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High doses of metofluthrin have been shown to produce hepatocellular tumours in rats. Previous in
vivo and in vitro mode of action (MOA) studies have demonstrated that metofluthrin induces hepatic
microsomal cytochrome P450 (CYP) 2B enzymes and hepatocellular replicative DNA synthesis in rats,
suggesting that the MOA for liver tumour formation is similar to that of other rodent non-genotoxic
hepatocarcinogens that are constitutive androstane receptor (CAR) activators. To evaluate potential human
carcinogenic risk of metofluthrin, in this study the effect of metofluthrin (7.7-770 µM) on
replicative DNA synthesis (as determined by BrdU labeling) was examined in cultured hu man
hepatocytes from four different donors. The effect of sodium phenobarbital (NaPB), a
well-known rodent hepatocarcinogen with a CAR-mediated MOA, was also investigated. In
addition, the effect of metofluthrin on expression of Ki-67, CYP2B6 and CAR mRNAs in cultured
human and rat hepatocytes was examined. Treatment with 10 and 100 ng/mL hepatocyte
growth factor (HGF) produced a concentration-dependent increase in BrdU labeling in human
hepatocyte preparations. However, no increase in BrdU labeling was observed after treatment
with metofluthrin or NaPB. Treatment with HGF significantly increased Ki-67 mRNA
expression in both human and rat hepatocytes . However, while metofluthrin increased Ki-67
mRNA expression in rat hepatocytes, treatment with metofluthrin and NaPB had no effect on
Ki-67 mRNA expression in human hepatocytes. Treatment with NaPB produced an increase
in CYP2B6 mRNA levels in human hepatocytes, with metofluthrin also producing a small
effect. Neither metofluthrin nor NaPB significantly changed CAR mRNA expression levels
in both cultured rat and human hepatocytes. Thus , while metofluthrin and NaPB could
activate CAR in cultured human hepatocytes, neither compound increased BrdU labeling and
Ki-67 mRNA expression. As human hepatocytes are refract ory to the mitogenic effects of
metofluthrin, in contrast to rat hepatocytes, the data suggest that the MOA for
metofluthrin-induced rat liver tumour formation is not relevant for humans and hence that
metofluthrin does not pose a carcinogenic hazard for h umans.

1. Introduction
In recent years, frameworks for analysing the modes of
action (MOAs) by which chemicals produce tumours in
rodents and the relevance of such tumour data for human
risk have been developed through the International Life
Sciences Institute (ILSI) 1-3 and the International
Programme on Chemical Safety (IPCS) 4, 5. Metofluthrin
(CAS-No.240494-70-6;2,3,5,6-tetrafluoro-4-methoxymethylbenzylEZ)-(1RS,3RS;1RS,3SR)-2,2-dimethyl-3-(prop-1-enyl)
cyclopropanecarboxylate) is a Type I pyrethroid insecticide
for use in pest control 6, 7. To examine its carcinogenic

This journal is © The Royal Society of Chemistry 201X

potential, carcinogenicity studies were conducted where
rats and mice were fed diets containing high concentrations
of metofluthrin. While the expected main exposure route of
metofluthrin in humans is inhalation, for toxicity studies
using experimental animals, higher exposure levels were
achieved by employing dietary exposure rather than
inhalation exposure. Two-year treatment with high doses of
metofluthrin (900 and 1800 ppm) produced hepatocellular
tumours in HanBrl:WIST rats 8. In contrast, metofluthrin
was not carcinogenic in the liver or any other tissue in male
or female CD-1 mice when administered at dietary levels of
100, 1000, and 2500 (reduced to 1750 during treatment
period because of toxicity) ppm 8. Metofluthrin was negative
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in a number of genotoxicity assays, both in vitro and in vivo,
at doses up to either the limit dose or the limit of solubility,
including the reverse mutation test in bacterial systems
(Salmonella typhimurium TA100, TA98, TA1535, and
TA1537 and Escherichia coli WP2uvrA) and the in vitro
chromosomal test in mice. While the findings of these
genotoxicity assays have not been published, Regulatory
Agencies have concluded that metofluthin is not genotoxic 9,
10. Thus the formation of rat liver tumors by metofluthrin
must be due to a non-genotoxic MOA.
Previous MOA studies have demonstrated that
metofluthrin produces liver hypertrophy, induces hepatic
microsomal cytochrome P450 (CYP) 2B enzymes and
increases hepatocellular proliferation in rats, suggesting
that the MOA for liver tumour formation is similar to that
of some other constitutive androstane receptor (CAR)
activators such as sodium phenobarbital (sodium
phenobarbitone; NaPB) 8, 11. Moreover, alternative MOAs
for metofluthrin-induced rat liver tumour formation
including cytotoxicity, activation of the peroxisome
proliferator-activated
receptor
alpha
(PPARα),
accumulation of iron and hormonal perturbation have been
excluded 8, 11. It is thus considered that metofluthrin
induces liver tumours in rats by increasing hepatocellular
proliferation via CAR activation.
The activation of CAR in rodent liver results in a pleiotropic
response 12-16. The key and associative events in the MOA
for liver tumour formation by phenobarbital and related
compounds have recently been described by Elcombe et al.
(2014)13. Key events comprise activation of CAR, altered
gene expression specific to CAR activation, increased cell
proliferation, development of altered hepatic foci and the

