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Abstract: A 90-day oral toxicity test in rats was performed to evaluate the toxicity of 2-tetradecylcyclobutanone (2-tDCB), a unique 
radiolytic product of stearic acid. Six-week-old male and female F344 rats (n=15/group) were given 2-tDCB at concentrations of 0, 12, 
60 and 300 ppm in a powder diet for 13 weeks. Slight dose-dependent increases in serum total protein and albumin in male rats were 
found, but these changes were not considered to be a toxic effect. The fasting, but not non-fasting, blood glucose levels of the male rats 
in the 300 ppm group and female rats in the 60 and 300 ppm groups were lower than those of the controls. Gas chromatography-mass 
spectrometry analysis showed dose-dependent accumulation of 2-tDCB in adipose tissue, notably in males. Next, we performed an 
azoxymethane (AOM)-induced two-stage carcinogenesis study. After injection of 6-week-old male F344 rats (n=30/group) once a week 
for 3 weeks, the animals received 2-tDCB at concentrations of 0, 10, 50 and 250 ppm in a powder diet for 25 weeks. The incidences of 
colon tumors for the 2-tDCB dosages were 34%, 45%, 40% and 37%, respectively, and were not statistically significant. These data sug-
gest that 2-tDCB shows no toxic or tumor-modifying effects under the present conditions, and that the no-observed-adverse-effect level 
for 2-tDCB is 300 ppm in both sexes, equivalent to 15.5 mg/kg b.w./day in males and 16.5 mg/kg b.w./day in females. (DOI: 10.1293/
tox.2015-0002; J Toxicol Pathol 2015; 28: 99–107)
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Introduction:

Worldwide, food irradiation has been practiced as an 
effective method of reducing microbial and insect contami-
nation, and for inhibiting sprouting1. Irradiation of food 
is known to induce lipid peroxidation by reactive oxygen 

species and other radiolytic products2–4. Known indicators 
of food irradiation include the 2-alkylcyclobutanones (2-
ACBs), which are unique radiolytic products formed from 
the fatty acids of fat-containing food5, 6. Although it was 
thought that these products were found exclusively in irradi-
ated foods, a recent study has reported finding 2-ACBs in 
nonirradiated cashew nut and nutmeg samples7. Since the 
late 1990s, both the cytotoxicity and genotoxicity of 2-ACBs 
have been investigated in Europe and the United States8–12. 
While 2-ACBs have been shown to be negative for muta-
genicity in tests using E. coli or Salmonella strains11–14, a 
comet assay of 2-dodecylcyclobutanone (2-dDCB), a radio-
lytic product of palmitic acid, was found to induce DNA 
strand breaks in normal human colon cells and adenoma 
cells15. However, the validity of the test methods utilized in 
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these previous investigations as well as the genotoxicity of 
2-ACBs remains controversial. 2-Tetradecylcyclobutanone 
(2-tDCB) is a radiolytic compound originating from stearic 
acid and has the same number of carbon atoms as stearic 
acid with the alkyl group in ring position 2. While an in-
vestigation of azoxymethane (AOM)-induced colon carci-
nogenesis in Wistar rats demonstrated that both 2-tDCB and 
2-(tetradec-5’-enyl)-cyclobutanone, a radiolytic product of 
oleic acid, had tumor-promoting activity, the number of rats 
examined in the study was small, and statistical significance 
was only shown for the average number of colonic tumors; it 
was not shown for the tumor incidence10. Therefore, further 
investigations have been recommended16. At the present 
time, there have been no oral toxicity tests of 2-ACBs that 
have analyzed either biochemical or histological findings. 
In the present study, we performed a 90-day oral toxicity 
test and an AOM-induced two-stage carcinogenesis study of 
2-tDCB using a significant number of rats. In addition, 28-
day oral toxicity test for high-doses of 2-tDCB and stearic 
acid were performed.

