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Abstract
Epyrifenacil is a novel herbicide that acts as an inhibitor of protoporphyrinogen 
oxidase (PPO) and produces hepatotoxicity in rodents by inhibiting PPO. Our previ-
ous research revealed that the causal substance of hepatotoxicity is S-3100-CA, a 
major metabolite of epyrifenacil, and that human hepatocyte uptake of S-3100-CA 
was significantly lower than rodent one, suggesting less relevant to hepatotoxicity 
in humans. To clarify the species difference in the uptake of S-3100-CA, we focused 
on organic anion transporting polypeptides (OATPs) and carried out an uptake assay 
using human, rat, and mouse OATP hepatic isoforms-expressing 293FT cells. As a 
result, all the examined OATPs were found to contribute to the S-3100-CA uptake, 
suggesting that the species difference was not due to the differences in selectivity 
toward OATP isoforms. When [14C]epyrifenacil was administered to mice, the liver 
concentration of S-3100-CA was higher in males than in females. Furthermore, when 
[14C]epyrifenacil was administered with OATP inhibitors, the liver/plasma ratio of S-
3100-CA was significantly decreased by rifampicin, an Oatp1a1/Oatp1a4 inhibitor 
in mice, but not by digoxin, an Oatp1a4-specific inhibitor. This result indicates that 
Oatp1a1, the predominant transporter in male mice, is the main contributor to the he-
patic transport of S-3100-CA, and consequently to the gender difference. Moreover, 
we conclude that the species difference in the hepatic uptake of S-3100-CA observed 
in our previous research is not due to differences in the selectivity toward OATP iso-
forms but rather to the significantly higher expression of OATPs which mediate up-
take of S-3100-CA in rodents than in humans.
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1  |  INTRODUC TION

Epyrifenacil (ethyl[(3-{2-chloro-4-fluoro-5-[3-methyl-2,6-dioxo-4-
(trifluoromethyl)-3,6-dihydropyrimidin-1(2H)-yl]phenoxy}pyridin-
2-yl)oxy]acetate, S-3100) is a novel herbicide that acts as an inhibitor 
of protoporphyrinogen oxidase (PPO) in plants. PPO is involved in 
the synthesis of protoporphyrin IX (PPIX) which is essential for the 
biosynthesis of heme and chlorophyll in plants. Inhibition of PPO 
in plant cells causes accumulation of intermediate tetrapyrroles, 
including PPIX, which then leads to photoreactions that generate 
reactive oxygen and thereby to cell membrane destruction.1,2 PPO 
is also present in mitochondria of mammals including rodents and 
humans, and catalyzes the production of heme which is necessary 
for the biosynthesis of red blood cells and various proteins such as 
metabolic enzymes. Thus, it is essential for vital activity in all mam-
mals. It is reported that PPO inhibitors can cause toxicity, especially 
in PPO-generating organs such as the liver, and occasionally induce 
hepatocellular tumors as a consequence of hepatotoxicity.3–5 In the 
case of epyrifenacil, a 90-day subchronic toxicity study showed that 
epyrifenacil produced hepatocyte injury in mice and rats but not 
in dogs.6 Since there was a significant species difference, further 
investigation of hepatotoxicity was considered necessary for the 
safety assessment of epyrifenacil's hepatotoxicity in humans.

Previously, we conducted several in vitro mechanistic assays 
and in vivo metabolism experiments for the purpose of evaluating 
the toxicity of epyrifenacil in humans and elucidating species dif-
ferences in sensitivity and exposure. In the in vitro metabolism 
study, the ester bond of epyrifenacil was rapidly hydrolyzed to form 
a carboxylic acid metabolite named S-3100-CA in mouse, rat, and 
human liver microsomes.6 In addition, the in vivo metabolism study 
also confirmed that S-3100-CA was the most abundant metabo-
lite in both the liver and plasma of rats, whereas epyrifenacil was 
not detected in these samples (Sakurai et al., unpublished). In the 
PPO inhibition study, S-3100-CA showed comparable inhibitory 
activity to that of the parent epyrifenacil.6 From these results, it 
was proposed that the hepatotoxic metabolite of epyrifenacil was 
S-3100-CA. For human safety assessment, the PPO inhibition assay 
of the human mitochondrial fraction revealed that the inhibitory ac-
tivity of S-3100-CA against mitochondrial PPO was 10 times higher 
in mice than in humans. In addition, the amount of S-3100-CA taken 
up by mouse hepatocytes was 6–13 times higher than that taken up 
by human hepatocytes. From these results, it was suggested that 
the hepatotoxicity potential of epyrifenacil is much lower in humans 
than in rodents.

We focused on one of these two key factors affecting species 
difference in hepatotoxicity: the mechanism of S-3100-CA accumu-
lation in the liver of rodents. We speculated that transporters should 
be involved in active hepatic uptake because (1) the major metabo-
lite S-3100-CA likely exists as a carboxylic anion in vivo and (2) the 
gender difference in hepatic uptake of S-3100-CA was observed in 
rodents, i.e., the amount of uptake was higher in males than in fe-
males. Furthermore, (3) the gender difference in urinary excretion 
of S-3100-CA was also observed in the rat metabolism study. All 

the above observations are well in line with the metabolic fate of 
some known substrates of organic anion transporting polypeptides 
(OATPs).7–9 Therefore, we focused on OATPs that exist in both liver 
and kidney and have expression levels that differ between male and 
female rodents.

