published reports by the Food 
Safety Commission (FSCJ), the responsible national authority for risk 
assessment of chemicals in foods in Japan (FSCJ, 2017; 2018; 2019a; 
2019b; 2019c; 2019d; 2019e; 2020). The current analysis was con-
ducted with a focus on chemicals used for pesticides having potential for 
consumer intake through foods. Therefore, chemicals for other uses 
were beyond the scope of the current analysis. 

2. Materials and methods 

2.1. Chemicals selected and source of their data 

Eight pesticides, which were broflanilide, cyantraniliprole, fenpi-
coxamid, florpyrauxifen-benzyl, inpyrfluxam, mefentrifluconazole, 
methyltetraprole, pydiflumetofen, were available in the current analysis 
because their kinetics had been investigated in toxicity studies (FSCJ, 
2017; 2018; 2019a; 2019b; 2019c; 2019d; 2019e; 2020). The data on 
chemical class, Tmax, absorption and excretion information of single oral 
dose, toxicological profiles, health-based guidance values of individual 
compound are provided in Supplement Table 1. 

2.2. Analysis of methods for kinetics investigation for each compound 

The following aspects of kinetics investigations in toxicity studies 
were checked for each compound: 1) type of toxicity study and species 
examined; 2) analytical compound(s); 3) parameters of kinetics; and 4) 
sampling timepoints. 

2.3. Determination of doses showing nonlinearity of internal exposure 
based on kinetics 

McFadden and coworkers calculated the KMD using statistical 
methods based on individual kinetic data (2012). The point at which 
nonlinearity is observed visually was reported as the visual KMD 
(vKMD) (McFadden et al., 2012). The vKMD was reported to be a 
reasonable value for the points of nonlinearity (PONL) in some or most 
cases, but it is also known to show human bias (McFadden, 2012). Saghir 
and the co-workers used a regression fit as a way for determination of 
nonlinearity (Saghir et al., 2006). Sweatman and Renwick (1980) indi-
cated a significant nonlinearity of plasma concentrations of saccharin in 
rats using mean and standard deviation (SD) values. In the current 
analysis; however, we could not calculate with regression line, because 
the only mean values but not SD values were published in the risk 
assessment reports published by FSCJ. In their reports, the other nu-
merical data such as standard deviations could not be obtained. Since we 
could not address the original kinetic data for each compound, 2 

Table 1 
Summary of analysis of kinetics methods to identify nonlinearity in 8 pesticides.  

Pesticide name Methods of kinetics Curve type of 
nonlinearity 

LVIP/SVIP Determination 

Toxicity study in which 
kinetic was 
investigated (species) 

Parameter(s) of 
kinetics 

Compound(s) 
analyzed 

Identify 
LVIP/ 
SVIP? 

Identify 
species 
difference? 

Parameter used 
for determination 

Marker 
compound 

Broflanilide ‣Subchronic (R,M,D) 
‣Chronic (R, M) 

Plasma c Parent, 
Metabolite B 

Sub-p Yes Yes 
R < D < M(a) 

Plasma c. Metabolite B 

Cyantraniliprole ‣Subchronic (R, M, D) Plasma c. Parent, 
Metabolites B, 
K, J, Q  

No    

Fenpicoxamid ‣Subchronic (R, M, D) 
‣Chronic (R, M, D) 
‣Development (R, Rb) 

Blood c. with time- 
course sampling, 
AUC, Urine c. 

Parent, 
Metabolites F, 
N 

Sub-p Yes No AUC, Urine c. R, M, Rb: 
Metabolite N 
D: Parent, 
Metabolite F 

Florpyrauxifen- 
benzyl 

‣Subchronic (R, M, D) 
‣Chronic (R, M, D) 
‣Reproductive(R) 
‣Development (R, Rb) 

Blood c. with time- 
course sampling, 
AUC, Urine c., Milk 
c. 

