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FOREWORD

The National Toxicology Program (NTP) is made up of four charter agencies of the U.S. Department of Health and
Human Services (DHHS): the National Cancer Institute (NCI), National Institutes of Health; the National Institute
of Environmental Health Sciences (NIEHS), National Institutes of Health; the National Center for Toxicological
Research (NCTR), Food and Drug Administration; and the National Institute for Occupational Safety and Health
(NIOSH), Centers for Disease Control and Prevention. In July 1981, the Carcinogenesis Bioassay Testing
Program, NCI, was transferred to the NIEHS. The NTP coordinates the relevant programs, staff, and resources
from these Public Health Service agencies relating to basic and applied research and to biological assay
development and validation.

The NTP develops, evaluates, and disseminates scientific information about potentially toxic and hazardous
chemicals. This knowledge is used for protecting the health of the American people and for the primary
prevention of disease.

The studies described in this Technical Report were performed under the direction of the NIEHS and were
conducted in compliance with NTP laboratory health and safety requirements and must meet or exceed all
applicable federal, state, and local health and safety regulations. Animal care and use were in accordance with the
Public Health Service Policy on Humane Care and Use of Animals. The prechronic and chronic studies were
conducted in compliance with Food and Drug Administration (FDA) Good Laboratory Practice Regulations, and
all aspects of the chronic studies were subjected to retrospective quality assurance audits before being presented for
public review.

These studies are designed and conducted to characterize and evaluate the toxicologic potential, including
carcinogenic activity, of selected chemicals in laboratory animals (usually two species, rats and mice). Chemicals
selected for NTP toxicology and carcinogenesis studies are chosen primarily on the bases of human exposure, level
of production, and chemical structure. The interpretive conclusions presented in this Technical Report are based
only on the results of these NTP studies. Extrapolation of these results to other species and quantitative risk
analyses for humans require wider analyses beyond the purview of these studies. Selection per se is not an
indicator of a chemical’s carcinogenic potential.

Details about ongoing and completed NTP studies are available at the NTP’s World Wide Web site:
http://ntp-server.niehs.nih.gov. Abstracts of all NTP Technical Reports and full versions of the most recent reports
and other publications are available from the NIEHS’ Environmental Health Perspectives (EHP)
http://ehp.niehs.nih.gov (866-541-3841 or 919-653-2590). In addition, printed copies of these reports are available
from EHP as supplies last. A listing of all the NTP Technical Reports printed since 1982 appears on the back
cover.
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SUMMARY

Background
2,4-Hexadienal occurs naturally as an oxidation product of fatty acids, especially in heating and cooking of oils
and fats. It is also used as a flavoring agent and as the starting material for making sorbic acid, a preservative.

Methods

We deposited solutions of 2,4-hexadienal dissolved in corn oil through a tube directly into the forestomachs of
male and female rats and mice daily, five times a week, for 2 years. Rats received doses of 22.5, 45, or

90 milligrams of 2,4-hexadienal per kilogram of body weight; mice received doses of 30, 60, or 120 milligrams of
2,4-hexadienal per kilogram of body weight. Control groups received corn oil with no 2,4-hexadienal added. At
the end of the study, tissue samples from over 40 different organs were examined for each animal.

Results

In all four study sets (male and female rats and mice), animals receiving 2,4-hexadienal had significantly greater
occurrences of neoplasms of the forestomach. The forestomach in rodents is similar in tissue type to the esophagus
in humans. These tumors included papillomas and malignant carcinomas. Normally such tumors of the
forestomach are rare in rodents.

Conclusion
We conclude that 2,4-hexadienal caused neoplasms of the forestomach in male and female rats and mice.
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(89% trans,trans)

b 0
H3C/C\\C/$\\C/C\H
| |
H H A

(11% cis,trans)

2,4-HEXADIENAL

(89% trans,trans isomer, CAS No. 142-83-6)

Chemical Formula: CH,O

Molecular Weight: 96.13

Synonyms: Hexa-2,4-dienal; 2,4-hexadienal; 2,4-hexadien-1-al; 2,4-Hx; 1,3-pentadiene-1-carboxaldehyde; 2-propylene acrolein;

sorbaldehyde; sorbic aldehyde

2,4-Hexadienal, a colorless to yellow liquid with a pun-
gent “green” or citrus odor, is used as a food additive for
flavor enhancement, as a fragrance agent, as a starting
material or intermediate in synthetic reactions in the
chemical and pharmaceutical industries, as a fumigant,
and as a corrosion inhibitor for steel. 2,4-Hexadienal
was nominated for study by the National Cancer Institute
because of the potential for carcinogenicity based on its
o, B-unsaturated aldehyde structure and the potential link
between exposure to lipid peroxidation products in the
diet and human malignancies. The commercial product
is a mixture containing chiefly trans,trans-2,4-hexadi-
enal in equilibrium with cis,frans-2,4-hexadienal. Male
and female F344/N rats and B6C3F, mice received
2,4-hexadienal (89% trans,trans; 11% cis,trans) in corn
oil by gavage for 16 days, 14 weeks, or 2 years. Tissues
and plasma from dosed rats were examined for malondi-
aldehyde and glutathione concentrations, and DNA
adducts were characterized in liver and forestomach
samples from dosed rats and mice. Genetic toxicology
studies were conducted in Salmonella typhimurium, rat
and mouse bone marrow cells, and mouse peripheral
blood erythrocytes.

16-DAY STUDY IN RATS

Groups of five male and five female rats were adminis-
tered 0, 3, 9, 27, 80, or 240 mg 2,4-hexadienal/kg body
weight in corn oil by gavage, 5 days per week, for
16 days. Three male and three female 240 mg/kg rats
died before the end of the study. Mean body weight
gains of 240 mg/kg rats were significantly less than
those of the vehicle controls. Clinical findings included
diarrhea, ataxia, lethargy, and nasal/eye discharge in
males, and lethargy, paleness, and abnormal breathing in
females in the 240 mg/kg groups. Liver weights of
240 mg/kg females were significantly greater than those
of the vehicle controls. Gross and microscopic lesions
indicative of forestomach necrosis and ulceration were
present in most 240 mg/kg rats, and forestomach epithe-
lial hyperplasia was microscopically evident in most
80 mg/kg rats.

16-DAY STUDY IN MICE

Groups of five male and five female mice were adminis-
tered 2,4-hexadienal in corn oil by gavage at doses of 0,



3,9,27, 80, or 240 mg/kg, 5 days per week, for 16 days.
Chemical-related deaths occurred in one male and one
female in the 240 mg/kg groups. Female mice in the
240 mg/kg group lost weight during the study. Gross
and microscopic lesions indicative of forestomach
necrosis and ulceration were present in all 240 mg/kg
mice, and forestomach epithelial hyperplasia and hyper-
keratosis were microscopically evident in 80 mg/kg
mice.

14-WEEK STUDY IN RATS

Groups of 10 male and 10 female rats were administered
2,4-hexadienal in corn oil by gavage at doses of 0, 7.5,
15, 30, 60, or 120 mg/kg, 5 days per week, for 14 weeks.
All rats survived to the end of the study. Mean body
weights of 30, 60, and 120 mg/kg males were signifi-
cantly less than those of the vehicle controls. The only
clinical finding attributed to 2,4-hexadienal administra-
tion was hypersalivation in 30 and 120 mg/kg males and
females. The incidences of forestomach hyperplasia and
nasal olfactory atrophy or necrosis were significantly
increased in 120 mg/kg rats. Nasal lesions occurred in
most 120 mg/kg male rats.

14-WEEK STUDY IN MICE

Groups of 10 male and 10 female mice were adminis-
tered 2,4-hexadienal in corn oil by gavage at doses of 0,
7.5, 15, 30, 60, or 120 mg/kg, 5 days per week, for
14 weeks. No deaths were attributed to administration of
2,4-hexadienal. Mean body weights of males and
females were similar to those of the vehicle controls
throughout the study. Clinical findings included saliva-
tion and anal wetness in males and females. Kidney
weights of 60 and 120 mg/kg males and liver weights of
60 mg/kg males and females were significantly greater
than those of the vehicle controls. The incidences of
forestomach hyperplasia and/or nasal olfactory atrophy
or necrosis were significantly increased in 120 mg/kg
mice.

2-YEAR STUDY IN RATS

Groups of 50 male and 50 female rats were administered
2,4-hexadienal in corn oil by gavage at doses of 0, 22.5,
45, or 90 mg/kg, 5 days per week, for up to 105 weeks.

2,4-Hexadienal, NTP TR 509

Survival of all dosed groups of rats was similar to that of
the vehicle control groups. The mean body weights of
90 mg/kg males were generally less than those of the
vehicle controls throughout the study.

The incidences of squamous cell papilloma of the
forestomach occurred with positive trends in male and
female rats. This neoplasm was found in 58% of males
and 34% of females in the 90 mg/kg groups. In the
forestomach of male rats, papilloma multiplicity was
increased in the 90 mg/kg group, and squamous cell car-
cinomas were found in one 45 mg/kg male and two
90 mg/kg males. Epithelial hyperplasia of the forestom-
ach occurred in most 45 and 90 mg/kg rats.

2-YEAR STUDY IN MICE

Groups of 50 male and 50 female mice were adminis-
tered 2,4-hexadienal in corn oil by gavage at doses of 0,
30, 60, or 120 mg/kg, 5 days per week, for up to
105 weeks. Survival of dosed mice was similar to that
of the vehicle controls. The mean body weights of all
dosed groups were generally similar to those of the vehi-
cle controls throughout the study. The incidences of
squamous cell papilloma of the forestomach occurred
with positive trends in male and female mice; squamous
cell carcinomas were present in 120 mg/kg males and
females. Epithelial hyperplasia of the forestomach
occurred in many 120 mg/kg mice. Two 120 mg/kg
males had uncommon squamous cell carcinoma of the
oral cavity (tongue).

