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ABSTRACT — Perfluoroalkyl acids (PFAAs) have been widely used since 1950s. The long chained-
PFAAs, such as perfluorooctanoic acid (PFOA) are persistent and bio-accumulative, and are detected in 
humans. PFOA, which is a peroxisome proliferator activated receptor (PPAR) α agonist, has been sug-
gested to be a carcinogen in epidemiological and animal studies. In some studies PFOA is shown to be 
non-mutagenic in Ames and micronucleus tests, but in other studies it caused oxidative DNA damage and 
micronucleus formation. However, there has been no report that has examined whether PFOA-induced 
genotoxicity is mediated by PPARα. In order to relate genotoxicity of PFAAs to PPARα, we conduct-
ed two kinds of comet assays (cellular and acellular), a micronucleus (MN) test, and a TK mutation assay 
with and without PPARαantagonists by using human lymphoblastoid cells. PFAAs at 125-1000 μg/mL 
showed positive responses in the cellular comet assay but not in the MN test and TK mutation assay. A 
PPARα antagonist GW6471 (2 μg/mL) only partly reduced PFOA-induced DNA damage (in the cellular 
comet assay), but abolished PFOA-induced intracellular ROS formation. PFAAs with 8-12 carbons also 
showed positive responses in the acellular comet assay where there is no cellular function such as PPAR. 
Therefore, PFOA-induced DNA damage was partly related to the oxidative stress via PPARα, without 
manifestation of chromosome aberration and point mutation in this cell line.
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INTRODUCTION

Perfluoroalkyl acids (PFAAs) have been widely used in 
the production of Teflon and related fluorinated polymers. 
They have also been used to add stain-resisting proper-
ties to fabrics since 1950s. The long chained-PFAAs, 
such as perfluorooctanoic acid (PFOA) and perfluorooc-
tane sulfonate (PFOS) are persistent and bio accumulative 
(Iwabuchi et al., 2015) and are detected in humans (Cariou  
et al., 2015). PFAAs are harmful to animals: neurotoxic-

ity of perfluorooctane sulfonate (PFOS) in rats and mice 
after a single oral exposure (Sato et al., 2009) and after 
a sub chronic exposure (Kawamoto et al., 2011) is sug-
gested to be underlined by its similar effect on membrane 
potential and increased intracellular Ca++ shown in para-
mecium (Kawamoto et al., 2008). PFOS increased influ-
enza A virus -induced mortality likely by affecting the 
mammalian immune system (Guruge et al., 2009), and 
reduced superoxide dismutase activity and total anti-oxi-
dation capacity in neonatal mice (Liu et al., 2009). PFOS-
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induced neonatal death in mice is related to the inhibition 
of respiratory center of the neonates caused by intracra-
nial malformation (Doha et al., 2008). In utero exposure 
of PFOA also caused malformation in mice (Doha et al., 
2010). PFOA is suggested to be a carcinogen in epidemi-
ological studies (Vieira et al., 2013), and shown to be a 
carcinogen with a 2-year rat carcinogenicity study which 
is attributed to peroxisome proliferator activated receptor 
(PPAR) α (Biegel et al., 2001). 

Genotoxicity of PFAA is controversial. In some stud-
ies PFOA is shown to be non-mutagenic in Ames tests 
(Fernández Freire et al., 2008; Lawlor, 1996) and micro-
nucleus tests (Litton, 1978; Murli, 1996). On the other 
hand, Yao and Zhong (2005) showed DNA damage and 
micronucleus formation accompanied by increased reac-
tive oxygen species (ROS) and 8-hydroxydeoxyguanos-
ine (8-OHdG) in human hepatoma Hep G2 cells exposed 
to PFOA. Oxidative DNA damage is also shown by using 
comet assay in paramecium caudatum (Kawamoto et al., 
2010). Because PFOA-induced carcinogenicity is sug-
gested to be mediated by PPARα, whether its genotoxici-
ty is mediated by PPAR should be clarified to understand 
the mechanism of its carcinogenicity. However, there has 
been no report that has evaluated PPARα-mediated geno-
toxicity of PFAAs.