Parent, 
Metabolite A 

Sub-p Yes Yes 
R = D < M 

AUC, Urine c Metabolite A 

Inpyrfluxam ‣Chronic (R, M, D) Plasma c., AUC Parent  No    
Mefentriflu- 

conazole 
‣Subchronic (R, D) Plasma c. Parent Supra-p Yes No Plasma c. Parent (only) 

Metyltetraprole ‣Subchronic (R, D) 
‣Chronic (R, D) 

Plasma c., AUC Parent Sub-p Yes No AUC Parent (only) 

Pydiflumetofen ‣Kinetics (R, M, Rb)* 
‣Subchronic (R, M, D) 
‣Development (Rb)* 

Blood c. with time- 
course sampling, 
AUC 

Parent ‣R, Rb: Sub-p 
‣D, M: Supra-p 

Yes Yes 
R = Rb < D <
M 

AUC, Blood c. Parent (only) 

LVIP; the lowest visual inflection point; SVIP, the second lowest visual inflection point; R, rat; M, mouse; D, dog; Rb, rabbit; c, concentration. All studies were con-
ducted as feeding ones except the studies marked as*, which were gavage. (a), a comparison of the values among species; Sub-p, subproportional nonlinearly; Supra-p, 
supraproportional nonlinearity. 
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indicators obtained visually were used for nonlinearity in the current 
analysis: the lowest indicator was the dose of the lowest visual inflection 
point of kinetics (LVIP), and the other indicator was the dose of the 
second lowest inflection point visually expressed as the second lowest 
visual inflection point (SVIP) (Fig. 1). 

A schematic illustration of linearity and nonlinearity in dose-internal 
exposure relationships is shown in Fig. 1. There are 2 patterns of 
nonlinearity of internal exposure, supraproportionality and sub-
proportionality. Supraproportionality is a rapid increase in AUC beyond 
the evaluation of the administered dose in the nonlinear phase caused by 
saturation of xenobiotic metabolizing enzymes, such as CYP2C9/19 in 
the metabolism of phenytoin (Mamiya et al., 1998). Subproportionality 
is reflected in a gentler increase in the AUC with an increase in the 
administered dose during the nonlinear phase caused by a decrease in 
the absorption rate as the administered dose increases or by saturation of 
the plasma concentration as the tissue distribution increases (Horii et al., 
2009). Induction of xenobiotic metabolizing enzymes by a test substance 
may also be a cause of subproportionality. To detect the increase in the 
tissue distribution following treatment, we analyzed the ADME of each 
compound to check whether the tissue distribution of the test substance 
was increased. 

The levels of LVIP/SVIP in each toxicity study were chosen based on 
visual inflection points identified clearly in the line chart. If kinetics 
were measured via several sampling points in a study, LVIP/SVIP was 
mainly chosen from data collected at more appropriate time points such 
as 3-month or 12-month. The administered dose in a feeding study was 
expressed as mg/kg body weight (BW)/day. In the current analysis, any 
factors influencing LVIP/SVIP, such as species differences, treatment 
duration, sex, or pregnancy status, were investigated. 

2.4. Influence of nonlinearity of internal exposure on toxicological 
interpretation for pesticides 

To investigate the influence of the nonlinearity of internal exposure 
on toxicological interpretation treatment-related effects were classified 
into 4 types based on the LVIP/SVIP value for each study. The four types 
were as follows: dose(s) lower than the LVIP (<LVIP), LVIP, SVIP, and 

dose(s) higher than the SVIP (SVIP<). The effect or toxicity observed 
found newly at the dose levels of SVIP or SVIP< was picked up. 

After classification into 4 types, any documentation of the nonline-
arity of kinetics or the influence on the toxicological interpretation was 
examined in a risk assessment report from FSCJ for each compound. In 
particular, we investigated the relationship between nonlinearity of ki-
netics and the judgment of toxicity including the NOAEL (no-observed- 
adverse-effect-level) or HBGV (health-based guidance value). 