GENETIC TOXICOLOGY

2,4-Hexadienal was mutagenic in S. typhimurium strain
TA100 with and without induced hamster or rat liver
enzymes; no mutagenic activity was detected with
strains TA1535 or TA98, with or without S9. Results of
bone marrow tests in male rats and male mice given
intraperitoneal injections of 2,4-hexadienal showed a
small increase in the induction of micronucleated
erythrocytes. However, neither test was repeated, and
the test results were judged to be inconclusive. Results
of peripheral blood micronucleus tests in male and
female mice treated with 2,4-hexadienal by gavage for
14 weeks were negative.
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CONCLUSIONS

Under the conditions of these 2-year gavage studies,
there was clear evidence of carcinogenic activity* of
2,4-hexadienal in male and female F344/N rats and male
and female B6C3F mice based on increased incidences
of squamous cell neoplasms of the forestomach. The
occurrence of squamous cell carcinoma of the oral cavity

(tongue) in male B6C3F, mice may have been related to
the administration of 2,4-hexadienal.

Hyperplasia of the forestomach in male and female rats
and mice was associated with administration of
2,4-hexadienal.

* Explanation of Levels of Evidence of Carcinogenic Activity is on page 11. A summary of the Technical Reports Review Subcommittee
comments and the public discussion on this Technical Report appears on page 13.
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Summary of the 2-Year Carcinogenesis and Genetic Toxicology Studies of 2,4-Hexadienal

Male
F344/N Rats

Female
F344/N Rats

Male
B6C3F, Mice

Female
B6C3F, Mice

Doses in corn oil by
gavage

Body weights

Survival rates

Nonneoplastic effects

Neoplastic effects

Equivocal findings

Level of evidence of
carcinogenic activity

Genetic toxicology

0, 22.5, 45, or 90 mg/kg

90 mg/kg group less than
the vehicle control group

37/50, 35/50, 33/50,
30/50

Forestomach: epithelium,
hyperplasia, (3/50, 19/50,
42/50, 50/50)

Forestomach: squamous
cell papilloma (0/50,
3/50, 10/50, 29/50);
squamous cell carcinoma
(0/50, 0/50, 1/50, 2/50);
squamous cell papilloma
or carcinoma (0/50, 3/50,
11/50, 29/50)

None

Clear evidence

Salmonella typhimurium gene mutations:

Micronucleated erythrocytes

Rat bone marrow in vivo:

Mouse bone marrow in vivo:
Mouse peripheral blood in vivo:

0, 22.5, 45, or 90 mg/kg

Dosed groups similar to
the vehicle control group

37/50, 39/50, 41/50,
31/50

Forestomach: epithelium,
hyperplasia (2/50, 16/50,
37/50, 41/50)
Forestomach: squamous

cell papilloma (0/50,
1/50, 5/50, 17/50)

None

Clear evidence

0, 30, 60, or 120 mg/kg

Dosed groups similar to
the vehicle control group

44/50, 39/50, 44/50,
39/50

Forestomach: epithelium,
hyperplasia, squamous
(14/50, 7/50, 9/50, 26/50

Forestomach: squamous
cell papilloma (2/50,
4/50, 5/50, 8/50);
squamous cell carcinoma
(0/50, 1/50, 0/50, 2/50);
squamous cell papilloma
or carcinoma (2/50, 4/50,
5/50, 10/50)

Oral cavity (tongue):

squamous cell carcinoma
(0/50, 0/50, 0/50, 2/50)

Clear evidence

0, 30, 60, or 120 mg/kg

Dosed groups similar to
the vehicle control group

42/50, 37/49, 37/50,
39/50

Forestomach: epithelium,
hyperplasia, squamous
(4/50, 8/49, 12/50, 31/50)

Forestomach: squamous
cell papilloma (2/50,
2/49, 11/50, 13/50);
squamous cell carcinoma
(0/50, 0/49, 0/50, 7/50);
squamous cell papilloma
or carcinoma (2/50, 2/49,
11/50, 18/50)

None

Clear evidence

Positive in strain TA100; negative in strains TA1535 and TA98 with and without S9

Inconclusive
Inconclusive
Negative
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EXPLANATION OF LEVELS OF EVIDENCE OF CARCINOGENIC ACTIVITY

The National Toxicology Program describes the results of individual experiments on a chemical agent and notes the strength of the evidence for
conclusions regarding each study. Negative results, in which the study animals do not have a greater incidence of neoplasia than control
animals, do not necessarily mean that a chemical is not a carcinogen, inasmuch as the experiments are conducted under a limited set of
conditions. Positive results demonstrate that a chemical is carcinogenic for laboratory animals under the conditions of the study and indicate
that exposure to the chemical has the potential for hazard to humans. Other organizations, such as the International Agency for Research on
Cancer, assign a strength of evidence for conclusions based on an examination of all available evidence, including animal studies such as those
conducted by the NTP, epidemiologic studies, and estimates of exposure. Thus, the actual determination of risk to humans from chemicals
found to be carcinogenic in laboratory animals requires a wider analysis that extends beyond the purview of these studies.

Five categories of evidence of carcinogenic activity are used in the Technical Report series to summarize the strength of the evidence observed
in each experiment: two categories for positive results (clear evidence and some evidence); one category for uncertain findings (equivocal
evidence); one category for no observable effects (no evidence); and one category for experiments that cannot be evaluated because of major
flaws (inadequate study). These categories of interpretative conclusions were first adopted in June 1983 and then revised in March 1986 for
use in the Technical Report series to incorporate more specifically the concept of actual weight of evidence of carcinogenic activity. For each
separate experiment (male rats, female rats, male mice, female mice), one of the following five categories is selected to describe the findings.
These categories refer to the strength of the experimental evidence and not to potency or mechanism.

* Clear evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a dose-related
(i) increase of malignant neoplasms, (ii) increase of a combination of malignant and benign neoplasms, or (iii) marked increase of
benign neoplasms if there is an indication from this or other studies of the ability of such tumors to progress to malignancy.

» Some evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a chemical-related increased
incidence of neoplasms (malignant, benign, or combined) in which the strength of the response is less than that required for clear
evidence.

* Equivocal evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a marginal increase of
neoplasms that may be chemical related.

* No evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing no chemical-related increases in
malignant or benign neoplasms.

+ Inadequate study of carcinogenic activity is demonstrated by studies that, because of major qualitative or quantitative limitations,
cannot be interpreted as valid for showing either the presence or absence of carcinogenic activity.

For studies showing multiple chemical-related neoplastic effects that if considered individually would be assigned to different levels of evidence
categories, the following convention has been adopted to convey completely the study results. In a study with clear evidence of carcinogenic
activity at some tissue sites, other responses that alone might be deemed some evidence are indicated as “were also related” to chemical
exposure. In studies with clear or some evidence of carcinogenic activity, other responses that alone might be termed equivocal evidence are
indicated as “may have been” related to chemical exposure.

When a conclusion statement for a particular experiment is selected, consideration must be given to key factors that would extend the actual
boundary of an individual category of evidence. Such consideration should allow for incorporation of scientific experience and current
understanding of long-term carcinogenesis studies in laboratory animals, especially for those evaluations that may be on the borderline between
two adjacent levels. These considerations should include:

+ adequacy of the experimental design and conduct;

* occurrence of common versus uncommon neoplasia;

* progression (or lack thereof) from benign to malignant neoplasia as well as from preneoplastic to neoplastic lesions;

» some benign neoplasms have the capacity to regress but others (of the same morphologic type) progress. At present, it is impossible to
identify the difference. Therefore, where progression is known to be a possibility, the most prudent course is to assume that benign
neoplasms of those types have the potential to become malignant;

+ combining benign and malignant tumor incidence known or thought to represent stages of progression in the same organ or tissue;

« latency in tumor induction;

« multiplicity in site-specific neoplasia;

* metastases;

« supporting information from proliferative lesions (hyperplasia) in the same site of neoplasia or in other experiments (same lesion in
another sex or species);

+ presence or absence of dose relationships;

« statistical significance of the observed tumor increase;

« concurrent control tumor incidence as well as the historical control rate and variability for a specific neoplasm;

« survival-adjusted analyses and false positive or false negative concerns;

* structure-activity correlations; and

* in some cases, genetic toxicology.
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SUMMARY OF TECHNICAL REPORTS REVIEW SUBCOMMITTEE COMMENTS

On October 18, 2001, the draft Technical Report on the
toxicology and carcinogenesis studies of 2,4-hexadienal
received public review by the National Toxicology
Program’s Board of Scientific Counselors’ Technical
Reports Review Subcommittee. The review meeting
was held at the National Institute of Environmental
Health Sciences, Research Triangle Park, NC.

Dr. P.C. Chan, NIEHS, introduced the toxicology and
carcinogenesis studies of 2,4-hexadienal by describing
the uses of the chemical and the rationale for study,
describing the experimental design, reporting on sur-
vival and body weight effects, and commenting on com-
pound-related neoplasms and nonneoplastic lesions in
rats and mice. The proposed conclusions were clear evi-
dence of carcinogenic activity of 2,4-hexadienal in male
and female F344/N rats and male and female B6C3F,
mice.

Dr. Klaunig, a principal reviewer, was unable to attend
the meeting, and Dr. M.S. Wolfe, NIEHS, read his com-
ments for the record. Dr. Klaunig agreed with the pro-
posed conclusions regarding forestomach neoplasms but
did not feel the oral cavity carcinomas in two male mice
constituted evidence of carcinogenic activity. He also
noted that mutagenicity findings from different laborato-
ries were inconsistent.

Dr. Drinkwater, the second principal reviewer, felt the
statement that oral cavity carcinomas may have been

treatment related could be included in the conclusions.
He asked for clarification of the description of the iso-
meric mixture at the start of the report.

Dr. Malarkey, the third principal reviewer, agreed with
the proposed conclusions and felt the oxidative stress
and DNA adduct studies were worthwhile additions.

Dr. Chan explained that different concentrations of S9
metabolic activation enzymes were used in different
mutagenicity assays and that a lack of response in tests
at one laboratory does not negate positive responses at
another. He noted that carcinomas of the tongue are rare
in NTP studies, and the intent was to note their pres-
ence without implying statistical significance.
Dr. J.R. Bucher, NIEHS, explained that the term “may
have been related” to chemical exposure proposed for
the oral cavity neoplasms was meant to distinguish these
lesions from those constituting the “clear evidence” of
carcinogenic activity in the same sex/species group. By
themselves, the tongue neoplasms would be considered
only an equivocal finding.