OATPs are reported to transport anionic compounds into tissues, 
impacting hepatic pharmacokinetics.10–12 About 14% of transport-
ers in mouse liver are OATPs, and Oatp1a1, Oatp1a4, Oatp1b2, and 
Oatp2b1 are the major isoforms.13 Notably, there is a gender differ-
ence in the expression levels of some OATPs in mice, Oatp1a1 and 
Oatp1a4 are highly expressed in males and females, respectively.14 
OATPs are also major transporters in human liver.15,16 OATP1B1, 
OATP1B2, and OATP2B1 are the major human OATP isoforms. 
Although the involvement of OATPs in the hepatic uptake of S-
3100-CA was suggested from the previous studies, it was still un-
known which of the transporter isoform(s) are the main contributors 
to S-3100-CA transport. Furthermore, it is unclear whether the spe-
cies difference in the hepatic uptake of S-3100-CA observed in pre-
vious hepatocyte assays can also be explained by the involvement of 
OATPs in this process.

In this report, we investigate the hepatic uptake of S-3100-CA 
by OATPs to elucidate the mechanism of hepatic uptake in rodents 
and to explain the species difference in hepatic uptake between 
rodents and humans. To identify transporter isoforms, each OATP 
seen in rodent and human livers was transiently transfected into 
293FT cells, and the uptake of S-3100-CA by these transporters 
was measured. Moreover, to confirm the impact of transporters in 
mouse pharmacokinetics, we performed an in vivo study of radiola-
beled epyrifenacil co-administered with OATP inhibitors.

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals

Epyrifenacil (S-3100), phenyl-14C-labeled epyrifenacil ([14C]epy-
rifenacil), and phenyl-14C-labeled S-3100-CA ([14C]S-3100-CA) 
were synthesized in our laboratory. The chemical purity of epy-
rifenacil was 99.8%. The radiochemical purities of [14C]epyrifenacil 
and [14C]S-3100-CA were 99.5% and 97.8%, respectively, with 
the specific activity of each compound being 4.26  GBq/mmol. 
Authentic metabolite standards of S-3100-CA (M1), M2, M4, and 
M6 were also synthesized in our laboratory. The structures of these 
compounds are shown in Figure  1. [estradiol-6,7-3H(N)]Estradiol 
17β-D-glucuronide ([3H]E217βG) and [6, 7-3H(N)]estrone 3-sulfate 
([3H]E3S) were purchased from PerkinElmer, Inc. (Waltham, MA, 
USA). The specific activity of [3H]E217βG and [3H]E3S was 1713 and 
1820 GBq/mmol, respectively. Rifampicin (RIF) was purchased from 
FUJIFILM Wako Pure Chemical Co., rifamycin SV (RSV) was pur-
chased from Cayman Chemical Company, and digoxin (DGX) was 
purchased from Tokyo Chemical Industry Co., Ltd. Methylcellulose 
#400 was purchased from Nacalai Tesque, Inc. Other chemicals 
were reagent grade.

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=238
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2.2  |  Measurement of radioactivity

Radioactivity was measured by a liquid scintillation counter (LSC, 
Tri-Carb® 3110TR, PerkinElmer, Inc.). The radioactivity in liquid 
samples (i.e., cell lysate, tissues and plasma extracts) was counted 
directly after mixing the samples with 10 ml Emulsifier Scintillator 
Plus™ (PerkinElmer, Inc.) in low potassium glass vials. Blood, plasma, 
and tissue samples were solubilized with 3 M potassium hydroxide 
solution (approximately 1 ml/vial) in a glass vial, then bleached with 
30% hydrogen peroxide solution, and finally mixed with 10  ml of 
Hionic-Fluor™ (PerkinElmer, Inc.) for LSC analysis.

2.3  |  Chromatographic procedures

Precoated silica gel 60 F254 chromatoplate (20 × 20 cm, 0.25- or 0.5-
mm layer thickness, Merck KGaA) was used for two-dimensional thin 
layer chromatography (2D-TLC) analysis. The solvent systems were 
ethyl formate/formic acid (95/5, v/v) for the first dimension, and ethyl 
acetate/acetic acid (95/5, v/v) for the second dimension. The radio-
activity on the TLC plates was detected by autoradiography using an 
imaging plate processed with a fluoro-image analyzer (FLA-9500, GE 
Healthcare). The identity of the metabolites was confirmed by co-
chromatography in comparison with authentic metabolite standards.