Materials and Methods

Animals
Four-week-old male F344/DuCrlCrlj rats were obtained 

from Charles River Laboratories Japan, Inc. (Kanagawa, 
Japan). The rats were housed three to a plastic cage with 
sterilized woodchips for bedding in an air-conditioned room 
maintained at 23 ± 2°C and 55 ± 10% humidity with a 12 h 
light/dark cycle. All rats received a pellet diet until the start 
of the experiment (Oriental Yeast Co., Ltd., Tokyo, Japan) 
and tap water ad libitum. The study was performed using an 
experimental protocol approved by the Animal Committee 
of the University of Tokushima and conducted according to 
the Guidelines for the Care and Use of Laboratory Animals 
of the same institution.

Chemicals
2-tDCB (purity: >99.3%) was synthesized at Hayashi 

Pure Chemical Ind., Ltd., Osaka, Japan (Fig. 1A). The con-
centration of 2-tDCB in the powder diet (n=3/group) was 
determined by gas chromatography-mass spectrometry 
(GC-MS), and the stability of 2-tDCB after 72 h of storage 
at room temperature was confirmed. AOM and stearic acid 
were purchased from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan).

90-Day oral toxicity test
After a 2-week acclimation period, 6-week-old male 

and female F344 rats (n=15/group) were given 2-tDCB at 
concentrations of 0, 12, 60 and 300 ppm in a powder diet 
for 13 weeks. The diet was prepared every 2 to 3 days. Body 
weight was monitored once a week. At the end of 13 weeks, 
fresh urine was collected and analyzed using urinalysis test 
strips (Multistix PRO 10 LS, Siemens Healthcare Diagnos-
tics). Non-fasting glucose levels in tail blood determined by 
the glucose oxidase method (Sanwa Kagaku Kenkyusho, 

Nagoya, Japan) were measured at 10 a.m. 1 day before eu-
thanization. After fasting overnight, body weight and fast-
ing blood glucose levels were measured, after which the rats 
were euthanized by carbon dioxide overdose. Blood samples 
for hematological and serological tests were collected via 
the inferior vena cava, followed by measurements of the or-
gan weights. Blood samples of 6 rats in each group were an-
alyzed hematologically (Shikoku Chuken, Inc., Tokushima, 
Japan), and serum of 7 to 9 rats in each group was frozen 
in liquid nitrogen, stored −80°C and then analyzed by SRL 
(Tokyo, Japan). For histological examinations, the organs 
were fixed in 10% buffered formalin, embedded in paraffin, 
cut into 4-μm sections and then stained with hematoxylin 
and eosin.

Measurement of 2-tDCB concentrations by GC-MS
At the end of the 90-day oral toxicity test, retroperi-

toneal adipose tissue was removed from 6 males and 3 fe-
males during autopsy, weighed and then stored at −80°C 
until use. Briefly, adipose tissue was homogenized with an-
hydrous sodium sulfate and extracted with n-hexane in a 
Soxhlet apparatus for 6 h. Concentrations of 2-tDCB in hex-
ane extracts were analyzed using a GC-MS system (QP2010 
Plus, Shimadzu, Kyoto, Japan) as per a previously described 
method17.

28-Day oral toxicity test for high doses of 2-tDCB and 
stearic acid

Six-week-old male F344 rats (n=9/group) were given a 
basal powder diet, or a powder diet that contained 300 ppm 
2-tDCB or 300 ppm stearic acid for 5 weeks. At the end of 
4 weeks, an oral 2 g/kg glucose tolerance test (OGTT) was 
performed after 16 h of fasting. Fasting glucose and 30-min 

Fig. 1. Structure of 2-tDCB and experimental design for AOM-
induced carcinogenesis. A: 2-ACBs have a cyclobutanone 
ring and an alkyl chain. The alkyl chain length differs de-
pending on the precursor fatty acid. B: For the two-stage 
carcinogenesis study, AOM was dissolved in 0.9% NaCl 
and administered subcutaneously in 6-, 7- and 8-week-old 
rats. At 9 weeks of age, administration of the powder diet 
containing 2-tDCB was begun.
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post-glucose loading blood glucose were measured. At the 
end of 5 weeks, white blood cell (WBC) counts were mea-
sured using a disposable hemocytometer (Digital Bio Tech-
nology Co., Seoul, South Korea).