Dr. Drinkwater moved, and Dr. Thrall seconded, that the
second sentence of the conclusion statement regarding
oral cavity carcinomas be deleted. The motion was
defeated by a vote of three to two. Dr. Malarkey then
moved, and Dr. Drinkwater seconded, that the conclu-
sions be accepted as originally written. The motion was
carried unanimously with five votes.
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INTRODUCTION
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2,4-HEXADIENAL

(89% trans,trans isomer, CAS No. 142-83-6)

Chemical Formula: CH,O

Molecular Weight: 96.13

Synonyms: Hexa-2,4-dienal; 2,4-hexadienal; 2,4-hexadien-1-al; 2,4-Hx; 1,3-pentadiene-1-carboxaldehyde; 2-propylene acrolein;

sorbaldehyde; sorbic aldehyde

CHEMICAL AND PHYSICAL PROPERTIES

2,4-Hexadienal is a colorless or yellowish liquid with a
pungent sweet, citrusy odor (Ford et al., 1988). It is
insoluble in water, soluble in alcohol, and reacts with
strong oxidizing and reducing agents (Bedoukian, 1985).
2,4-Hexadienal has a boiling point of 147° F at
15 mm Hg (Lancaster Synthesis, Inc., 1991), a specific
gravity of 0.871, a vapor density of greater than 1, and a
vapor pressure of 1.6 mm Hg at 20° C. The refractive
index of 2,4-hexadienal is 1.540 and its flash point is
154° F (Aldrich, 1991; MSDS, 1992). The commercial-
grade 2,4-hexadienal occurs as an isomeric mixture of
89% trans,trans-2,4-hexadienal and 11% cis,trans-
hexadienal.

PRODUCTION, USE,

AND HUMAN EXPOSURE

2,4-Hexadienal is prepared by condensation of acetalde-
hyde (Keller et al., 1983). Current production levels are
not available.

2,4-Hexadienal is used as a flavoring agent in the manu-
facture of the aromatic chemical 3,5,7-nonatrien-2-one,
as a chemical intermediate in various organic synthetic
reactions, and as the starting material for the manufac-
ture of sorbic acid, a widely used food preservative
(Keller et al., 1983). It is also used as a chemical inter-
mediate in the manufacture of polymethine dyes
(Sturmer and Diehl, 1982), a pharmaceutical intermedi-
ate for the manufacture of mitomycins and antihyper-
cholesteremics (STN, 1992), a corrosion inhibitor for
steel used in oil field operations (Growcock et al., 1989),
a monomer for reaction with silane comonomers in
polyalkenyloxysilane polymer manufacture, and a fumi-
gant against larvae of the Caribbean fruit fly (STN,
1992).

2,4-Hexadienal occurs naturally as an auto-oxidation
product of polyunsaturated fatty acids of plant and ani-
mal origin. During auto-oxidation of polyunsaturated
fatty acids, the radical that initiates the process, usually
following exposure to light or metal ions, reacts with the
a-methylene group adjacent to the carbon-carbon double



16

bonds by abstraction of a hydrogen adjacent to a double
bond leading to the formation of a lipid radical Le. The
lipid radical Le combines with ground state oxygen to
give the peroxyradical LOOe, which in turn attacks
another o-methylene group yielding a lipid hydroperox-
ide (LOOH) and a new lipid radical, propagating the
chain reaction. The monohydroperoxides LOOH, which
are the first products of peroxidation, are unstable and
easily decompose into aldehydes and other products
termed secondary auto-oxidation products that include
saturated and unsaturated aldehydes, di- and epoxyalde-
hydes, lactones, furans, ketones, oxo- and hydroxyacids,
and saturated and unsaturated hydrocarbons (Esterbauer,
1982). 2,4-Hexadienal is one of the unsaturated alde-
hydes produced by this decomposition.

It has been shown that the amount of secondary
auto-oxidation products (carbonyl compounds) in soy-
bean oil can increase during storage in the dark at room
temperature (White and Hammond, 1983). The increase
was accelerated at higher temperature or under fluores-
cent light. During cooking, the auto-oxidation process in
oil and fat is enhanced. The generated concentration of
these polyunsaturated fatty acid-derived auto-oxidation
products depends on the polyunsaturated fatty acid con-
tent of the oil, the nature and capacity of the heating ves-
sel used (surface area), and the durations and conditions
of heating and storage (Haywood et al., 1995). This is
seen in samples of repeatedly used frying oils obtained
from fast-food/take-out establishments and in cooked
beef fat, butter, lard, and ovine fat (Suzuki and Bailey,
1985; Claxon et al., 1994).

2,4-Hexadienal has been identified in numerous oxi-
dized glyceridic oils, including canola (low erucic acid
rapeseed) oil, soybean oil, cottonseed oil, sunflower oil,
sesame oil, and palm oil; it has also been detected in the
essential oils of lovage, thyme leaf, and dill, and in solid
alfalfa extract. It has been detected in fish, including
farm-raised catfish, Gulf of Mexico menhaden, and
Upper Wisconsin River walleye, and northern pike (Heil
and Lindsay, 1988). It occurs naturally in a variety of
plant products, including cotton, tomatoes, mango, kiwi,
and Chinese quince, and is a component of tobacco leaf
and tobacco-smoke volatiles (Wright and Harris, 1985;
Takeoka et al., 1986; Weeks et al., 1989; Zeringue and
McCormick, 1989). It has been detected as a volatile of
piled (rather than picked) Toyama Kurocha tea
processed in Japan. 2.4-Hexadienal was not found in
fresh, steamed, or fermented tea leaves but was reported
at a concentration of 0.4 mg/100 mg in the solar-dried
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product and 0.2 mg/100 mg in the product stored for
1 year (Kawakami and Shibamoto, 1991).

2,4-Hexadienal was identified in polluted urban air
(Dumdei et al., 1988), and it was cited in a Russian
review of aldehydic environmental pollutants.
2,4-Hexadienal has been identified as a low-level car-
bonyl impurity in commercial-grade ethanol as well as in
distilled premium grades (Sherman and Kavasmaneck,
1980).

The presence of 2,4-hexadienal in oysters at 35 pg/kg
(35 ppb) and clams at 7.5 pg/kg (7.5 ppb) from Lake
Pontchartrain in Louisiana has been attributed to water
pollution by volatile organic chemicals (Ferrario et al.,
1985).

Humans are continually exposed to 2,4-hexadienal in
oxidized oils and fats in the diet. 2,4-Hexadienal has
been detected in tobacco and tobacco smoke (Florin
et al., 1980; Pettersson et al., 1980) and is present in
seafood (Ferrario ef al., 1985), oxidized edible fats and
oils, heated oils for food frying and cooking, and fish
oils (Selke and Rohwedder, 1983; White and Hammond,
1983; Suzuki and Bailey, 1985; Przybylski and Hougen,
1989; Claxon et al., 1994). Other food products in
which it has been detected include meat fat, cow’s milk
fat, potato chips, bread crust, dried and stored piled tea,
herbs and spices, and tropical fruits. Based on the large
number of foods and food products that contain
2,4-hexadienal either naturally or as an additive, low-
level human exposure to this compound is widespread.

According to the Flavor and Extract Maufacturers’
Association (personal communication, 1994), the total
amount of 2,4-hexadienal used as a flavor ingredient was
0.9 kg. This amounted to a per capita exposure of
9.9 ng/person per day via foods and flavor ingredients.
Ford et al. (1988) reported that the maximum concentra-
tion of this chemical as an ingredient in consumer prod-
ucts could reach as high as 0.1%; the types of food
products were not indicated.

REGULATORY STATUS

2,4-Hexadienal is listed in the U.S. Environmental
Protection Agency’s Toxic Substances Control Act
Chemical Substance Inventory (USEPA, 2000). No
standards or guidelines have been set for allowable
occupational exposures or environmental concentrations
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of 2,4-hexadienal. The American Conference of
Governmental Industrial Hygienists has not adopted a
time-weighted average threshold limit value for this
compound.

2,4-Hexadienal was given Generally Recognized as Safe
status after a review of flavoring ingredients and food
additives by the Flavoring Extract Manufacturers’
Association and was listed in 1981 by the Council of
Europe as a flavoring substance that may be added to
food (Ford et al., 1988).

ABSORPTION, DISTRIBUTION,
METABOLISM, AND EXCRETION

Experimental Animals

No absorption, distribution, metabolism, or excretion
studies of 2,4-hexadienal or other dienals were found in
a search of the available literature. Absorption, metabo-
lism, and urinary excretion of aldehydes such as malon-
dialdehyde (McGirr et al., 1985) and acrolein (Kaye,
1973) have been reported. Grootveld er al. (1998)
reported that tranms-2-alkenals (trams-2-nonenal and
trans-2-pentenal) are readily absorbed from the gut into
the systemic circulation in vivo, metabolized (primarily
via the addition of glutathione across their electrophilic
C-C double bonds), and excreted in the urine as C3-mer-
capturate conjugates.

Aldehydes are principally metabolized in the liver.
Alcohol dehydrogenase is capable of catalyzing the
metabolic reduction of aldehydes to primary alcohols in
the reversal of the metabolic reaction involving the oxi-
dation of primary alcohols to aldehydes. In mammals,
however, this does not necessarily occur, because alde-
hydes are preferentially oxidized to the corresponding
acids. The acids formed as major metabolites of
aldehydes may then be excreted or form conjugates that
are excreted. Aldehyde dehydrogenase, with NADH as
cofactor, has been shown to dehydrogenate short chain
aliphatic aldehydes as well as aromatic aldehydes
(McMahon, 1982).

