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1.0. SUMMARY

The health effects of acetaldehyde have been reviewed and evaluated to
determine if acetaldehyde may be a toxic air contaminant, i.e., an air
pollutant which may cause or contribute to an increase in mortality or an
increase in serious illness, or which may pose a present or potential hazard
to human health.

At ambient temperatures acetaldehyde is a gas. In vivo acetaldehyde is
rapidly distributed throughout the body. Acute exposure leads to eye, skin,
and respiratory tract irritation, as well as to other pathologic changes. At
high doses acetaldehyde cause embryotoxicity and fetal malformations in rats.
At current ambient levels of acetaldehyde, no acute or noncarcinogenic chronie
effects are expected; however, hot spots have not been evaluated.

Acetaldehyde (CH3CHO), a saturated, aliphatic aldehyde with a pungent,
suffocating odor, is a colorless liquid that is wvolatile at room temperature.
Since acetaldehyde is the immediate oxidation product of ethyl alechol, its
metabolic fate and toxic effects have been studied primarily in conjunction
with the effects of alcochol.

Acetaldehyde is readily absorbed through the lungs into the blood following
inhalation exposure and from the gastrointestinal tract following oral
administration. Following inhalation exposure, it is transported by the blood
to various organs for metabolism. Acetaldehyde undergoes transplacental
transport when present at relatively high concentrations in the blood of
pregnant rats. Following oral administration, it undergoes extensive first-
pass metabolism in the liver; only 5% remains unchanged. Acetaldehyde is
metabolized by aldehyde dehydrogenase to acetate and is eliminated in the
urine, in expired air, and through the skin. When acetaldehyde is
administered orally to rats at low concentrations, the elimination kinetics
are first order but nonlinear when concentrations greater than 100 uM are
reached. Because acetaldehyde is a reactive molecule, it is mostly bound to
proteins and other blood components while in the bloodstream. Acetaldehyde
causes lipid peroxidation and free radical formation resulting in cellular
injury. It can also act as a hapten, and antibodies against acetaldehyde
conjugates have been isolated from human serum.

The major effects of acetaldehyde vapor in humans consist of irritation to the
eyes, skin, and respiratory tract. Information in the available literature is
inadequate to assess the chronic effects of acetaldehyde exposure in humans.
The American Conference of Governmental Industrial Hygienists (ACGIH) Time-
Weighted Average Threshold Limit Value (TLV) for exposure 8 hours/day, 5
days/week, is 100 ppm. This is also the Occupational Safety and Health
Administration’s Permissible Exposure Level (PEL) for workers.

From the LDgq and LCg5gp values, acetaldehyde is considered to produce low acute
toxicity in laboratory animals. Following single or repeated exposure, the
entire respiratory tract is affected to varying degrees, depending on the -
concentration and length of exposure. Signs of toxicity include labored
respiration, mouth breathing, weight loss, and liver damage.

Subchronic exposure to acetaldehyde caused varying degrees of inflammation and
injury to the respiratory tract, Lesions included hyperplasia and metaplasia
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of the olfactory mucosa. The NOAEL (No Observed Adverse Effect Level) and
LOAEL (Lowest Observed Adverse Effect Level) from subchronic inhalation
toxicity studies with rats are 150 ppm and 400 ppm, respectively.

In hamsters and rats, the chronic toxicity of acetaldehyde inhalation included
increased mortality and growth retardation. Histopathological changes in the
nose, larynx, and trachea included degeneration, hyperplasia, and metaplasia.
A NOAEL for chronic toxicity could not be established. A LOAEL of 750 ppm was
obtained for growth retardation.

The Office of Environmental Health Hazard Assessment (OEHHA) uses Reference
Exposure Levels (RELs) to assess risk for noncancer health effects. The
United States Environmental Protection Agency (USEPA) has developed a specific
methodology to derive RELs and calls the resulting number the Reference
Concentration (RfC) for the chemical. The RfC is an estimate, with an
uncertainty spanning perhaps an order of magnitude, of a daily exposure to the
human population, including sensitive subgroups, that is likely to be without
appreciable risk of deleterious effects during a lifetime of exposure. The
RfC is derived from a no (NOAEL) or lowest (LOAEL) observed adverse effect
level in human or animal exposure, to which uncertainty or "safety" factors
are applied. The USEPA has determined an RfC for acetaldehyde of 0.009 mg/m
(5 ppb) which is based on studies in which degeneration of the olfactory
epithelium of rats was the most sensitive endpoint. OEHHA staff agree that
below this REC there will be no significant noncancer health effects due to
acetaldehyde. Since the annual average ambient air level of acetaldehyde in
California is es%imated by the Air Resources Board in part A of this document
to be 0.004 mg/m” (2 ppb), noncarcinogenic effects are not expected to occur
since the air level is one-half of the RfC. However, "hot spots" of
acetaldehyde exposure have not been evaluated.

