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a b s t r a c t

3-Monochloropropane-1,2-diol (a-chlorohydrin, 3-MCPD) is a well-known contaminant, which has been
detected in a wide range of foods and ingredients, and is also a suspected cause of cancer. In this study,
the carcinogenicity of 3-MCPD in SD rats was investigated. Groups of 50 male and 50 female rats were
exposed for two years to drinking water containing 0, 25, 100 or 400 ppm 3-MCPD. The body weights
and water consumptions of the male and female rats given 400 ppm 3-MCPD were significantly lower
than those of the controls. The incidences of renal tubule adenomas or carcinomas and Leydig cell tumors
occurred with dose-related positive trends in male rats. The incidences of renal tubule carcinomas and
Leydig cell tumors were significantly increased in male rats given 400 ppm 3-MCPD. The incidence of
renal tubule adenomas showed a positive trend in female rats, which was significant in 400 ppm 3-MCPD
group. In conclusion, there was clear evidence of the carcinogenic activity of 3-MCPD in male SD rats,
based on the increased incidences of renal tubule carcinomas and Leydig cell tumors. There was some
evidence of the carcinogenic activity of 3-MCPD in female SD rats, based on the increased incidence of
renal tubule adenomas.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

3-Monochloropropane-1,2-diol (a-chlorohydrin, 3-MCPD) is a
well-known contaminant, which has been detected in a wide range
of foods and ingredients. It can be found in foods prepared by
hydrochloric acid hydrolysis, such as acid-hydrolyzed vegetable
protein. 3-MCPD has also been reported in flavor enhancer (Crews
et al., 2002), some soy sources (Macarthur et al., 2000), roasted
cereals, fermented sausages and toasted breads, as used in domes-
tic cooking (Crews et al., 2001), and other ingredients, such as fat,
salt, emulsifiers, sugar, and baking agents, which can lead to the
formation of 3-MCPD (Breitling-Utzmann et al., 2005). The amount
of 3-MCPD in foods, especially in acid-HVP, has markedly de-
creased from approximately 100 mg/kg to less than 1 mg/kg due
to technological processes (FSA, 2001, 2005; Hamlet et al., 2002).
Therefore, 3-MCPD is usually present in trace amounts (<1 mg/
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kg), but individual samples may contain high levels (up to a few
hundreds mg/kg).

Several toxicological studies have shown that 3-MCPD induces
infertility in rats (Jackson et al., 1977; Kwack et al., 2004) and
causes suppression of the immune function (Lee et al., 2004,
2005). It does not produce neurotoxicity or neuromotor deficits
in rats (Kim et al., 2004), but has been shown to cause small vacu-
olated lesions in the brainstem area of mice (Cavanagh et al., 1993).
It has been found to be genotoxic in most in vitro assays (Silhank-
ova et al., 1982; Stolzenberg and Hine, 1980; Zeiger et al., 1988),
but in vivo assays produce negative results (El Ramy et al., 2007;
Epstein et al., 1972; Frei and Wurgler, 1997; Robjohns et al.,
2003). Based on the available results in 2001, the European Scien-
tific Committee on Food (SCF) concluded that the genotoxic activ-
ity of 3-MCPD observed in vitro was not expressed in vivo (SCF,
2001). Four long-term bioassays on 3-MCPD have been conducted;
two carcinogenicity studies that investigated both the subcutane-
ous and intra-peritoneal routes in Swiss mice (Van Duuren et al.,
1974), as well as two dietary studies conducted on SD (Weisburger
et al., 1981) and F344 rats, respectively (Sunahara et al., 1993).
However, these studies (Van Duuren et al., 1974; Weisburger et
al., 1981) were performed with inadequate protocols compared
with the OECD Test Guideline 451 for ‘Carcinogenicity studies’
(OECD, 1981). In a chronic study on F344 rats, a high dose of 3-
MCPD induced Leydig cell and mammary gland tumors in males
and benign kidney tumors in both genders (Sunahara et al.,
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1993). However, the kidney tumors might be secondary to chronic
progressive nephropathy, and the Leydig cell and mammary gland
tumors due to species- and strain-specific mechanisms, including
chronic changes associated with a hormonal imbalance (JECFA,
2002; Lynch et al., 1998). Therefore, additional experiments may
be necessary to confirm the carcinogenicity and potential of hor-
monal imbalance. The purpose of this study was to clarify the pos-
sible involvement of the species- and strain-specific non-genotoxic
carcinogenicity of 3-MCPD. Thus, the carcinogenicity of 3-MCPD
when administered to SD rats in the drinking water was investi-
gated according to the test guidelines from Korea Food and Drug
Administration (KFDA) and the OECD Test Guideline 451 for ‘car-
cinogenicity study’ (OECD, 1981).
Fig. 1. Body weights of (A) male and (B) female rats administered 3-MCPD in
drinking water for two years. The body weights of both sexes in the 400 ppm groups
were significantly decreased throughout the study compared to those of the control.
2. Materials and methods