Humans

No information on the absorption, distribution, metabo-
lism, or excretion of 2,4-hexadienal in humans was
found in a review of the available literature.
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BiovLocGic EFFeECTS

While free radicals and lipoperoxides produce direct
damage at the cell structures where they are produced,
aldehydes are more diffusible and long-lived and may
induce damage at distant sites. The secondary peroxida-
tion products react in vivo with biomolecules such as
glutathione, free amino acids, proteins, and DNA
(Esterbauer, 1985).

o,R-Unsaturated aldehydes ingested or produced
endogenously as a result of lipid peroxidation during
normal metabolic processes or induced by exogenous
chemicals such as CCl,, CHCL,, DDT, and PCB are
strong electrophilic reagents and react readily with
nucleophilic groups. Thus, 2,4-hexadienal is expected to
interact with DNA. Eder ef al. (1993) demonstrated that
B-alkyl-substituted acrolein congeners (pentenal, hex-
enal, 3,3-dimethylacrolein) form 1,N2-cyclic adducts and
7,8-cyclic adducts with deoxyguanosine in a cell-free
system in vitro similar to those observed with croton-
aldehyde. Their data showed that 2,4-hexadienal formed
similar adducts with deoxyguanosine in a cell-free sys-
tem, although they could not isolate the adducts in suffi-
cient quantity for exact characterization. They
postulated that because these adducts are premutagenic
DNA lesions and crotonaldehyde is carcinogenic, the
B-alkyl-substituted acrolein congeners are to be consid-
ered procarcinogenic. A fluorescence associated with
singlet oxygen is generated when DNA interacts with a
lipid degradation product. Using this technique, Frankel
et al. (1987) demonstrated that 2,4-alkadienals readily
interact with calf thymus DNA in vitro in the presence of
ferric chloride and ascorbic acid.

Glutathione S-transferases catalyze intracellular detoxi-
fication of a wide range of xenobiotics and chemothera-
peutic agents, including the o,3-unsaturated aldehydes,
by catalyzing the conjugation of chemically reactive
electrophiles and glutathione. Oral administration of
acrolein causes a dose-dependent depletion of glu-
tathione in the liver, and conjugation of reduced glu-
tathione and acrolein mediated by glutathione
transferases is considered a detoxification mechanism
(Witz, 1989). But evidence indicates that such conju-
gates may also transport the chemical to be activated at
a new site. Thus, the biological fate of thiol conjugates
of o,B-unsaturated aldehydes remains to be explored.
Thiol reactivity could play a role in the induction of
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DNA-protein cross-links because depletion of cellular
glutathione could lead to elevated levels of reactive oxy-
gen species and lipid peroxidation products that have
been implicated in DNA-protein cross-link formation
in vitro and in vivo.

Aldehydes have been shown to inhibit cell proliferation.
Tumor cells are more sensitive to aldehydes than are nor-
mal cells, due to reduced aldehyde dehydrogenase activ-
ity. The mechanism may involve interaction with
tubulin or inhibition of polyamine metabolism, adeny-
late cyclase, or lysosomes (Dianzani, 1982). In addition,
the sulfthydryl reactivity of o,B-unsaturated aldehydes
may play a role in their carcinostatic action. For exam-
ple, the reactivity of the double bond with sulfhydryls
could produce adducts such as 1,2-crotonaldehyde-cys-
teine and 1,1-frans-4-hydroxypentenal-cysteine; the
essential sulfhydryl groups might be located in enzymes.

2,4-Hexadienal was investigated for use as a food pre-
servative but was found inactive in retarding the growth
of food molds (fungi) (Troller and Olsen, 1967).
However, Gueldner et al. (1985) reported that naturally
occurring 2,4-hexadienal appeared to act as an endoge-
nous mycostatic insecticide in corn ears, inhibiting
growth of Aspergillus flavus.

The effect of o,B-unsaturated aldehydes on rat liver
microsomal glucose-6-phosphatase has been studied.
Depending on the chain length, the Michaelis constant,
K., and the maximal rate of reaction, V__, were
affected. However, 2,4-hexadienal did not alter the
kinetic constant and K of the enzyme. These results
may be attributed to the rather rigid planar structure
around the two conjugated double bonds in 2,4-hexadi-
enal, which give rise to a severe steric hindrance at the
o- and B-carbon atoms (Jorgensen et al., 1992). Other
enzymes known to be inhibited include cytochrome
P450, aminopyrine demethylase, adenylate cyclase, and
O6-methylguanine DNA methyltransferase.

2,4-Hexadienal is cytotoxic, and the cytotoxicity may be
related to a decrease in membrane lipid fluidity (Witz,
1989). For example, in a study of the effects of tobacco
smoke components, Thelestam ef al. (1980) found that
2,4-hexadienal at a concentration of 25 mM caused an
increase of 20% in the membrane permeability of human
lung fibroblasts incubated for 30 minutes. Growth of
murine Ascites sarcoma BP8 cells were inhibited 44%
by 0.01 mM 2,4-hexadienal in ethanol while 0.1 and
1.0 mM concentrations were 100% cytotoxic (Pilotti
et al., 1975). Noradrenaline-induced oxidative
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metabolism in isolated hamster brown fat cells was
inhibited by 0.1 mM 2,4-hexadienal; inhibition
increased to 100% at 1 mM (Pettersson et al., 1980).
Complete cessation of ciliary activity of chicken embryo
tracheal organ cultures was induced for 6 minutes by
5 mM 2,4-hexadienal.

o,B-Unsaturated aldehydes, including 2,4-hexadienal,
react with thiobarbituric acid to form a reddish pigment
which is the basis of lipid peroxidation analyses; Kosugi
et al. (1988) observed synergism between 2,4-alkadien-
als and other aldehydes and hydroperoxides as evi-
denced by the intensity of this red pigment.

No DNA-protein crosslinks were observed 4 hours after
treatment of HL60 cells with the trans, trans-muconalde-
hyde (MUC) metabolites 6-hydroxy-trans,trans-
2,4-hexadienal, 6-oxo-trans,trans-2,4-hexadienoic acid,
or trans,trans muconic acid each at 100 uM (Schoenfeld
and Witz, 2000). However, increases in DNA-protein
crosslink formation at higher concentrations cannot be
ruled out. The MUC metabolites did not decrease cell
viability at 100 pM.

STRUCTURE/ACTIVITY RELATIONSHIPS

2,4-Hexadienal is a representative of the family of o, -
unsaturated aldehydes. The benzene metabolite, MUC,
an o,B-unsaturated six-carbon diene dialdehyde, is
hematotoxic, mutagenic, and clastogenic (Witz et al.,
1996). 1t is a reactive multifunctional alkylating agent,
capable of cross-linking cellular components such as
proteins (Schoenfeld and Witz, 2000), and forming
adducts with deoxyguanosine 5’'-phosphate and DNA
(Latriano et al., 1989; Schatz-Kornbrust et al., 1991).
The MUC metabolite 6-hydroxy-trans,trans-2,4-hexadi-
enal is also hematotoxic and mutagenic (Witz et al.,
1996).

o, B-Unsaturated aldehydes react with sulthydryl groups
(Witz et al., 1987; Kline et al., 1993) and with amino
groups of proteins and DNA (Latriano et al., 1989;
Udupi et al., 1994). A number of carcinogenic alde-
hydes such as formaldehyde (Casanova-Schmitz and
Heck, 1983) and acrolein (Crook et al., 1986) induced
DNA-protein cross-links.

ToXICITY

Little is known about the in vivo effects of 2,4-hexadi-
enal, its mechanisms of toxicity, or which tissues it may
target. However, o,B-unsaturated aldehydes are
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direct-acting alkylating agents capable of covalent bind-
ing without prior metabolism to cellular nucleophilic
groups (Eder et al., 1993). Accordingly, 2,4-hexadienal
is potentially toxic and/or capable of modifying cellular
processes.

Experimental Animals

The irritating effect of 2,4-hexadienal may cause cellular
injury and cell proliferation in esophageal tissue and
other parts of the alimentary tract following oral admin-
istration. 2,4-Hexadienal is listed in the Registry of
Toxic Effects of Chemical Substances database as a
severe irritant in rabbits following dermal and ocular
administration and a severe irritant and sensitizer in
guinea pigs following dermal administration (RTECS,
1992). Acute toxicity values for 2,4-hexadienal are
given in Table 1.

The feeding of lipid oxidation products and oxidized fats
has been reported to cause adverse biologic effects in
laboratory animals, including growth retardation, terato-
genicity, tissue damage, and increased liver and kidney
weights (Izaki et al., 1984; Kanazawa et al., 1985, 1986;
Alexander et al., 1987), as well as cellular damage to the
testes and epididymides, increased peroxidation of mem-
brane and tissue lipids, and induction of cytochrome
P450 activities in the liver and colon (Crawford and
Wheeler, 1983; Haywood et al., 1995).

Tanaka (1979) applied peroxidized linoleic acid on the
shaved skin of guinea pigs in a patch test experiment and
found that it produced necrosis and bleeding. When the

TABLE 1
Acute Toxicity Data for 2,4-Hexadienal®
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abdominal skin of a guinea pig was patched for 8 days
with a cream sample containing 25 nmol (in terms of
malondialdehyde) of lipid peroxides per gram, a thick-
ening of the epidermis was found (Tanaka and
Hayakawa, 1986).

Humans

Health hazard advisory information in the Aldrich
Material Safety Data Sheet for 2,4-hexadienal includes
severe irritant and toxic effects following inhalation or
dermal absorption, with tissue destruction of mucous
membranes of the upper respiratory tract, eyes, and skin
(MSDS, 1992). Ford et al. (1988) cited the results of
dermal 48-hour closed patch tests using 1% 2,4-hexadi-
enal (in petroleum) on the backs of 59 volunteers; one
case of sensitization and no irritation was reported.

CARCINOGENICITY

Experimental Animals

No information on long-term studies of the carcino-
genicity of 2,4-hexadienal in experimental animals was
found in the literature.