Acetaldehyde has been shown to cross the placenta and enter the fetus in
laboratory studies. Acetaldehyde caused developmental and reproductive
toxicity in some rodents. Several intraperitoneal and intravenous
developmental studies, in vitro studies, and a single reproductive study in
male mice were found. The in vivo studies provided insufficient information
upon which to base finite conclusions regarding develcpmental toxicity. Both
the single male reproductive toxicity study and the in vitre testicular cell
culture tests revealed effects on testosterone production. Various studies
showed similarities between human and animal effects. No reproductive or
developmental toxicity studies were found in which acetaldehyde was given via
the inhalation or oral route.

Genotoxicity studies indicate that acetaldehyde is mutagenic in somatic cells.
Acetaldehyde induced gene mutations in Drosophila but not in Salmonella
assays. Conflicting results were obtained for mitochondrial mutations in
Saccharomyces cerevisiae. Mammalian cell cultures indicated that acetaldehyde
induces aneuploidy, micronuclei, chromosomal aberrations, and sister chromatid
exchange. In vivo, acetaldehyde induced chromosome gaps and breaks in rat
embryos after intra-amniotic injection, and sister chromatid exchange in mouse
and hamster bone marrow cells after intraperitoneal injection. Acetaldehyde
also has the potential to initiate cell transformation.

Inhalation studies in rats and hamsters provided positive evidence for
acetaldehyde carcinogenicity. Rats and hamsters exposed to acetaldehyde via
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inhalation of 750-3000 and 1500 ppm, respectively, developed nasal and
respiratory tract tumors, and hamsters exposed via inhalation to 1650-2500 ppm
also developed nasal and respiratory tract tumors. Nasal tumors found in rats
were mainly squamous cell carcinomas and adenocarcinomas originating in the
respiratory and olfactory epithelium, respectively. In hamsters,
acetaldehyde-induced tumors were predominantly in the larynx. No useful
epidemiologic data were available.

The International Agency for Research on Cancer has concluded that there is
sufficient evidence for the carcinogenicity of acetaldehyde in animals; in
humans, the evidence for carcinogenicity is ipnadequate. Overall, based on
both the animal and human data, IARC considers that acetaldehyde is possibly
carcinogenic to humans. The Environmental Protection Agency (U.S. EPA, 1991)
has classified acetaldehyde in class B2, a probable human carcinogen, "based
on increased incidence of nasal tumors in male and female rats and laryngeal
tumors in male and female hamsters after inhalation exposure."” Office of
Environmental Health Hazard Assessment (QEHHA) staff concurs with these
conclusions. 1In addition, OEHHA staff found no evidence for a carcinogenic
threshold level for acetaldehyde.

OEHHA staff recommends that the range of risks for ambient exposures to
acetaldehyde be based on the range of upper 95% confidence limits predicted
from fitting a linearized multistage model to the male and female rat nasal
tumor data after application of one of three plausible interspecies scaling
factors: one which assumes that ppb concentrations are equivalent between
species (i.e., a scaling factor of 1), a second which is a standard surface
area correction factor, and a third which is a contact area correction factor.
The range of estimateg excegs lifetime cancer risk is 0.97 to 27 x 1077 per
ppb (0.54 to 15 x 10" " /ug/m”). The risk from continuous exposure for a 70
yvear lifetime to average ambient airborne concentrations_in California,
estimated by the Air Resources Board to be 2 ppb (4 pg/m”), is 2 to 54 cases
per million persons exposed. The lower and upper ends of the range are from
female rat nasal tumors with no scaling factor and male rats with a contact
area scaling factor, respectively. Wit?in this range OEHHA staff believe that
the best upper bound value is 4.8 x 10°° per ppb, based on nasal tumors in
male rats. Using the best value exposure to the ambient value of 2 ppb could
result in up to 288 excess lifetime cancers (Upper 95% Confidence Limits)
among the 30 million residents of the state. However, potential "hot spots"
have not been evaluated.

