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ABSTRACT — Perfluoroalkyl carboxylic acids (PFCAs) are global environmental contaminants that 
are the cause of concern due to their possible effects on wildlife and human health. Since few studies 
have investigated the toxicity of long-chain PFCAs, we have performed combined repeated dose toxici-
ty studies with the reproduction/developmental toxicity screening tests. We previously examined perfluor-
oundecanoic acid (C11), perfluorododecanoic acid (C12), and perfluorooctadecanoic acid (C18). We here-
in reported our results for perfluorotetradecanoic acid (PFTeDA; C14) and perfluorohexadecanoic acid 
(PFHxDA: C16). Male and female rats were administered PFTeDA at 1, 3 or 10 mg/kg/day or PFHx-
DA at 4, 20 or 100 mg/kg/day by gavage, and each female was then mated with a male in the same dose 
group after 14 days. Males were dosed for a total of 42 days and females were dosed throughout the ges-
tation period until day 5 after parturition. PFTeDA and PFHxDA caused hepatocyte hypertrophy and/or 
fatty changes in the liver at the middle and high doses. PFTeDA also induced follicular cell hypertrophy 
in the thyroid at the middle and high doses. The only reproductive/developmental effect observed was an 
inhibited postnatal body weight gain in pups in the 10 mg/kg/day PFTeDA group. Based on these results, 
the NOAELs for the repeated dose and reproductive/developmental toxicity were concluded to be 1 and 
3 mg/kg/day for PFTeDA and 4 and 100 mg/kg/day for PFHxDA, respectively. Our current and previous 
results indicate that the toxicity of PFCAs decreases with increases in the carbon chain length from 12 to 
18. 
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INTRODUCTION

A large number of chemicals are industrially produced 
and used without appropriate evaluations of their poten-
tial hazards to human health. The toxicity of these chem-
icals is continuously assessed in Japan by safety pro-
grammes for existing chemicals. These programmes have 
recently targeted perfluoroalkyl carboxylic acids (PFCAs) 
with carbon chain lengths of 11 to 18. 

PFCAs are global environmental contaminants that 
are the cause of concern due to their possible effects on 
human health (Hekster et al., 2003; Lau et al., 2007; Post 
et al., 2012). Although extensive toxicological research 

has been performed, especially on perfluorooctanoic acid 
(PFOA), which has a carbon chain length of 8, few stud-
ies have examined the toxicity of PFCAs with a carbon 
chain length of 11 and higher. Combined repeated dose 
toxicity studies with the reproduction/developmental tox-
icity screening tests (combined studies) have been con-
ducted by Japanese safety programmes for existing chem-
icals in order to obtain initial toxicological information 
on such long-chain PFCAs.

We have reported our findings in combined studies on 
perfluoroundecanoic acid (PFUnA, C11), perfluorodo-
decanoic acid (PFDoA, C12) and perfluorooctadecanoic 
acid (PFOcDA, C18) (Hirata-Koizumi et al., 2012; Kato 
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et al., in press; Takahashi et al., 2014). We showed that 
the main toxic target of these long-chain PFCAs was the 
liver, but they also affected reproduction/development at 
the higher doses. Based on these findings, the NOAELs 
were concluded to be 0.1 mg/kg/day for PFUnA (C11) 
and PFDoA (C12) and 40 mg/kg/day for PFOcDA (C18). 
The value of NOAEL for repeated dose toxicity of PFOc-
DA (C18) was much higher than those of PFUnA (C11) 
and PFDoA (C12). The present study described the results 
obtained from combined studies on perfluorotetradecano-
ic acid (PFTeDA, C14, CAS No. 376-06-7) and perfluor-
ohexadecanoic acid (PFHxDA, C16, CAS No. 67905-
19-5), whose carbon lengths are in between previously 
reported substances. In this paper, we discuss the toxicity 
of PFCAs in terms of their carbon chain length. 

MATERIALS AND METHODS

Combined repeated dose toxicity studies with the 
reproduction/developmental toxicity screening tests 
were performed on PFTeDA and PFHxDA at the Safe-
ty Research Institute for Chemical Compounds Co., Ltd. 
(Sapporo, Japan), according to the OECD guidelines for 
testing chemicals No. 422 under good laboratory practice 
(GLP) standards.

Chemicals and treatment 
PFTeDA (lot No. 3728, purity: 96.5%) and PFHx-

DA (lot No. 1262, purity: 95.3%) were obtained from  
Exfluor Research Corporation (Round Rock, TX, USA).  
They were suspended in a 0.5% water solution of car-
boxymethylcellulose sodium, and administered by gav-
age. The homogeneity of test substances in the dosing 
solution and their stability until they were administered 
was confirmed before the start of the study. A separate 
control group was used for each chemical evaluation, 
and the control rats received vehicle only. The daily vol-
ume administered was 10 mL/kg, which was calculated 
based on the latest body weight.  Dose levels were deter-
mined to be 1, 3, and 10 mg/kg/day or PFTeDA and 4, 20, 
and 100 mg/kg/day for PFHxDA based on the results of 
14-day dose finding studies. 

Animals and housing conditions
Eight-week-old male and female Crl:CD(SD) rats were 

purchased from Charles River Laboratories Japan, Inc. 
(Yokohama, Japan). This species and strain was selected 
because its reproductive performance is stable and suffi-
cient historical data was available on this strain at the lab-
oratory. 

Following quarantine and acclimation periods, the ani-

mals were subjected to oral administration of PFTeDA 
or PFHxDA at 10 weeks of age. They were housed indi-
vidually, except for the mating and lactation periods, in 
bracket-type metallic cages with a wire-mesh floor, and 
maintained in an air-conditioned room with controlled 
temperature (22 ± 3°C) and humidity (50 ± 20%). Light 
was provided on a 12-hr light/dark cycle (light: 8:00-
20:00). All animals were fed ad libitum with a standard 
rat diet (CRF-1; Oriental Yeast Co., Ltd., Tokyo, Japan) 
and tap water. Pregnant females were reared using wood 
chips as bedding from day 17 of gestation to day 4 after 
delivery.  

The present study protocols were approved by the 
Ethical Committee for animal experiments in the Safety  
Research Institute for Chemical Compounds Co., Ltd., 
and performed in accordance with the standard opera-
tional procedure contained in the Institutional Ethical 
Code for Animal Experiments. The use and care of ani-
mals complied with the Act on Welfare and Management 
of Animals (Japanese Animal Welfare Law, Act No. 105 
of October 1, 1973. As amended up to Act No. 50 of June 
2, 2006), Standards Relating to the Care, Management 
of Laboratory Animals and, Relief of Pain (Announce-
ment No. 88 of Ministry of the Environment, Japan, dat-
ed April 28, 2006) and Guidelines for Animal Experi-
mentation (Japanese Association for Laboratory Animal  
Science, dated May 22, 1987).