3. Results 

3.1. Profiles of ADME, toxicity in chemicals analyzed 

Brief summaries of toxicological profiles of 8 pesticides were intro-
duced in Supplement Table 1. They were 2 insecticides, 5 fungicides and 
1 herbicide. Their absorption rates were varied depending on the 
pesticide, but there was no pesticide that accumulated in tissues/organs 
in the body. All compounds showed rapid eliminations from the body. 
The toxicological profiles were also varied, however the decrease in 
body weight gains was a common finding to all compounds expect 
metylteraprole. Liver hypertrophy was also common in cyantraniliprole, 
fenpicoxamid, inpyrfluxam, mefentrifluconazole and pydiflumetofen. 
ADIs of these compounds were varied, and florpyrauxifen-benzyl and 
methylteraprole showed little toxicity. All compounds, except inpyr-
fluxam and pydiflumetofen, were assessed setting ARfDs not necessary. 

3.2. Toxicity studies in which kinetics were investigated 

Information on methods of kinetical investigation in 8 pesticides was 
summarized in Table 1. Subchronic (mainly 90-day) toxicity studies in 
rats and dogs were the most common study in which kinetics were 
investigated in 7 compounds. Chronic toxicity studies in rats, dogs and 
mice were performed for 5, 4, and 3 compounds, respectively. Multiple 
measurements for kinetics investigations were conducted in subchronic 
and/or chronic toxicity studies of all compounds except cyan-
traniliprole. In cyantraniliprole, the kinetics investigation was con-
ducted once in mice, rats and dogs, and the sampling timing was not 
reported in dogs. The last sampling timing in chronic studies was 12 
months of treatment for almost chemicals. The longest sampling timing 
was 18 months in mice treated with broflanilide. Developmental toxicity 
studies in rats and rabbits were performed for 2 and 3 compounds, 
respectively. Florpyraurxifen-benzyl was the only compound for which 
investigations were conducted in all toxicity studies. Time course sam-
plings for daily changes were investigated in fenpicoxamid for rats, 
pydiflumetofen for mice and rats, and florpyrauxifen-benzyl for mice, 
rats and dogs. All studies including development toxicity studies except 
a rabbit development toxicity study of pydiflumetofen were conducted 
as feeding studies. 

3.3. Kinetics parameters and analytes investigated 

Kinetics parameters in 8 compounds are shown in Table 1. The most 
common kinetics parameters evaluated were plasma concentration fol-
lowed by AUC. The 24-h urine concentration was measured for 2 com-
pounds. The concentration in milk was measured in a reproductive 
toxicity study of florpyrauxifen-benzyl. 

In toxicity studies in which the kinetics was investigations, the 
parent pesticide as well as its metabolites were measured in broflanilide, 
cyantraniliprole, fenpicoxamid and florpyrauxifen-benzyl (Table 1). The 
concentrations of these metabolites were higher than the corresponding 
parent pesticides, and these metabolites were reported to be major 
metabolites for these compounds in rats (FSCJ, 2017; 2019a-c). For 
fenpicoxamid, metabolite F showed the highest AUC in dogs, whereas 
metabolite N was the highest in rats (Supplement figure 1). 

Fig. 1. Schematic illustration of the linearity and nonlinearity of dose-internal 
exposure relationships in our analysis. LVIP, a dose of the lowest visual in-
flection point. SVIP, a dose of the second lowest visual inflection point. 
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3.4. Levels of internal exposure using kinetics parameters 