The range of risk values represents several sources of uncertainty, including
statistical uncertainty due to the relatively small number of animals used in
the bicassay (less than the usual 50 per group). Other general sources of
uncertainty, include the choice of the animal-to-human scaling factors, the
choice of the extrapolation model, and the large range of extrapolation (five
orders of magnitude) from the acetaldehyde concentrations used in the animal
experiments to current ambient levels. In addition there is the possibility
in light of the absence of an epidemiological connection between exposure to
acetaldehyde and cancer that the risks in rats and hamsters may not be
applicable to humans, i.e., acetaldehyde is only a potential human carcinogen.
While a portion of the population is exposed to concentrations of acetaldehyde
greater than 2 ppb, others will be exposed to less and thus have a lower risk.
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Based on. the findings of carcinogenicity and the results of the risk
assessment, OEHHA staff finds that ambient acetaldehyde is an air pollutant
which may cause or contribute to an increase in mortality or an increase in
serious illness, or which may pose a present or potential hazard to human

health.
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2.0 METABOLISM AND PHARMACOKINETICS

2.1 Introduction

Acetaldehyde is the immediate oxidation product of ethyl alcohol. Most of the
toxicity induced by alcohol consumption in humans has been related to the

. accumulation of acetaldehyde in various tissues. Consequently, the metabolic
fate and effects of acetaldehyde have been generally studied in conjunction
with the effects of alcohol. Acetaldehyde is also an intermediate byproduct
of many metabolic cycles (Krebs and Perkins 1970). The small amount of
acetaldehyde generated in the body is rapidly oxidized to acetate, primarily
in the liver; therefore, a significant amount of acetaldehyde is seldom found
in the body unless it is introduced exogenously or through ingestion of large
amounts of alcohol (Krebs and Perkins 1970).

The following sections discuss acetaldehyde absorption, distribution,
metabolism, and excretion. The absorption studies include both the inhalation
and oral routes of exposure. The varied routes of exposure in the
distribution and metabolism studies include the use of ethanol as a precursor.
A search of the available literature revaled no data on dermal exposure.

2.2 Absorption

2.2.1 Inhalation Studies

Acetaldehyde is a volatile liquid with a boiling point of 20.6°C, a vapor
pressure of 1.23 atm at 25°C, and a vapor density of 1.52 (air = 1). These
properties allow rapid exchange and equilibration between blood entering the
lungs and alveolar air (Ridge 1963). Watanabe et al. (1986) exposed male
Sprague-Dawley rats to acetaldehyde vapor concentrations in air ranging from 9
to 1000 mg/1 for 1 hour. Acetaldehyde inhalation resulted in blood
concentrations considerably higher than liver levels; at a blood level greater
than 10 ug/ml, the concentration of acetaldehyde in the liver was less than
2.5 ug/g. Moreover, following acetaldehyde inhalation, levels in arterial
blood were higher than in peripheral venous blood (data not given). This
latter finding led the study authors to suggest that acetaldehyde is rapidly
absorbed from and metabolized by the lungs, which possess aldehyde
dehydrogenase. Acetaldehyde also undergoes extrahepatic metabolism, and only
minor amounts reach the liver,

Two inhalation studies were conducted with humans and dogs to determine the
percent retention of inhaled acetaldehyde in the respiratory tract under given
experimental conditions (Egle 1970, 1972a). Retention was defined as the
percent difference between the amount of acetaldehyde inhaled in a given
exposure period and the amount exhaled. In the first study, Egle (1970)
measured the total respiratory tract retention in relation to respiratory
frequency, duration of exposure, and concentration of acetaldehyde inhaled.
Volunteers (males and females aged 23-60 years) inhaled acetaldehyde vapors
through nose and mouth breathing. Acetaldehyde vapors (average concentration
between 0.4 and 0.6 ug/ml) were inhaled from a respirometer. Two breathing
systems, open and closed, were used. In the open system, acetaldehyde vapor
was inhaled from a respirometer and exhaled into a collecting bag; in the
closed system, acetaldehyde vapor was circulated through the system by a fan,
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and exhaled air was returned to the respirometer. The closed system permitted
a record of the entire ventilatory pattern, and from this, an estimate of the
contact time. In a sine-wave breathing pattern, contact time was determined
by measuring the base of the triangular pattern, dividing by two, and
converting millimeters to seconds. The contact time of a square-wave
breathing pattern was determined as the sum of parallel sides of a trapezoid
divided by two and converted to seconds.