Study design
Male rats (12 animals/dose) were administered PFTe-

DA or PFHxDA for 14 days and then cohabited with 
females. This administration of PFTeDA or PFHxDA was 
continued during and after the mating period, and seven 
males in the control and high dose groups and all of ani-
mals in the low and middle dose groups were euthanized 
after a 42-day administration (main group). The remain-
ing rats were maintained without the administration of 
PFTeDA or PFHxDA for 14 days after a 42-day admin-
istration and then euthanized for examination (recovery 
group).

Female rats were assigned to the main group or recov-
ery group before PFTeDA and PFHxDA were adminis-
tered. The number of females was 12 per dose in the main 
group, and PFTeDA or PFHxDA was administered for 14 
days before mating, and continued throughout the mating, 
gestation, and lactation periods up to 5 days after parturi-
tion. In the recovery group, 5 females/dose (vehicle con-
trol and high dose only) were administered for 42 days 
without mating and euthanized after the 14-day recovery 
period.
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Repeated dose toxicity evaluation
All animals were observed twice daily for gener-

al appearance and behavior. Detailed clinical observa-
tions, including evaluations in the home cage, during han-
dling and outside the home cage in an open field, were 
also conducted using a standardized scoring system once 
a week. Body weight and food consumption was meas-
ured at regular intervals (at least once a week).

Males and females in the recovery group were subject-
ed to urinalysis and functional observations in the sixth 
week of the administration period and second week of the 
recovery period.  Functional observations were also per-
formed for females in the main group on day 4 of lacta-
tion. The parameters examined were as follows: 

 ·  Functional observations: sensory reactivity to visu-
al, tactile, auditory, pain, and proprioceptive stimu-
li, mid-air righting reflex, forelimb and hindlimb grip 
strength, and spontaneous motor activity

  ·  Urinalysis: pH, protein, glucose, ketone body, uro-
bilinogen, bilirubin, occult blood, color, urine vol-
ume, and specific gravity

The effects of the administration of PFTeDA and 
PFHxDA on hematology, blood biochemistry, organ 
weight, and histopathology were examined on the day 
after the final administration in the main group and after 
the completion of the recovery period in the recovery 
group. Serum thyroid-related hormone levels were also 
analyzed in the study on PFHxDA because changes were 
observed in thyroid weight. 

The surviving rats were anesthetized deeply after  
16- to 22-hr of starvation, and blood samples were col-
lected from the abdominal aorta. The animals were then 
euthanized by exsanguination, and the organs and tis-
sues of the entire body were examined macroscopically. 
The major organs were isolated and weighed, and organ 
weight per body weight (relative weight) was calculated. 
The eyeball and Harderian gland were fixed and preserved 
with Davidson’s fixative solution. The testis and epidi-
dymis were fixed with Bouin’s solution and preserved in 
70% ethanol. The other organs were stored in 10% neu-
tral-buffered formalin. All preserved organs in the control 
and high dose groups were sectioned, stained with hema-
toxylin-eosin, and examined under a light microscope. If 
treatment-related histopathological changes were found, 
the same tissues were examined in the low and middle 
dose groups. The parameters and organs examined were 
as follows:

 ·  Hematology: red blood cell count, hematocrit, hemo-
globin concentration, mean corpuscular volume, 
mean corpuscular hemoglobin, mean corpuscular 
hemoglobin concentration, reticulocyte count, plate-

let count, white blood cell count, differential count of 
white blood cells, prothrombin time (PT), and acti-
vated partial thromboplastin time (APTT)

 ·  Blood biochemistry: total protein, albumin, albumin/
globulin ratio, protein fraction ratio, glucose, total 
cholesterol, triglyceride, total bilirubin, urea nitro-
gen (BUN), creatinine, aspartate aminotransferase, 
alanine aminotransferase, alkaline phosphatase 
(ALP), γ-glutamyltranspeptidase, calcium, inorganic 
phosphorus (IP), sodium (Na), potassium, and chlo-
rine (Cl)

 ·  Hormonalysis (only in the study on PFHxDA): trii-
odothyronine (T3), thyroxine (T4), and thyroid-stimu-
lating hormone (TSH)

 ·  Organ weight: the brain, pituitary gland, thyroid, 
heart, liver, spleen, kidney, adrenal gland, thymus, 
testis, epididymis, prostate gland, seminal vesicle, 
and ovary

 ·  Histopathology: the brain, spinal cord, pituitary gland, 
thymus, thyroid, adrenal gland, spleen, heart, esopha-
gus, stomach, liver, pancreas, duodenum, jejunum, 
ileum, cecum, colon, rectum, trachea, lung, kidney, 
bladder, testis, epididymis, prostate, seminal vesi-
cle, ovary, uterus, eyeball, Harderian gland, mamma-
ry gland, femur, mesenteric and mandibular lymph 
nodes, sciatic nerve, and grossly abnormal tissues

Reproductive/developmental toxicity evaluation
The estrous cyclicity was evaluated daily by vagi-

nal lavage sampling from the first day of the administra-
tion period until evidence of copulation was detected in 
the main group and until the necropsy day in the recovery 
group. Females having repeated 4-6 day estrous cycles 
were judged to have normal estrous cycles.

During the mating period, males and females random-
ly selected from the same dose group were cohabited on a 
1:1 basis until successful copulation occurred for a max-
imum of 14 days. The presence of sperm in the vaginal 
smear and/or a vaginal plug was considered to be evi-
dence of successful mating. The day of successful mat-
ing was designated as day 0 of gestation. Successfully 
cohabited females were allowed to spontaneously deliver 
and nurse their pups until the end of the study. They were 
checked at least three times daily on days 21-25 of ges-
tation, and the day on which dams held their pups under 
the abdomen in the nest by 9:00 was designated as day 0 
of lactation or postnatal day (PND) 0.  Gestational length 
was recorded, and the following indices were computed 
for each dose group. 
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Copulation index (%) =

Number of animals with 
successful copulation

x 100
Number of animals 

cohabited

  

Fertility index (%) =
Number of pregnant females

x 100Number of pairs with 
successful copulation

Gestation index (%) =

Number of females with 
live pups

x 100
Number of pregnant 

females

All live and dead pups born were counted, and live 
pups were sexed and examined grossly on PND 0. They 
were observed daily for general appearance and behav-
ior, and the body weight of live pups was recorded on 
PNDs 0, 1, and 4. On PND 4, the pups were euthanized 
and subjected to a gross external and internal observation.  
At necropsy of maternal animals, the numbers of corpo-
ra lutea in the ovary and implantation sites in the uterus 
were recorded. 