Humans

No epidemiology studies or case reports examining the
relationships between exposure to 2,4-hexadienal and
cancer in humans were found in the literature. However,
free radicals, singlet oxygen, and other reactive species
formed in the peroxidation of lipids are considered
biologically harmful and are implicated in cellular

Species Route LD,
Rat Oral 300 mg/kg
Rabbit Dermal 270 mg/kg
Guinea pig Dermal 2,500 mg/kg
Guinea pig Dermal 5,000 mg/kg
Rat Inhalation 2,000 ppm/4 hours’

a

RTECS, 1992
LD,
LC,,

C
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damage and cancer (Frankel ef al., 1987). It has been
postulated that high colon cancer incidences may be
linked to a high-fat diet or one low in fruits and vegeta-
bles and low in vitamin A (Urbany, 1992). Marnett et al.
(1985) have postulated that, “since carbonyl compounds
are widely distributed in foods, are generated during cel-
lular metabolism, and are present in body fluids, they
make a significant contribution to the risk of human can-
cer.” It is difficult to assess the cancer risk from multiple
low level exposures to a wide variety o,3-unsaturated
aldehydes.

GENETIC TOXICOLOGY

2,4-Hexadienal has been shown to be mutagenic in bac-
terial mutation assays; no reports of in vivo mutagenicity
testing were identified. Although Florin ef al. (1980)
reported negative results with 2,4-hexadienal (3 pmol
per plate) in a spot test using Salmonella typhimurium
strains TA98, TA100, TA1535, and TA1537, with and
without S9, Marnett ef al. (1985) reported a clear dose
response over a concentration range of 0.1 to 1.0 pmol
2,4-hexadienal in S. typhimurium strain TA104 with a
liquid preincubation assay in the absence of liver S9 acti-
vation enzymes. Results of studies reported by Eder
et al. (1992) showed that several members of a series of
substituted acrolein congeners including 2,4-hexadienal
were mutagenic in a modified preincubation test using a
90-minute preincubation period with S. typhimurium
strain TA100, with and without S9 from Aroclor-induced
rats. 2,4-Hexadienal (99.5% pure) was tested over a
concentration range of 0.02 to 0.4 pL per plate. In these
studies, mutagenic activity for the class of compounds
was shown to be inversely related to toxicity and chain
length. However, the presence of the second double
bond within the 2,4-hexadienal molecule overrode this
generalization and conferred decreased toxicity and
increased mutagenicity over what chain length alone
might have predicted. Further mutagenicity studies with
2,4-hexadienal by Eder et al. (1992) using the SOS chro-
motest yielded negative results. The lack of demon-
strated genotoxicity in this assay was attributed to the
toxicity of 2,4-hexadienal to the Escherichia coli tester
strains PQ37 and PQ243. However, it was noted that the
negative response in the SOS chromotest appeared to be
solvent specific; changing the solvent from dimethylsul-
foxide to ethanol provoked a weakly positive response
(Eder et al., 1993). Additional studies by Eder ef al.
(1993) showed significant mutagenic activity for
2,4-hexadienal (0.01 to 0.75 pL per plate) in
S. typhimurium strain TA100 using a standard 30-minute
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preincubation period (Eder et al., 1992). In addition,
increased levels of DNA strand breakage were measured
by the alkaline elution technique in 1,210 mouse
leukemia cells treated with relatively high doses of
2,4-hexadienal that also produced evidence of cytotox-
icity (Eder et al., 1993). In further investigations,
7,8-cyclic guanine and 1,2-cyclic deoxyguanosine
adducts were isolated by chromatography from a cell-
free reaction mixture containing 2,4-hexadienal and var-
ious nucleosides (Eder ef al., 1993).

STUDY RATIONALE

2,4-Hexadienal is a natural constituent of meat, veg-
etable, and fish oils. 2,4-Hexadienal is also used as a
food additive or flavoring agent. It is one of the lipid
peroxidation products of polyunsaturated oils that
undergo auto-oxidation especially during storage
(Snyder et al., 1985) and has been implicated in the
development of off or tainted flavor. Lipid hydroperox-
ides have been shown to give rise to low intracellular
levels of o, B-unsaturated aldehydes, including 2,4-hexa-
dienal and 2,4-decadienal. Some of the o,B-unsaturated
aldehydes have been shown to be reactive with DNA
(Frankel et al., 1987). Ingested lipid oxidation products
and oxidized fats have been reported to cause increased
excretion of mutagens, cellular injury to the liver and
kidney, increased cell proliferation in the gastrointestinal
tract, nonspecific tissue injury, and irritation resulting
from induced oxidative stress.

2,4-Hexadienal was nominated by the National Cancer
Institute for study. The Interagency Testing Committee
has classified the o,B-unsaturated aldehydes as a group
of closely-related chemicals likely to be associated with
adverse health and ecological effects. The Committee’s
concern for potential health effects resulting from expo-
sures to this group of chemicals included potential onco-
genicity, mutagenicity, and membrane irritation.

The NTP decided to evaluate the metabolism, distribu-
tion, mutagenicity, and carcinogenicity and perform
mechanistic studies of 2,4-hexadienal with 2,4-decadi-
enal as a matched pair, because there is an overall lack of
data generated from testing dienals for carcinogenicity
and a lack of studies on 2,4-hexadienal exposure related
to cancer in humans. The role of consumed oxidized oils
in gastrointestinal carcinogenesis including the effects of
oral intake of different doses of various biologically
active compounds present in heated oils, effects of
oxidative stress induced by chronic consumption of
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repeatedly heated oils, as well as interactions with other
modulating dietary factors, including both macro- and
micronutrients has not been investigated (Hageman
et al., 1991). Gavage in a corn oil medium was selected
as the route of administration because the chemical is
insoluble in water and is unstable when mixed in feed
preparations.

Because 2,4-decadienal is less toxic (oral LD, in rats is
greater than 5 g/kg) than 2,4-hexadienal, 2-year studies
were not conducted. The NTP 90-day study results at
doses up to 800 mg/kg showed that the lesions induced
by 2,4-decadienal were similar to those induced by
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2,4-hexadienal, specifically forestomach hyperplasia
accompanied by inflammation and olfactory epithelial
necrosis and atrophy (NTP, unpublished data). 2,4-
Hexadienal was selected for 2-year studies because the
two chemicals have similar chemical and biological
properties. Chemical disposition studies were recom-
mended for 2,4-hexadienal; however, these studies were
not conducted because of the poor stability of the radio-
labeled chemical. Toxicokinetic studies were also con-
sidered but not attempted because 2,4-hexadienal was
expected to quickly react with blood components mak-
ing it unlikely that a toxicokinetic study would be suc-
cessful.
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MATERIALS AND METHODS

PROCUREMENT
AND CHARACTERIZATION

OF 2,4-HEXADIENAL

2,4-Hexadienal was obtained from Lancaster Synthesis,
Inc. (Windham, NH), in two lots (90000345 and
P09653). Identity, purity, and stability analyses were
conducted by the analytical chemistry laboratory,
Research Triangle Institute (Research Triangle Park,
NC) (Appendix I). Reports on analyses performed in
support of the 2,4-hexadienal studies are on file at the
National Institute of Environmental Health Sciences.

The chemical, a pale to dark yellow liquid, was identi-
fied as 2,4-hexadienal by the analytical chemistry labo-
ratory and the study laboratory using infrared and
nuclear magnetic resonance spectroscopy. The purity of
lot 90000345 was determined by the study laboratory
using gas chromatography, which indicated a purity of
95.2% with one major impurity peak and four minor
impurity peaks. The purity of lot P09653 was deter-
mined by the analytical chemistry laboratory using high-
performance liquid chromatography (HPLC) and by the
study laboratory wusing gas chromatography.
Discrepancies in the results with these two methods were
large but were ultimately traced, during the 2-year study,
to incomplete resolution of an impurity peak and overes-
timation of the purity of the bulk chemical with gas chro-
matographic methods. HPLC indicated a purity of
approximately 89% with one impurity peak representing
approximately 11% of the total integrated area. Gas
chromatography indicated a purity of 98.4%. The impu-
rity in both lots was identified at the analytical labora-
tory as cis,trans-2,4-hexadienal using infrared
spectroscopy and gas chromatography/mass spectrome-
try. Inconsistencies in the purity of the test articles were
resolved during the chronic study. Optimized HPLC
method was used, and both lots of 2,4-hexadienal con-
tained approximately 89% trans,trans-2,4-hexadienal
and approximately 11% cis,trans-2,4-hexadienal.

To ensure stability, the bulk chemical was stored refrig-
erated and protected from light in sealed containers
under a nitrogen headspace. Stability was monitored

relative to a frozen reference sample by the study labo-
ratories using gas chromatography. Gas chromatogra-
phy was used to allow comparison of data to previous
bulk chemical analysis. No degradation of the bulk
chemical was detected.

PREPARATION AND ANALYSIS

OF DOSE FORMULATIONS

The dose formulations were prepared once for the
16-day studies and every 4 weeks for the 14-week and
2-year studies by mixing 2,4-hexadienal with corn oil to
give the required concentrations (Table I3). The dose
formulations were stored refrigerated and protected from
light under nitrogen in amber glass containers for up to
35 days.

Stability studies of 0.290, 0.292, and 0.298 mg/kg dose
formulations were performed by the analytical chemistry
laboratory using HPLC. Homogeneity studies of the
0.75 and 24 mg/mL dose formulations for the 14-week
studies and stability studies of a 0.77 mg/mL dose for-
mulation were performed by the study laboratory using
HPLC. Homogeneity was confirmed; stability was con-
firmed for dose formulations stored under a nitrogen
headspace protected from air at room temperature for at
least 35 days and for dose formulations, open to air for
up to 3 hours.

Periodic analyses of the dose formulations of 2,4-hexa-
dienal were conducted by the analytical chemistry labo-
ratory (16-day studies) and by the study laboratory
(14-week and 2-year studies) using HPLC. During the
16-day studies, the dose formulations were analyzed
once; four of five dose formulations for rats and mice
were within 10% of the target concentrations (Table 14).
One formulation was used at 84% of target. During the
14-week studies, the dose formulations were analyzed at
the beginning, midpoint, and end of the studies, and all
were within 10% of the target concentrations (Table I5).
During the 2-year studies, the dose formulations were
analyzed every 8 to 12 weeks (Table 16). All dose for-
mulations analyzed for rats and 32 of 33 for mice were
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within 10% of the target concentrations; the dose formu-
lation for mice that was not within the acceptable range
was remixed and was found to be within 10% of the tar-
get concentration. Periodic analyses of the corn oil vehi-
cle by the study laboratories demonstrated that peroxide
concentrations were within the acceptable limit of
3.0 mEqg/kg.