The results of both the open and closed systems indicated an inverse
relationship between ventilatory rate and percent retention of acetaldehyde
(Figures 2-1 and 2-2). Moreover, in the open system (Figure 2-1), percent
uptake (the difference between the amount inhaled and the amount retained)
declined as the concentration of acetaldehyde increased. No differences in
uptake were noted among the volunteers with regard to the absolute uptake
under given conditions or the pattern of change in uptake when conditions were
varied. The uptake was defined as the difference between the amount in the
system before and after the inhalation period (these values were derived from
the initial and final concentrations and the volume of the system). Total
acetaldehyde retention was the same for mouth and nose breathing. In humans,
the total respiratory tract retention was 60% under the given experimental
conditions; the physioclogical respiratory rate was 10 to 20 ml/min, and the
tidal volume was 500-2000 ml. The results also showed that total retention in
multiple breath experiments was independent of tidal volume, and that uptake
was controlled by frequency and duration of ventilation. For example, the
uptake at acetaldehyde concentrations ranging between 0.4 and 0.6 ug/ml was
78% at an average contact time of 10.1 seconds and only 59% at an average
contact time of 1.4 seconds (p <0.02).

In a followup study to compare the effects of acetaldehyde vapors on the total
respiratory tract in dogs and humans and to test (in dogs only) the effects of
high acetaldehyde vapor concentrations on different parts of the respiratory
tract, Egle (1972a) exposed male and female mongrel dogs to acetaldehyde
vapors ranging from 0.4 to 0.8 ug/ml. The authors concluded that the total
respiratory tract retention of acetaldehyde in dogs was similar to human
retention values and inversely related to the ventilatory rate. In the dog-
only studies, the results showed higher uptake in the upper respiratory tract
than in the lower tract; these results were independent of the inhaled
concentrations or the tidal volume.

2.2.2 0Oral Studies

Because of its small molecular size and lipophilic and water-miscibile nature,
acetaldehyde is readily absorbed from the gastrointestinal tract following
oral administration. Once absorbed, acetaldehyde enters the bloodstream; a
large portion reaches the hepatic circulation and becomes metabolized by the
liver, the major organ of acetaldehyde breakdown (Ridge 1963). Data
describing the dose-absorption relationship are not available (Barry and
Williams 1988).
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Figure 2-1. The retention of acetaldehyde with the open system design at
three respiratory rates and three concentration ranges. Each
point represents the average of 10 or more experiments.

SOURCE: Egle 1970.
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5/min, 1092 ml; 20/min, 762 ml: 40/min, 530 ml; and 80/min, 480
ml.

SOURCE: Egle 1970.
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2.3 Distribution

Acetaldehyde readily diffuses through cellular membranes and is distributed to
various organs for metabolism. It has been suggested that a normal endogenous
level of acetaldehyde exists in blood from intestinal bacterial action and
breakdown (Thurman and Pathman 1975). However, other studies have failed to
detect such levels (Cohen and MacNamee 1976).

Hobara et al. (1985) exposed three male Sprague-Dawley rats to acetaldehyde
air concentrations ranging from 1 to 20 mM for 1 hour. Within minutes
postexposure, acetaldehyde was found in the blood, liver, kidneys, spleen,
heart, and skeletal muscle, indicating rapid distribution. Immediately
postexposure, the highest level of acetaldehyde was found in peripheral blood;
at 15 minutes, arterial blood levels were 55% higher than peripheral vemous
blood levels. The lowest value was found in the liver (Table 2-1). These
findings are in contrast to those reported by Watanabe et al. (1986), who
reported that acetaldehyde levels were highest in arterial blood immediately
following exposure. Hobara et al. (1985) reported that acetaldehyde
disappeared rapidly from the blood; the half-life was 3.1 minutes. In
contrast to findings related to inhalation of acetaldehyde, intragastric
administration of ethanol at 3 g/kg produced blood and tissue acetaldehyde
concentrations considerably lower than the values reported for inhalation
exposure; the highest concentration was found in the liver (Table 2-1).