 
Statistical analysis

Parametric data were evaluated by Bartlett’s test for 
the homogeneity of variances. The neonatal sex ratio and 
body weights of male and female pups were analyzed 
using the litter as the experimental unit. When homoge-
neity was recognized, a one-way analysis of variance was 
applied. If a significant difference was found, Dunnett’s 
test was used for pairwise comparisons between the con-
trol and individual treatment groups. Data without homo-

geneity were subjected to the Kruskal-Wallis test, and if 
significant differences were detected, the Mann-Whitney 
U test was used to compare PFTeDA- or PFHxDA-treat-
ed groups with the correspondent control group. 

The results of the detailed clinical and functional 
observations, qualitative parameters of urinalysis, specific 
gravity of urine, and histopathological findings with mul-
tiple grades were evaluated for the trend in each group 
by the Kruskal-Wallis test. When significant differences 
were found, data were compared between the control and 
each dosage group using the Mann-Whitney U test. The 
incidence of females with normal estrous cycles, copula-
tion, fertility, and gestation indices, and histopathological 
findings with a single grade were analyzed using the chi-
square test or Fisher’s exact test.

RESULTS

Perfluorotetradecanoic acid (PFTeDA; C14) 
Repeated dose toxicity

No treatment-related abnormalities were observed in 
general appearance or behavior throughout the adminis-
tration and recovery periods. In the 10 mg/kg/day group, 
the body weights of male rats were significantly lower 
than those in the control group on days 7 and 14 of the 
recovery period (Fig. 1). Although similar results were 
observed in the female recovery group, significant differ-
ences were not observed from the control. Body weights 
in the female main group were significantly lower on day 
4 of the lactation period at 3 mg/kg/day and during the 
lactation period at 10 mg/kg/day. A significant decrease 
in food consumption was only found in females given  

Fig. 1. Body weight changes in the combined repeated dose toxicity study with the reproduction/developmental toxicity screening 
test for PFTeDA in rats. *: Significantly different from the control, P ≤ 0.05. **: Significantly different from the control,  
P ≤ 0.01.
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10 mg PFTeDA/kg/day in the main group on days 5 
and 10 of gestation and on day 4 of lactation (data not 
shown). 

At the end of the administration period, the hindlimb 
grip strength of male rats decreased in a dose-dependent 
manner, and a significant difference from the control was 
found in the 3 and 10 mg/kg/day groups (Fig. 2). No sig-
nificant changes were observed in grip strength in males 
of the recovery group or in females. Furthermore, no sig-
nificant differences were observed in urinalysis param-
eters between the PFTeDA-treated and control groups, 
either at the end of the administration period or at the end 
of the recovery period (data not shown). 

In the main group, the only significant effect observed 
on hematology was a shortening in APTT in males giv-
en 10 mg PFTeDA/kg/day (Table 1). Blood biochemical 
examinations showed significant decreases in total pro-
tein in males and the β-globulin fraction in both sexes at 
10 mg/kg/day (Table 1). Significant increases were also 
observed in ALP and BUN in males and Cl in females 
in the 10 mg/kg/day group. Absolute and relative liver 
weights were significantly increased at 3 and 10 mg/kg/
day in males (Table 1). A significant increase in the rela-
tive liver weight was also found in females at 10 mg/kg/
day. In males, the absolute weight of the pituitary gland 
was significantly decreased at 3 and 10 mg/kg/day and the 
relative weight was also significantly decreased at 3 mg/
kg/day. The absolute weight of the seminal vesicle was 
significantly decreased at all doses. 

Histopathologically, centrilobular hepatocyte hypertro-
phy was observed in males at 3 and 10 mg/kg/day and 

in females at 10 mg/kg/day (Table 2). Microgranulomas 
were noted in the liver of both sexes in all groups con-
taining the control; however, the extent of these was sig-
nificantly higher in females given 10 mg PFTeDA/kg/day. 
Focal necrosis was detected in the liver of one female 
given 10 mg PFTeDA/kg/day. Follicular cell hypertrophy 
was observed in the thyroids of males at 3 and 10 mg/kg/
day. In females, the incidences of decreases in extramed-
ullary hematopoiesis in the spleen and cortex atrophy in 
the thymus were significantly increased at 10 mg/kg/day. 
No treatment-related changes were detected in histopa-
thology in other organs, including the pituitary gland and 
seminal vesicle. 

In the recovery group, the hemoglobin concentra-
tion and hematocrit value were significantly decreased, 
and PT was significantly shortened in females in the  
10 mg/kg/day group (Table 1). Significant increases were 
also observed in ALP and IP and decreases in triglycer-
ide levels in males, as well as a significant decrease in 
total cholesterol and increase in BUN in females in the  
10 mg/kg/day group. In this group, the absolute and/or rel-
ative liver weights were significantly increased, and his-
topathologically, centrilobular hypertrophy of hepatocytes, 
diffuse hypertrophy of hepatocytes or diffuse fatty change 
was found in the liver (Table 2). Hypertrophy of follicu-
lar cells was observed in the thyroids of two males in the  
10 mg/kg/day group.

Reproductive/developmental toxicity
Reproductive/developmental results are summarized in 

Table 3.  No significant changes were found in reproduc-

Fig. 2. The hindlimb grip strength of male and female rats in the combined repeated dose toxicity study with the reproduction/
developmental toxicity screening test for PFTeDA. *: Significantly different from the control, P ≤ 0.05. **: Significantly 
different from the control, P ≤ 0.01.
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Table 1.   Significant changes in hematological and blood biochemical parameters and organ weights in rats given PFTeDA.