2.1. Test material

3-MCPD (Cas No. 96-24-02), 98% pure, was purchased from Sigma Aldrich Inc.
(St. Louis, MO, USA). The structure and purity was verified prior to use, with its sta-
bility confirmed at all concentrations. The dose formulations were prepared every
two weeks by dissolving 3-MCPD in deionized water and stored in glass vessels pro-
tected from the light at 4 �C. The solutions given to rats in the water bottles were
replaced every three days. Periodic analyses of the dose formulations were con-
ducted by LabFrontier Co. Ltd., Korea. The analytical results for all dose formulations
were within 10% of the theoretical concentrations.

2.2. Study design

As a prelude to conducting the carcinogenicity study on 3-MCPD, a 13-week
toxicity study was performed on SD rats to survey target organs and select doses
to be used for a two-year study (Shin et al., 2002). As a result, the MTD was limited
to 40 mg/kg/day, as higher doses had adverse effects on the body weights, organ
weights and clinical chemistry.

Groups of 50 males and female rats were exposed ad libitum to 0, 25, 100 or
400 ppm 3-MCPD, administered in their drinking water over a two-year period.
The body weights and water and food consumptions were recorded every week,
with the animals observed at least once daily for their general appearance, behav-
ior, signs of toxicity, morbidity and mortality. The average daily consumptions of 3-
MCPD were calculated from the measured weekly water consumptions.

2.3. Animal husbandry and maintenance

Four-week old male and female SD rats were obtained from a specific pathogen-
free colony at Charles River Japan Inc. and quarantined for 14 days prior to com-
mencement of the study. The environmental conditions (temperature, 23 ± 1 �C;
relative humidity, 55 ± 5%; 12-h light/dark cycle) were monitored at �4-h cycles
for 24-h, and maintained within acceptable ranges through the study. Rats were
fed Purina Certified Rodent Chow #5002 (Richmond, IN mill of Ralston Purina Co.,
St. Louis, MO) ad libitum, with the exception of a one-night fast prior to their sched-
uled sacrifice. The rats were housed two per cage, with the cages changed twice
weekly and the racks changed every two weeks. The animals were handled in an
accredited Korea Food and Drug Administration animal facility in accordance with
the AAALAC International Animal Care Policies (accredited unit – Korea Food and
Drug Administration; unit number – 000996). Furthermore, all the study protocols
were reviewed and approved by the Animal Care and Use Committee of the Na-
tional Institute of Toxicological Research, Korea Food and Drug Administration,
Korea.

2.4. Necropsy and histopathology

Male and female rats were necropsied at 100 and 104 weeks, respectively, in
accordance with the OECD Test Guideline 451 for ‘Carcinogenicity studies’ (OECD,
1981). Complete necropsies were performed on all rats, including those that died
or became moribund. All organs/tissues were fixed in 10% neutral buffered forma-
lin, with the exception of the testes, which were fixed in Bouin’s solution, and the
eyes and Harderian glands, which were fixed in Davidson’s AFA fixative. Tissues
that required decalcification, such as the femur and spinal cord with bone, were
treated with 7.5% nitric acid for approximately 4–5 h. All the organs and tissues
were processed and trimmed, embedded in paraffin, sectioned to a thickness of
4–6 lm, and stained with hematoxylin and eosin for the microscopic examination.
Histopathological diagnosis was performed according to the standardized system of
nomenclature and diagnostic criteria (SSNDC). The pathology data were peer re-
viewed by two pathologists (Forth Tox Ltd., UK, and North Carolina State University,
USA).
2.5. Statistical analyses

The probability of survival was estimated by the product-limit procedure of
Kaplan and Meier (1958). Statistical analyses for possible dose-related effects on
survival were performed using Cox’s (1972) method, for testing two groups for
equality, and Tarone’s (1975) life table test to identify dose-related trends. The body
weight, food and water consumption data were analyzed using an analysis of var-
iance followed by the parametric multiple comparison procedures of Dunnett
(1955) and Williams (1971). The Poly-k-test (Bailer and Portier, 1988) was used
to assess the incidences of neoplastic and non-neoplastic lesions.