AOM-induced two-stage carcinogenesis
Six-week-old male F344 rats (n=30/group) were treated 

with subcutaneous injections of 15 mg/kg AOM once week-
ly for 3 weeks (Fig. 1B). AOM was dissolved in 0.9% NaCl 
immediately before use. Starting from week 3, a powder diet 
containing 0, 10, 50 or 250 ppm 2-tDCB was given for 25 
weeks. All animals were euthanized at week 28. The stom-
ach and intestines were opened, the size and location of tu-
mors larger than 2 mm in diameter were recorded, and the 
tissue was fixed in 10% buffered formalin on a cork board. 
All neoplastic lesions and major organs were examined his-
tologically.

Statistical analyses
Statistical processing was conducted using statistical 

software (Social Survey Research Information Co., Ltd., To-
kyo, Japan). The dose-dependency of results of the toxicity 
test was analyzed by one-way analysis of variance (ANO-
VA) followed by Dunnett’s test. Concentrations of 2-tDCB 
were analyzed by Student t-test. Tumor incidence was ana-
lyzed by Fisher’s exact probability test. P-values of <0.05 
were considered statistically significant.

Results

90-day oral toxicity test
Body weight and food intake in each group were simi-

lar throughout the experimental period (Fig. 2A and B). Uri-
nalysis found no treatment-related changes for urobilinogen, 
protein, pH, occult blood, ketone, bilirubin or glucose. Al-
though both sexes exhibited no significant dose-dependent 
changes in the hematological data, a mild increase in WBC 
count was found in the male and female rats in the 300 ppm 
group (Table 1). However, the low WBC count in female 
control rats was thought to be an outlier (historical control 
data for WBC count in female F344 rat: about 40 ×102/μl, 
Charles River Laboratories Japan, Inc.). Non-fasting blood 
glucose levels showed no treatment-related changes in both 
sexes, but the fasting blood glucose levels of the males in the 
300 ppm group and females in the 60 and 300 ppm groups 
were significantly lower than those of the controls (Table 2). 
Serum biochemical analysis indicated there were dose-de-
pendent increases in total protein (P=0.018, one-way ANO-
VA) and albumin (P=0.013) in males (Table 3). Serum total 
protein in the 60 and 300 ppm groups, and albumin in the 
300 ppm group were significantly higher in males as com-
pared with the controls. In both sexes, there were no differ-
ences in absolute and relative organ weights of all organs 
(Table 4), and histologically, no toxicity was noted in any of 
the organs (Fig. 2C).

Fig. 2. Body weight, food intake and the histological appearances found during the 90-day oral toxicity test. Similar aver-
age body weights (A) and food intakes (B) were found in each group throughout the experimental period. None of 
the groups exhibited any histological differences in the liver (C, left) or pancreas (C, right).



Toxicity and Carcinogenicity of 2-Tetradecylcyclobutanone102

Concentrations of 2-tDCB in retroperitoneal adipose 
tissue

In male rats, the concentrations of 2-tDCB in adipose 
tissue increased dose dependently, with an extremely high 
level observed in the 300 ppm group (Table 5). For females, 
the value in the 300 ppm group was 44.5% of that found for 
the males.

OGTT and WBC count during the 28-day oral toxicity 
test

Administration of 300 ppm 2-tDCB for 4 weeks had 
no effect on either the fasting or 30-min post-glucose load-

ing blood glucose levels, although the fasting glucose was 
decreased by the 300 ppm stearic acid treatment (Fig. 3A). 
A significant increase in WBC count was not found for 300 
ppm 2-tDCB (Fig. 3B).