16-DAY STUDIES

Male and female F344/N rats and B6C3F, mice were
obtained from Taconic Farms (Germantown, NY). On
receipt, the rats and mice were 4 weeks old. Animals
were quarantined for 11 (rats) or 12 (mice) days and
were 6 weeks old on the first day of the studies. Groups
of five male and five female rats and mice were admin-
istered 2,4-hexadienal in corn oil by gavage at doses of
0, 3, 9, 27, 80, or 240 mg 2,4-hexadienal’kg body
weight, 5 days per week, for 16 days. Feed and water
were available ad libitum. Rats and female mice were
housed five per cage; male mice were housed individu-
ally. Clinical findings were recorded and animals were
weighed initially, on day 8, and at the end of the studies.
Details of the study design and animal maintenance are
summarized in Table 2.

Necropsies were performed on all rats and mice. The
liver and right kidney from each animal were weighed.
Histopathologic examinations were performed on rats
and mice in the vehicle control, 27, 80, and 240 mg/kg
groups. Table 2 lists the tissues and organs examined.

14-WEEK STUDIES

The 14-week studies were conducted to evaluate the
cumulative toxic effects of repeated exposure to
2,4-hexadienal and to determine the appropriate doses to
be used in the 2-year studies.

Male and female F344/N rats and B6C3F, mice were
obtained from Taconic Laboratory Animals and Services
(Germantown, NY). On receipt, the rats and mice were
4 weeks old. Animals were quarantined for 11 or
12 days (rats) and 13 or 14 days (mice) and were
6 weeks old on the first day of the studies. Before the
studies began, five male and five female rats and mice
were randomly selected for parasite evaluation and gross
observation for evidence of disease. At the end of the
studies, serologic analyses were performed on five male
and five female vehicle control rats and mice using the
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protocols of the NTP Sentinel Animal Program
(Appendix K).

Groups of 10 male and 10 female core study rats and
mice and groups of 10 male and 10 female clinical
pathology study rats were administered 2,4-hexadienal
in corn oil by gavage at doses of 0, 7.5, 15, 30, 60, or
120 mg/kg, 5 days per week, for 14 weeks. Feed and
water were available ad libitum. Rats and female mice
were housed five per cage while male mice were housed
individually. Clinical findings were recorded once a
week for the duration of the studies beginning on day 1
(mice) or day 4 (rats) and at the end of the study. The
animals were weighed initially, on day 4 (rats), weekly,
and at the end of the studies. Details of the study design
and animal maintenance are summarized in Table 2.

Blood was collected from the retroorbital sinus of clini-
cal pathology study rats under carbon dioxide anesthesia
on days 4 and 19. Using the same method, blood was
collected from core study rats and mice surviving to the
end of the studies for hematology and clinical chemistry
(rats) analyses. For hematology analyses, blood from
each animal was collected into a tube containing EDTA.
Erythrocyte, platelet, and leukocyte counts, hematocrit
values, hemoglobin concentration, mean cell volume,
mean cell hemoglobin, and mean cell hemoglobin con-
centration analyses were determined using the
Technicon H-1™ hematology analyzer (Technicon
Corporation, Tarrytown, NY). Reagents were manufac-
tured or supplied by Technicon Corporation, R&D
Systems (Minneapolis, MN), or Fisher Scientific, Inc.
(Hampton, NH). Reticulocyte counts were conducted
using a Coulter Model Elite Flow Cytometer (Coulter
Corporation, Miami, FL). Blood smears were prepared
to evaluate platelet and erythrocyte morphologies by
light microscopy; these smears were also used to manu-
ally verify reticulocyte and leukocyte differential counts,
as necessary. For clinical chemistry analyses, blood was
collected into a tube containing no anticoagulant.
Clinical chemistry analyses were performed using the
Roche Cobas Fara™ automated analyzer (Roche
Diagnostic Systems, Inc., Montclair, NJ). Reagents
were manufactured or supplied by Roche, Sigma
Chemical Company (St. Louis, MO), or Ciba Corning
Diagnostics Corporation (Norwood, MA), as applicable.
The parameters measured are listed in Table 2.

At the end of the 14-week studies, samples were col-
lected for sperm motility and vaginal cytology evalua-
tions on vehicle control, 30, 60, and 120 mg/kg core
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study rats and mice. The parameters evaluated are listed
in Table 2. Methods used were those described in the
NTP’s Sperm Morphology and Vaginal Cytology
Evaluations protocol (NTP, 1992). For 12 consecutive
days prior to scheduled terminal sacrifice, the vaginal
vaults of the females were moistened with 0.9% saline,
if necessary, and samples of vaginal fluid and cells were
stained. Relative numbers of leukocytes, nucleated
epithelial cells, and large squamous epithelial cells were
determined and used to ascertain estrous cycle stage
(i.e., diestrus, proestrus, estrus, and metestrus). Male
animals were evaluated for sperm count and motility.
The left testis and left epididymis were isolated and
weighed. The tail of the epididymis (cauda epididymis)
was then removed from the epididymal body (corpus
epididymis) and weighed. Test yolk (rats) or modified
Tyrode’s buffer (mice) was applied to slides and a small
incision was made at the distal border of the cauda epi-
didymis. The sperm effluxing from the incision were
dispersed in the buffer on the slides, and the numbers of
motile and nonmotile spermatozoa were counted for five
fields per slide by two observers. Following completion
of sperm motility estimates, each left cauda epididymis
was placed in buffered saline solution. Caudae were
finely minced, and the tissue was incubated in the saline
solution and then heat fixed at 65° C. Sperm density was
then determined microscopically with the aid of a hema-
cytometer. To quantify spermatogenesis, the testicular
spermatid head count was determined by removing the
tunica albuginea and homogenizing the left testis in
phosphate-buffered saline centering 10% dimethylsul-
foxide. Homogenization-resistant spermatid nuclei were
counted with a hemacytometer.

Necropsies were performed on all core study animals.
The heart, right kidney, liver, lungs, spleen, right testis,
and thymus of core study rats and mice were weighed.
Tissues for microscopic examination were fixed and pre-
served in 10% neutral buffered formalin, processed and
trimmed, embedded in paraffin, sectioned to a thickness
of 4 to 6 um, and stained with hematoxylin and eosin.
Complete histopathologic examinations were performed
on all vehicle control and 120 mg/kg core study rats and
mice. Table 2 lists the tissues and organs examined.

2-YEAR STUDIES

Study Design

Groups of 50 male and 50 female rats were administered
2,4-hexadienal in corn oil by gavage at doses of 0, 22.5,
45, or 90 mg/kg, and groups of 50 male and 50 female
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mice received 2,4-hexadienal in corn oil by gavage at
doses of 0, 30, 60, or 120 mg/kg, 5 days per week, for
104 to 105 weeks. Additional groups of 10 male and
10 female rats were administered 0, 90, or 120 mg/kg
2,4-hexadienal for oxidative stress studies. Additional
groups of five male rats were administered 0 or
90 mg/kg and five or 10 male mice were administered 0
or 120 mg/kg 2,4-hexadienal for DNA adduct character-
ization studies.

Source and Specification of Animals

Male and female F344/N rats and B6C3F, mice were
obtained from Taconic Laboratory Animals and Services
(Germantown, NY) for use in the 2-year studies. Rats
and mice were quarantined for 10 days before the begin-
ning of the studies. Five male and five female rats and
mice were randomly selected for parasite evaluation and
gross observation of disease. Rats and mice were
approximately 5 weeks old at the beginning of the stud-
ies. The health of the animals was monitored during the
studies according to the protocols of the NTP Sentinel
Animal Program (Appendix K).

Animal Maintenance

Male rats were housed two or three per cage, and female
rats and mice were housed five per cage. Male mice
were housed individually. Feed and water were avail-
able ad libitum. Cages and racks were rotated every
2 weeks. Further details of animal maintenance are
given in Table 2. Information on feed composition and
contaminants is provided in Appendix J.

Clinical Examinations and Pathology

All animals were observed twice daily for mortality and
moribundity. Body weights were recorded initially, and
clinical findings and body weights were recorded every
4 weeks beginning with week 3 or week 4 (female rats).

Liver (rats) and forestomach (rats and mice) tissue was
taken from DNA adduct characterization study animals
at 118 (0 mg/kg rats) or 90 days (Appendix M).
Additional details for these studies are presented in
Table 2. Complete necropsies and microscopic exami-
nations were performed on all surviving rats and mice.
At necropsy, all organs and tissues were examined for
grossly visible lesions, and all major tissues were fixed
and preserved in 10% neutral buffered formalin,
processed and trimmed, embedded in paraffin, sectioned
to a thickness of 5 um, and stained with hematoxylin and
eosin for microscopic examination. For all paired organs
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(e.g., adrenal gland, kidney, ovary), samples from each
organ were examined. Tissues examined microscopi-
cally are listed in Table 2.

Microscopic evaluations were completed by the study
laboratory pathologist, and the pathology data were
entered into the Toxicology Data Management System.
The slides, paraffin blocks, and residual wet tissues were
sent to the NTP Archives for inventory, slide/block
match, and wet tissue audit. The slides, individual ani-
mal data records, and pathology tables were evaluated
by an independent quality assessment laboratory. The
individual animal records and tables were compared for
accuracy, the slide and tissue counts were verified, and
the histotechnique was evaluated. For the 2-year studies,
a quality assessment pathologist evaluated slides from
all tumors and all potential target organs, which included
the forestomach of rats and mice; spleen of rats; thyroid
gland, heart, and prostate gland of male rats; lung and
kidney of female rats; tongue, testis, liver, nose, and
adrenal cortex of male mice; and kidney of female mice.