Shiohara et al. (1984) exposed rats by inhalation to 0.3 mmol acetaldehyde/1
air (7000 ppm), 2 hours/day for 7 days, and measured blood levels at the end
of the last exposure period. They found that acetaldehyde was rapidly removed
from the blood; half-life was 10 minutes, and time to total body clearance was
40 minutes. Mean acetaldehyde blood concentration was 0.7, 0.2, and 0.1 mM at
3, 15, and 20 minutes, respectively, after inhalation was terminated.
'Following ingestion of 0.8 g/kg ethanol, acetaldehyde concentration in the
hepatic blood of control nonalcoholics was 15.4 uM, Acetaldehyde could not be
detected in the antecubital blood of controls (Nuutinen et al. 1984). A
concentration-dependent increase was seen in acetaldehyde disappearance rate,
which exhibited first-order Michaelis-Menten kinetics at acetaldehyde
concentrations below 50 uM; the Michaelis constant (Kp) was 30-40 umol/l, and
the Vpax was 7 umol/1 blood/minute. However, at blood acetaldehyde
concentrations higher than 100 uM, the elimination kinetics followed a
nonlinear pattern.

To demonstrate the rapid exchange of acetaldehyde between blood and exhaled
air in humans, Freund and O'Hollaren (1965) used gas chromatography and
detected acetaldehyde in alveolar air following ingestion of 0.5 ml ethanol/1b
(859 mg/kg) body weight. Acetaldehyde could not be detected in alveolar air
in a subject who consumed 1 ppm acetaldehyde in 500 ml orange juice (0.5 mg)
containing no €thanol. However, it would seem highly unlikely that a dose
this low (0.5 mg) would be detected in alveolar air, since acetaldehyde is
extensively metabolized by the liver before it enters the blood circulation
and the lung.

The results showed that acetaldehyde concentrations rose in proportion to

ethanol intake when ethanol concentrations were less than 15-25 ug/100 ml,
However, at higher ethanol concentrations, acetaldehyde values remained at a
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TABLE 2-1

TISSUE DISTRIBUTION OF ACETALDEHYDE FOLLOWING ACETALDEHYDE INHALATION AND
INTRAGASTRIC ETHANOL ADMINISTRATION

Tissue Acetaldehyde Inhalation Ethanol Administration
(nmol/g) (nmol/g)
Blood? 1210 4.2
Liver 55 9.4
Kidney 213 2.1
Spleen 183 2.1
Heart muscle 277 2.3
Skeleton-muscle 345 1.7

4Blood levels were expressed as nmol/ml. Rats were exposed to 1-20 mM
acetaldehyde vapor (in air) for 1 hour. The acetaldehyde levels were
determined immediately after discontinuation of inhalation and 3 hours after
the intragastric administration of ethanol at 3 g/kg body weight,

SOURCE: Hobara et al. 1985,
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relatively constant level. As ethanol concentration dropped to 25 ug/100 ml
or below, acetaldehyde concentration decreased rapidly (Figure 2-3).

Johannsson-Brittebo and Tizlve (1979) have used whole-body autoradiography to
show the distribution of *"C-acetaldehyde injected intravenously in mice.
Within 1 minute, high radiocactivity was detected in the heart muscle,
diaphragm, kidney cortex, gastrointestinal mucosa, pancreas, salivary and
lacrimal glands, bone marrow, nasal and bronchial mucosa, brown fat, plexus
chorioidus, Harder’s gland, and skeletal muscle. Low radioactivity was
detected in the liver, After 5 minutes, the radiocactivity in the heart,
diaphragm, and skeletal muscle had decreased to low levels. Similar
radicactivity distribution patterns were fo¥2d in tissues 30 minutes to 24
hours postadministration. After 6 days of ~"C-acetaldehyde administrationm,
radioactivity was high in the adrenal cortex, ovaries, bile, kidney cortex,
nasal and bronchial mucosa, and skin; this was attributed to the incorporation
of the 2-carbon moieties into other biosynthetic pathways, such as
incorporation of acetyl-CoA into the citric acid cycle. Thus, acetaldehyde is
rapildly distributed throughout the body and is incorporated into the body's
metabolic cycles.