formation of liver tumours 13. Associative events include the
induction of cytochrome P450 (CYP) enzymes (in particular,
the CYP2B subfamily enzymes), liver hypertrophy
(increased liver weight and hepatocellular hypertrophy)
and inhibition of apoptosis 13. In terms of the human
relevance of the MOA for phenobarbital-induced rodent
liver tumour formation, a key species difference is that
while phenobarbital stimulates replicative DNA synthesis
in rodent hepatocytes, such effects are not observed in
cultured human hepatocytes 13. Since increased cell
proliferation is a necessary key event in the MOA for
NaPB-induced rodent liver tumours, the lack of this key
event in humans strongly supports the conclusion that the
rodent findings are not relevant to humans. Furthermore,
while NaPB and related compounds can be non-genotoxic
carcinogens and tumour promoters in rodents, a number of
epidemiological studies have demonstrated that in human
subjects receiving NaPB for many years, at doses producing
plasma concentrations similar to those which are
carcinogenic in rodents, there is no evidence of increased
liver tumour risk 13, 17-20.
To
evaluate
the
relevance
of
the
MOA for
metofluthrin-induced rat liver tumours for humans, we
have previously reported data on species differences in the
hepatic effects of NaPB and metofluthrin 21. Both NaPB
and metofluthrin induced CYP2B enzymes in cultured rat
and human hepatocytes (only a single concentration of 50
µM was examined). While both compounds induced
replicative DNA synthesis in cultured rat hepatocytes
(10-1000 µM was examined) neither metofluthrin nor NaPB
induced replicative DNA synthesis in cultured human
hepatocytes. However, these studies were conducted with
only two preparations of cultured human hepatocytes 21.

Table 1. Sources and details of human hepatocyte preparations used
Experiments

Donor lot
number

Gender

Ethnicity

Age

Smoking

Alcohol
use

Drug use

Couse of death

Supplier

LMP

Female

Caucasian

38

Yes

Yes

Unknown

Cerebrovascular
accident

Celsis
IVT

IPH

Female

Caucasian

52

No

No

No

Cerebrovascular
accident

LLA

Male

Caucasian

26

Yes

Yes

Unknown

Head trauma

QOQ

Male

Caucasian

66

Yes

Yes

No

Cerebrovascular
accident

Celsis
IVT
Celsis
IVT
Celsis
IVT

Hu1552

Female

Caucasian

38

No

No

No

Not available

Gibco

Hu8127

Female

Caucasian

31

Yes

Yes

Yes

Cardiovascular
event post heart
transplant

Gibco

Hu8164

Male

Caucasian

23

Yes

Yes

Yes

Head trauma

Gibco

Effects of
metofluthrin on
BrdU incorporation
and CYP2B6, Ki-67
and CAR mRNA
levels

Effects of
hepatocellular
growth factor on
Ki-67 mRNA levels
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The objective of the present study was to obtain additional
data employing cultured human hepatocytes to further
support our previous conclusion that the MOA for
metofluthrin-induced rat liver tumour formation is not
relevant for humans 8, 21. The effects of metofluthrin and
NaPB on hepatocellular proliferation and CYP2B6 mRNA
expression were evaluated in cultured human hepatocytes
from four subjects. Furthermore, to confirm species
differences in susceptibility to hepatocellular proliferation
the effect of metofluthrin on Ki-67 mRNA levels, as an
additional relevant marker for cell proliferation 22, 23, was
also investigated in cultured human and rat hepatocytes.