2.4  |  Cell Culture and transfection of OATPs

293FT cells were purchased from Thermo Fisher Scientific, Inc.. 
The cells were grown in Dulbecco's modified Eagle medium 

(supplemented with 4.5 g/L glucose and 2 mM L-glutamine) at 37°C, 
5% CO2, and 95% humidity. The cells were passaged 3 times per 
week by harvesting cells using trypsin and plating at a density of 
1.0 × 104 cells/cm2 in a 10 cm cell culture plate for maintenance cul-
ture. The 293FT cells were detached using trypsin and re-seeded 
at a density of 2.5  ×  104  cells/cm2 in BioCoat™ Collagen I 6-well 
plates (Corning Inc.) for transfection and then treated with 1.2 μg 
of plasmid vector and 3.2 μl of Lipofectamine™ 2000 Transfection 
Reagent (Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. After a 3-h treatment, the transfection medium 
was replaced with a fresh cell culture medium and incubated at 37°C 
with 95% humidity and 5% CO2 until ready for the assay.

2.5  |  Uptake assay for radiolabeled substrates 
via OATPs

Transport experiments were conducted approximately 24  h post-
transfection. The experiments were initiated by aspirating culture 
medium and addition of pre-warmed radiolabeled substrate solution 
(final 1.0% of acetonitrile or 0.9% of ethanol in phosphate-buffered 
saline (PBS[−])) to each well. After a 10-min incubation, cells were 
washed twice with 1 ml of ice-cold PBS(−) and lysed with 700 μl of 
1.0 M NaOH for 3 h or more at room temperature. The lysate was 
transferred to a 1.5-ml tube, and neutralized with 350 μl of 2.0 M 
HCl and 350  μl of 2.0% sodium dodecyl sulfate (SDS) solution. 
From the lysate, 1.0 ml was transferred to a vial containing 10 ml of 
Emulsifier Scintillator Plus to measure the radioactivity in the LSC. 
The protein concentration of the cell lysate was also measured using 
a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.), 

F I G U R E  1 Chemical structures of radiolabeled, non-radiolabeled epyrifenacil, and metabolites of epyrifenacil
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which was used to normalize, according to the cell number, the radi-
oactivity in the cell lysate extract. The protein assay was performed 
in duplicate. Each sample type was assayed in triplicate wells, and 
each run was performed twice. When the difference in mean up-
take between OATP expressing cells and mock cells was more than 
2 times, the OATP was judged to be involved in transportation of 
the substrate. The uptake assay was repeated with OATP inhibitors, 
RIF, RSV, and DGX. The method was generally similar to the uptake 
assay described above, except that the substrate solution contained 
an inhibitor (i.e., at final concentration of 1, 10, and 100 μM of RIF 
or RSV, or 10 and 100 μM of DGX, with final concentration of di-
methyl sulfoxide, 1.0%). Each sample type was assayed in triplicate 
wells. The inhibition assay was performed only once because the 
fold-increase of the uptake by the expression of OATPs was compa-
rable among the runs, and thus, it was concluded that the expression 
of OATPs is stable.

2.6  |  Treatment of animals

Crl:CD1(ICR) mice at the age of 7  weeks were purchased from 
Charles River Laboratories Japan, Inc., Hino Breeding Center. The 
mice at the age of 8 or 9 weeks were dosed after completing a 7-day 
quarantine period and an additional 0- to 7-day acclimatization pe-
riod. All animal experiments were conducted in accordance with the 
Guidance for the Care and Use of Laboratory Animals in our labo-
ratory, which corresponds to the Guidelines for Proper Conduct of 
Animal Experiments (Science Council of Japan). Animals were main-
tained under constant environmental conditions: room temperature, 
21−25°C; relative humidity, 55% ±15%; ventilation, 10 air exchanges 
per hour; and artificial lighting, from 8:00 am to 8:00 pm. The animals 
were provided with pelleted diet and water ad libitum. All tested ani-
mals showed normal weight gain and no abnormal clinical symptoms 
during the 7–14  days of quarantine and acclimatization, and their 
body weights were 31.95−40.20 g for males and 22.39−30.43 g for 
females when dosed. All animals were euthanized by bleeding from 
the abdominal artery under anesthesia.

2.7  |  Preparation of dosing solutions

[14C]Epyrifenacil was isotopically diluted with the unlabeled test 
compound to adjust the specific activity to 5.00  MBq/mg. After 
evaporation of the solvent under nitrogen gas flow, labeled material 
was suspended in 0.5% (w/v) methylcellulose solution at a concen-
tration of 1 mg/5 ml by grinding in a mortar. The suspension was 
stored frozen until the start of dosing. The radiochemical purity of 
the dosing suspension was analyzed by radio-HPLC and was con-
firmed to be >99%. For an inhibitory study of the in vivo experi-
ment, dosing solutions of inhibitors (RIF or DGX) were prepared. RIF 
was weighed and suspended in 0.5% (w/v) methylcellulose solution 
at concentration of 40 mg/ml by grinding in a mortar, and DGX was 
dissolved in physiological saline at a concentration of 40  mg/ml. 

These dosing suspensions were stored in a refrigerator until dosing 
commenced.

2.8  |  Blood 14C-concentrations study

Two mice per sex at 8 weeks old were given a single oral dose of [14C]
epyrifenacil at 1 mg/kg. Approximately 0.06–0.08 g of blood sample 
was periodically taken from the saphenous vein at 1, 2, 4, and 8 h 
after administration, and transferred to vials to measure the radioac-
tivity in whole blood. The half-life (T1/2) of radioactivity in blood was 
calculated from the blood concentrations at 4–8 h in male mice and 
1–8 h in female mice, by linear regression analysis with a logarithmic 
transformation of each value. AUC0-∞ was calculated as the sum of 
AUC0-8  h and AUC8 h-∞. AUC0-8  h was obtained using a trapezoidal 
rule, and AUC8 h-∞ was calculated with a mono-exponential equation 
describing the 14C-disappearance phase.