The quality assessment report and the reviewed slides
were submitted to the NTP Pathology Working Group
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(PWG) chairperson, who reviewed the selected tissues
and addressed any inconsistencies in the diagnoses made
by the laboratory and quality assessment pathologists.
Representative histopathology slides containing exam-
ples of lesions related to chemical administration, exam-
ples of disagreements in diagnoses between the
laboratory and quality assessment pathologists, or
lesions of general interest were presented by the chair-
person to the PWG for review. The PWG consisted of
the quality assessment pathologist and other pathologists
experienced in rodent toxicologic pathology. This group
examined the tissues without any knowledge of dose
groups or previously rendered diagnoses. When the
PWG consensus differed from the opinion of the labora-
tory pathologist, the diagnosis was changed. Final diag-
noses for reviewed lesions represent a consensus
between the laboratory pathologist, reviewing patholo-
gist(s), and the PWG. Details of these review proce-
dures have been described, in part, by Maronpot and
Boorman (1982) and Boorman et al. (1985). For subse-
quent analyses of the pathology data, the decision of
whether to evaluate the diagnosed lesions for each tissue
type separately or combined was generally based on the
guidelines of McConnell et al. (1986).
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Experimental Design and Materials and Methods in the Gavage Studies of 2,4-Hexadienal

16-Day Studies

14-Week Studies

2-Year Studies

Study Laboratory
Microbiological Associates, Inc.
(Bethesda, MD)

Strain and Species
F344/N rats
B6C3F, mice

Animal Source
Taconic Farms (Germantown, NY)

Time Held Before Studies
Rats: 11 days
Mice: 12 days

Average Age When Studies Began
6 weeks

Date of First Dose
Rats: November 20, 1995
Mice: November 21, 1995

Duration of Dosing
S days/week for 16 days

Date of Last Dose
Rats: December 5, 1995
Mice: December 6, 1995

Necropsy Dates
Rats: December 6, 1995
Mice: December 7, 1995

Average Age at Necropsy
8 weeks

Size of Study Groups
5 males and 5 females

Method of Distribution

Animals were distributed randomly into
groups of approximately equal initial mean
body weights.

Animals per Cage
Rats: 5
Mice: 1 (males) or 5 (females)

Southern Research Institute
(Birmingham, AL)

F344/N rats
B6C3F, mice

Taconic Laboratory Animals and Services
(Germantown, NY)

Rats: 11 (males) or 12 (females) days
Mice: 13 (males) or 14 (females) days

6 weeks

Rats: August 5 (males) or 6 (females), 1996
Mice: August 7 (males) or 8 (females), 1996

5 days/week for 14 weeks
Rats: November 6-7, 1996

Mice: November 8-9, 1996

Rats: November 6-7, 1996
Mice: November 8-9, 1996

Rats: 19 weeks

Mice: 19 to 20 weeks

10 males and 10 females

Same as 16-day studies

Rats: 5
Mice: 1 (males) or 5 (females)

Southern Research Institute
(Birmingham, AL)

F344/N rats
B6C3F, mice

Taconic Laboratory Animals and Services
(Germantown, NY)

10 days

5 weeks

Rats: July 11, 1997
Mice: July 25, 1997

5 days/week for 104 to 105 weeks

Rats: July 8-11 (males) or
11-14 (females), 1999

Mice: July 22-25 (males) or
25-28 (females), 1999

Rats: July 9-12 (males) or
12-15 (females), 1999

Mice: July 23-26 (males) or
26-29 (females), 1999

109 to 110 weeks

50 males and 50 females

Same as 16-day studies

Rats: 2 or 3 (males) or 5 (females)
Mice: 1 (males) or 5 (females)
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Experimental Design and Materials and Methods in the Gavage Studies of 2,4-Hexadienal

16-Day Studies

14-Week Studies

2-Year Studies

Method of Animal Identification
Tail tattoo

Diet

NTP-2000 open formula pelleted diet

(Zeigler Brothers, Inc., Gardners, PA),
available ad libitum, changed weekly

Water

Tap water (Washington Suburban Sanitary
Commission Potomac Plant) via automatic
watering system, available ad libitum

Cages

Polycarbonate

Bedding

Sani-Chips® hardwood (P.J. Murphy Forest
Products, Montville, NJ), changed twice
weekly

Cage Filters

Reemay spun-bonded polyester (Andico,
Birmingham, AL), changed once every
2 weeks

Racks
Stainless steel , changed every 2 weeks

Animal Room Environment
Temperature: 72° +3° F

Relative humidity: 50% + 15%
Room fluorescent light: 12 hours/day
Room air changes: 10/hour

Doses
0, 3,9, 27, 80, or 240 mg/kg in corn oil by
gavage (dosing volume 2.5 mL/kg)

Type and Frequency of Observation
Observed twice daily; animals were weighed
and clinical findings were recorded initially,
on day 8, and at the end of the studies.

Method of Sacrifice
Carbon dioxide asphyxiation

Tail tattoo

Same as 16-day studies except diet was
irradiated

Tap water (City of Birmingham municipal
supply) via automatic watering system
(Edstrom Industries, Inc., Waterford, WI),
available ad libitum

Polycarbonate (Lab Products, Maywood,
NJ), changed twice weekly

Heat-treated hardwood chips (P.J. Murphy
Forest Products, Inc., Montville, NJ),
changed twice weekly or once weekly (male
mice)

Same as 16-day studies

Stainless steel (Lab Products, Inc.), rotated
every 2 weeks

Temperature: 72° £3° F

Relative humidity: 50% + 15%
Room fluorescent light: 12 hours/day
Room air changes: 10/hour

0, 7.5, 15, 30, 60, or 120 mg/kg in corn oil
by gavage [dosing volume 5 mL/kg (rats) or
10 mL/kg (mice)]

Observed twice daily; core study animals
were weighed initially, on day 4 (rats),
weekly, and at the end of the studies; clinical
findings were recorded weekly.

Carbon dioxide asphyxiation

Tail tattoo

Same as 16-day studies except diet was
irradiated

Same as 14-week studies

Polycarbonate (Lab Products, Maywood, NJ),
changed twice weekly or once weekly (male
mice)

Same as 14-week studies

Same as 14-week studies

Same as 14-week studies

Temperature: 72° +3° F

Relative humidity: 50% + 15%
Room fluorescent light: 12 hours/day
Room air changes: 10/hour

Rats: 0, 22.5, 45, or 90 mg/kg in corn oil by
gavage (dosing volume 5 mL/kg)
Mice: 0, 30, 60, or 120 mg/kg in corn oil by

gavage (dosing volume 10 mL/kg)

Observed twice daily; animals were weighed
initially and body weights and clinical
findings were recorded every 4 weeks.

Carbon dioxide asphyxiation
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Experimental Design and Materials and Methods in the Gavage Studies of 2,4-Hexadienal

16-Day Studies

14-Week Studies

2-Year Studies

Necropsy

Necropsies were performed on all animals.
Organs weighed were the liver and right
kidney.

Clinical Pathology
None

Histopathology

In addition to gross lesions, the forestomach
of vehicle control and 27, 80, and 240 mg/kg
rats and mice; and the liver and kidney of
vehicle control and 80 and 240 mg/kg rats
and mice were examined.

Necropsies were performed on all core study
animals. Organs weighed were the heart,
right kidney, liver, lung, spleen, right testis,
and thymus.

Blood was collected from the retroorbital
sinus of clinical pathology study rats on
days 4 and 19 and from core study animals at
the end of the studies for hematology and
clinical chemistry (rats).

Hematology: hematocrit; hemoglobin
concentration; erythrocyte, reticulocyte, and
platelet counts; erythrocyte and platelet
morphology; mean cell volume; mean cell
hemoglobin; mean cell hemoglobin
concentration; and leukocyte count and
differentials

Clinical chemistry: urea nitrogen,
creatinine, total protein, albumin, alanine
aminotransferase, alkaline phosphatase,
creatine kinase, sorbitol dehydrogenase, and
bile acids

Complete histopathology was performed on
vehicle control and 120 mg/kg core study rats
and mice. In addition to gross lesions and
tissue masses, the following tissues were
examined: adrenal gland, bone with marrow,
brain, clitoral gland, esophagus, gallbladder
(mice only), heart, large intestine (cecum,
colon, rectum), small intestine (duodenum,
jejunum, ileum), kidney, liver, lung, lymph
nodes (mandibular and mesenteric),
mammary gland (except male mice), nose,
ovary, pancreas, parathyroid gland, pituitary
gland, preputial gland, prostate gland,
salivary gland, skin, spleen, stomach
(forestomach and glandular), testis with
epididymis and seminal vesicle, thymus,
thyroid gland, trachea, urinary bladder, and
uterus. The forestomach and nose were also
examined in all remaining groups of core
study rats and mice.

Necropsies were performed on all animals.

None

Complete histopathology was performed on
all rats and mice. In addition to gross lesions
and tissue masses, the following tissues were
examined: adrenal gland, bone with marrow,
brain, clitoral gland, esophagus, gallbladder
(mice only), heart, large intestine (cecum,
colon, rectum), small intestine (duodenum,
jejunum, ileum), kidney, liver, lung, lymph
nodes (mandibular and mesenteric),
mammary gland (except male mice), nose,
ovary, pancreas, parathyroid gland, pituitary
gland, preputial gland, prostate gland,
salivary gland, skin, spleen, stomach
(forestomach and glandular), testis with
epididymis and seminal vesicle, thymus,
thyroid gland, trachea, urinary bladder, and
uterus.
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Experimental Design and Materials and Methods in the Gavage Studies of 2,4-Hexadienal

16-Day Studies

14-Week Studies

2-Year Studies

Sperm Motility
and Vaginal Cytology
None

Oxidative Stress Study
None

DNA Adduct Characterization
None

At the end of the studies, sperm samples
were collected from core study male animals
in the vehicle control and 30, 60, and

120 mg/kg groups for sperm motility
evaluations. The following parameters were
evaluated: spermatid heads per testis and per
gram testis, sperm heads per cauda and per
gram cauda, and epididymal sperm motility.
The left cauda, left epididymis, and left testis
were weighed. Vaginal samples were
collected for up to 12 consecutive days prior
to the end of the studies from females in the
vehicle control and 30, 60, and 120 mg/kg
groups for vaginal cytology evaluations. The
percentage of time spent in the various
estrous cycle stages and estrous cycle length
were evaluated.