2. Materials and methods
All experiments were performed in accordance with The
Guide for Biosafety of Sumitomo Chemical Co., Ltd. and
The Guide for Animal Care and Use of Sumitomo Chemical
Co., Ltd,
2.1. Test chemicals
Metofluthrin (Lot No. PK-020301G, purity 96.6%) was
provided by Sumitomo Chemical Co., Ltd. (Osaka, Japan)
and sodium phenobarbital (NaPB, Lot No. KLM4036,
purity 98.0%) was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).
2.2. Hepatocytes
Information on the donors of the hepatocyte preparations
used is presented in Table 1. Cryopreserved human
hepatocytes were obtained from Celsis IVT (MD, USA) and
Gibco (CA, USA). In the replicative DNA synthesis studies,
a total of four human hepatocyte preparations from
different two female and two male donors were used.
Because of a lack of availability of these human hepatocyte
preparations for the study determining the effect of
hepatocyte growth factor (HGF) on Ki-67 mRNA levels,
three human hepatocyte preparations from other donors
were used. According to the suppliers instructions,
cryopreserved human hepatocytes were thawed at 37 ºC for
1 min, transferred into 20 mL in Williams’ medium E
supplemented with 20 µM/mL L-glutamine, 1 nM/mL
bovine insulin, 10 nM/mL dexamethasone, 100 µM/mL
nicotinamide, 20 µM/mL L-ascorbic acid, and 10 % (v/v)
fetal bovine serum. The supernatant was discarded and the
hepatocytes were resuspended in Williams’ medium E
containing the additions described above.
Rat hepatocytes were obtained from male Wistar rats
(BrlHan:WIST@Jcl(GALAS), aged 5 weeks, purchased from
CLEA Japan Inc. (Fuji Breeding Center, Shizuoka, Japan)
by a modified two-step collagenase digestion method
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described previously 21.
2.3. Assay of replicative DNA synthesis
Human hepatocytes were plated at a density of 3.5 x 104
cells/well per 100 µL of medium on 96-well plates coated
with collagen I (AsahiTechnoGlass, Japan) and were
cultured at 37 °C in a humidified incubator under an
atmosphere of 95% air/5% carbon dioxide. After
pre-incubation for 24 hours, human hepatocytes were
incubated for 48 hours with serum free medium containing
metofluthrin (7.7, 39, 77, 390, and 770 µM) or NaPB (100,
500, 750, or 1000 µM) with DMSO at a final concentration
of 0.1% (v/v), or human recombinant HGF (1, 10, and 100
ng/mL). Since metofluthrin concentration in liver at
900–1800 ppm dose (liver tumor occurrence dose levels in
2-year bioassay) is estimated to be about 1-10 µM 11 and
metofluthrin (10-1000 µM) increased replicative DNA
synthesis without cytotoxicity in cultured rat hepatocytes 21,
concentration of 7.7-770 µM metofluthrin were used in this
experiment. The highest metofluthrin concentration used
was thus >75 times that observed in the in vivo
carcinogenicity study. For NaPB, plasma levels of PB in
human subjects given therapeutic doses of 3-6 mg/kg range
from 10-25 µg/mL 24, which are equivalent to plasma levels
in rodents at hepatocarcinogenic dose levels. NaPB
concentrations of 100 and 500 µM were used in the first two
experiments for donors IPH and LLA, whereas
concentrations, 500 and 750 µM NaPB and 500 and 1000
µM NaPB were examined in the subsequent two
experiments with donors LMP and QOQ, respectively. Thus,
500 µM NaPB (equivalent to 127.6 µg/mL), which is about
5-fold higher than plasma levels of PB in human subjects
given therapeutic doses (10-25 µg/mL, Monro 1993), was
examined in the replicative DNA synthesis studies with
human hepatocyte preparations from all four donors.
To activate DNA synthesis 25, 0.5 ng/mL EGF was added to
all media including the control, metofluthrin, NaPB and
HGF treatment groups. In addition, all media including
control were supplemented with dimethyl sulfoxide
(DMSO) at a final concentration of 0.1% (v/v) because
DMSO was used as a vehicle to dissolve metofluthrin in the
medium. The medium was changed at 24 hour intervals.
BrdU was added to the medium at the point of medium
refreshment of chemical treatment at 24 hours. After a
further 24 hours culture (labelling period), BrdU
incorporation into DNA was determined using a Cell
Proliferation ELISA BrdU (chemiluminescent) kit (Roche,
Germany) according to the manufacturer’s protocol as
described previously 21, 26. During this labelling period,
BrdU is incorporated in place of thymidine into the DNA of
cycling cells. After removing the labelling medium, the cells
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Assays were run in quadruplicate or octuplicate at each
concentration of metofluthrin, NaPB, or HGF. The
experiment was conducted twice with hepatocyte
preparations from each donor. The proliferation rate was
calculated from the luminescent intensity of hepatocytes
treated with metofluthrin, NaPB, or HGF compared to
control cultures (DMSO only treated). The measurements
were conducted by Sumika Technoservice Corporation
(Hyogo, Japan).
2.4 Assay of cell viability
Since 77-770 µM metofluthrin decreased replicative DNA
synthesis in human hepatocytes from donor IPH (only one
of two experiments with statistical significance) and donor
QOQ was a low responder for both BrdU incorporation by
HGF and CYP2B6 mRNA induction by NaPB (Fig.1), the
cell viability of human hepatocyte preparations from these
two donors was analyzed by the MTT assay, employing the
same incubation conditions as for the replicative DNA
synthesis experiments. Human hepatocytes were incubated
at a density of 5 × 104 cells/well per 100 µL of medium on
96-well plates coated with collagen I (AsahiTechnoGlass).
After pre-incubation for 24 hours, human hepatocytes were
incubated for 48 hours in serum free medium containing
metofluthrin (3.9, 39, 77, 390, or 770 µM) or NaPB (1000
µM) with DMSO at a final concentration of 0.1% (v/v). The
media was supplemented with 0.5 ng/mL EGF to keep
consistency with the culture conditions for the replicative
DNA synthesis experiments. As a vehicle control, all media
were supplemented with DMSO at a final concentration of

0.1% (v/v). The medium was changed at 24 hour intervals.
After the test chemical treatment, the medium was
removed and medium containing 5 mg/mL of MTT (Dojindo
laboratories, Kumamoto, Japan) was added to each well
and the cells incubated for 4 hours at 37 ºC. The medium
was removed, the cells washed with PBS and then 0.04
mol/L HCL / isopropanol (200 µL) was added to each well.
The plates were shaken for 10 min on a micro mixer
(confido-S202, FINEPCR, Seoul, Korea) and then read
using a microplate reader (SH-1000 Lab, Corona Electric,
Ibaraki, Japan) at a wavelength of 570 nm. The
measurement was conducted by Sumika Technoservice
Corporation.
2.5. Assay of mRNA induction

Toxicology Research Accepted Manuscript

are fixed, and the DNA is denatured in one step by adding
FixDenat. After removing FixDenat, the anti-BrdU-POD
antibody is added and then bound to the BrdU incorporated
into the newly synthesized cellular DNA. The immune
complexes are detected by the subsequent substrate
reaction. The reaction product was quantified by measuring
the light emission using a scanning multi-well luminometer
(EnVision, PerkinElmer).

For assay of mRNA induction, human hepatocytes were
plated at a density of 3.0 x 105 cells/well per 500 µL of
medium on 24-well plates coated with collagen I
(AsahiTechnoGlass). Rat hepatocytes were plated at a
density of 6.0 x 104 cells/well per 500 µL of medium on
24-well plates coated with collagen I. After pre-incubation
for 24 hours, human hepatocytes were incubated for 48
hours with serum free medium containing metofluthrin (3.9,
7.7, 39, 77, 390, or 770 µM) or NaPB (1000 µM) with DMSO
at a final concentration of 0.1% (v/v), and rat hepatocytes
were incubated for 48 hours with serum free medium
containing metofluthrin (3.9, 7.7, 39, 77, 390, or 770 µM)
with DMSO at a final concentration of 0.1% (v/v). In the
experiment to evaluate the effect of HGF on Ki-67 mRNA
levels, human and rat hepatocytes were incubated 48 hours
with serum free medium containing 100 ng/mL HGF. To
keep consistency with the culture conditions for the
replicative DNA synthesis experiments, EGF (0.5 ng/mL)
was supplemented in the all media. As a vehicle control, all
media were supplemented with DMSO at a final
concentration of 0.1% (v/v). The medium was changed at 24
hour intervals.