Dose (mg/kg/day)
At the end of the administration period

 (Main group)
At the end of the recovery period 

(Recovery group)
0 1 3 10 0 10

MALES
Hematology

Hemoglobin (g/dL) 15.78 ± 0.61 16.00 ± 0.85 15.90 ± 0.55 15.98 ± 0.77 16.42 ± 0.38 15.88 ± 0.61 
Hematocrit (%) 44.86 ± 2.02 45.26 ± 2.10 44.80 ± 1.81 45.16 ± 2.38 46.16 ± 1.04 45.50 ± 1.99 
PT (sec) 21.56 ± 6.33 22.46 ± 0.78 22.74 ± 2.34 21.78 ± 4.27 20.10 ± 3.33 21.14 ± 1.62
APTT (sec) 27.42 ± 3.61 28.18 ± 1.36 26.42 ± 1.97 23.62 ± 1.28* 25.78 ± 2.34 24.68 ± 3.86 

Blood biochemistry
Total protein (g/dL) 5.74 ± 0.19 5.66 ± 0.21 5.78 ± 0.30 5.26 ± 0.11** 5.80 ± 0.12 5.52 ± 0.34
β-Globulin fraction of protein (%) 17.12 ± 0.91 16.14 ± 0.80 16.24 ± 0.57 15.68 ± 0.99* 16.40 ± 0.72 16.36 ± 0.51 
ALP (IU/L) 363.2 ± 81.5 352.6 ± 113.1 355.0 ± 51.8 520.8 ± 75.6* 334.2 ± 51.7 470.4 ± 67.3**
Triglyceride (mg/dL) 36.0 ± 9.4 50.4 ± 22.1 46.4 ± 17.1 21.8 ± 6.3 59.2 ± 14.2 31.8 ± 8.9**
Total cholesterol (mg/dL) 60.0 ± 9.9 53.8 ± 6.0 44.0 ± 11.2 50.8 ± 14.7 63.8 ± 18.9 50.6 ± 10.7
BUN (mg/dL) 14.26 ± 1.43 14.02 ± 1.47 16.00 ± 1.71 19.88 ± 1.99** 14.82 ± 1.04 16.20 ± 2.11
Cl (mEq/L) 106.8 ± 1.3 107.4 ± 1.8 107.0 ± 0.7 108.4 ± 2.3 105.4 ± 1.1 106.6 ± 1.1 
IP (mg/dL) 6.36 ± 0.47 6.04 ± 0.50 6.42 ± 0.60 6.98 ± 0.44 6.20 ± 0.33 6.68 ± 0.29*

Organ weight
Liver (g) 11.95 ± 1.53 12.09 ± 0.73 14.52 ± 1.82* 15.21 ± 0.53** 13.09 ± 0.95 16.41 ± 0.48**
          (%) 2.41 ± 0.11 2.49 ± 0.12 2.87 ± 0.23** 3.25 ± 0.07** 2.43 ± 0.15 3.18 ± 0.16**
Pituitary gland (mg) 13.20 ± 0.74 13.06 ± 1.17 11.18 ± 0.87* 11.48 ± 1.07* 13.10 ± 2.46 13.70 ± 1.04 
                          (10-3%) 2.69 ± 0.28 2.69 ± 0.26 2.22 ± 0.21* 2.46 ± 0.28 2.43 ± 0.44 2.65 ± 0.21 
Seminal vesicle (g) 2.53 ± 0.51 2.00 ± 0.19* 2.01 ± 0.29* 1.91 ± 0.15* 2.18 ± 0.12 2.14 ± 0.42
                           (%) 0.512 ± 0.102 0.412 ± 0.035 0.402 ± 0.077 0.408 ± 0.023 0.402 ± 0.029 0.414 ± 0.074

FEMALES
Hematology

Hemoglobin (g/dL) 15.14 ± 0.40 14.68 ± 0.70 15.02 ± 0.87 15.50 ± 0.60 15.68 ± 0.62 14.46 ± 0.68*
Hematocrit (%) 43.94 ± 2.17 43.24 ± 2.58 44.26 ± 2.83 44.94 ± 1.48 44.34 ± 1.67 40.90 ± 1.95*
PT (sec) 18.78 ± 0.93 17.60 ± 1.04 17.76 ± 0.47 17.52 ± 1.32 17.26 ± 0.50 16.12 ± 0.87*
APTT (sec) 19.00 ± 0.46 19.54 ± 0.52 19.88 ± 0.60 19.44 ± 0.75 18.28 ± 1.30 19.48 ± 1.03 

Blood biochemistry
Total protein (g/dL) 6.30 ± 0.22 6.52 ± 0.25 6.40 ± 0.23 6.12 ± 0.44 6.46 ± 0.32 6.30 ± 0.28 
β-Globulin fraction of protein (%) 18.32 ± 0.54 17.32 ± 1.15 17.56 ± 0.98 15.90 ± 0.92** 14.86 ± 0.98 14.54 ± 0.48 
ALP (IU/L) 196.8 ± 54.0 174.0 ± 33.7 177.8 ± 51.3 236.0 ± 32.1 177.6 ± 51.8 234.2 ± 72.9 
Triglyceride (mg/dL) 49.6 ± 29.2 43.0 ± 10.9 47.6 ± 13.9 29.2 ± 18.0 15.8 ± 7.7 18.8 ± 16.5 
Total cholesterol (mg/dL) 68.8 ± 12.2 63.0 ± 14.5 57.2 ± 10.9 51.2 ± 15.4 75.8 ± 11.6 56.6 ± 10.6*
BUN (mg/dL) 25.58 ± 2.73 24.08 ± 2.27 23.80 ± 3.17 30.44 ± 4.18 15.00 ± 1.60 20.24 ± 4.60*
Cl (mEq/L) 102.6 ± 2.3 103.8 ± 0.8 105.0 ± 1.6 105.8 ± 0.8* 108.4 ± 2.2 107.4 ± 1.1 
IP (mg/dL) 9.08 ± 0.91 8.86 ± 0.79 8.20 ± 0.45 8.30 ± 0.60 4.70 ± 0.85 5.64 ± 0.61 

Organ weight
Liver (g) 10.14 ± 0.75 10.96 ± 1.13 10.17 ± 0.19 10.44 ± 0.89 7.18 ± 0.69 7.90 ± 1.07 
        (%) 3.33 ± 0.17 3.49 ± 0.21 3.42 ± 0.16 3.70 ± 0.29* 2.40 ± 0.27 2.83 ± 0.27*
Pituitary gland (mg) 16.26 ± 2.43 17.44 ± 1.80 16.54 ± 0.93 15.82 ± 2.99 16.32 ± 2.29 18.06 ± 3.75 
                        (10-3%) 5.37 ± 0.97 5.58 ± 0.62 5.56 ± 0.24 5.67 ± 1.37 5.44 ± 0.63 6.42 ± 1.04

Data are shown as the mean ± S.D.
*: Significantly different from the control group at P ≤ 0.05.
**: Significantly different from the control group at P ≤ 0.01.
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tive parameters, including estrous cyclicity, the copulation 
index, fertility index, gestation index or gestation length.  
No significant differences were observed in the number 
of corpora lutea, implantation sites, delivered pups, or 
live pups on PNDs 0 and 4, or in the sex ratio of live 
pups between the PFTeDA-treated and control groups. In 
the 10 mg/kg/day group, the body weights of male and 
female pups were significantly lower on PNDs 1 and 4. 
There were no abnormalities in the general appearance or 
necropsy findings of neonates. 