Levels of internal exposure using kinetics parameters in individual 
studies in all compounds were plotted using kinetics parameters to draw 
line charts of the distribution of the parameters. The results in repre-
sentative studies are shown in Supplement figure 1. Visually clear in-
flection points of kinetics parameters were observed in most of studies of 
all compounds in mice, rats and dogs using the drawing figures. The dose 
levels of inflection points in AUC or urine concentration were similar at 
almost all sampling points in the same study. The dose levels of inflec-
tion points in plasma concentrations were similar to AUC. The data of 
plasma concentration of multiple measurements showed similar dose 
levels of inflection points of kinetics parameters although the levels of 
the concentrations varied depending on sampling time (Supplemental 
Fig. 1).For example, in broflanilide the dose levels of the inflection point 
of plasma concentration was similar among the different sampling times 
(2, 12,25, 38 and 51 weeks) in rats and mice although the concentration 

levels were different among the times in both 90-day studies. In daily 
changes, plasma concentration measured from the early morning 
(6AM–8AM) in rats and mice, and from a couple of hours (4–6 h) after 
feeding in dogs showed similar dose level of inflection point to AUC. 
These concentrations were peak in the daily change, and were attenu-
ated after the times. In pydiflumetofen, the daily plasma concentration 
showed wide variation in mice, especially in males. 

3.5. Patterns of nonlinearity 

Patterns of nonlinearity for internal exposure were different among 
chemicals (Supplemental Fig. 1). Broflanilide, fenpicoxamid, 
florpyrauxyfen-benzyl, and methyltetraprole showed a subproportional 
type, and the patterns were consistent among species. Mefentri-
fluconazole showed a supraproportional type. Pydiflumetofen showed a 
subproportionality type in rats and rabbits and a supraproportionality 
type in mice and dogs. Although the plasma concentration of 

Fig. 2. The comparison of plasma concentrations in male rats at 3-month among 8 compounds analyzed in the current study. A, broflanilide; B, cyantraniliprole; C, 
fenpicoxamid; D, flopyrauxifen-benzyl; E, inpyrfluxam; F, mefentrifluconazole; G, methylteraprole; H, pydiflumetofen. TK#, terminal kill; Cmax, the maximum 
plasma concentration; Cmin, the minimum plasma concentration. In E, the level of 0.01 μg/mL was the limit of detection. 

S. Machino et al.                                                                                                                                                                                                                                



Regulatory Toxicology and Pharmacology 124 (2021) 104958

5

inpyrfluxam was deemed to be linear, data of major metabolites were 
not provided. The summary of patterns of nonlinearity are shown in 
Table 1. In ADME studies, no evidence of increased tissue distribution 
with dose or accumulation in the body was obtained for any compounds. 
Plasma concentration data at 3-month of all 8 compounds in rats are 
shown in Fig. 2. Their numerical data are shown in Supplemental 
Table 3. 

3.6. Identification of LVIP/SVIP 

Based on the dose of inflection points in individual study, clear in-
flection points by drawing line charts of AUC, urine concentration or 
plasma concentration distributions were identified as LVIP and SVIP for 
individual studies in 6 of 8 pesticides (Table 2). LVIP/SVIP values were 
selected using data obtained from several weeks after commencement of 
administration; however, values obtained several days after the 
commencement were not used. For broflanilide, fenpicoxamid and 
florpyrauxifen-benzyl, LVIP and SVIP were determined using metabo-
lites. For inpyrfluxam, LVIP and SVIP were not determined because the 
measurement was performed for the parent only, whose concentration 
was very low. For cyantraniliprole, kinetics parameter was plasma 
concentration only, and the information on the sampling time was 
insufficient. 

3.7. Differences according to species, treatment duration, sex and 
pregnancy status 

Species differences in LVIP/SVIP values were found in several com-
pounds (Tables 1 and 2, Supplemental Fig. 1). Nonlinearity was not clear 
in mice for florpyrauxifen-benzyl and pydiflumetofen. The pattern of 
nonlinearity was different between species in pydiflumetofen. The 
nonlinearity became unclear with duration in rats and dogs treated with 
mefentrifluconazole, in mice with broflanilide and in male dogs with 
methyltetraprole. The influences of sex and pregnancy status on LVIP/ 
SVIP values were not clear. 