Table 2. Primer and probe sequences used for determination of CYP2B, Ki-67, CAR, and GAPDH mRNA levels
Forward Primer

Reverse Primer

Probe

Product
size

CYP2B6 21

CCCCAAGGACACAGAAGTATTTC

GATTGAAGGCGTCTGGTTTTTC

Not used

83bp

Ki-67 34

CTCCCTTAAGACGGCAGTGTATTAG

GAAGGCTCTGTCTCAGTATCTGAAGTT

AGCAAAAACGCCCAGGAACACCTACAA

115bp

CAR c

AAGAAGAGCTGATCCGGACACT

TGCACAAACTGTTCAAACATGGT

TTTTACCCAATAAGGCACCACCCACCTATG

73bp

GAPDH 34

GACACCCACTCCTCCACCTTT

CATACCAGGAAATGAGCTTGACAA

CTGGCATTGCCCTCAACGACCA

79bp

GCTCAAGTACCCCCATGTCG

ATCAGTGTATGGCATTTTACTGCGG

Not used

109bp

Target mRNA
Human

Rat
CYP2B1/2 21,34
Ki-67

34

GCAGACAAGCCTTCAGCAGTAA

TGGTACCATTGTCATCAATTTCAGT

CCAACATCAAGGCAAAGTGTGCGATC

94bp

CAR c

CCATCACCGGCCTTTCC

GCTGCACCATGAAAGTATTGATATCT

CCTGGCCCCCGTGTTGCCT

83bp

GAPDH 34

GCTGCCTTCTCTTGTGACAAAGT

CTCAGCCTTGACTGTGCCATT

TGTTCCAGTATGATTCTACCCACGGCAAG

129bp

c

The primer sets and probes are able to detect all known members of the CAR superfamily, i.e., transcript variants 1-15, and predicted transcript variants X1, X2 and X5 for human
CAR; transcript variants 1-4, and predicted transcript variants X1, X2 and X3 for rat CAR.
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At the end of the treatment period the medium was
removed and the hepatocytes were washed with phosphate
buffered saline (PBS). Total RNA from hepatocytes was
extracted using Isogen solution (Nippon Gene) and RNeasy
Mini Kits (Qiagen) with on-column DNase treatment to
avoid genomic DNA contamination. Total RNA was
quantified by UV analysis at 260 nm and 280 nm using a
UV spectrometer (NanoDrop 2000, Thermo Fisher
Scientific). The total RNA solution was stored at -80ºC until
required for complementary DNA (cDNA) generation. cDNA
was prepared from total RNA by reverse transcription using
the High Capacity cDNA Reverse Transcription Kit for
reverse transcription polymerase chain reaction (RT-PCR)
(Applied Biosystems) according to the manufacturer’s
instructions. The reaction mixture (20 µL) containing 10x
RT Buffer containing total RNA (10–100 ng) (2 µL), 25 x
dNTP mix (0.8 µL), 10x RT Random Primers (2 µL), 1 U/µL
RNase Inhibitor (1µL) and 2.5U/µL MultiScribe Reverse
Transcriptase (1 µL) in diethyl pyrocarbonate treated water
was incubated at 25 ºC for 10 min, 37 ºC for 120 min and 85
ºC for 5 min. The cDNA solution was stored at -80 ºC until
needed for real-time PCR assays.
Quantitative real-time PCR assays for CYP2B (CYP2B6 for
human, CYP2B1/2 for rat), Ki-67 and CAR mRNA were
performed following the instruction manual of the PCR
system (7500 Fast Real-Time PCR System, Applied
Biosystems). In addition, levels of glyceraldehyde-3phosphate
dehydrogenase
(GAPDH)
mRNA were
determined as an internal control. The primer sets are
listed in Table 2. For the quantitation of Ki-67, CAR and
GAPDH mRNA, the reaction mixture (25 µL) containing 2x
TaqMan Universal Master Mix (Applied Biosystems) (12.5
µL), each primer (Forward and Reverse, 0.2 µM each),
probe (0.2 µM) and cDNA (2 µL of 1/4 diluted solution).
After incubation at 50 ºC for 2 min and 95 ºC for 10 min, the
PCR reaction was performed for 40 cycles: denaturation at
95 ºC for 15s, anneal and extension at 60 ºC for 1 min. For
the quantitation of CYP2B mRNA, the reaction mixture (25
µL) containing 2x Power SYBR Green PCR Master Mix
(Applied Biosystems) (12.5 µL), each primer (Forward and
Reverse, 0.4 µM each), and cDNA (2 µL of 1/4 diluted
solution). After incubation at 95 ºC for 10 min, the PCR
reaction was performed for 40 cycles: denaturation at 95 ºC
for 30s, anneal at 61 ºC for 30s and extension at 72 ºC for
45s. The Ki-67, CYP2B and CAR mRNA levels were
normalized to those of GAPDH mRNA. Each primer set did
not form primer dimer or by-products and showed a single
sharp peak under these conditions. The measurement was
conducted by Sumika Technoservice Corporation.
Assays were run in duplicate or triplicate at each
metofluthrin or NaPB concentration, except for hepatocytes
from donor QOQ where, owing to low levels of DNA, pooled
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samples were analysed.
2.6. Statistical analysis
For comparison among multiple groups, if the variables
exhibited a normal distribution by the Bartlett-test, the
Dunnett-test was applied for a comparison of the treated
groups with the control group. The Steel-test was applied
instead of the Dunnett-test when the data did not exhibit a
normal distribution. For comparison between two groups,
the F-test was applied to compare treated groups with the
control group. If the variance was homogeneous, Student’s
t-test was used. If the variance was heterogeneous, the
Aspin-Welch-test was used. Two-tailed test was employed
for evaluation with p≤0.05 and 0.01 as the levels of
significance.