Perfluorohexadecanoic acid (PFHxDA: C16)
Repeated dose toxicity

No treatment-related clinical signs of toxicity were 
observed throughout the study. The body weights of males 
in the 100 mg/kg/day group were significantly lower than 
those of the control on days 35 and 42 of the adminis-
tration period (Fig. 3). Such effects on body weight were 

not detected in the females. Food consumption was sig-
nificantly reduced on day 14 of the recovery period in 
males given 100 mg PFHxDA/kg/day, on days 5-14 of 
the gestation period, and on day 4 of the lactation peri-
od in females given 100 mg PFHxDA/kg/day in the main 
group (data not shown). 

A functional observation at the end of the adminis-
tration period revealed no significant changes in any of 
the PFHxDA-treated groups, but a significant decrease 
in hindlimb grip strength at the end of recovery period in 
both sexes given 100 mg PFHxDA/kg/day (Fig. 4). No 
significant difference was seen in any urinalysis param-
eters between the control and PFHxDA-treated groups 
either at the end of the administration period or at the end 
of the recovery period (data not shown).  

At the end of the administration period, no significant 
differences were observed in any hematological param-
eters between the control and PFHxDA-treated groups 

Table 2.    Histopathological findings in the combined repeated dose toxicity study with reproduction/developmental 
toxicity screening test for PFTeDA in rats.

Dose (mg/kg/day)
At the end of the administration period   

(Main group)
At the end of the recovery 
period (Recovery group)

0 1 3 10 0 10
MALES
Number of examined animals 7 12 12 7 5 5
Liver
- Centrilobular hypertrophy of hepatocytes + 0 0 6 0 0 2

++ 0 0 2 7 0 3
- Microgranuloma + 4 10 6 1 3 4
- Diffuse fatty change + 0 0 0 0 0 2
Thyroid
- Hypertrophy of follicular cells + 0 0 4 4 0 2

FEMALES
Number of examined animals 12 12 12 12 5 5
Liver
- Centrilobular hypertrophy of hepatocytes + 0 0 0   9** 0 2
- Diffuse hypertrophy of hepatocytes + 0 0 0 0 0 2
- Microgranuloma + 6 9 8 3 4 1

++ 0 0 0 7 0 3
- Focal necrosis + 0 0 0 1 0 0
Spleen
- Decrease in extramedullary hematopoiesis + 2 0 2  8* 0 0
Thymus
- Cortex atrophy + 1 2 1   8** 0 0
Values represent the number of animals with findings.
+: Slight change, ++: moderate change
*: Significantly different from the control group at P ≤ 0.05.
**: Significantly different from the control group at P ≤ 0.01.
Brackets in the data columns mean that statistical analysis was performed for a total number of animals with findings in consideration 
of grades.

* ** **

**
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Table 3.    Reproductive/developmental findings in the combined repeated dose toxicity study with the reproduction/
developmental screening test for PFTeDA in rats.

Dose (mg/kg/day) 0 1 3 10
Incidence of females with normal estrous cyclea (%) 91.7 91.7 91.7 100
Estrous cycle lengtha, b (days) 4.06 ± 0.21 4.00 ± 0.00 3.98 ± 0.17 4.06 ± 0.20 
Number of cohabited pairs 12 12 12 12
Copulation index (%) Males 91.7 91.7 100 100

Females 100 100 100 100
Fertility index (%) 100 100 91.7 100
Gestation index (%) 100 100 100 100
Gestation lengthb (days) 22.3 ± 0.7 22.3 ± 0.5 22.2 ± 0.4 22.0 ± 0.0 
Number of pregnant females 12 12 11 12 
Number of corpora luteab 16.7 ± 1.9 16.4 ± 1.8 16.1 ± 1.6 17.0 ± 2.2 
Number of implantation sitesb 16.0 ± 1.7 16.2 ± 1.6 15.9 ± 1.8 16.4 ± 2.0 
Number of pups deliveredb 14.5 ± 3.8 15.3 ± 2.0 15.3 ± 2.1 15.8 ± 1.8
Sex ratio of pups (male pups / all pups) b 0.470 ± 0.113 0.532 ± 0.101 0.481 ± 0.132 0.547 ± 0.116 
Number of live pupsb on PND 0 14.5 ± 3.8 15.3 ± 2.0 15.2 ± 2.0 15.8 ± 1.8 

on PND 4 14.1 ± 3.6 15.0 ± 1.9 15.1 ± 1.8 15.2 ± 1.3 
Body weight of male pupsb (g)

on PND 0 6.58 ± 0.93 6.62 ± 0.76 6.43 ± 0.41 6.01 ± 0.34 
on PND 1 7.32 ± 1.14 7.19 ± 0.89 6.97 ± 0.52 6.31 ± 0.46**
on PND 4 10.66 ± 2.03 10.53 ± 1.31 9.93 ± 0.76 8.77 ± 0.85**

Body weight of female pupsb (g)
on PND 0 6.29 ± 0.81 6.28 ± 0.68 6.05 ± 0.34 5.78 ± 0.36 
on PND 1 6.99 ± 1.03 6.83 ± 0.78 6.53 ± 0.49 6.05 ± 0.45**
on PND 4 10.18 ± 1.72 9.98 ± 1.21 9.35 ± 0.68 8.41 ± 0.85**

a: Data of the main group are shown. No significant changes in estrous cycle normality were found in the recovery group, either. 
b: Data are shown as the mean ± S.D.
*: Significantly different from the control group at P ≤ 0.05.
**: Significantly different from the control group at P ≤ 0.01.

Fig. 3. Body weight changes in the combined repeated dose toxicity study with the reproduction/developmental toxicity screening 
test for PFHxDA in rats. *: Significantly different from the control, P ≤ 0.05.
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(data not shown). Serum Cl levels were significant-
ly increased at 100 mg/kg/day in males and at 20 and  
100 mg/kg/day in females (Table 4). A significant decrease 
in serum total bilirubin levels and significant increases in 
BUN and serum Na levels were also detected in females 
given 100 mg PFHxDA/kg/day. In males, the absolute and 
relative liver weights were significantly increased in the 
100 mg/kg/day group (Table 4). The relative thyroid weight 
was significantly increased at 20 and 100 mg/kg/day,  
with a significant increase also being observed in the 
absolute weight at 20 mg/kg/day in males. The analy-
sis of serum thyroid-related hormones revealed signif-
icantly decreased T3 in females in all PFHxDA-treat-
ed groups. The histopathological examination revealed 
the centrilobular hypertrophy of hepatocytes in males at  
20 mg/kg/day and in both sexes at 100 mg/kg/day (Table 5). 
Centrilobular fatty changes were also observed in males at  
20 and 100 mg/kg/day. No treatment-related histopatho-
logical changes were detected in other organs including 
the thyroid.   