2.9  |  14C-plasma, liver, and kidney 
distribution study

Three mice per sex at 8 weeks old were given a single oral dose of 
[14C]epyrifenacil at 1  mg/kg with or without co-administration of 
OATP inhibitors. Approximately 5 ml per kg body weight of a dosing 
suspension of RIF or DGX was orally administered 1 h before the ad-
ministration of [14C]epyrifenacil. A dosing suspension of 2.5 ml DGX 
per kg body weight was also intraperitoneally administered immedi-
ately before administration of [14C]epyrifenacil. At 2 h after admin-
istration of [14C]epyifenacil, the animals were euthanized by whole 
blood collection from the abdominal aorta under anesthesia with 
isoflurane. The sampling time point was selected as the time around 
Tmax based on the result of the blood 14C-concentration study. Then, 
the liver and kidney were dissected out, and the amount of 14C was 
measured. Aliquots of heparinized blood samples were separated 
into blood cells and plasma by centrifugation at 2000g for 10 min 
at 4°C. The total weight of the liver and kidney was determined for 
each animal. Two aliquots of plasma and tissue samples (approxi-
mately 0.05–0.1 g) were weighed in a glass vial, and the radioactivity 
was measured.

2.10  |  Metabolite analysis

Approximately 0.3  g of liver, kidney, and plasma samples were 
pooled, respectively, for each dose and gender to obtain samples 
for analysis. Pooled liver, kidney, and plasma (ca. 1 g each) samples 
were homogenized with an approximately 3-fold volume (v/w) of 
methanol using the mixer mill MM400 (5  min, 25 cycles/second, 
Retsch GmbH) and centrifuged (10 000g, 5 min, 4°C) to separate the 
supernatants from the residues. The extraction was repeated one 
additional time. The supernatants obtained were pooled and labeled 
liver, kidney, and plasma extracts. These samples were concentrated 
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and then subjected to TLC analysis. For calculation of extraction ef-
ficacy, the post-extraction solids (PESs) from the tissues and plasma 
extracts were sampled in low potassium glass vials. PESs were solu-
bilized with 3 M potassium hydroxide solution (approximately 1 ml), 
then bleached with 30% hydrogen peroxide solution, and finally 
mixed with 10 ml of Hionic-Fluor to measure the radioactivity.

2.11  |  Data analysis

Average, standard deviation, standard error, and other statistical 
metrics were calculated using Microsoft Excel 2016.

3  |  RESULTS

3.1  |  Establishment of OATP expressing cells

We established OATP expressing cells using the method above and 
confirmed their expression of OATPs and the functionality of each 
OATP by measuring the uptake of two well-known OATP substrates. 
OATP expressing cells were assayed with E217βG and E3S and the re-
sult was used to calculate the uptake ratios which represent the fold 
increase in uptake relative to uptake by cells transfected with the 
control plasmid (mock cells) (Table 1). All the uptakes of E217βG and 
E3S by OATP expressing cells were more than twice as large as those 
by mock cells except for the uptake of E3S via mouse/rat Oatp1a4 
(1.1–1.8 fold) and the uptake of E217βG via human OATP2B1 (1.3 
fold) when considered with the mean of 2 runs. Those OATPs with 
increased uptakes was confirmed to be involved in transportation of 
each substrate. Especially, the uptake of E217βG by human OATP1B1, 

mouse Oatp1a1, and rat Oatp1a1, and uptake of E3S by OATP1B1 
were remarkably high (>50 times higher than in mock cells).

3.2  |  S-3100-CA uptake into OATP expressing cells

Using the constructed OATP expressing cells, we evaluated S-
3100-CA uptake. The uptake ratios with all OATP expressing cells 
were at least twice that with mock cells (Table 1). These OATPs were 
judged to be involved in transportation of S-3100-CA. The mean up-
take ratios with OATP expressing cells varied among the isoforms 
but all above 2.0, suggesting that S-3100-CA is transported via vari-
ous OATP isoforms without typical selectivity toward isoforms.

3.3  |  Inhibition of S-3100-CA uptake by 
OATP inhibitors

Inhibition of uptake of S-3100-CA via OATPs was also evaluated using 
OATP inhibitors (Figure 2). The addition of RIF eliminated the uptake 
to less than 40% of that by vehicle-treated cells via various OATP, 
i.e., mouse Oatp1a1, Oatp1a4, and Oatp1b2, and human OATP1B1 
and OATP1B3. Similarly, RSV inhibited uptake via all OATPs other 
than human OATP2B1. On the other hand, DGX inhibited uptake via 
only mouse Oatp1a4 at a high rate. DGX also inhibited uptake via 
mouse Oatp1a1 and human OATP1B3, but it was less potent (>50% 
vs. control). For mouse Oatp1a1 and Oatp1a4, inhibitory effect of 
these inhibitors was further examined at various concentrations 
(Figure 3). All three chemicals inhibited the uptake of S-3100-CA via 
mouse Oatp1a1 and Oatp1a4 in a concentration-dependent manner; 
however, the inhibition of uptake via Oatp1a1 by DGX was weak.