3. Results
3.1. Effect on cell proliferation in cultured human
hepatocytes
Human hepatocytes from four donors (donors: IPH, LLA,
LMP, and QOQ; Table 1) were employed to determine the
effects of metofluthrin and NaPB on replicative DNA
synthesis. The assay was repeated twice with hepatocytes
from each donor. Apart from the exceptions described below,
good reproducibility was obtained (R2>0.91, Fig. 1).
HGF statistically significantly increased replicative DNA
synthesis in a concentration-dependent manner in all
human hepatocyte preparations except for donor LMP
where, unlike the first experiment, the second experiment
did not show statistical significance due to a large variation
between replicate wells. Of the four donors, QOQ was a low
responder to HGF compared to the other three donors.
However, all four of the human hepatocyte preparations
studied displayed the ability to increase DNA synthesis in
response to treatment with a mitogenic agent.
In contrast to HGF, neither metofluthrin nor NaPB
treatment increased replicative DNA synthesis in any of the
four human hepatocyte preparations examined. In the
second experiment with hepatocytes from donor IPH,
treatment with 77-770 µM metofluthrin significantly
decreased replicative DNA synthesis. However, no
reduction in replicative DNA synthesis was observed in the
first experiment with hepatocytes from donor IPH
indicating a lack of reproducibility of this apparent
inhibitory effect.

3.2. Effect on cell viability in cultured hepatocytes
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attributable to low cell viability.
3.3. Effects on CYP2B6, Ki-67, and CAR mRNA expression
in cultured human and rat hepatocytes
Human hepatocytes from four donors (IPH, LLA, LMP, and
QOQ; Table 1) were also employed to examine the effects of
metofluthrin and NaPB on CYP2B6 mRNA expression
levels determined by RT-PCR (Fig. 3). In the hepatocytes
from three donors (IPH, LLA, and LMP), the treatment
with 1000 µM NaPB produced a statistically significant
5-fold or more increase in CYP2B6 mRNA levels. In
contrast, one donor QOQ showed only a small increase
(1.7-fold control) without statistical significance in CYP2B6

Donor IPH

Donor LLA
1.4E+07
Experiment 1

1.2E+07

Experiment 2

1.0E+07

**
**

8.0E+06
6.0E+06

R2=0.96, p<0.01

**

4.0E+06
2.0E+06

*

0.0E+00

** *

BrdU incorporation (RLU/s)

BrdU incorporation (RLU/s)

1.4E+07

Experiment 1

1.2E+07

Experiment 2

1.0E+07

R2=0.91,

8.0E+06
6.0E+06
4.0E+06
2.0E+06
0.0E+00

Donor LMP

Donor QOQ
1.4E+07

**

1.2E+07

Experiment 1
Experiment 2

1.0E+07

R2=0.98,

8.0E+06

**

4.0E+06
2.0E+06
0.0E+00

p<0.01

BrdU incorporation (RLU/s)

BrdU incorporation (RLU/s)

1.4E+07

6.0E+06

p<0.01

**
**
**
*

Experiment 1

1.2E+07

Experiment 2

1.0E+07

R2=0.98, p<0.01

8.0E+06
6.0E+06
4.0E+06
2.0E+06
0.0E+00

**
** **

****

Figure 1. Effect of HGF, NaPB, and metofluthrin (MFT) on replicative DNA synthesis in cultured human hepatocytes
from four donors. Human hepatocytes (donors IPH, LLA, LMP, and QOQ) were treated with 1-100 ng/mL HGF,
100-1000 µM NaPB, and 7.7-770 µM metofluthrin (MFT) for 48 hours and replicative DNA synthesis was determined
by BrdU incorporation over the last 24 hours of culture. Results are presented as mean ± SD of 2-8 replicate wells per
treatment in units of luminescence as relative light units per second (RLU/s). Data are presented for two replicate
experiments (1 and 2) for each human hepatocyte preparation. Pearson correlation coefficients between two
experiments were analyzed and coefficient of determination (R2) and p-values are presented. Values significantly
different from control (DMSO only treated) are: *p<0.05 and **p<0.01.
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The effect of metofluthrin and NaPB on cell viability was
determined in two human hepatocyte preparations from
donors IPH and QOQ employing the MTT assay. No
significant effect on cell viability was observed in
hepatocyte preparations from both donors, even at a
concentration of 770 µM metofluthrin or 1000 µM NaPB
(Fig. 2). Furthermore, light microscopic examination of the
cultured hepatocyte preparations from donors LLA and
LMP revealed no differences after treatment with either
metofluthrin or NaPB. These results demonstrate that
metofluthrin at concentrations up to 770 µM and NaPB at
concentrations up to 1000 µM are not cytotoxic to human
hepatocytes and hence the lack of any increase in
replicative DNA synthesis by metofluthrin and NaPB is not
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Donor QOQ