A significant decrease was noted in serum total bilirubin 
levels in both sexes as well as a significant increase in 
serum Cl level in females in the 100 mg/kg/day group 
after the 14-day recovery period (Table 4). Serum T4 lev-
els were significantly decreased in males in the 100 mg/
kg/day group. Absolute and relative liver weights in males 
still remained higher, and in addition, significant decreas-
es were found in absolute and relative adrenal weights in 
the 100 mg/kg/day group. Histopathologically, the centri-
lobular hypertrophy of hepatocytes was observed in both 
sexes as well as centrilobular fatty changes in one male in 
the 100 mg/kg/day group (Table 5).

Reproductive/developmental toxicity
PFHxDA did not significantly affect any reproductive/

developmental parameters (Table 6). Although the body 
weights of male and female pups on PND 4 were slight-
ly lower in the 100 mg/kg/day group, no significant dif-
ference was observed from those in the control group.  
There were no abnormalities in the general appearance or 
necropsy findings of neonates. 

DISCUSSION

The present study was performed to obtain initial 
information on the repeated dose and reproductive/devel-
opmental toxicity of PFTeDA (C14) and PFHxDA (C16). 
The results obtained demonstrated that the main toxic tar-
get of these compounds was the liver, which was simi-
lar to PFUnA (C11), PFDoA (C12), and PFOcDA (C18), 
which we had examined previously (Hirata-Koizumi et 
al., 2012; Kato et al., in press; Takahashi et al., 2014). 

The hepatic effects of PFCAs in rodents have been 
attributed, at least partly, to the peroxisome proliferator-
activated receptor alpha (PPARα) (Lau et al., 2007; Wolf 
et al., 2012). PPARα is a nuclear receptor that plays an 
important role in regulating fatty acid metabolism in tis-
sues such as the liver, kidney, heart, and intestinal muco-
sa (Corton et al., 2000). In the present study, the blood 
biochemical examination did not reveal any clear effects 
on lipid metabolism; however, PFTeDA (C14) and PFHx-
DA (C16) decreased serum total cholesterol in the 14-day 
dose finding study performed at higher doses. Although 
the PPARα agonist activities of PFTeDA and PFHxDA 
are unknown, PFDoA (C12), which is very similar in 

Fig. 4. The hindlimb grip strength of male and female rats in the combined repeated dose toxicity study with the reproduction/
developmental toxicity screening test for PFHxDA. *: Significantly different from the control, P ≤ 0.05. **: Significantly 
different from the control, P ≤ 0.01.
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structure, was recently reported to activate mouse PPARα 
in transiently transfected COS-1 cells (Wolf et al., 2012) 
and induce the mRNA levels of the important PPARα tar-
get genes, acyl CoA oxidase and CYP4A1, in the rat liv-
er (Zhang et al., 2008; Ding et al., 2009). These find-
ings indicated that PFTeDA and PFHxDA may activate 
PPARα, which may in turn affect the liver. Regarding 
the mechanism underlying the hepatotoxicity of PFCAs, 
many studies have examined PFOA (C8) and showed 

that PFOA could elicit changes in the liver not only via 
PPARα activation, but also through PPARα-independent 
mechanisms (Peters and Gonzalez, 2011). The involve-
ment of other transcription factors such as the constitutive 
androstane receptor and pregnane X receptor has been 
implied. Further research is needed to clarify the mech-
anism involved in the hepatotoxicity of PFCAs including 
PFTeDA and PFHxDA.  

PFTeDA (C14) induced follicular cell hypertrophy in 

Table 4.    Significant changes in blood biochemical parameters, serum thyroid-related hormone levels and organ 
weights in rats given PFHxDA.

Dose (mg/kg/day)
At the end of the administration period

 (Main group)
At the end of the recovery period

 (Recovery group)
0 4 20 100 0 100

MALES
Blood biochemistry

Total bilirubin (mg/dL) 0.062 ± 0.008 0.056 ± 0.011 0.058 ± 0.015 0.064 ± 0.011 0.064 ± 0.013 0.044 ± 0.005*
BUN (mg/dL) 14.54 ± 0.88 14.52 ± 1.54 14.98 ± 1.60 17.52 ± 2.81 16.16 ± 1.18 15.12 ± 1.31 
Na (mEq/L) 144.2 ± 1.6 144.4 ± 1.7 144.4 ± 1.1 145.4 ± 0.9 144.2 ± 1.5 144.4 ± 0.5 
Cl (mEq/L) 106.8 ± 1.3 108.2 ± 2.3 107.4 ± 0.9 109.6 ± 1.5* 106.2 ± 1.1 108.0 ± 1.4 

Hormonalysis
T3 (ng/mL) 0.450 ± 0.070 0.466 ± 0.076 0.390 ± 0.060 0.436 ± 0.119 0.474 ± 0.123 0.452 ± 0.061
T4 (ng/mL) 69.71 ± 14.91 74.73 ± 10.93 80.05 ± 8.65 71.38 ± 3.83 117.50 ± 15.00 89.25 ± 11.87*
TSH (ng/mL) 3.732 ± 1.491 6.586 ± 2.712 7.064 ± 5.351 9.682 ± 6.029 13.314 ± 5.530 13.564 ± 3.229

Organ weight
Liver (g) 12.15 ± 1.27 11.81 ± 0.55 12.12 ± 0.85 14.50 ± 0.61** 12.38 ± 1.40 14.62 ± 1.35*
         (%) 2.50 ± 0.04 2.45 ± 0.10 2.49 ± 0.15 3.26 ± 0.07** 2.40 ± 0.17 2.97 ± 0.33**
Thyroid (mg) 18.94 ± 1.6 20.58 ± 1.53 24.26 ± 4.28* 22.16 ± 3.26 21.90 ± 3.98 22.40 ± 4.10
            (10-3%) 3.94 ± 0.58 4.27 ± 0.34 4.98 ± 0.78* 4.98 ± 0.67* 4.26 ± 0.82 4.54 ± 0.84
Adrenal (mg) 70.0 ± 2.1 58.4 ± 11.9 62.4 ± 9.9 57.8 ± 8.4 70.4 ± 3.8 55.2 ± 6.1**
　　　 (10-3%) 14.52 ± 1.43 12.09 ± 2.41 12.91 ± 2.56 13.03 ± 2.03 13.69 ± 0.72 11.17 ± 1.14**