In order to relate genotoxicity of PFAAs to the carci-
nogenicity, we conducted two kinds of comet assays (cel-
lular and acellular), a micronucleus (MN) test, and a TK 
mutation assay with and without PPARα antagonists by 
using human lymphoblastoid cells. 

MATERIALS AND METHODS

Chemicals: PFAAs (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan) shown in Table 1 were dissolved in eth-
anol (Wako Pure Chemical Industries, Ltd.). PPAR antag-
onists GW6471 (TOCRIS Bioscience, Minneapolis, MN, 
USA) and MK-886 (Wako Pure Chemical Industries, Ltd.) 
were dissolved in dimethyl sufoxide (DMSO, Wako Pure  

Chemical Industries, Ltd.).
Cell: The TK+/- heterozygote of the TK6 human lym-

phoblastoid cell lines (kindly provided by Dr. Honma,  
National Institute of Health Sciences) were used. Cells 
were maintained in culture medium of RPMI1640  
(Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) sup-
plemented with 10% horse serum (SAFC Biosciences,  
Saint Louis, MO, USA), 200 μg/mL sodium pyru-
vate, and 200 μg/mL streptomycin at 37°C under a 5% 
CO2 atmosphere. Cells were maintained in logarith-
mic growth. The cells were centrifuged, re-suspend-
ed and placed in 10 cm dishes at a concentration of  
5 x 105cells/mL in 20 mL of the culture medium, where 
the cells were exposed to various treatment for 4 hr. After 
the treatment, the cells were centrifuged, washed twice 
with the fresh medium and re-suspended in the fresh 
medium. The cells were used for the comet assay, MN 
test, and TK gene mutation assay.
 
Comet assay

We performed cellular and acellular comet assays. The 
cellular comet assay was conducted basically as previous-
ly described (Kawaguchi et al., 2010) immediately after 
the 4 hr treatment, with or without a combination of DNA 
repair inhibitors of araC (1.8 mM) and hydroxy urea 
(HU) (10 mM). The two inhibitors were used at concen-
trations that did not induce significant reductions in cell 
viability (Kawaguchi et al., 2010). Immediately after the 
chemical treatment, cell viability was also measured by 
the trypan blue exclusion test. Relative survivals (surviv-
als of treated cells compared with untreated control cells) 
were obtained. The cells were embedded in LGT aga-
rose (Nakalai Tesque, Kyoto, Japan) dissolved in saline 
at 1%. Then, slides were placed in a chilled lysing solu-
tion (2.5 M NaCl, 100 mM Na4EDTA, 10 mM Tris-HCl, 
1% sarkosyl, 10% DMSO, and 1% Triton X-100, pH 10) 
and kept at 0°C in the dark for > 60 min, then the slides 
were placed on a horizontal gel electrophoresis platform, 
and covered with pH > 13 alkaline solution made up of  

Table 1.   PFAAs examined in this study
Carbon number PFAA Abbreviation
5 C4F9COOH n-Perfluoropentanoic acid C5
6 C5F11COOH Undecafluorohexanoic acid C6
7 C6F13COOH Tridecafluoroheptanoic acid C7
8 C7F15COOH Perfluorooctanoic acid PFOA
9 C8F17COOH Perfluorononanoic acid C9
10 C9F19COOH Nonadecafluorodecanoic acid C10
11 C10F21COOH Perfluoroundecanoic acid C11
12 C11F23COOH Tricosafluorododecanoic acid C12
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300 mM NaOH and 1 mM Na2EDTA for 20 min in the 
dark at 0°C. Electrophoresis was conducted at 0°C in 
the dark for 20 min at 25 V (0.96 V/cm, approximately  
300 mA). 

In the acellular comet assay, slides embedded with 
untreated TK6 cells were lysed as shown above. Then the 
lysed slides were neutralized in 400 mM Tris HCl buff-
er (pH 7.5) for 15 min. then the slides were treated by 
chemicals in the buffer for 4 hr at room temperature in 
the dark. After the treatment, the slides were rinsed three 
times for 5 min by immersing in cold distilled water, 
placed on a horizontal gel electrophoresis platform, 
and covered with pH > 13 alkaline solution made up of  
300 mM NaOH and 1 mM Na2EDTA, then electro-
phoresed as described above. 