2.4 Metabolism

The liver is the main site of acetaldehyde metabolism. There is a strong
"first pass" effect for ingested acetaldehyde and only 5% leaves the liver
unchanged; this portion of acetaldehyde is transported by peripheral blood
into other organs for its metabolism (Lubin and Westerfeld 1945; Westerfeld
1949). 1Inhaled acetaldehyde does not undergo a first pass effect and is
distributed to all tissues including the liver. Acetaldehyde is oxidized by
the enzyme aldehyde dehydrogenase to acetate. At least four additional
enzymes can utilize acetaldehyde as a substrate. Xanthine oxidase, which
occurs in the liver and in the blood and milk of some species, oxidizes
acetaldehyde to acetate. Aldehyde mutase, found predominantly in the liver,
preferentially reacts with one mole of acetaldehyde and one mole of pyruvate
to produce acetate and lactate. Aldehyde aldolase and carboxylase, both of
which are found in muscle, can metabolize acetaldehyde but apparently do not
play a significant role in acetaldehyde breakdown in vivo.

Acetaldehyde blood concentrations have not been determined in persons exposed
to the vapor, but have been determined following alcohol and paraldehyde
administration; they were found not to exceed 0.2 mg/l.

The following sections discuss the aldehyde dehydrogenase enzyme system

responsible for acetaldehyde metabolism, extrahepatic metabolism of
acetaldehyde, and the compound’s chemical reactivity.

2.4.1 Aldehyde Dehydrogenase Enzyme System

Aldehyde dehydrogenase is the main enzyme responsible for the breakdown of
acetaldehyde. 1Its properties and subcellular locations have been extensively
studied in the rat liver. This enzyme is found in both the cytosol and the
mitochondria. The mitochondrial aldehyde dehydrogenase, which is the primary
site of acetaldehyde oxidation in the rat, accounts for 80% of the
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acetaldehyde metabolizing activity in the mitochondria (Lindros et al. 1972;
Horton and Barrett 1975, 1976)., Two isozymes of aldehyde dehydrogenase are
present in rat liver mitochondria. The first isozyme, designated as aldehyde
dehydrogenase-I-NAD+, has a Ky value for acetaldehyde oxidation of <5 uM (high
affinity site); the second isozyme, designated as aldehyde dehydrogenase-II-
NAD+, has a Ky value of 1.5 mM (low affinity site). Acetaldehyde oxidation in
The Tat is limked tTo the mitochondrial electron transport chain at the NAD-
aldehyde dehydrogenase site (Hasumura et al. 1976). Koivula et al. (1975)
found two separable enzyme activities in both the cytosol and the microsomal
fractions of the liver with properties similar to the mitochondrial enzymes
with high Ky values.

Shiohara et al. (1984) exposed Sprague-Dawley rats to 0.3 mM acetaldehyde
concentration in air for 2 hours/day for 7 or 14 successive days and killed
them 24 hours after the last exposure. The authors found a significant

(p <0.05) decrease in liver mitochondrial low-K; aldehyde dehydrogenase
activity. They found similar results in the high-K, aldehyde dehydrogenase of
both mitochondrial and microsomal liver fractionms. Acetaldehyde oxidation by
intact liver mitochondria was decreased to 60% of that of controls. In
contrast, brain mitochondrial aldehyde dehydrogenase activity and oxidation
properties were unaffected by acetaldehyde inhalation. The authors suggested
that only a small concentration of acetaldehyde had reached the brain.

The subcellular location of acetaldehyde oxidation in humans is debated. It
has been suggested that the cytosol, not the mitochondria, is the primary site
of acetaldehyde oxidation, However, more recently Cao et al. (1988), using
beef and pig liver slices, showed that 60% of acetaldehyde oxidation was
catalyzed by mitochondrial aldehyde dehydrogenase and only 20% by the high-K;
cytosolic enzyme. These findings are similar to those obtained in rats. Cao
et al. concluded that the mitochondria appear to be the main site of
acetaldehyde oxidation in all mammalian tissues including humans.