FEMALES
Blood biochemistry

Total bilirubin (mg/dL) 0.080 ± 0.007 0.076 ± 0.005 0.072 ± 0. 013 0.060 ± 0.000** 0.084 ± 0.015 0.054 ± 0.011**
BUN (mg/dL) 25.78 ± 2.35 27.82 ± 2.05 28.22 ± 4.41 31.18 ± 1.55* 16.66 ± 1.08 15.50 ± 1.09 
Na (mEq/L) 140.8 ± 0.8 142.2 ± 0.8 142.6 ± 1.5 142.8 ± 1.3* 144.6 ± 1.1 145.0 ± 0.7 
Cl (mEq/L) 104.0 ± 0.7 105.0 ± 0.7 106.2 ± 1.3* 106.8 ± 1.6** 108.8 ± 0.8 109.8 ± 0.4*

Hormonalysis
T3 (ng/mL) 0.734 ± 0.023 0.606 ± 0.036** 0.626 ± 0.068** 0.532 ± 0.040** 0.784 ± 0.143 0.684 ± 0.032
T4 (ng/mL) 65.48 ± 9.30 65.56 ± 15.86 61.86 ± 7.57 66.36 ± 14.85 46.26 ± 16.70 58.48 ± 7.11
TSH (ng/mL) 4.478 ± 1.454 5.434 ± 5.130 4.408 ± 2.329 8.338 ± 4.661 3.758 ± 0.859 28.772 ± 54.988

Organ weight
Liver (g) 10.17 ± 0.48 9.70 ± 0.61 10.00 ± 0.81 10.53 ± 0.75 6.95 ± 0.37 7.48 ± 1.00
　　 (%) 3.39 ± 0.12 3.27 ± 0.21 3.35 ± 0.15 3.55 ± 0.20 2.49 ± 0.11 2.71 ± 0.28
Thyroid (mg) 19.28 ± 3.06 15.78 ± 2.95 16.96 ± 3.42 18.04 ± 1.99 18.42 ± 1.97 16.88 ± 3.46
　　　 (10-3%) 6.40 ± 0.78 5.30 ± 0.86 5.71 ± 1.27 6.07 ± 0.55 6.60 ± 0.79 6.09 ± 1.01
Adrenal (mg) 76.4 ± 5.8 79.6 ± 6.0 79.4 ± 7.9 75.4 ± 7.9 67.0 ± 3.5 74.2 ± 12.4 
　　　 (10-3%) 25.44 ± 1.68 26.80 ± 2.00 26.59 ± 2.12 25.43 ± 2.77 23.98 ± 1.11 26.95 ± 4.70

Data are shown as the mean ± S.D.
*: Significantly different from the control group at P ≤ 0.05.
**: Significantly different from the control group at P ≤ 0.01.

Vol. 2 No. 4

186

M. Hirata-Koizumi et al.



Table 5.    Histopathological findings in the combined repeated dose toxicity study with reproduction/developmental 
toxicity screening test for PFHxDA in rats.

Dose (mg/kg/day)
At the end of the administration period  

(Main group)
At the end of the recovery 
period (Recovery group)

0 4 20 100 0 100
MALES
Number of examined animals 7 12 12 7 5 5
Liver
- Centrilobular hypertrophy of hepatocytes + 0 0 5 0 0   5**

++ 0 0 0 7 0 0
- Centrilobular fatty change + 0 0 2   7** 0 1

FEMALES
Number of examined animals 12 12 12 12 5 5
Liver
- Centrilobular hypertrophy of hepatocytes + 0 0 0   8** 0 1
Values represent the number of animals with findings.
+: Slight change, ++: moderate change
**: Significantly different from the control group at P ≤ 0.01.
Brackets in the data columns mean that statistical analysis was performed for a total number of animals with findings in consideration 
of grades.

**

Table 6.    Reproductive/developmental findings in the combined repeated dose toxicity study with the reproduction/
developmental screening test for PFHxDA in rats.

Dose (mg/kg/day) 0 4 20 100
Incidence of females with normal estrous cyclea (%) 100 100 100 100
Estrous cycle lengtha, b (days) 4.11 ± 0.22 4.18 ± 0.32 4.03 ± 0.09 4.00 ± 0.00 
Number of cohabited pairs 12 12 12 12
Couplation index (%) Males 100 100 100 100

Females 100 100 100 100
Fertility index (%) 91.7 100 100 100
Gestation index (%) 100 100 100 100
Gestation lengthb (days) 22.3 ±  0.5 22.3 ± 0.5 22.3 ± 0.5 22.2 ± 0.4 
Number of pregnant females 11 12 12 12
Number of corpora luteab 16.5 ± 1.1 17.0 ± 1.2 15.8 ± 1.9 16.1 ± 1.6 
Number of implantation sitesb 16.1 ± 1.4 16.6 ± 1.2 15.3 ± 2.1 15.8 ± 1.6 
Number of pups deliveredb 15.2 ± 1.7 16.0 ± 1.7 14.2 ± 2.2 14.6 ± 2.0 
Sex ratio of pups (male pups / all pups) b 0.505 ± 0.165 0.413 ± 0.158 0.429 ± 0.140 0.492 ± 0.183 
Number of live pups b on PND 0 15.1 ± 1.7 15.8 ± 1.6 14.2 ± 2.2 14.5 ± 2.2 

on PND 4 15.0 ± 1.7 13.1 ± 6.3 14.1 ± 2.3 13.7 ± 2.7 
Body weight of male pupsb (g)

on PND 0 6.63 ± 0.58 6.67 ± 0.67 6.75 ± 0.69 6.45 ± 0.46 
on PND 1 7.25 ± 0.56 7.12 ± 1.08 7.33 ± 0.75 6.97 ± 0.80 
on PND 4 10.53 ± 0.85 10.63 ± 1.54 10.67 ± 1.14 9.93 ± 1.24 