AOM-induced two-stage carcinogenesis
The average values for body weight and food intake 

were similar in each group throughout the experimental 
period (Fig. 4A and B). The absolute (data not shown) and 
relative organ weights of the liver, kidneys and spleen were 
also similar (Table 6). Although in general the tumor inci-
dence in the small intestine and cecum/colon did not vary in 

Table 1. Hematological Data for the Male and Female Rats Given 2-tDCB for 13 Weeks

2-tDCB (ppm)

0 12 60 300

Male
No. of rats 6 6 6 6
RBC (×104/μl) 956 ± 68a 996 ± 25 969 ± 49 978 ± 43
Hb (g/dl) 16.4 ± 1.2 16.9 ± 0.4 16.5 ± 0.8 17.0 ± 0.6
Ht (%) 51.0 ± 3.6 53.2 ± 1.6 50.8 ± 3.0 52.0 ± 2.2
MCV (fl) 53 ± 1 54 ± 1 53 ± 1 53 ± 1
MCH (pg) 17.1 ± 0.3 17.0 ± 0.4 17.1 ± 0.3 17.4 ± 0.4
MCHC (g/dl) 32.1 ± 0.4 31.8 ± 0.7 32.6 ± 0.6 32.7 ± 0.7
WBC (×102/μl) 53 ± 3 53 ± 8 54 ± 5 57 ± 8
  Neutrophil (%) 17 ± 6 21 ± 7 19 ± 5 21 ± 5
  Monocyte (%) 5 ± 3 5 ± 4 7 ± 4 5 ± 2
  Lymphocyte (%) 78 ± 5 73 ± 5 74 ± 3 74 ± 6
Plt (×104/μl) 72.3 ± 6.0 75.7 ± 3.3 71.4 ± 3.2 78 ± 4.7
Ret (%) 2.1 ± 0.2 2.2 ± 0.2 2.2 ± 0.2 2.3 ± 0.3

Female
No. of rats 6 6 6 6
RBC (×104/μl) 855 ± 82 828 ± 57 837 ± 80 858 ± 59
Hb (g/dl) 16.7 ± 0.1 16.6 ± 0.6 16.6 ± 0.4 16.7 ± 0.2
Ht (%) 38.7 ± 15.5 36.1 ± 14.5 37.0 ± 16.6 37.9 ± 15.7
MCV (fl) 58 ± 1 58 ± 1 58 ± 2 58 ± 1
MCH (pg) 19.4 ± 1.4 19.6 ± 1.4 20.0 ± 1.7 19.5 ± 1.2
MCHC (g/dl) 31.7 ± 0.2 31.9 ± 0.3 31.9 ± 0.4 32.1 ± 0.6
WBC (×102/μl) 31 ± 4 40 ± 6 42 ± 10 44 ± 9
  Neutrophil (%) 20 ± 7 18 ± 5 14 ± 4 16 ± 3
  Monocyte (%) 4 ± 1 4 ± 1 4 ± 2 4 ± 2
  Lymphocyte (%) 76 ± 8 78 ± 5 82 ± 3 80 ± 5
Plt (×104/μl) 80.3 ± 8.6 73.5 ± 7.7 75.7 ± 7.9 68.2 ± 7.9
Ret (%) 2.4 ± 0.3 2.3 ± 0.2 2.3 ± 0.1 2.4 ± 0.3

aMean ± SD.