2,4.2 Extrahepatic Metabolism

In addition to hepatic mitochondrial metabolism, acetaldehyde is also
metabolized by the respiratory-olfactory epithelium, kidneys, blood, brain,
and spleen. Michoudet and Baverel (1987a) showed that in human and babodn
renal cortex, acetaldehyde is oxidized to acetate by the kidney aldehyde
dehydrogenase in a dose-dependent and linear manner with time. Acetaldehyde
also crosses the blood-brain barrier and is metabolized by the brain aldehyde
dehydrogenase (Shiochara et al. 1983). Forsander et al. (1969) showed a five-
to sixfold higher level of acetaldehyde in peripheral blood as compared with
that in the intact rat liver and hepatic vein. This was expected, since the
former represents the total amount of acetaldehyde metabolized by all the
extrahepatic organs. Oxidation rates of acetaldehyde were reported to be 2.0

umol/minute/g in the perfused rabbit liver and 1.1 umol/minute/g in the rat
liver,

Casanova-Schmitz et al. (1984) exposed male F344 rats to 1500 ppm acetaldehyde
for 6 hours/day for 5 days. At least two isozymes of aldehyde dehydrogenase
were found in the nasal mucosa, differing with respect to their apparent Vmax
and Ky values (Table 2-2 shows these parameters in both the respiratory and
olfactory mucosa). It is clear from the table that oxidation of acetaldehyde
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occurred more rapidly in the homogenates of the respiratory than the olfactory
mucosa. The nasal tissue is the first to contact acetaldehyde vapors upon
dnhalaticn. Ihe presence of aldehyde dshydrogenase in the respiratory mucosa,
as demonstrated in mice, rats, and hamsters, is important in the
detoxification of acetaldehyde following inhalation. The aldehyde
dehydrogenase acts as a defense mechanism, helping to minimize or prevent
toxie injury to nasal tissues exposed to airborne compounds such as
acetaldehyde (Kerns et al. 1983; Feron et al. 1982),

Michoudet and Baverel (1987b) prepared renal cortex tubules from the dog, rat,
and guinea pig and incubated them with various concentrations of acetaldehyde.
They found that acetaldehyde was metabolized at high rates in the tubules and
in a dose-dependent fashion when high concentrations of acetaldehyde (5-10 mM)
were tested. The rate of acetate accumulation was high in the dog and guinea
pig but not in the rat, and exceeded the rate of conversion of acetate to
acetyl-CoA by acetyl-CoA synthetase. These species differences were due to
differences in the activities of these two enzymes. In rat renal cortex,
acetyl-CoA synthetase was suggested to be the rate-limiting enzyme in
acetaldehyde breakdown. The ratio of aldehyde dehydrogenase to acetyl-CoA
synthetase in the dog, rat, and guinea pig was 1.13, 0.65, and 2.24,
respectively. The acetaldehyde carbon removed but not accounted for by
acetate was converted into carbon dioxide (CO7). When concentrations of
acetaldehyde (0.1-0.2 mM) closer to the physiological range were used, acetate
did not accumulate. This study indicates that in vivo, the kidneys have high
capacity to remove acetaldehyde from the circulation. Similarly, Marchner and
Tottmar (1976) showed 50% lower acetaldehyde concentrations in renal venous
blood of the rat after ethanol ingestion as compared with concentrations in
the arterial blood. From all these findings, it is clear that the kidneys
play a significant role in removing acetaldehyde from the circulation.

Results similar to those obtained in the above studies have been reported in
the human and baboon renal cortex (Michoudet and Baverel 1987a).
Acetaldehyde, 1-20 mM, was metabolized at high rates, in a dose-dependent
fashion, and was completely oxidized to €09 and water in isolated human and
baboon kidney cortex tubules. This indicated that the kidneys in wviveo play a
significant role in metabolism of acetaldehyde.

Pietruszko and Vallari (1978) were the first to demonstrate the presence of
aldehyde dehydrogenase in human blood. Total catalytic enzyme activity was
0.017 umol/minute/ml blood incubated with 680 uM acetaldehyde. The enzyme was
suggested to be located in the intracellular fraction of the blood.