For both the cellular and acellular comet assays, the 
slides were then neutralized and stained with 50 μL of  
20 μg/mL ethidium bromide. Photographs of Comet 
images were taken using Fuji Neopan Presto 400 Black & 
White film and tail length was measured manually using 
a scale for 50 nuclei for each dose.

MN test
After the 4 hr treatment, cells were cultured 

for 24 hr in medium containing cytochalasin B at  
3 μg/mL, and then cells were sampled. The collected 
cells were suspended in 0.075 M KCl hypotonic solu-
tion for 15 min, the cell suspension was concentrated to 
a volume of 1 mL, mixed with 1 mL of 10% neutral buff-
ered formalin solution and then concentrated to a volume 
of 100 μL. The cell suspension was further mixed with  
100 μL of 0.05 w/v% aqueous solution of acridine orange, 
and then 50 μL of cell suspension was placed on a slide 
glass and mounted with 24 x 48 mm cover slips. Bi-nu-
clei cells with micronuclei (MNBNC) per 2000 bi-nuclei 
cells (BNC) and BNC per 2000 cells were counted (and 
shown as MNBNC/1000) with the aid of fluorescence 
microscope (Olympus at 600 x magnification) equipped 
with a B filter. Relative cytotoxicity (BNC frequency of 
treated cells compared with that of an untreated control 
cells) was obtained. 

TK mutation assay
To evaluate cytotoxicity, cells treated for 4 hr were 

seeded onto 96-well cluster dishes at 1.6 cells/well and 
cultured for 12 days, and then numbers of wells with col-
onies were recorded. To detect TK mutation, cells treat-
ed for 4 hr were cultured in the fresh medium for 3 days, 
and then cells were seeded onto 96-well cluster dishes at 
104 and 1.6 cells/well in the fresh medium with and with-
out 3.0 μg/mL trifluorothymidine (TFT), respectively. For 

cells cultured with TFT, numbers of wells with normal-
ly growing and slowly growing colonies were recorded to 
evaluate TFT resistant mutation frequency after 12 and 30 
days, respectively.

Detection of reactive oxygen species (ROS) 
formation

TK6 cells were cultured for 1 hr with 50 μM BES-
H2O2-Ac (Wako Pure Chemical Industries, Ltd.), exposed 
to PFOA or H2O2 for 30 min, and then the frequency of 
fluorescent cells was scored with the aid of fluorescence 
microscope (Olympus at 600 x magnification) equipped 
with a B filter.

Statistics
Differences between the means of triplicated studies in 

treated and control plates were compared with the Dun-
nett test after one-way ANOVA. For each pairwise com-
parison, Student’s t-test was used. A p-value less than 
0.05 was considered statistically significant. The lowest 
genotoxic dose (LGD) was defined as the lowest dose at 
which tail length increased significantly. 

RESULTS

In the cellular comet assay, PFAAs increased migration 
significantly in the presence and absence of a combination 
of DNA repair inhibitors of araC and HU, the migrations 
were greater for the presence of the DNA repair inhibi-
tors (Fig. 1). In the acellular comet assay, PFAAs with 
carbon atoms 8 to 12 increased DNA migration signifi-
cantly (Fig. 2). LC50 and the lowest genotoxic concentra-
tion (LGC) for the comet assays were shown in Table 2.  
Among PFAAs, PFOA and C9 showed the lowest LGC  
(< 125 μg/mL for cellular comet assay with and without 
the DNA repair inhibitors and 125 μg/mL for acellular 
comet assay). 

PPAR α antagonists MK886 and GW6471 only partly 
reduced PFOA or PFNA-induced DNA damage at a con-
centration of 2 μg/mL in the cellular comet assay (Fig. 3). 

In the micronucleus test, no significant increase in the 
frequency of MNBNC was observed in cells treated with 
PFOA, C9, for 4 hr (Fig. 4). 

In the TK mutation assay, none of the PFAAs tested 
(PFOA, C9, and C10) showed positive response in the 
frequency of mutant colony (Fig. 5). 