Table 2. Blood Glucose for the Male and Female Rats Given 2-tDCB for 13 Weeks

2-tDCB (ppm)

0 12 60 300

Male
No. of rats 6 6 6 6
Non-fasting (mg/dl) 91 ± 7a 96 ± 8 96 ± 6 101 ± 9
Fasting (mg/dl) 70 ± 5 67 ± 4 65 ± 3 63 ± 4b

Female
No. of rats 6 6 6 6
Non-fasting (mg/dl) 89 ± 8 89 ± 3 88 ± 5 86 ± 5
Fasting (mg/dl) 61 ± 5 59 ± 5 55 ± 5b 56 ± 4b

aMean ± SD. bSignificantly different from the control at P<0.05 (Dunnett’s test).
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any of the groups, it should be noted that no small intestinal 
tumors developed in the 50 ppm 2-tDCB group (Table 7). 
Fig. 4C shows polypoid tumors of the small intestine and 
colon in the 250 ppm 2-tDCB group. Colonic tumors devel-
oped equally in the proximal and distal colon, while all of 
the small intestinal tumors developed in the proximal half 
portion, including in the duodenum. Histologically, all of 
the intestinal neoplasms were adenocarcinomas. Signet-ring 
cell and mucinous carcinomas developed at the rates of 3, 
10, 7 and 3% in the 0, 10, 50 and 250 ppm 2-tDCB groups, 
respectively, and all were located in the cecum and proximal 
colon. The number of small intestine and colon tumors per 
rat in each group did not differ (Fig. 4D).

Discussion

Until recently, there have been no positive results re-
ported for toxicity studies that examined animals fed diets 
containing irradiated food3,4,18. In 2009, it was first reported 

that experimental induction of leukoencephalopathy oc-
curred in cats given gamma-irradiated diets19. The authors 
of that study further suggested that elevated peroxide and 
reduced vitamin A concentrations in the γ-irradiated diet 
may have been the cause of the disease. However, there 
have been no toxicity tests that have determined whether 
ACBs can induce biochemical changes. In our present 90-
day oral toxicity test, we demonstrated that oral administra-
tion of a high dose of 2-tDCB induced mild hyperalbumin-
emia in male rats, but these changes were not considered 
to be a toxic effect. Mild hypoglycemia (fasting but not 
non-fasting glucose levels) and possible leukocytosis were 
also observed, although these were not demonstrated by the 
glucose tolerance test and WBC counts in the 28-day oral 
toxicity study. Accordingly, these changes were also not 
considered to be toxic effects. Further investigations will be 
necessary to elucidate the mechanism of these biochemical 
and hematological changes.

In males, the average amounts of 2-tDCB in retroperi-

Table 3. Serum Biochemical Data for the Male and Female Rats Given 2-tDCB for 13 Weeks

2-tDCB (ppm)

0 12 60 300

Male
No. of rats 8 8 7 8
TP (g/dl) 7.1 ± 0.3a 7.2 ± 0.2 7.4 ± 0.3b 7.5 ± 0.3c

Alb (g/dl) 4.6 ± 0.1 4.6 ± 0.1 4.7 ± 0.1 4.8 ± 0.2c

A/G 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 1.8 ± 0.1
T-Bil (mg/dl) 0.02 ± 0.01 0.02 ± 0.02 0.02 ± 0.01 0.02 ± 0.01
TG (mg/dl) 95 ± 27 81 ± 12 95 ± 11 99 ± 21
T-Chol (mg/dl) 63 ± 6 64 ± 4 67 ± 4 64 ± 6
BUN (mg/dl) 21.4 ± 3.4 20.3 ± 1.9 19.6 ± 2.6 20.2 ± 3.4
Cre (mg/dl) 0.34 ± 0.01 0.33 ± 0.02 0.34 ± 0.02 0.34 ± 0.02
UA (mg/dl) 1.8 ± 0.3 1.5 ± 0.4 2.3 ± 1.0 2.2 ± 0.6
Na (mEq/l) 148 ± 2 147 ± 2 149 ± 1 148 ± 1
Cl (mEq/l) 99 ± 1 99 ± 2 101 ± 2 99 ± 1
K (mEq/l) 5.7 ± 0.4 5.9 ± 0.3 5.6 ± 0.4 5.8 ± 0.5
Ca (mg/dl) 11.9 ± 0.3 11.8 ± 0.3 12.2 ± 0.5 12.2 ± 0.4
AST (IU/l) 80 ± 8 87 ± 15 76 ± 5 77 ± 11
ALT (IU/l) 68 ± 11 68 ± 9 66 ± 8 67 ± 19
ALP (IU/l) 436 ± 59 435 ± 46 436 ± 20 424 ± 37