3. Results

3.1. In-life observations

The survival rates of the rats administered 0, 25, 100 and
400 ppm 3-MCPD by the end of study were 28%, 34%, 18% and
26% for males and 30%, 44%, 22% and 32% for females, respectively.
The survival of all the dosed groups was similar to that of the con-
trol (data not shown). The body weights of both sexes in the
400 ppm groups were significantly decreased throughout the study
compared to those of the control (Fig. 1). The water consumptions
of the male and female rats administered 400 ppm 3-MCPD were
significantly lowered throughout the study than those of the con-
trol (Fig. 2). Concentrations of 25, 100 or 400 ppm 3-MCPD in the
drinking water resulted in average daily consumptions of approx-
imately 1.97, 8.27 and 29.50 mg/kg 3-MCPD for males and 2.68,



Fig. 2. Water consumption of (A) male and (B) female rats administered 3-MCPD in
drinking water for two years. The water consumptions of the male and female rats
administered 400 ppm 3-MCPD were significantly lowered throughout the study
compared to control.
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10.34 and 37.03 mg/kg 3-MCPD for females, respectively. The die-
tary consumptions in the male and female rats exposed to 25, 100
and 400 ppm 3-MCPD were generally similar to those of the con-
trol throughout the study (data not shown).

3.2. Histopathology

Tables 1 and 2 summarize the non-neoplastic and neoplastic le-
sions in the rats exposed to 3-MCPD in their drinking water. There
were positive trends in the incidence of renal tubule neoplasm
(adenoma or carcinoma) and renal tubule adenoma in the male
and female rats, respectively. Renal tubule carcinomas and renal
tubule adenomas of the males and females in the 400 ppm groups,
respectively, were significantly increased compared to those of the
controls. Higher incidences of renal tubule carcinomas were ob-
served in the males in the 400 ppm groups than in the respective
female group, suggesting that males more sensitive to 3-MCPD
than females. The incidences of renal tubule adenoma or carci-
noma in both sexes were higher than in historical SD rat controls
from Charles River Laboratories (Giknis and Clifford, 2001). Renal
tubule neoplasms were accompanied by significantly increased
incidences of renal tubule hyperplasia and chronic progressive
nephropathy (CPN). In males, the incidences of renal tubule hyper-
plasia and CPN in all exposed groups were significantly increased
in a dose dependent manner (Table 1). In females, the incidences
of renal tubule hyperplasia in the 100 and 400 ppm groups were
significantly increased compared to those in the control and those
of CPN in the 400 ppm group were significantly increased com-
pared to the control group.

There was a dose-related increasing trend of Leydig cell tumors
in the testes of males administered 400 ppm 3-MCPD. Non-neo-
plastic changes, such as seminiferous tubular atrophy and arteritis
or periarteritis, were also identified in the 25, 100 and 400 ppm
groups.
4. Discussion

In the current two-year carcinogenicity study, all surviving
male rats were sacrificed at 100 weeks, as the survival of male con-
trol rats reached 28%. According to the OECD Test Guideline 451 for
‘Carcinogenicity studies’, termination of the study is acceptable
when the numbers of survivors on the lower doses or in the control
group reach 25%; if there is an apparent sex difference in the re-
sponse, each sex should be considered separately. The overall sur-
vival of rats exposed to 3-MCPD for two years was similar to that of
the controls. However, the survival was lower than 50% in all
groups. The mortality was increased in all SD rat groups, largely
due to the high rate of moribund sacrifice caused by naturally
occurring pituitary gland tumors.