3.8. Comparison of LVIP/SVIP values in 6 compounds with their 
NOAELs/lowest-observed-adverse effect level (LOAELs) 

Florpyrauxifen-benzyl and methyltetraprole showed very weak 
toxicity and most of their NOAELs were the LVIP or higher (Table 2). 
Fenpicoxamid toxicity was weak in dogs and pregnant rabbits, and their 
NOAELs were the LVIP or higher. In contrast, NOAELs in long-term 
studies in rodents were lower than their LVIP values. Broflanilide also 
showed weak toxicity in mice and dogs, and their NOAELs and LOAELs 
were the LVIP and SVIP values, respectively. However, morphological 
changes in the adrenal glands were found in rats at doses lower than the 
LVIP. In mefentrifluconazole and pydiflumetofen, their NOAELs for 
short-term toxicity were lower than the LVIP, and their LOAELs were the 
LVIP in rats and dogs. 

3.9. Relationships of toxicities with LVIP/SVIP for 6 compounds 

For all 6 compounds, several toxicities and/or effects were newly 
found at the SVIP and above, although no common toxicity/effect was 
found (Table 2, Supplement data 2). For broflanilide, the incidences of 3 
different types of tumors were increased at the SVIP and higher doses in 
rats. Increases in uterine adenocarcinoma and ovarian gonadal stromal 
tumors were observed at the SVIP (Fig. 3). Leydig cell tumors were 
increased at the higher dose of SVIP, and the Leydig cell hyperplasia, its 
preneoplastic lesion, was increased at SVIP, respectively (Fig. 3). The 
numerical data on plasma concentrations in this study was provided in 
Supplemental Table 4. 

3.10. Influence of nonlinearity on toxicological interpretation or 
establishment of health-based guidance values by FSCJ 

The nonlinearity of internal exposure found in 6 compounds was 
recognized by FSCJ and documented in their risk assessment reports 
(Table 2). However, their practical values of nonlinearity of internal 
exposure was not described. Their recognition of nonlinearity influ-
enced their interpretation of toxicities. For broflanilide, the incidences 
of gonadal stromal tumors at the two highest doses showed no clear dose 
relationship. FSCJ judged the increases at both doses as treatment- 
related owing to the nonlinearity of internal exposure at these doses. 
For fenpicoxamid, a developmental toxicity study in rabbits was con-
ducted as a feeding study, and the highest dose was lower than 1000 
mg/kg BW/day, which was the limit dose. However, FSCJ judged this 
compound to not be teratogenic under these study conditions because 
the kinetics indicated only a 2 or 3-fold difference in internal exposure 
between gavage and feeding administration. For florpyrauxifen-benzyl, 
the overall NOAELs in each species instead of each study were specified 
owing to the nonlinearity of internal exposure. Among the species, 803 
mg/kg BW/day, the lowest NOAEL in mice, was chosen as the point of 
departure for setting an acceptable dairy intake (ADI). As for other 
pesticides, the recognition was not influenced on the toxicological 
interpretation or the specifications of point of departure. 

4. Discussion 

In our current analysis of 8 pesticides, the nonlinearity of internal 
exposure was detected by kinetics investigation in toxicity studies. The 
AUCs and urine concentrations were consistent kinetic parameters used 
to identify internal exposure. AUC is considered the most reliable 
biomarker of internal exposure; however, data for blood (plasma) con-
centrations were also applicable when the sampling timing was taken 
into account. Multiple sampling points during the treatment period were 
considered crucial for the consistency of plasma concentrations in 
kinetics. 

For several compounds, the parent compounds were rapidly 
metabolized to major metabolites. In such cases, measurement of the 
major metabolites rather than the parent compound was considered to 
be critical for identification of nonlinearity. Moreover, metabolites 
should be selected properly for each species because they may differ 
among species. 

Six of 8 pesticides showed nonlinearity of internal exposure based on 
the LVIP and SVIP, with 2 visual indicators of kinetics to judge the 
nonlinearity. The nonlinearity of the remaining 2 pesticides was not 
identified due to inadequate kinetic investigations. For inpyrfluxam 
internal exposure to metabolites should have been measured because 
higher amounts of the metabolites than the parent compound were 
observed in the blood or organs in its ADME study (FSCJ, 2018). For 
cyantraniliprole, the plasma concentrations of the parent compound 
and/or metabolites showed nonlinearity, but this could not be 
confirmed due to measurements taken at a single timepoint of mea-
surement day (FSCJ, 2017). 