Mock cell

E217βG E3S S-3100-CA

Run_1 Run_2 Run_1 Run_2 Run_1 Run_2

1.0 1.0 1.0 1.0 1.0 1.0

Human

OATP1B1 48.2 55.6 69.9 81.9 5.7 6.2

OATP1B3 19.3 12.9 2.7 3.3 3.1 5.1

OATP2B1 1.9 0.6 16.2 1.9 2.6 1.9

Mouse

Oatp1a1 84.9 62.2 23.4 34.4 3.3 4.3

Oatp1a4 3.7 3.3 1.1 1.1 8.1 4.2

Oatp1b2 8.3 14.7 23.8 19.7 11.7 6.2

Oatp2b1 4.1 2.0 2.9 3.9 2.4 4.0

Rat

Oatp1a1 59.1 65.4 28.6 13.6 11.7 8.7

Oatp1a4 6.1 10.4 2.2 1.4 5.0 4.1

Oatp1b2 27.4 43.2 10.0 4.7 6.6 8.4

Note: Values are presented as individual values of the data from two runs. Each value in a single run 
represents mean of 3 replicates.

TA B L E  1 Ratio of uptake amount of 
S-3100-CA into various OATP expressing 
cells relative to the uptake into mock cells 
after a 10-min incubation
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3.4  |  Kinetic parameters of uptake in mice dosed 
with [14C]epyrifenacil

14C-Concentrations in blood within 8 h after a single oral administra-
tion of [4C]epyrifenacil to male and female mice at doses of 1 mg/
kg were determined (Table  2). 14C-Concentrations in blood rap-
idly increased in both males and females to reach maximum blood 
concentrations (Cmax) of 0.040 and 0.100  µg eq. of epyrifenacil/g 
(hereinafter referred to as ppm) at 4 and 1 h after administration, re-
spectively. After the maximum concentration time (Tmax), concentra-
tions of radioactivity decreased in blood rapidly. The mean terminal 
elimination half-lives (T1/2) were determined to be 8 h in both male 
and female mice. The area under the curve (AUC0-∞) in blood was 
0.560 and 1.116 µg eq. of epyrifenacil·h/g in male and female mice, 
respectively. Blood 14C-concentration was relatively high in females 
at all sampling time points. AUC0-∞ was also higher in females de-
spite the similar T1/2 between males and females. Accordingly, we 
set the time point of dissection at 2 h after administration, which 
accounts for the high 14C exposure in both males and females.

3.5  |  14C-Distribution in plasma, liver, and kidney

14C-Concentrations were determined in plasma, liver, and kidney 
at 2  h after single oral administration of [14C]epyrifenacil to male 
and female mice (Table  3). In mouse plasma, liver, and kidney, no 
remarkable gender-related differences in 14C-concentration were 
observed. Notably, the concentration in liver was 6.763  ±  0.1014 
and 5.136 ± 1.1225 ppm for males and females, respectively, which 
was somewhat higher than concentrations in plasma and kidney. The 
liver-to-plasma concentration ratios were ca. 73 and 35 in males and 
females, respectively.

3.6  |  14C-Distribution in plasma and tissues with 
co-administration of OATP inhibitors

14C-Concentrations in plasma, liver, and kidney at 2  h after a sin-
gle oral administration of [14C]epyrifenacil with co-administration 
of OATP inhibitors are presented in Table  3. After a single oral 

F I G U R E  2 Inhibitory effect of 
rifampicin, rifamycin SV, and digoxin at 
100 μM for various OATPs that mediate 
the uptake of S-3100-CA. All data are 
indicated as the mean value of 3 replicates 
in a single run

F I G U R E  3 Concentration-dependent 
inhibition of the main hepatic OATPs that 
mediate the uptake of S-3100-CA in mice. 
All data are indicated as the mean value of 
3 replicates in a single run
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co-administration of RIF at dose of 200 mg/kg, 14C-concentration in 
liver was found to be 1.671 and 0.880 ppm for males and females, 
respectively, which was lower than that of mice treated with [14C]
epyrifenacil alone, and the 14C-concentration of plasma and kidney 
of mice co-administrated with RIF was not significantly different 
with that of mice treated with [14C]epyrifenacil alone. As a result, 
the 14C-concentration in liver was ca. 11 and 4 times higher than in 
plasma in males and females, respectively.

On the other hand, after a single oral co-administration of DGX 
at dose of 200 mg/kg, 14C-concentration in plasma, liver, and kid-
ney was lower than that of mice treated with [14C]epyrifenacil alone. 
Compared to the 14C-concentration in plasma, the 14C-concentration 
in liver was ca. 97 times higher in males and ca. 43 times higher in 
females. It was confirmed that the liver-to-plasma concentration ra-
tios were not significantly changed by oral administration of DGX. 
Intraperitoneal co-administration of DGX at a dose of 100 mg/kg did 
not notably change both 14C-concentrations and liver/plasma con-
centration ratios.