The target organs of 3-MCPD were the kidneys and testes, as
shown by the significant neoplastic responses in these organs. In
a previous long-term carcinogenicity study using F344 rats,
3-MCPD was also reported to increase the incidences of renal
tubule adenomas in both sexes when administered at a level
of 500 ppm (Sunahara et al., 1993). However, the kidney benign
tumors were classified as early adenoma, which is a borderline
lesion between hyperplasia and adenoma; therefore, it was not
associated with early death and malignancy (renal tubule carci-
noma). Furthermore, no adenomas were observed before week
100 after the initiation of the experiment in rats treated with
3-MCPD. In another study on SD rats, where 3-MCPD was
administered only twice weekly for 72 weeks (instead of 104
weeks as period of carcinogenicity study recommended by the
OECD), no increased incidence of kidney tumors was observed
(Weisburger et al., 1981). However, in our study, the incidences
of renal tubule neoplasms (adenoma or carcinoma) were signifi-
cantly increased in both sexes of the 400 ppm groups. In addi-
tion, the incidences of renal tubule adenoma or carcinoma
were higher than those of the historical control data of Charles
River Laboratories (Giknis and Clifford, 2001). Moreover, inci-
dences of renal tubule carcinomas were observed in both males
(5/50) and in females (3/50) groups administered 400 ppm 3-
MCPD. In males, renal tubule adenomas and carcinomas were
observed earlier than at 100 weeks of study, with the first inci-
dences of renal tubule adenoma and carcinoma observed at 78
and 74 weeks, respectively. Therefore, as the incidence of
spontaneous renal tubule neoplasm is extremely rare, their inci-
dences in this study may have been related to the administration
of 3-MCPD.

In addition, renal tubule neoplasms were accompanied by sig-
nificantly increased incidences of chronic progressive nephropathy
(CPN) and renal tubule hyperplasia. The incidences of CPN and re-
nal tubule hyperplasia in both the male and female treatment
groups were significantly greater than those of the controls. In a
previous study, CPN, renal tubule hyperplasia, adenomas and car-
cinomas were thought to represent a continuum in the progression
of proliferative lesions of the renal tubule epithelium (Hard et al.,
1993). Therefore, our study demonstrated that 3-MCPD can accel-



Table 1
Incidences of non-neoplastic lesions in SD rats exposed to 3-MCPD in drinking water for two years

Dose (ppm) Males Females

0 25 100 400 0 25 100 400

Number examined 50 50 50 50 50 50 50 50
Kidney

Renal tubule, hyperplasia 1 11* 21* 36* 1 0 1 10*

Nephropathy, chronic progressive 15 27* 39* 41* 6 8 23* 42*

Mineralization 0 0 1 1 12 6* 3* 4*

Testes
Atrophy 6 16* 13* 34* – – – –
Arteritis/periarteritis 3 15* 9* 11* – – – –

Epididymis
Atrophy 0 0 0 5* – – – –

Seminal vesicle
Atrophy 36 41 49* 44 – – – –

Adrenal gland, cortex
Hemangiectasis 8 8 5 3 39 42 34 33*

Necrosis 0 5* 2 1 0 0 1 0
Vacuolation, fat 11 13 19* 11 8 7 6 10

Heart
Cardiomyopathy, progressive 24 24 26 20 28 20* 12* 8*

Liver
Cellular foci, basophilic 6 0* 0* 2 5 5 11 7
Degeneration, cystic 5 9 14* 6 1 1 1 0
Inflammation 12 17 17 4* 11 19 9 7
Fatty change 15 13 12 9 21 13* 13 6*

Lymph node, cervical
Plasmacytosis 12 17 17 9 23 25 23 16*

Pancreas
Atrophy 8 10 19* 4 5 5 2 3

Parathyroid gland
Hyperplasia 19 21 28* 26 5 12 6 7

Pituitary gland, pars distalis
Hyperplasia 5 3 4 2 7 1* 4 1*

Thymus
Hyperplasia, epithelial component 0 4 4* 2 6 14 6 13
Cyst, epithelial 0 0 1 0 0 0 1 9*

Thyroid gland, C-cell
Hyperplasia 4 7 5 1 17 24 13 9*

* Significantly different (p < 0.05) from the control group by the poly-3 test.