Recently exposure-driven or kinetics-based approaches for chemical 
safety assessment have been agreed upon by risk assessors in various 
fields of chemicals such as agrochemicals or pharmaceutical medicines, 
although various opinions on these methods have been reported (Her-
inga et al., 2013, 2020; Sewell et al., 2017). vKMD is reported to contain 
human bias compared to the KMD value calculated by a mathematical 
formula (McFadden et al., 2012). Our analysis showed that the LVIP and 
SVIP values were consistent in the same species in different studies 
except at the beginning of treatment. We recognized that LVIP was not 
an accurate value for KMD; however, we were able to know an 
approximate nonlinearity by using LVIP and SVIP. We also recognize 
that we should compare the values of LVIP/SVIP analyzed in the current 
study with statistically derived KMD values (McFadden et al., 2012) if 
we are given an opportunity to access the original data of kinetics 
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Table 2 
Summary of LVIP/SVIP, NOAEL or new findings at the SVIP and higher in each study.  

Species Study <LVIP LVIP SVIP SVIP<

Values New finding(a) at SVIP and above Values New finding(a) at SVIP<

Broflanilid 
Rat 90d No NOAEL M 35/F 41 M 104/F 

126  
M 345, 1110/F 
418, 1240 

MF, BW↓  

2yr M 1.7, 5.7/F 
2.1, 7.2 

M 16/F 20 M 84/F 104 M, Leydig cell hyperplasia; F,Uterine 
adenocarcinoma/Tumors of ovarian stroma origin 