3.7  |  Quantification of metabolites of in plasma, 
liver, and kidney

Concentrations (μg eq. of epyrifenacil/g or ppm) of metabolites in 
plasma, liver, and kidney were determined by TLC (Table 4), and the 
tissue/plasma ratios of S-3100-CA were calculated (Figure 4). In the 
plasma, liver, and kidney extracts, the metabolic profiles were al-
most the same, and 4 metabolites which identified in the rat metab-
olism study, S-3100-CA (M1), M2, M4, and M6 were also detected 
(Sakurai et al., unpublished). The major metabolite in liver was S-
3100-CA, accounted for over 70% of 14C in all dose groups. In line 
with the higher total 14C in liver, S-3100-CA concentration was also 
high in liver compared to plasma and kidney, and the liver/plasma 
ratios of S-3100-CA were 88 in males and 52 in females dosed epy-
rifenacil without inhibitors. When RIF was co-administrated with 

[14C]epyrifenacil, S-3100-CA was still higher in liver (1.371 and 
0.660 ppm for males and females, respectively), and consequently, 
liver/plasma ratio was lowered to 18 and 5 for males and females, 
respectively. In mice with oral co-administration of DGX, concen-
trations of S-3100-CA in liver, kidney and plasma were lower than 
that of mice without inhibitor. Although, when DGX was intraperi-
toneally co-administrated with [14C]epyrifenacil, concentrations of 
S-3100-CA in liver, kidney and plasma were not significantly differ-
ent from that in mice which was administrated with [14C]epyrifenacil 
alone. The liver/plasma ratio of DGX co-administrated mice was 
not decreased, which accounted the ratios of 89–139 and 50–56 in 
males and females, respectively.

4  |  DISCUSSION

In this study, we investigated the involvement of OATPs in the he-
patic uptake of S-3100-CA to elucidate the mechanism of hepatic 
uptake in rodents and to explain the species difference between ro-
dents and humans. It is commonly recognized that various OATPs 
are expressed in the livers of mammals, including humans, rats, and 
mice.13,16 In this study, we used E217βG and E3S as the positive 
control substances for the OATP expressing cells established, and 
confirmed their uptake by almost all OATP expressing cells. These 
observations about OATP-mediated uptake of E217βG and E3S by 
human and rodent OATP isoforms agreed with those in previous 
articles.17–25 As exceptions, uptake of E3S by mouse/rat Oatp1a4 
and that of E217βG by human OATP2B1 were not large (not more 
than 2-fold) compared to the uptake of these substrates by mock 
cells. Among them, it has been reported that E3S was not trans-
ported via mouse Oatp1a4 and that E217βG was not transported via 
human OATP2B1.26–28 Regarding the uptake of E3S by rat Oatp1a4, 
no previous report is available; however, another substrate E217βG 
was transported significantly via rat Oatp1a4, suggesting that these 
exceptions of less uptake were due to the difference of substrate 

Time after administration (h)

14C-Concentration (µg eq. of epyrifenacil/g)

Male Female

Animal_1 Animal_2 Animal_1 Animal_2

1 0.030 0.030 0.127 0.073

2 0.031 0.034 0.111 0.064

4 0.028 0.051 0.076 0.060

8 0.024 0.033 0.045 0.061

Tmax (h) 4 1

Cmax (μg eq. of epyrifenacil/g) 0.040 0.100

T1/2 (h) 8 8

AUC (µg eq. of 
epyrifenacil·h/g)

(0–8 h) 0.246 0.542

(0–∞) 0.560 1.116

Note: 14C-Concentration data are presented as the individual values of two mice. Pharmacokinetic 
parameters (Tmax, Cmax, and AUC) were calculated from the mean values of 14C-concentration in 
blood.

TA B L E  2 14C-Concentrations and 
pharmacokinetic parameters of 14C in 
blood after a single oral administration of 
[14C]epyrifenacil at 1 mg/kg to male and 
female mice
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specificity of these OATP isoforms. From these results, we con-
cluded that all OATPs were expressed in transfected cells as ex-
pected, and worked to transport the substrates appropriately.

S-3100-CA was also taken up by all OATPs examined in this 
study. The uptake ratios versus mock cells were at least 2.2, thus 
it was suggested that S-3100-CA is transported via various OATPs 
without typical selectivity toward the isoforms. Although the uptake 
ratios varied among the OATP isoforms, the differences in the kinet-
ics of S-3100-CA uptake via OATP isoforms in hepatocytes or intact 
liver was not directly indicated, because these results were not cor-
rected by expressed protein levels. Moreover, the results showed no 
obvious differences in the uptake potential between predominant 
hepatic OATP isoforms (i.e., Oatp1a1, Oatp1a4, Oatp1b2, Oatp2b1 in 
mice and OATP1B1, OATP1B3, OATP2B1 in humans). As mentioned 
above, significant species differences were observed in the hepatic 
uptake of S-3100-CA.6 With the currently-available data, the reason 
of the species differences was considered not due to the selectivity 
of S-3100-CA toward OATP isoforms.