Female
No. of rats 9 9 8 7
TP (g/dl) 7.2 ± 0.5 7.2 ± 0.2 7.1 ± 0.2 7.1 ± 0.2
Alb (g/dl) 4.8 ± 0.3 4.8 ± 0.1 4.7 ± 0.2 4.9 ± 0.2
A/G 2.1 ± 0.2 2.0 ± 0.1 2.0 ± 0.2 2.1 ± 0.1
T-Bil (mg/dl) 0.04 ± 0.02 0.04 ± 0.01 0.04 ± 0.02 0.02 ± 0.02
TG (mg/dl) 58 ± 24 55 ± 11 60 ± 17 62 ± 17
T-Chol (mg/dl) 98 ± 10 98 ± 9 101 ± 12 90 ± 10
BUN (mg/dl) 21.9 ± 2.9 22.7 ± 3.8 22.1 ± 2.0 21.7 ± 3.1
Cre (mg/dl) 0.33 ± 0.04 0.35 ± 0.03 0.34 ± 0.03 0.33 ± 0.02
UA (mg/dl) 1.3 ± 0.1 1.3 ± 0.2 1.5 ± 0.3 1.5 ± 0.2
Na (mEq/l) 146 ± 2 147 ± 2 146 ± 2 146 ± 2
Cl (mEq/l) 100 ± 2 101 ± 2 101 ± 2 101 ± 2
K (mEq/l) 6.0 ± 0.6 6.3 ± 0.3 6.3 ± 0.5 6.3 ± 0.5
Ca (mg/dl) 11.5 ± 0.3 11.7 ± 0.3 11.5 ± 0.3 11.4 ± 0.4
AST (IU/l) 82 ± 6 84 ± 6 80 ± 7 89 ± 8
ALT (IU/l) 55 ± 8 53 ± 6 49 ± 4 59 ± 11
ALP (IU/l) 341 ± 40 333 ± 51 332 ± 33 317 ± 45

aMean ± SD. bSignificantly different from the control at P<0.05 (Dunnett’s test). cSignificantly different 
from the control at P<0.01 (Dunnett’s test). 
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Table 4. Absolute and Relative Organ Weights for the Male and Female Rats Given 2-tDCB for 13 Weeks (n=12/group)

2-tDCB (ppm)

0 12 60 300
Male

Body weight (g) 351 ± 18 354 ± 15 347 ± 17 352 ± 18
Absolute organ weight (g)

Brain 2.01 ± 0.03a 1.98 ± 0.06 1.99 ± 0.04 1.99 ± 0.08
Thymus 0.26 ± 0.03 0.26 ± 0.02 0.26 ± 0.03 0.26 ± 0.01
Heart 1.07 ± 0.05 1.03 ± 0.05 1.04 ± 0.06 1.08 ± 0.07
Liver 8.59 ± 0.87 8.71 ± 0.58 8.38 ± 0.36 8.57 ± 0.67
Spleen 0.72 ± 0.05 0.73 ± 0.04 0.70 ± 0.04 0.70 ± 0.03
Kidneys 2.29 ± 0.20 2.16 ± 0.10 2.18 ± 0.09 2.17 ± 0.13
Adrenals 0.079 ± 0.006 0.071 ± 0.016 0.076 ± 0.016 0.071 ± 0.013
Testes 3.15 ± 0.13 3.20 ± 0.11 3.13 ± 0.12 3.17 ± 0.11