M 822/F 1130 M, Leydig cell tumor; F, Anemia/ 
Multinuclei hepatocyte 

Mouse 90d M 26.3/F 32.3 M 199/F 
230 

M 955/F 
1150 

F, Adrenal cortex vacuole/Adrenal Wt↑    

18m M 21/F 22 M 157/F 
172 

M 745/F 
820 

F, Adrenal Wt↑   

Dog 90d  M 100/F 
100 

M 300/F 
300  

M 1000/F 1000 MF, Liver Wt↑; 
M, TG↑; F, ALP↑ 

Fenpicoxamid 
Rat 28d  M 196/F 

197 
M 395/ 
F388  

M 788/F 764   

90d  M 180/F 
205 

M 365/F 
413  

M 732/F 834   

2yr No NOAEL M 101/F 
101 

M 303/F 
302 

M, CPN/Kidney Wt↑ M 1010/F 1010 F, BW↓/Kidney Wt↑  

Dev  D 311/Ft 
311 

D1040/Ft 
1040    

Mouse 28d F295 M 216/F 
652 

M 444/F 
1177 

F, Fascicular zone hypertrophy in adrenal/Adrenal 
Wt↑ 

M 901 M, Fascicular zone hypertrophy 
in adrenal/Adrenal Wt↑  

90d M 39.6/F 48.5 M 192/F 
303 

M 399/F 
566 

M, ALB ↓ M 921/F 1110   

18m M 5.27, 32.1/F 
6.76, 39.7 

M 156/F 
388     

Dog 90d  M 100/F 
122 

M 408/F 
353  

M 939/F 1120   

1yr  M 84/F 273 M 300/F 
1010  

M 981/F 1010  

Rabbit Dev Ft 52.8 D 52.8/Ft 
177 

D177/Ft 
495 

D, Feed ↓/Feces↓ D 495 D, BW ↓ 

Florpyrauxifen-benzyl 
Rat 90d  M 104/F 

101 
M 314/F 
303  

M 1060/F 
1020   

2yr M 10.1/F 10.2 M 50.6/F 
50.8 

M 303/F 
305     

Repro        
F0 M 10.6/F 10.3 M 53.1/F 

51.5 
M317/F 
309     

F1 M 11.3/F 11 M 56.6/F 
55.6 

M 341/F 
330     

Dam 
L4 

F0 10.3/F1 11 F051.5/ 
F155.6 

F0 309/F1 
330     

PND4 F0 10.3/F1 11 F0 51.5/F1 
55.6 

F0 309/F1 
330    

Mouse 90d M 101/F 102 M 304/F 
303 

M 1000/F 
1010 

F, BW↓/Feed↓/Ovary Wt↓    

18m M 50/F 50.3 M 200/F 
201 

M 1000/F 
803    

Dog 90d  M 106/F 
115 

M 366/F 
329  

M 1010/F 
1220   

1yr M 7.4/F 7.3 M 37.7/F 
44.6 

M 240/F 
243    

Mefentrifluconazole 
Rat 90d M 27.2/F 30.4 M 76.3/F 

90.5 
M 256/F 
314 

MF, BW ↓; F, T Cho↓   

Dog 90d M 15/F 15 M 90/F 90 M 180/F 
180 

MF, Vomitting, BW↓/TP↓   

Methyltetraprole 
Rat 90d M 148/F 169 M 438/F 

509 
M 1510/F 
1720     

2yr  M 101/F 
132 

M 301/F 
403  

M 1060/F 
1370  

Dog 90d F100 M 100/F 
300 

M 300/F 
1000  

M 1000   

1yr  M 100/F 
100 

M 300/F 
300  

M 1000/F 
1000 

M, Liver hypertrophy 

Pydiflumetofen 
Rat 90d M 18.6/F 21.6 M 111/F 

127 
M 578/F 
727 

MF, BW↓/Feed↓; F, Cho↑ M 1190/F 1330  

Mouse 90d M 17,5, 81.6, 
630, 1160      

(continued on next page) 
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because of importance of justification of our study. 
Our results also indicated that the values of nonlinearity of internal 

exposure showed long-term consistency. The guidance for assessing 
systemic exposure in toxicology studies of medical drugs described that 
it is not essential to continue monitoring of internal exposure of kinetics 
beyond 6 months in a carcinogenicity study in rodents (ICH S 3, 1995). 
Taken together, monitoring periods of 6 or 12 months may be sufficient 
to assess nonlinearity in long-term studies of pesticides in line with 
medical drugs. Although the data were limited, the pregnancy situation 
did not affect the magnitude of the nonlinearity in rats. Further in-
vestigations on the kinetics of offspring are needed because of functional 
immature status including absorption from the gastrointestinal (GI) 
tract, metabolism in the liver and excretion via the renal system in the 
development period (ICH S11, 2018). 

Four of 6 pesticides in which the nonlinearity of internal exposure 
was identified showed clear subproportionality type nonlinearity, sug-
gesting saturation in absorption from GI tracts. Mefentrifluconazole 
showed supraproportionality, and the nonlinearity slowed with 
increased duration, suggesting alternations in metabolic capacity. Spe-
cies differences were observed in the nonlinearity of pydiflumetofen, 
although the MoA remained undetermined. 

Our analysis reveals that FSCJ recognized the nonlinearity of internal 

exposure in 6 compounds and that the recognition influenced their 
judgment of NOAELs in toxicity studies or specifications of HBGVs for 
several compounds. In toxicities including neoplastic lesions newly 
observed at doses of nonlinearity of internal exposure and above, the 
tumorigenic dose of ovarian gonadal-stromal tumors was affected by the 
nonlinearity of kinetics. The ADI establishment of florpyrauxifen-benzyl 
was changed by consideration of the nonlinearity, indicating the crucial 
contribution of kinetic investigations in toxicity studies to hazard 
identification and characterization. 