Donor IPH
0.35

0.30
0.25
0.20
0.15
0.10

0.05

0.30
0.25
0.20
0.15
0.10

0.05
0.00

0.00

Figure 2. Effect of NaPB and metofluthrin (MFT) on cell viability (MTT assay) in cultured human hepatocytes.
Results are presented as mean ± SD of 12 replicate wells. No values were statistically significantly different (all
p>0.05) from control (DMSO only treated).
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Figure 3. Effect of NaPB and metofluthrin (MFT) on CYP2B6 mRNA expression in cultured human hepatocytes.
Human hepatocytes (donors IPH, LLA, LMP, and QOQ) were treated with 1000 µM NaPB or 3.9-770 µM
metofluthrin for 48 hours and CYP2B6 mRNA was determined by quantitative real-time PCR. Results are
presented as mean ± SD of triplicate wells per treatment, except for hepatocytes from donor QOQ where owing to
low levels of DNA only pooled samples were analysed. Values significantly different from control (DMSO only
treated) are: *p<0.05 and **p<0.01.
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Figure 4. Evaluation of effect of HGF on Ki-67 mRNA
levels in rat and human hepatocytes. Rat hepatocytes
from two animals and human hepatocytes from three
donors (Hu1552, Hu8127, and Hu8164) were treated
with 100 ng/mL HGF for 48 hours and Ki-67 mRNA
was determined by quantitative real-time PCR. Mean
values ± SD from triplicate wells per treatment are
presented. Values significantly different from control
are: *p<0.05 and **p<0.01. The p-value for statistical
analysis is also presented for Rat I.
Figure 4 shows the effect of HGF on Ki-67 mRNA levels
determined by RT-PCR in rat and human hepatocytes.
Under the culture conditions used in this study, HGF
significantly increased Ki-67 mRNA levels in rat
hepatocytes in one experiment and produced a small
non-statistically significant increase (p=0.054, 1.14-fold
control) in another experiment. Treatment with HGF
produced significant increases in Ki-67 mRNA levels in
human hepatocytes from donors Hu1552, Hu8127 and
Hu8164. Thus, as an additional marker of replicative DNA
synthesis, mRNA expression levels of the cell
proliferation-related gene Ki-67 were determined by
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Figure 5. Effect of metofluthrin on CYP2B1/2 and
Ki-67 mRNA expression in cultured rat hepatocytes.
Rat hepatocytes from single animal were treated with
3.9-770 µM metofluthrin for 48 hours and CYP2B1/2
and Ki-67 mRNA was determined by quantitative
real-time PCR. Results are presented as mean ± SD of
triplicate wells per treatment. Values significantly
different from control (DMSO only treated) are:
*p<0.05 and **p<0.01.
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In hepatocytes from donor IPH, metofluthrin significantly
increased CYP2B6 mRNA levels in a concentrationdependent manner and at concentrations of 39 and 770 µM
significantly increased CYP2B6 mRNA levels in
hepatocytes from donor LLA. The treatment of hepatocytes
from donors LMP and QOQ with metofluthrin resulted in
concentration-dependent but not statistically significant
increases in CYP2B6 mRNA levels. The increases in
CYP2B6 mRNA levels in hepatocytes from donors LMP and
QOQ treated with 770 µM metofluthrin were 1.6- and
1.2-fold control, respectively.

Relative expression
(% of control)

mRNA levels by treatment with 1000 µM NaPB.

RT-PCR in rat and human hepatocytes treated with
metofluthrin.
Metofluthrin
treatment
significantly
increased Ki-67 mRNA levels as well as CYP2B1/2 mRNA
levels in a concentration-related manor in rat hepatocytes
(Fig. 5). In contrast, in human hepatocytes from four donors,
neither metofluthrin at concentrations up to 770 µM nor
NaPB at concentrations up to 1000 µM produced any
statistically significant alterations in Ki-67 mRNA levels
(Fig. 6). A large variation was observed in control Ki-67
mRNA levels in human hepatocytes from donors IPH and
LMP (Fig. 6). In metofluthrin-treated hepatocytes from
donors IPH and LMP, there appeared to be a trend towards
decreased Ki-67 mRNA levels (Fig. 6). Since CYP2B6 and
Ki-67 mRNA levels were determined in the same total RNA
samples obtained from the cultured rat and human
hepatocyte preparations, Pearson correlation coefficients
between Ki-67 and CYP2B6 mRNA levels in control and
metofluthrin-treated hepatocytes were determined in rat
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CAR mRNA expression levels were also determined in the
same total RNA samples obtained from the rat and human
cultured hepatocyte preparations. Neither metofluthrin nor
NaPB significantly affected CAR mRNA expression levels
in cultured rat or human hepatocytes (Fig. 8).