Relative organ weight (%)
Brain 0.59 ± 0.04 0.59 ± 0.04 0.60 ± 0.03 0.58 ± 0.03
Thymus 0.08 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.08 ± 0.01
Heart 0.31 ± 0.02 0.30 ± 0.01 0.32 ± 0.01 0.32 ± 0.01
Liver 2.52 ± 0.06 2.57 ± 0.13 2.54 ± 0.05 2.54 ± 0.14
Spleen 0.21 ± 0.01 0.22 ± 0.01 0.21 ± 0.01 0.21 ± 0.01
Kidneys 0.67 ± 0.04 0.64 ± 0.03 0.66 ± 0.03 0.64 ± 0.02
Adrenals 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00
Testes 0.93 ± 0.04 0.94 ± 0.03 0.95 ± 0.04 0.94 ± 0.04

Female
Body weight (g) 183 ± 7 184 ± 6 185 ± 7 183 ± 10
Absolute organ weight (g)

Brain 1.80 ± 0.06 1.81 ± 0.04 1.83 ± 0.04 1.82 ± 0.04
Thymus 0.18 ± 0.02 0.19 ± 0.04 0.19 ± 0.02 0.19 ± 0.02
Heart 0.63 ± 0.02 0.64 ± 0.03 0.64 ± 0.03 0.64 ± 0.03
Liver 4.24 ± 0.15 4.41 ± 0.29 4.32 ± 0.29 4.30 ± 0.33
Spleen 0.43 ± 0.02 0.45 ± 0.02 0.44 ± 0.03 0.45 ± 0.04
Kidneys 1.19 ± 0.06 1.17 ± 0.09 1.16 ± 0.02 1.17 ± 0.06
Adrenals 0.066 ± 0.012 0.068 ± 0.010 0.063 ± 0.009 0.066 ± 0.009
Ovaries 0.12 ± 0.02 0.12 ± 0.02 0.11 ± 0.01 0.12 ± 0.01

Relative organ weight (%)
Brain 1.02 ± 0.05 1.02 ± 0.04 1.03 ± 0.04 1.03 ± 0.05
Thymus 0.10 ± 0.01 0.10 ± 0.02 0.10 ± 0.01 0.11 ± 0.01
Heart 0.36 ± 0.01 0.36 ± 0.01 0.36 ± 0.02 0.36 ± 0.02
Liver 2.42 ± 0.05 2.47 ± 0.10 2.42 ± 0.10 2.45 ± 0.14
Spleen 0.24 ± 0.02 0.25 ± 0.01 0.25 ± 0.01 0.25 ± 0.01
Kidneys 0.68 ± 0.03 0.66 ± 0.04 0.65 ± 0.03 0.66 ± 0.03
Adrenals 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.00
Ovaries 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.07 ± 0.01

aMean ± SD.

Table 5. Daily Intake of 2-tDCB and the Amount of the Compound Found in Retroperitoneal 
Adipose Tissue During the 90-day Oral Toxicity Test

Dose of 
2-tDCB 
(ppm)

No. of 
rats

Average daily intake 
of 2-tDCB

(mg/day/rat)

Average amount of 
retroperitoneal  

adipose tissue (g)

Amount of 2-tDCB in 
retroperitoneal  

adipose tissue (μg/g fat)

Male
12 6 0.176 15.3 0.124 ± 0.016a

60 6 0.864 15.9 0.577 ± 0.079b

300 6 4.437 16.4 9.12 ± 1.52b

Female
12 3 0.109 ND ND
60 3 0.539 ND ND
300 3 2.678 8.0 3.97 ± 0.34

ND, not determined. aMean ± SD. bSignificantly different from 12 ppm group at P<0.001 (Stu-
dent t test).
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toneal adipose tissue in the 12, 60 and 300 ppm groups were 
1.3, 1.2 and 3.9% of the average daily intake of 2-tDCB, 
respectively (Table 6). In contrast, the ratio was 1.4% in 
females in the 300 ppm group. These data suggest that 
2-tDCB tends to accumulate more in males than in females. 
Since it has been shown that 2-ACBs accumulate in adipose 
tissue20, further clarification of the significance of adipose 
tissue accumulation of 2-tDCB will need to be performed.