Prior to the OATP inhibition experiment in vivo, the selectivity 
of the known OATP inhibitors (RIF, RSV, and DGX) in rats and hu-
mans was determined for mouse isoforms because such information 
has not been well reported. As a result, DGX was revealed to be a 
selective inhibitor of Oatp1a4 in mice. On the other hand, RIF and 
RSV inhibited mouse Oatp1a1, mouse Oatp1a4, human OATP1B1, 
and human OATP1B3. These inhibitory effects on mouse OATPs in-
creased in a dose-dependent manner and reached more than 50% 
at 10 μM. The selectivity of the inhibitory effects of these inhibitors 
was similar to that for the rat OATPs reported previously.29 With 
these results, we decided to use RIF and DGX in the in vivo study as 
mouse OATP inhibitors.

After administering [14C]epyrifenacil to mice, we measured 
14C- and metabolite concentrations to confirm that the significant 
hepatic uptake and its gender differences observed in in vitro he-
patocyte assay are reproduced in vivo. 14C-Concentrations in plasma 
and kidney of [14C]epyrifenacil dosed mice were slightly higher in 
females than in males. On the other hand, the concentration in liver 
was higher in males. As a result, the ratio of liver to plasma 14C-
concentration was ca. 73 and 35 for males and females, respectively. 
There was a gender-related difference in liver/plasma ratio. A me-
tabolite analysis of these fractions identified S-3100-CA as the pre-
dominant metabolite with high and concomitant gender difference 
in liver/plasma ratio; the liver/plasma ratio of S-3100-CA was 88 and 
52 for males and females, respectively. This result was consistent 
with that of the hepatocyte uptake assay,6 S-3100-CA uptake was 
high and associated with a gender difference. Some studies revealed 
a gender difference in the expression level of Oatp1a1 and Oatp1a4 
in mouse liver, with Oatp1a1 expression approximately doubled in 
male mouse liver and Oatp1a4 expression doubled in female mouse 
liver.14 These gender differences in the OATP expression were re-
ported to cause the species differences in the hepatic uptake for 
some OATP substrates,7,9 thus it was suggested that the higher he-
patic uptake of S-3100-CA in male mice was also due to the gender 
difference in Oatp1a1 expression levels.TA
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In order to investigate the contribution of Oatp1a1 and Oatp1a4 
to species differences in the kinetics in vivo, OATP inhibitors were 
co-administered with [14C]epyrifenacil. Our in vitro experiment re-
vealed that RIF inhibited mouse Oatp1a1 and Oatp1a4, and that 
DGX inhibited Oatp1a4 specifically. When [14C]epyrifenacil and RIF 
were co-administered, 14C-concentration in liver became signifi-
cantly lower than in the livers of control mice without RIF, whereas 
14C-concentration in plasma was slightly increased, resulting in 

lower liver/plasma ratio of 11 and 4 for males and females, respec-
tively. Co-administration with RIF also decreased S-3100-CA con-
centration in liver; when compared to the mice without inhibitors, 
mice with inhibitors had a significantly lower concentration in liver 
and relatively higher concentration in plasma, and consequently, the 
liver/plasma ratio was lowered to 18 and 5 for males and females, re-
spectively. Oral or intraperitoneal co-administration of DGX did not 
notably change the liver/plasma ratio of 14C-concentration (67–97 

14C-Concentration (μg eq. of epyrifenacil/g plasma or tissue)

Metabolite

Plasma Liver Kidney

Male Female Male Female Male Female

[14C]Epyrifenacil (1 mg/kg p.o.)

S-3100-CA (M1) 0.054 0.068 4.740 3.525 0.055 0.096

M2 0.020 0.055 0.024 0.011 0.004 0.002

M4 0.003 N.D. 1.033 0.858 0.009 0.023

M6 0.003 0.015 0.012 0.006 0.008 0.004

Others 0.011 0.006 0.222 0.071 0.035 0.050

Subtotal 0.090 0.145 6.030 4.471 0.111 0.175

Unextractable 0.002 0.003 0.732 0.665 0.013 0.015

Total 0.092 0.147 6.763 5.136 0.124 0.190

[14C]Epyrifenacil (1 mg/kg, p.o.) + Rifampicin (200 mg/kg, p.o.)

S-3100-CA (M1) 0.076 0.143 1.371 0.660 0.073 0.050

M2 0.035 0.016 N.D. N.D. 0.001 N.D.

M4 0.004 0.022 0.172 0.129 0.022 0.015

M6 N.D. N.D. N.D. N.D. 0.001 N.D.

Others 0.035 0.033 0.034 0.037 0.025 0.044

Subtotal 0.149 0.215 1.576 0.827 0.123 0.109

Unextractable 0.002 0.003 0.095 0.054 0.022 0.022

Total 0.151 0.217 1.671 0.880 0.144 0.130

[14C]Epyrifenacil (1 mg/kg, p.o.) + Digoxin (200 mg/kg, p.o.)

S-3100-CA (M1) 0.009 0.029 1.187 1.587 0.024 0.035

M2 0.006 0.012 N.D. 0.004 N.D. N.D.

M4 N.D. N.D. 0.157 0.291 0.005 0.007

M6 N.D. N.D. 0.005 0.004 N.D. N.D.