None

None

None

Forestomach samples were collected from
groups of 10 male and 10 female rats
administered 0, 90, or 120 mg/kg
2,4-hexadienal for 28 days.

Samples were taken from DNA adduct
characterization study male rats and mice for
determinations of DNA adducts in the liver
of rats and forestomach of rats and mice. The
forestomach and liver were collected from
five 90 mg/kg rats and 10 120 mg/kg mice at
90 days and from five vehicle control rats at
118 days and five vehicle control mice at

90 days.
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STATISTICAL METHODS

Survival Analyses

The probability of survival was estimated by the prod-
uct-limit procedure of Kaplan and Meier (1958) and is
presented in the form of graphs. Animals found dead of
other than natural causes or missing were censored from
the survival analyses; animals dying from natural causes
were not censored. Statistical analyses for possible
dose-related effects on survival used Cox’s (1972)
method for testing two groups for equality and Tarone’s
(1975) life table test to identify dose-related trends. All
reported P values for the survival analyses are two sided.

Calculation of Incidence

The incidences of neoplasms or nonneoplastic lesions
are presented in Tables A1, A5, B1, BS, C1, C5, D1, and
D5 as the numbers of animals bearing such lesions at a
specific anatomic site and the numbers of animals with
that site examined microscopically. For calculation of
statistical significance, the incidences of most neoplasms
(Tables A3, B3, C3, and D3) and all nonneoplastic
lesions are given as the numbers of animals affected at
each site examined microscopically. However, when
macroscopic examination was required to detect neo-
plasms in certain tissues (e.g., harderian gland, intestine,
mammary gland, and skin) before microscopic evalua-
tion, or when neoplasms had multiple potential sites of
occurrence (e.g., leukemia or lymphoma), the
denominators consist of the number of animals on which
a necropsy was performed. Tables A3, B3, C3, and D3
also give the survival-adjusted neoplasm rate for each
group and each site-specific neoplasm. This survival-
adjusted rate (based on the Poly-3 method described
below) accounts for differential mortality by assigning a
reduced risk of neoplasm, proportional to the third
power of the fraction of time on study, to animals that do
not reach terminal sacrifice.

Analysis of Neoplasm

and Nonneoplastic Lesion Incidences

The Poly-k test (Bailer and Portier, 1988; Portier and
Bailer, 1989; Piegorsch and Bailer, 1997) was used to
assess neoplasm and nonneoplastic lesion prevalence.
This test is a survival-adjusted quantal-response proce-
dure that modifies the Cochran-Armitage linear trend
test to take survival differences into account. More
specifically, this method modifies the denominator in the
quantal estimate of lesion incidence to approximate
more closely the total number of animal years at risk.
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For analysis of a given site, each animal is assigned a
risk weight. This value is one if the animal had a lesion
at that site or if it survived until terminal sacrifice; if the
animal died prior to terminal sacrifice and did not have a
lesion at that site, its risk weight is the fraction of the
entire study time that it survived, raised to the kth power.

This method yields a lesion prevalence rate that depends
only upon the choice of a shape parameter for a Weibull
hazard function describing cumulative lesion incidence
over time (Bailer and Portier, 1988). Unless otherwise
specified, a value of k=3 was used in the analysis of site-
specific lesions. This value was recommended by Bailer
and Portier (1988) following an evaluation of neoplasm
onset time distributions for a variety of site-specific neo-
plasms in control F344 rats and B6C3F, mice (Portier
et al., 1986). Bailer and Portier (1988) showed that the
Poly-3 test gave valid results if the true value of k was
anywhere in the range from 1 to 5. A further advantage
of the Poly-3 method is that it does not require lesion
lethality assumptions. Variation introduced by the use of
risk weights, which reflect differential mortality, was
accommodated by adjusting the variance of the Poly-3
statistic as recommended by Bieler and Williams (1993).

Tests of significance included pairwise comparisons of
each dosed group with controls and a test for an overall
dose-related trend. Continuity-corrected Poly-3 tests
were used in the analysis of lesion incidence, and
reported P values are one sided. The significance of
lower incidences or decreasing trends in lesions is repre-
sented as 1-P with the letter N added (e.g., P=0.99 is
presented as P=0.01N).

Analysis of Continuous Variables

Two approaches were employed to assess the signifi-
cance of pairwise comparisons between dosed and con-
trol groups in the analysis of continuous variables.
Organ and body weight data, which historically have
approximately normal distributions, were analyzed with
the parametric multiple comparison procedures of
Dunnett (1955) and Williams (1971, 1972).
Hematology, clinical chemistry, spermatid, and epididy-
mal spermatozoal data, which have typically skewed dis-
tributions, were analyzed using the nonparametric
multiple comparison methods of Shirley (1977) and
Dunn (1964). Jonckheere’s test (Jonckheere, 1954) was
used to assess the significance of the dose-related trends
and to determine whether a trend-sensitive test
(Williams’ or Shirley’s test) was more appropriate for
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pairwise comparisons than a test that does not assume a
monotonic dose-related trend (Dunnett’s or Dunn’s test).
Prior to statistical analysis, extreme values identified by
the outlier test of Dixon and Massey (1951) were exam-
ined by NTP personnel, and implausible values were
eliminated from the analysis. Average severity values
were analyzed for significance with the Mann-Whitney
U test (Hollander and Wolfe, 1973). Because vaginal
cytology data are proportions (the proportion of the
observation period that an animal was in a given estrous
stage), an arcsine transformation was used to bring the
data into closer conformance with a normality assump-
tion. Treatment effects were investigated by applying a
multivariate analysis of variance (Morrison, 1976) to the
transformed data to test for simultaneous equality of
measurements across doses.

Historical Control Data

The concurrent control group represents the most valid
comparison to the treated groups and is the only control
group analyzed statistically in NTP bioassays. However,
historical control data are often helpful in interpreting
potential treatment-related effects, particularly for
uncommon or rare neoplasm types. For meaningful
comparisons, the conditions for studies in the historical
database must be generally similar. One significant fac-
tor affecting the background incidence of neoplasms at a
variety of sites is diet. In 1995, the NTP incorporated a
new diet (NTP-2000) that contains less protein and more
fiber than the NIH-07 diet used previously in toxicity
and carcinogenicity studies (Rao, 1996, 1997). The cur-
rent NTP histoical database contains all 21 studies that
use the NTP-2000 diet with histopathology findings
completed up to the present. A second potential source
of variability is route of administration. In general the
historical database for a given study will include studies
using the same route of administration, and the overall
incidences of neoplasms for all routes of administration
are included for comparison.

Currently, the database includes 11 (10 for male rats)
studies by various routes in which the NTP-2000 diet
was used. Based on the extensive NTP historical data-
base using the NIH-07 diet, incidences of the vast major-
ity of spontaneous neoplasms are similar among control
groups regardless of the route of administration. There
is no reason to expect this to be different with the
NTP-2000 diet. For example, control animals from
dosed feed and dosed water studies are treated no differ-
ently and no differences in incidence of neoplasms are
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expected. Exceptions exist for some neoplasms/routes,
and if comparisons are necessary for these neoplasm
types, only studies with similar routes of administration
will be used.

QUALITY ASSURANCE METHODS

The 14-week and 2-year studies were conducted in com-
pliance with Food and Drug Administration Good
Laboratory Practice Regulations (21 CFR, Part 58). In
addition, as records from the 2-year studies were sub-
mitted to the NTP Archives, these studies were audited
retrospectively by an independent quality assurance con-
tractor. Separate audits covered completeness and accu-
racy of the pathology data, pathology specimens, final
pathology tables, and a draft of this NTP Technical
Report. Audit procedures and findings are presented in
the reports and are on file at NIEHS. The audit findings
were reviewed and assessed by NTP staff, and all com-
ments were resolved or otherwise addressed during the
preparation of this Technical Report.

GENETIC TOXICOLOGY

The genetic toxicity of 2,4-hexadienal was assessed by
testing the ability of the chemical to induce mutations in
various strains of Salmonella typhimurium, micronucle-
ated erythrocytes in male rat and male mouse bone mar-
row, and increases in the frequency of micronucleated
erythrocytes in mouse peripheral blood. The protocols
for these studies and the results are given in Appendix E.

The genetic toxicity studies have evolved from an earlier
effort by the NTP to develop a comprehensive database
permitting a critical anticipation of a chemical’s carcino-
genicity in experimental animals based on numerous
considerations, including the molecular structure of the
chemical and its observed effects in short-term in vitro
and in vivo genetic toxicity tests (structure-activity rela-
tionships). The short-term tests were originally devel-
oped to clarify proposed mechanisms of
chemical-induced DNA damage based on the relation-
ship between electrophilicity and nutagenicity (Miller
and Miller, 1977) and the somatic mutation theory of
cancer (Straus, 1981; Crawford, 1985). However, it
should be noted that not all cancers arise through geno-
toxic mechanisms.
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DNA reactivity combined with Sa/monella mutagenicity
is highly correlated with induction of carcinogenicity in
multiple species/sexes of rodents and at multiple tissue
sites (Ashby and Tennant, 1991). A positive response in
the Salmonella test was shown to be the most predictive
in vitro indicator for rodent carcinogenicity (89% of the
Salmonella mutagens are rodent carcinogens) (Tennant
et al., 1987; Zeiger et al., 1990). Additionally, no bat-
tery of tests that included the Salmonella test improved
the predictivity of the Salmonella test alone. However,
these other tests can provide useful information on the
types of DNA and chromosomal damage induced by the
chemical under investigation.

The predictivity for carcinogenicity of a positive
response in acute in vivo bone marrow chromosome
aberration or micronucleus tests appears to be less than
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that in the Salmonella test (Shelby ef al., 1993; Shelby
and Witt, 1995). However, clearly positive results in
long-term peripheral blood micronucleus tests have high
predictivity for rodent carcinogenicity (Witt et al.,
2000); negative results in this assay do not correlate well
with either negative or positive results in rodent carcino-
genicity studies. Because of the theoretical and
observed as