Table 2
Incidences of neoplastic lesions in SD rats exposed to 3-MCPD in drinking water for two yearsa

0 ppm 25 ppm 100 ppm 400 ppm Historical datab

Males
Number examined 50 50 50 50 1531
Kidney

Renal tubule, adenoma 0 (0%) 0 (0%) 1 (2%) 4 (8%) 1.43–4.00
Renal tubule, carcinoma 0 (0%) 0 (0%) 0 (0%) 5* (10%) 1.67–4.00
Renal tubule, adenoma or carcinoma 0 (0%) 0 (0%) 1 (2%) 7*(14%)

Testes
Leydig cell tumor 1 (2%) 1 (2%) 4 (8%) 14* (28%) 1.43–7.14
Pituitary gland, pars distalis

Adenoma 25 (50%) 26 (52%) 24 (48%) 13* (26%) 0.77–70.00

Females
Number examined 50 50 50 50 1729
Kidney

Renal tubule, adenoma 0 (0%) 0 (0%) 1 (2%) 6* (12%) 0
Renal tubule, carcinoma 1 (2%) 0 (0%) 1 (2%) 3 (6%) 0.77–1.85
Renal tubule, adenoma or carcinoma 1 (2%) 0 (0%) 2 (4%) 9* (18%)

* Significantly different (p < 0.05) from the control group by the poly-3 test.
a The data are reported as the number of animals with a neoplasm per number of animals examined microscopically, the % incidence (in parentheses).
b The range of tumor incidences in control SD rats (Giknis and Clifford, 2001).
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erate the progression of CPN and the subsequent stimulation of re-
nal tubule hyperplasia and; finally, produce renal tubule adenomas
and carcinomas.
The nephrotoxic mechanisms of 3-MCPD are thought to be due
to the inhibition of glycolysis by metabolites associated with the b-
chlorolactate pathway (Jones and Chantrill, 1989). Impairments of
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the glycolytic pathway and energy production could contribute to
permanent kidney damage (Jones and Fakhouri, 1979) and exacer-
bation of CPN (Sunahara et al., 1993). In addition to the effects of b-
chlorolactate on glycolysis, the accumulation of oxalic acid in the
kidney also could contribute to the progression of CPN (Jones et
al., 1981). Our study showed that the renal tumors induced by 3-
MCPD appeared to be secondary to CPN and renal tubule hyperpla-
sia. These findings were different from those for renal tumors
caused by classical carcinogens, such as dimethylnitrosamine, but
consistent with a previous study (Sunahara et al., 1993). Further-
more, the occurrence of renal tubule carcinomas, which supports
the carcinogenic effects of 3-MCPD, should be reconsidered in
the evaluation of the carcinogenicity of 3-MCPD.

Our results show also a positive trend in the incidence of Leydig
cell tumors, which significantly increased in the 400 ppm group.
Atrophy and arteritis or periarteritis were considered toxic effects
induced by the administration of 3-MCPD. However, there were no
statistically significant pre-neoplastic changes, such as Leydig cell
hyperplasia. In a previous carcinogenicity study using F344 rats,
the incidences of Leydig cell tumors in the 100 and 500 ppm
groups was significantly increased (Sunahara et al., 1993). In an-
other study using SD rats, Leydig cell tumors were not found in rats
treated with 3-MCPD for 72 weeks (Weisburger et al., 1981).
Therefore, it was concluded that the increased incidence of Leydig
cell tumors observed in F344 rats treated with 3-MCPD was the re-
sult of a species- and strain-specific non-genotoxic mechanism
associated with a hormonal imbalance (Lynch et al., 1998). How-
ever, the results from our study showed that Leydig cell tumors
can occur in SD rats; therefore, the carcinogenic potential to testis
should be reconsidered.

In our study, there were no statistically significant mammary
tumors or mammary gland associated toxicological changes in
either sex. However, in a previous carcinogenicity study using
F344 rats, the incidence of fibroadenomas was significantly greater
than in the control and in excess of the historical control range
(Sunahara et al., 1993). Another previous SD rats study using 3-
MCPD reported no effects on the incidences of mammary tumors
(Weisburger et al., 1981). Our results were consistent with those
of a chronic gavage study in SD rats (Weisburger et al., 1981).
Therefore, the mammary tumors induced by 3-MCPD are sug-
gested to be a strain-specific phenomenon.

In conclusion, there was clear evidence of the carcinogenic
activity of 3-MCPD in male SD rats, based on the increased inci-
dences of kidney renal tubule carcinomas and Leydig cell tumors.
There was some evidence of the carcinogenic activity of 3-MCPD
in female SD rats, based on increased incidences of kidney renal tu-
bule adenomas.
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