Others 0.002 0.013 0.191 0.315 0.009 0.020

Subtotal 0.016 0.053 1.539 2.200 0.038 0.061

Unextractable 0.000 0.001 0.108 0.143 0.006 0.025

Total 0.017 0.054 1.647 2.344 0.044 0.086

[14C]Epyrifenacil (1 mg/kg, p.o.) + Digoxin (100 mg/kg, i.p.)

S-3100-CA (M1) 0.043 0.045 3.830 2.260 0.058 0.091

M2 0.013 0.009 N.D. 0.002 0.002 0.001

M4 N.D. N.D. 0.651 0.553 0.014 0.030

M6 0.004 0.003 0.013 0.005 0.001 0.002

Others 0.021 0.025 0.550 0.103 0.043 0.023

Subtotal 0.081 0.081 5.044 2.924 0.118 0.147

Unextractable 0.002 0.001 0.482 0.467 0.022 0.037

Total 0.083 0.082 5.527 3.390 0.140 0.184

TA B L E  4 Concentrations of 
metabolites in plasma, liver, and kidney 
at 2 h after single oral administration of 
[14C]epyrifenacil at 1 mg/kg to male and 
female mice



10 of 12  |     SAKURAI et al.

and 41–43 in male and female, respectively). In addition, liver/plasma 
ratios of S-3100-CA in DGX co-administered mice were 89–139 and 
50–56 in males and females, respectively. These results indicated 
that the transfer of S-3100-CA from plasma to liver was decreased 
by the inhibition of both Oatp1a1 and Oatp1a4 with RIF, but was 
unchanged in the presence of DGX, an Oatp1a4-specific inhibitor. 
Taking into consideration this and previously published data about 
the expression levels of OATPs in mice, it was concluded that the 
most predominant isoform Oatp1a1 was the main contributor to he-
patic uptake of S-3100-CA in mice.

Though oral co-administration of DGX did not decrease the liver/
plasma ratio of S-3100-CA, it did significantly decrease concentra-
tions of S-3100-CA in plasma, liver, and kidney, while intraperitoneal 
co-administration of DGX did not change these parameters. This re-
sult indicates that oral administration of DGX might decrease oral 
absorption of epyrifenacil. DGX is also known as a P-glycoprotein 
substrate and it is reported that the absorption of DGX is com-
petitively inhibited by other P-glycoprotein substrates.30 Thus, 
in this study, DGX might inhibit the intestinal absorption of epyr-
ifenacil,however, the effect of DGX interaction with epyrifenacil on 
intestinal absorption via P-glycoprotein was not investigated in this 
study.

From the observations above, it was suggested that species dif-
ferences in hepatic uptake between humans and mice were also due 
to the different expression levels of OATPs. In the previous literature, 
the plasma membrane protein levels of hepatic OATPs were higher 
in mouse liver (Oatp1a1: 42.9  ±  2.57  fmol/μg protein, Oatp1a4: 
1.65  ±  0.14  fmol/μg protein)13 than in human livers (OATP1B1: 
2.74  ±  3.67  fmol/μg protein, OATP1B3: 1.70  ±  0.45  fmol/μg pro-
tein, OATP2B1: 0.463  ±  0.872  fmol/μg protein).15 In addition, the 
total membrane protein levels of OATPs were higher in rats (3.91–
6.43  fmol/μg protein) than in humans (1.1–2.0  fmol/μg protein).16 
Taken together, the data indicate that the species differences in the 
hepatic uptake of S-3100-CA between mice and humans is not caused 

by differences in the selectivity toward OATP isoforms but rather 
to differences in the expression levels of OATPs in the liver. Based 
on the knowledge obtained in the current research about the active 
transport, further quantitative evaluation such as PBPK modeling is 
anticipated to complete the human safety assessment of S-3100-CA.

In conclusion, this study revealed that hepatic uptake of S-
3100-CA was mediated by OATPs, and gender differences in rodents 
and species differences between rodents and humans in the hepato-
cyte uptake of S-3100-CA were not due to differences in selectivity 
toward OATP isoforms but rather to differences in protein expression 
levels. OATP expressing cells were successfully constructed and used 
to confirm that S-3100-CA was taken up by all OATPs examined in this 
study, suggesting that uptake of S-3100-CA was similar among OATP 
isoforms. When epyrifenacil was administered to mice, S-3100-CA 
was highly distributed to the liver and there was a gender difference. 
In vivo experiments using OATP inhibitors revealed that the most pre-
dominant OATP isoform in mice, Oatp1a1, contributes to the hepatic 
transport of S-3100-CA, and the gender difference in the expression 
levels of the isoform was consistent with the gender difference in the 
hepatic uptake of S-3100-CA in mice. These results suggest that the 
OATP expression levels should be the dominant determinant of the 
hepatic uptake of S-3100-CA. The significantly lower hepatic uptake 
in humans than in mice observed in the previously performed in vitro 
hepatic uptake study could be explained in the same way, that is, by 
much lower total expression levels of OATPs in humans than in mice. 
Consequently, the low hepatic uptake of S-3100-CA in humans result-
ing in the lower concern with its hepatotoxicity in humans than in mice 
was mechanistically supported by this research.
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