Body weight of female pupsb (g)
on PND 0 6.27 ± 0.51 6.22 ± 0.60 6.40 ± 0.66 6.08 ± 0.50 
on PND 1 6.91 ± 0.51 6.58 ± 1.07 6.98 ± 0.82 6.59 ± 0.79 
on PND 4 10.05 ± 0.79 9.97 ± 1.36 10.15 ± 1.25 9.43 ± 1.31

a: Data of the main group are shown. No significant changes in estrous cycle normality were found in the recovery group, either. 
b: Data are shown as the mean ± S.D.
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the thyroids of males. Although the serum levels of thy-
roid-related hormones were not analyzed in the present 
study for PFTeDA, it may be a compensatory response 
of the thyroid to a decrease in thyroid hormone lev-
els because the structural analogue, perfluorodecano-
ic acid (PFDeA, C10), was previously reported to reduce 
serum T3 and/or T4 levels in rats (Gutshall et al., 1988; 
Van Rafelghem et al., 1987; Langley and Pilcher, 1985;  
Gutshall et al., 1989). In the present study, PFHxDA 
(C16) did not affect the histopathology of thyroids, but 
increased the thyroid weight in males and decreased 
serum T3 level in females. Although these effects of 
PFHxDA were not consistent between sexes and lacked 
clear dose-dependency, our results indicate that PFHx-
DA may slightly affect the thyroid system through a sim-
ilar mechanism to PFTeDA (C14) and PFDeA (C10). The 
findings of mechanistic studies on PFDeA (C10) suggest-
ed that reduced serum thyroid hormone levels may result 
from (1) a displacement in the hormones from plasma pro-
tein binding sites, leading to an increase in tissue uptake 
and turnover (Gutshall et al., 1989), and (2) the enhanced 
metabolism of thyroid hormones in the liver (Shelby and  
Klaassen, 2006). In our previous studies, we did not detect 
any effects of PFUnA (C11), PFDoA (C12), and PFOc-
DA (C18) on the histopathology or weight of the thy-
roids (Hirata-Koizumi et al., 2012; Kato et al., in press;  
Takahashi et al., 2014). Serum hormone levels were not 
measured in these studies.

We previously reported that PFOcDA (C18) reduced 
forelimb grip strength in females (Hirata-Koizumi et al., 
2012). This effect was not observed at the end of the 
administration period, but appeared at the end of recov-
ery period in both sexes in studies on PFUnA (C11) and 
PFDoA (C12) (Kato et al., in press; Takahashi et al., 
2014). We considered that the reduction observed in grip 
strength may reflect the muscle weakness associated with 
a decrease in food consumption and/or body weight. In 

the present study, PFTeDA (C14) and PFHxDA (C16) 
reduced hindlimb grip strength, but not that of the fore-
limb. As with PFUnA (C11) and PFDoA (C12), the effects 
of PFHxDA (C16) on grip strength only appeared at the 
end of the recovery period. Hindlimb grip weakness was 
not necessarily accompanied by a low body weight. Fur-
ther studies are required in order to clarify the mechanism 
responsible. 

As for reproductive/developmental toxicity, the only 
effect observed was an inhibited postnatal body weight 
gain in pups at a maternal toxic dose of PFTeDA (C14). 
Similar results were observed in the study on PFHx-
DA (C16), but these changes were not significant. In our 
previous studies on long-chain PFCAs, postnatal body 
weight gain in pups was also inhibited at the highest 
dose (Hirata-Koizumi et al., 2012; Kato et al., in press;  
Takahashi et al., 2014). In studies performed on PFDoA 
(C12) and PFOcDA (C18), such effects were accompa-
nied by more severe reproductive/developmental effects, 
such as the deaths of dams at the end of pregnancy and 
stillbirths, and with more severe maternal toxic effects 
than those observed in the present study. The effect of 
long-chain PFCAs on postnatal development could be 
attributed to secondary effects due to maternal toxicity 
such as a low body weight during the lactation period. If 
PFTeDA (C14) reduced thyroid hormone levels as spec-
ulated above, it may be one cause of impaired postnatal 
development because Hapon et al. (2003) reported that 
hypothyroidism induced by a propylthiouracyl treatment 
impaired the growth of pups during the lactation period in 
rats. When the lipophilic properties of long-chain PFCAs 
(Inoue et al., 2012) are considered, there is also the possi-
bility that they were transferred via breast milk and affect-
ed the pups directly. 

Based on the present results, the NOAELs for the 
repeated dose and reproductive/developmental toxic-
ity were concluded to be 1 and 3 mg/kg/day for PFTe-

Table 7.    Comparison of the NOAELs for the repeated dose and reproductive/developmental toxicity for long-chain 
PFCAs.

Chemical name Carbon number
NOAEL (mg/kg/day)

ReferenceRepeated dose 
toxicity

Reproductive
/developmental 

toxicity
PFUnA (perfluoroundacanoic acid) 11 0.1 0.3 Takahashi et al., 2014
PFDoA (perfluorododecanoic acid) 12 0.1 0.5 Kato et al., in press
PFTeDA (perfluorotetradecanoic acid) 14 1 3 Current study
PFHxDA (perfluorohexadecanoic acid) 16 4 100 Current study
PFOcDA (perfluorooctadecanoic acid) 18 40 200 Hirata-Koizumi et al., 2012
The NOAELs were established based on the results of in the combined repeated dose toxicity study with reproduction/developmental 
toxicity screening tests in rats
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DA (C14) and 4 and 100 mg/kg/day for PFHxDA (C16), 
respectively.  When the NOAELs were compared with 
those of PFUnA (C11), PFDoA (C12), and PFOcDA (C18) 
from our previous studies, the toxic potency of PFCAs 
was found to become weaker as the carbon chain length 
increased from C12 to C18 (Table 7). Since the previous 
comparative studies on the hepatic effects of PFCAs dem-
onstrated increases in toxic potency due to an increase in 
the length of carbon chains up to C8 in rodents (Kudo 
et al., 2006; Permadi et al., 1993), the toxic potency of 
PFCAs was considered to be the strongest when the car-
bon length was C8 to C12. A clear chain length-depend-
ent downward trend was observed in the renal elimination 
of PFCAs with a carbon chain length from C6 to C10 in 
rats (Ohmori et al., 2003; Kudo et al., 2001), and active 
renal tubular reabsorption via organic anion transport pro-
teins was considered to be responsible for this (Han et 
al., 2012). On the other hand, Wolf et al. (2008, 2012) 
reported that PFCAs of longer chain lengths induced 
more activity from mouse and human PPARα than those 
of shorter chain lengths up to C9 in transiently transfect-
ed COS-1 cells; therefore, not only toxicokinetic, but also 
toxicodynamic factors may contribute to the chain length-
dependent toxicity of PFCAs with carbon chain lengths 
up to C8. Regarding PFCAs with carbon chain lengths of 
C11 and above, although no data is currently available to 
explain the cause of the chain length-dependent differ-
ences in toxic potencies, medium chain fatty acids (typ-
ically C6-C12) are known to be absorbed better from the 
gastrointestinal tract than long-chain fatty acids (typical-
ly longer than C12) (Ramirez et al., 2001). Considering 
structural similarities, the gastrointestinal absorption of 
longer chain PFCAs may be poorer than that of PFCAs 
with shorter carbon chains. In order to clarify the cause 
of the differences in the toxic potencies of long-chain 
PFCAs, we are planning to first analyze serum PFCA lev-
els in rats given different long-chain PFCAs.
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