Issues were raised throughout the analysis. An issue is a lack of 
guidance on interpretation of toxicity observed at doses above the point 
of nonlinearity whereas application of toxicokinetics has been recog-
nized useful for improvement in chemical risk assessment (Creton et al., 
2009). The FAO/WHO Joint Meeting for Pesticide Residue reported the 
“need for guidance on toxicological interpretation due to the shift from 
maximum tolerated dose (MTD)-based to kinetically-derived maximum 
dose (KMD)-based evaluation of pesticide residues” as a general 
consideration (FAO/WHO, 2020). The current analysis suggests that 
adverse effect found at doses after inflection-points of internal exposure 
are exaggerated effects of the treatment at excess doses. We noted that a 
treatment-related carcinogenicity or teratogenicity has been often 
observed at the highest dose tested. If the highest dose tested is 

Table 2 (continued ) 

Species Study <LVIP LVIP SVIP SVIP<

Values New finding(a) at SVIP and above Values New finding(a) at SVIP<

F 20.4, 106 F 846 F 1480 F, Cho↑/TG↑/Liver hypertrophy   
Dog 90d M 30/F 30 M 300/F 

300 
M 1000/F 
1000 

MF, Liver hypertrophy, Feed↓   

Rabbit Dev  D10/F10 D100/F100  D 500/Ft 500  

The dose levels Doses of <LVIP, LVIP, SVIP and SVIP< are expressed as mg/kg BW/day, and dietary concentrations (ppm) are expressed as the doses. Types of study: 
28d, 28 days; 90d, 90 days; 1yr, 1 year; 2yr, 2 years; 18m, 18 months. (a), Findings include toxicity/adaptive effect. The dose in bold and underlined is judged as 
NOAEL in the study by the FSCJ. In Florpyrauxifen-benzyl the NOAEL is the overall NOAEL in each species. The dose underlined is judged as LOAEL in the study by 
FSCJ; M, males; F, females, Ft, fetuses; ALP, alkaline phosphatase; BW, body weight; Dev, developmental toxicity study, Cho, cholesterol, CPN, chronic progressive 
nephropathy; L4, lactation day 4; PND, postnatal day; Repro, reproductive toxicity study; T Cho, total cholesterol; TG, triglyceride; Wt, weight; ↑, increase; ↓, decrease. 
More detailed data are shown in Supplemental Table 2. 

Fig. 3. Relationship between tumorigenic 
doses and the gentler increase-type of 
nonlinearity of internal exposure to metab-
olite B in a 2-year study of broflanilide in 
rats. LVIP, the lowest dose of the inflection 
point of kinetics observed visually; SVIP, the 
second lowest dose of the inflection point of 
kinetics observed visually; A, case example 
of Leydig cell tumors; B, case example of 
combined sex-cord stromal tumors in the 
ovaries and endometrial adenocarcinoma. 
All tumorigenic doses in Leydig cell tumors, 
ovarian tumors and uterine cancer were 
observed at the SVIP or above.   
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kinetically nonlinear in an animal study, the adverse effects found in the 
highest dose(s) may not be extrapolated as the human hazard because 
consumers are not exposed to such high dose levels of pesticides through 
foods. As the number of pesticides in our analysis was limited, further 
analysis is necessary to be strengthened evidence. 

Another issue is the lack of internationally recognized protocol for 
toxicity studies considering appropriate internal exposure to chemicals 
other than medical drugs. Generally less toxic compounds are typically 
tested at higher doses in toxicity studies. Taken together, these findings 
indicate that it is necessary to provide not only guidance for toxicolog-
ical interpretation under nonlinear kinetics but also alternative or 
optional testguidelines for kinetically based toxicity study protocols by 
internationally recognized organizations for transparent and consistent 
toxicological evaluation. 

In conclusion, our analysis of 8 pesticides demonstrated that 
nonlinearity of internal exposure was detected for 6 pesticides using 
appropriate kinetics investigation in toxicity studies. The inflection 
points of nonlinearity identified by 2 visual indicators showed consistent 
levels among species in 4 pesticides. Our analysis indicates the possi-
bility that the recognition of nonlinearity by risk assessors influences the 
toxicological judgment of pesticides. 
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