ACBs are produced dose dependently by ionizing ra-
diation, and the concentrations of 2-dDCB and 2-tDCB are 
correlated with the palmitic acid and stearic acid concentra-
tions, respectively21. The daily intake of ACBs in humans 
has been estimated to be between 5 to 10 µg/kg body weight 
maximally10. In the present 90-day oral toxicity test, the val-
ues of daily intake of 2-tDCB correspond to more than 1,550 
to 3,100 times the estimated daily intake of ACBs in human 
males and more than 1,650 to 3,300 times the estimated dai-
ly intake of ACBs in human females. Thus the doses used in 
our animal experiment can satisfactorily evaluate the toxic-
ity and carcinogenic potential of 2-tDCB in humans.

In our two-stage carcinogenesis study, we used 30 rats 
in each group and selected 250 ppm as the highest dose of 
2-tDCB, as this dose was 5-fold higher than that reported 
in the study by Raul et al.10. In our study, the average daily 
intake of 2-tDCB in the 250 ppm group was 9.6 mg/kg/day. 
However, we found no toxic or tumor-promoting effect of 
2-tDCB on AOM-induced carcinogenesis. The purity of the 
2-tDCB used in the present study was >99.3%, which was 
higher than that reported in another previous study9. More-
over, the strain of rats and the vehicle for 2-tDCB used in 

Fig. 3. Blood glucose and WBC counts in rats treated with 300 
ppm 2-tDCB and 300 ppm stearic acid during the 28-day 
oral toxicity study. After the 300 ppm stearic acid treat-
ment, fasting glucose decreased. No significant increase 
in WBC count was shown after administration of 300 ppm 
2-tDCB. Data are shown as the mean ± SD.

Fig. 4. AOM-induced carcinogenesis. The average values for body weight (A) and food intake (B) were similar. Figure 4C 
shows the gross appearance of the intestinal tumors in a case from the 250 ppm group. The average number of small 
intestine and cecum/colon tumors per rat (D) did not differ between the groups. Data are shown as the mean ± SD.



Toxicity and Carcinogenicity of 2-Tetradecylcyclobutanone106

our study also differed from the previous study, as the previ-
ous researchers dissolved the compound in 1% ethanol and 
administered it in drinking water. To avoid the modifying 
effect of the vehicle in our study, we decided to use a powder 
diet.

It is well recognized that saturated fatty acids such as 
palmitic acid (C16:0) and stearic acid (C18:0) are cytotoxic 
to β-cells, and can induce apoptosis in vitro22,23. We found 
that 2-dDCB as well as its precursor to palmitic acid in-
duced apoptosis in human lymphoma cells24. However, in 
vivo toxicity of dietary stearic acid has not been clearly 
demonstrated25–27. In the present study, histological changes 
were not observed in pancreatic islets after 2-tDCB admin-
istration.

Although we tested 2-tDCB in the present study, ad-
ditional experiments using other ACBs with shorter side 
chains than 2-tDCB might be necessary, as it has been re-
ported that compounds with shorter side chains are more 
cytotoxic13. To our knowledge, there have been no other 
reports of long-term carcinogenicity tests using 2-ACBs in 
rodents. In order to evaluate the risk of 2-ACBs in humans 
and to determine the acceptable daily intake, 2-year carci-
nogenicity tests in rodents may be necessary.

In conclusion, 2-tDCB accumulated in adipose tissue, 
notably in males, and induced no dose-dependent hemato-
logical, biochemical or morphological changes in both sexes 
in a 90-day oral toxicity test, with the no-observed-adverse-
effect level for 2-tDCB determined to be a dietary dose of 
300 ppm in both sexes, which is equivalent to 15.5 mg/kg 
b.w./day in males and 16.5 mg/kg b.w./day in females. In 
addition, 2-tDCB exerted no tumor-promoting effects on 
AOM-induced intestinal tract carcinogenesis in the rats.
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