4. Discussion
Previous studies have established a robust MOA for
metofluthrin-induced rat liver tumor formation 8, 11. This
MOA is similar to that established for the CAR activator
phenobarbital 13. The stimulation of replicative DNA
synthesis via CAR activation is a critical key event in the
proposed MOA for metofluthrin-induced rat liver tumour
formation 8. Therefore, to assess the human relevance of the
rodent MOA for metofluthrin-induced liver tumor formation,
it is important to evaluate the effect of metofluthrin on
replicative DNA synthesis in human liver.
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Figure 6. Effect of NaPB and metofluthrin (MFT) on Ki-67 mRNA expression in cultured human hepatocytes.
Human hepatocytes (donors IPH, LLA, LMP, and QOQ) were treated with 1000 µM NaPB or 3.9-770 µM
metofluthrin (MFT) for 48 hours and Ki-67 mRNA was determined by quantitative real-time PCR. Results are
presented as mean ± SD of triplicate wells per treatment, except for hepatocytes from donor QOQ where owing to
low levels of DNA only pooled samples were analysed. No values were significantly different (all p>0.05) from
control (DMSO only treated).
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hepatocytes and in hepatocytes from each human donor
(Fig. 7). In rat hepatocytes, Ki-67 mRNA levels and
CYP2B1/2 mRNA levels were positively correlated
(R2=0.893). In contrast, in human hepatocytes from IPH,
LLA, and QOQ, no clear correlation was observed between
these mRNA levels (R2=0.38, 0.10 and 0.21, respectively).
For human hepatocytes from donor LMP, while no positive
correlation was observed, a weak negative correlation was
observed (R2=0.46).
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Figure 7. Scatter plots of mean values of Ki-67 and CYP2B mRNA levels per each concentration in cultured rat
and human hepatocytes treated with metofluthrin (0, 3.9, 7.7, 39, 77, 390, or 770 µM). Data presented in Figure 5
are plotted for rat, and data presented in Figures 3 and 6 are plotted for each human donor. Pearson correlation
coefficients between Ki-67 and CYP2B mRNA levels were analyzed and Primary regression equation (y=ax+b),
coefficient of determination (R2) and p-values are presented.
Metofluthrin concentrations in rat liver at tumorigenic dose
levels of 900 and 1800 ppm (chemical intake, 40-96
mg/kg/day) were around 1-10 µM and significant increases
in replicative DNA synthesis in cultured rat hepatocytes
were observed at concentrations of 10 µM and greater 21.
Expected human exposure levels to metofluthrin are less
than 0.001 mg/kg/day 8. In this study, human hepatocytes
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were treated with 7.7-770 µM metofluthrin to evaluate the
effect of metofluthrin at concentrations much greater than
those required to produce liver tumours in rats and orders
of magnitude above anticipated human exposure to
metofluthrin.
A number of studies have shown that the CAR is present in
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Figure 8. Effect of NaPB and metofluthrin (MFT) on CAR mRNA expression in cultured rat and human
hepatocytes. Human (donors IPH, LLA, LMP, and QOQ) and rat hepatocytes were treated with 1000 µM NaPB or
3.9-770 µM metofluthrin (MFT) for 48 hours and CAR mRNA was determined by quantitative real-time PCR.
Results are presented as mean ± SD of triplicate wells per treatment, except for hepatocytes from donor QOQ
where owing to low levels of DNA only pooled samples were analysed. No values were significantly different (all
p>0.05) from control (DMSO only treated).
human liver and that the receptor can be activated by drugs
and other compounds 27, 28. The induction of CYP2B
enzymes serves as a marker for CAR activation 15. In
agreement with previous studies 28-30, the treatment of
human hepatocytes with 1000 µM NaPB resulted in
increases in CYP2B6 mRNA levels ranging from 1.7 to >6
fold, thus confirming the functional viability of the human

This journal is © The Royal Society of Chemistry 201X

hepatocytes used in these experiments to CYP2B inducers.
In the present study, metofluthrin produced increases in
CYP2B6 mRNA levels in human hepatocytes from all four
donors. However, the effect of metofluthrin was less marked
than that observed with NaPB, with statistically significant
increases only being observed at some concentrations of
metofluthrin examined in donor IPH and LLA. Overall,
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these results suggest that metofluthrin can activate CAR in
cultured human hepatocytes. However, while CYP2B6
mRNA levels were increased in cultured human
hepatocytes, CAR mRNA levels were not changed by
treatment with either metofluthrin or NaPB.
While the potential for compounds to increase cell
proliferation in rodent liver can be examined by performing
in vivo studies, compounds can also be tested for mitogenic
potential in vitro by conducting studies using primary
hepatocyte cultures. For example, a number of compounds
that can activate either the CAR or the PPAR in rodent
liver can induce replicative DNA synthesis in cultured rat
and mouse hepatocytes 15, 26, 31-33. We have already
demonstrated that metofluthrin can increase replicative
DNA synthesis in cultured rat hepatocytes in vitro 21 as
well as in vivo 11. Although we have also examined the effect
of metofluthrin on replicative DNA synthesis in human
hepatocytes, the study was limited to investigations with
hepatocytes from only two donors 21. The results of this
previous study are thus greatly extended by the present
data with human hepatocytes from an additional four
donors where effects on both replicative DNA synthesis and
Ki-67 mRNA expression have been determined.
As HGF is known to increase DNA synthesis in human
hepatocytes 21, 25, it was used as a positive control in this
study. HGF produced a concentration-dependent increase in
DNA synthesis in human hepatocyte preparations from all
four donors, confirming the functional viability of the
human hepatocyte preparations used in this study to a
mitogenic agent.
In contrast to the effect of HGF, both metofluthrin and
NaPB did not stimulate replicative DNA synthesis in
cultured human hepatocytes from all four donors examined.
NaPB is a model CAR activator and known rodent liver
mitogen13,15. In the MOA established for NaPB and related
compounds, the key species difference between rodents and
humans is the lack of effect on replicative DNA synthesis in
human hepatocytes. The data obtained in the present study
thus supports the results of previous limited investigations
where NaPB has been shown not to stimulate replicative
DNA synthesis in cultured human hepatocytes21,33.
Moreover, in a recent study NaPB was shown not to
stimulate replicative DNA synthesis in an in vivo study
using chimeric mice with human hepatocytes34.
While 77-770 µM metofluthrin decreased replicative DNA
synthesis in human hepatocytes from donor IPH in only one
of the two experiments performed, the results of the MTT
assay demonstrated that metofluthrin at concentrations up
to 770 µM had no effect on cell viability. Thus, metofluthrin
was not cytotoxic to human hepatocytes, consistent with
previous findings in both in vivo and in vitro studies 11, 21. In
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addition, metofluthrin is not a genotoxic agent 9, 10. Overall,
as metofluthrin is not cytotoxic or genotoxic, the decreases
in replicative DNA synthesis observed in only one of the two
experiments performed with hepatocytes from donor IPH is
unlikely to have any toxicological significance. This
conclusion is supported by the results obtained with three
other donors in this study and two additional donors in the
previous study 21 where metofluthrin did not decrease
replicative DNA synthesis in cultured human hepatocytes.
Ki-67 is an established cell proliferation marker22, 23. Under
the experimental conditions used in this study, HGF (100
ng/mL) significantly increased Ki-67 mRNA levels in
cultured rat and human hepatocytes. The effect of
metofluthrin on Ki-67 mRNA levels was also examined. In
cultured rat hepatocytes, metofluthrin activated CAR as
demonstrated by increased CYP2B1/2 mRNA levels and
also increased Ki-67 mRNA levels. In addition, a positive
correlation of Ki-67 and CYP2B1/2 mRNA levels suggests
that CAR activation is attributable to the increased Ki-67
mRNA expression in rat hepatocytes. In contrast, neither
metofluthrin nor NaPB increased Ki-67 mRNA levels in
human hepatocytes. A slight negative correlation between
CYP2B6 and Ki-67 mRNA levels was observed in
metofluthrin-treated human hepatocytes from donor LMP.
However, this small effect has no biological significance,
since no decrease in replicative DNA synthesis was
observed in hepatocytes from this donor. Ki-67 mRNA levels
(a biomarker of cell proliferation) were positively correlated
with CYP2B1/2 mRNA levels (a biomarker of CAR
activation) in metofluthrin-treated rat hepatocytes,
whereas Ki-67 mRNA levels and CYP2B6 mRNA levels
were not correlated in human hepatocytes, supporting the
conclusion that CAR activation by metofluthrin increases
hepatocyte proliferation only in rat and not in human
hepatocytes.
The difference in response between rat and human
hepatocytes to metofluthrin and NaPB cannot be explained
by differences in CAR expression levels, because CAR
expression levels appear to be similar between rat and
human hepatocytes34. Furthermore, in this study CAR
mRNA expression levels were not changed by metofluthrin
treatment in both cultured rat and human hepatocytes. The
lack of effect of metofluthrin and NaPB on replicative DNA
synthesis in cultured human hepatocytes is in agreement
with a recent in vivo study where NaPB did not increase
hepatic replicative DNA synthesis in chimeric mice where
the host mouse hepatocytes were replaced with human
hepatocytes in the livers34. These findings suggest that
species differences exist in the signalling of CAR target
genes, particularly for genes associated with hepatocellular
proliferation.
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Key (K) and
Associative (A)
Event