As shown in Fig. 6, PFOA as well as H2O2 increased 
the frequency of fluorescent cell. GW6471 at the same 
concentration of 2 μg/mL abolished the PFOA-induced 
positive response.
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Fig. 1. DNA migration and relative survival by PFAAs in the cellular comet assay. DNA migration with ( ) and without ( ) araC/
HU and relative survival without araC/HU ( , %, survival compared with the untreated control) were obtained immedi-
ately after the exposure to each chemical for 4 hr. Mean of three trials are shown. The error bars indicate standard deviation 
of the mean of three independent trials. *Signifi cantly higher than untreated cells: p < 0.05. 
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Fig. 2. DNA migration by PFAAs, in the acellular comet assay. Comet slides were exposed to each chemical for 4 hr. Mean of 
three trials are shown. The error bars indicate standard deviation of the mean of three independent trials. *Significantly 
higher than untreated cells: p < 0.05. 

Table 2.   LC 50 and LGC for PFAA

PFAA LC50 (μg/mL) LGC (μg/mL)
Cellular Comet Celluar Comet* Acellular comet

C5 > 1000 250 250 -
C6 > 1000 250 250 -
C7 850 250 < 125 -
PFOA 750 < 125 < 125 125
C9 750 < 125 < 125 125
C10 800 < 125 < 125 250
C11 850 250 < 125 250
C12 > 1000 500 < 125 250
* with a combination of DNA repair inhibitors of araC (1.8 mM) and hydroxy urea (HU) (10 mM).

Fig. 3. Effect of PPAR antagonists on DNA migrations by PFOA and C9 in the cellular comet assay. DNA migration was obtained 
immediately after the exposure to PFOA and C9 in the presence and absence of 2 μg/mL PPAR antagonist (MK886 or 
GW6471). Mean of three trials are shown. The error bars indicate standard deviation of the mean of three independent tri-
als. *Significantly higher than untreated cells: p < 0.05. ★Significantly lower than without PPAR antagonist at each dose of 
PFOA or C9: p < 0.05.
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Fig. 4. MN induction by PFOA and C9. The frequencies of MNBNC and BNC were obtained after 24 hr cultivation with cyto-
chalasin B following the exposure to PFOA and C9 for 4 hr. The mean of the three trials is shown. The error bars indicate 
standard deviation of the mean of three independent trials. 

Fig. 5. TK mutation induction by PFAAs. The frequency of TK mutation was obtained after 3 day expression period following to 
the exposure to each chemical for 4 hr. Mean of three trials are shown. The error bars indicate standard deviation of the 
mean of three independent trials. 
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DISCUSSION

PFAAs at 125-1000 μg/mL showed positive respons-
es in the cellular comet assay but not in the MN test and 
TK mutation assay. The PPARα antagonists GW6471 and 
MK886 (2 μg/mL ) only partly reduced PFOA- or C9-in-
duced DNA damage (in the cellular comet assay), but 
GW6471 abolished PFOA-induced intracellular ROS for-
mation at the same concentration.

PFAAs with 8-12 carbons also showed positive 
responses in the acellular comet assay where there is no 
cellular function such as PPAR. Therefore, PFOA-in-
duced DNA damage was caused by two distinct path-
ways: (1) the oxidative stress via PPARαand (2) direct 
reaction of PFOA with DNA or remaining cellular com-
ponents such as proteins. 

PFOA-induced DNA damage was not related to chro-
mosome aberration or point mutation in this cell line. 
Demonstration of dose response thresholds for geno-
toxins may have substantial consequence for the set-
ting of safe exposure levels. The fact that PFAAs did not 
induce micronucleus or TK mutation in their "genotoxic" 
dose range in the comet assay coincides with the result 
that glutamyl transpeptidase (GST-P) positive foci was 
not induced in the dose range where DNA adduct was 
induced in rat liver exposed to MeIQx, as was reviewed 
by Hayashi (2005). The underlining mechanisms may be 
that initial DNA damage detected by the comet assay are 
removed by repair system before entrance to the S phase, 
or cause to cell death. Limited threshold data for genoto-

xicins are currently available, but, our present results also 
might suggest the existence of the threshold at least in the 
micronucleus test and TK mutation assay.
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