Evidence in Rats

Evidence in Humans

Activation of CAR (K)

Inferred from CAR-siRNA studies and
from induction of CYP2B enzymes 11

Induction of CYP2B (A)

Direct experimental evidence in vivo d
and in vitro in cultured hepatocytes 21,d

Probable at high doses
(inferred from induction of CYP2B enzymes
in cultured hepatocytes 21, d)
Probable at high doses
(Yes in cultured hepatocytes 21, d)

Hypertrophy (A)

Direct experimental evidence in vivo 11

Possible at very high doses based on studies
in human subjects given anticonvulsant
drugs 37,38

Increased hepatocellular
proliferation (K)

Direct experimental evidence in vivo d
and in vitro in cultured hepatocytes 21, d

Altered hepatic foci (K)

Direct experimental evidence in vivo 11

Not predicted
(No in cultured hepatocytes 21, d)
(No in chimeric mouse with human
hepatocyte given sodium phenobarbital 34)
Not predicted

Liver tumours

Yes 11

Not predicted

d

Reference; this study.

In assessing the relevance of an animal MOA data to
humans, a concordance Table has been suggested as being
of considerable value 2, 4. Such a Table is presented in Table
3 which summarises the available rat and human data for
the key and associative events in the proposed MOA for
metofluthrin-induced rat liver tumour formation. Most data
in rats are derived from previous studies 11, 21. Additional
evidence for increased cell proliferation was obtained in the
present study where metofluthrin increased Ki-67 mRNA
levels in cultured rat hepatocytes. For humans, as
described above, high doses of metofluthrin could activate
CAR and produce CYP2B6 enzyme induction in liver 21.
Studies in human subjects given anticonvulsant drugs
(which induce hepatic CYP enzymes) have shown that
prolonged treatment with high doses can increase liver size
in humans, which is associated with liver hypertrophy and
increased smooth endoplasmic reticulum 35, 36. Thus, by
comparison with the effects of such anticonvulsant drugs,
at high doses metofluthrin also could have the potential to
produce hypertrophy in human liver. However, a key
species difference is that while metofluthrin is clearly a
mitogenic agent in the rat, as demonstrated by both in vivo
11 and in vitro 21 studies, metofluthrin does not stimulate
replicative DNA synthesis in cultured human hepatocytes
in previous 21 and in the present studies and Ki-67 mRNA
levels in cultured human hepatocytes in the present study.
Overall, while some of the key (activation of the CAR) and
associative (CYP2B enzyme induction and hepatocellular
hypertrophy) events in the MOA for metofluthrin-induced

This journal is © The Royal Society of Chemistry 201X

rat liver tumour formation could occur in human liver, the
available experimental data demonstrate that human
hepatocytes are refractory to the mitogenic effects of
metofluthrin. Hence, it is therefore reasonable to conclude
that the proposed MOA for metofluthrin-induced rat liver
tumour formation is not plausible for humans.
The data obtained in these studies with the CAR activator
metofluthrin are in agreement with literature data on other
CAR activators and with compounds that can activate the
PPARα in rodent liver. Studies with other CAR activators
and PPARα activators, including some hypolipidaemic
drugs, have shown that these compounds stimulate
replicative DNA synthesis in cultured rodent hepatocytes
but not in cultured human hepatocytes 13, 15, 26, 32, 33, 37, and
they also do not stimulate replicative DNA synthesis in
chimeric mice with human hepatocytes 34, 38. Metofluthrin
thus produces similar effects on replicative DNA synthesis
in rat and human liver to those produced by a number of
other non-genotoxic agents which can produce liver
tumours in rodents. The key species difference between
rodents and humans appears to be that human hepatocytes
are refractory to the mitogenic effects of such agents 13.
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Table 3 Comparison of key and associative events on MOA for liver tumourigenesis of metofluthrin in rats and humans
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