In a recent study, Solomon (1988) investigated the effects of acetaldehyde on
human red blood cell (RBC) enzyme activities in vivo. He tested 26 different
enzymes and found that incubation of undiluted RBC lysates with 10 mM
acetaldehyde at 37°C for 4 hours decreased aldolase activity by 42%, glutamic-
pyruvic transaminase (GPT) by 52%, and glutamic-oxaloacetic transaminase (GOT)
by 37%. 1In intact RBCs under identical incubation conditions, 10 mM
acetaldehyde decreased GPT, GOT, and aldolase by 26%, 17%, and 53%,
respectively. The acetaldehyde-mediated enzyme inhibition was both time- and
temperature-dependent. There was no inhibition at 4°C, and in the first half
hour there was no detectable inhibition of enzyme activity; however, within
3.5 hours, inhibition was significant. The findings were different with
diluted hemolysate. Acetaldehyde had no effect on GPT, GOT, or aldolase
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TABLE 2-2

ESTIMATED KINETIC CONSTANTS FOR THE NAD'-DEPENDENT OXIDATION OF ACETALDEHYDE
TO ACETATE CATALYZED BY HOMOGENATES OF RESPIRATORY AND OLFACTORY MUGOSA FROM
FISCHER- 344 RATS

Al4DH Vmax® Ka®
isozyme © Tissue® {nmol-min~1: (mg protein)”!) (m)
Control
I Respiratory mucosa 128 + 10 20 + 3
Olfactory mucosa 28 + 4 22 + 7
11 Respiratory mucosa 0.5 + 0.9 _ 3x107% +9x102
Olfactory mucosa 2.2+ 0.6 x 107! + 5 x 1072
Expoged®
I Respiratory mucosa 140 + 7 21 + 2
Olfactory mucosa 17.8 + 0.6 14 21
I Respiratory mucosa 1.5+ 1.1 x 107! +2x 1071
Olfactory mucosa 1.3 + 0.2 x 1072 + 3 x 1072

MMucosal samples from eight rats were combined for the measurement of the enzyme activity.

hEstimatea shown are mean # S.D., calculated by nonlinear regression analysis of the inital velocity on the
substrate concentration; 4f = 13,

“Rats were exposed to 1500 ppm of acetaldehyds (6 hours/day, 5 days).

SOURCE: Casancva-Schmitz et al. 1984,



activities, suggesting the requirement of other metabolic conditions. The
inhibition of aldolase was due to acetaldehyde oxidation, whereas transaminase
inhibition seemed to require a nonoxidative pathway of acetaldehyde. It was
suggested that acetaldehyde-mediated enzyme inhibition may play a role in the
toxicity of alcoholics. Acetaldehyde-mediated transaminase inhibition was
prevented by blocking glycolysis with sodium fluoride (Feig et al. 1971);
therefore, some glycolytic intermediates may play a role in acetaldehyde-
mediated transaminase inhibition. This was supported by Hoberman (1979a,b),
where acetaldehyde was shown to react with glycolytic intermediates forming
metabolites that bind to RBC proteins.

2.4.3 Acetaldehyde Binding and Antibody Formation

In addition to its metabolism by enyzmes, acetaldehyde is very treactive
chemically. It has been reported to bind to proteins, the peptide
glutathione, individual aminc acids, and DNA. Schiff base formation appears
to be the preferred initial reaction for acetaldehyde (Tuma and Sorrell, 1985)
but other reactions are possible (USEPaA, 1987).

Reaction of acetaldehyde with proteins was reported as early as 1949 (Mohammad
et al. 1949). Acetaldehyde in the blood is found mostly in the bound form.

It binds to albumin, hemoglobin, and other blood proteins (Donohue et al.
1983; Eriksson et al. 1977: Gaines et al. 1977; Mohammad et al. 1949)., The
maximum amount of acetaldehyde bound to rat erythrocytes is reported to be
equivalent to 1.2 umol/ml of blood (Hagihara et al. 1981). Controversy exists
concerning the presence of significant binding of acetaldehyde in human blood.
Eriksson et al. (1977) reported 60% binding of acetaldehyde to whole blood in
ethanocl-dosed rats (different strains) that produced 20-300 uM acetaldehyde in
the blood. Yet no significant binding was found in blood obtained from the
antecubital vein of male and female human volunteers.

Gaines et al. (1977) reported that acetaldehyde irreversibly binds to
erythrocyte membrane proteins such as hemoglobin in a manner similar to the
binding of formaldehyde and ngEaraldehyde (Stek 1972). They reacted iso}zted
human erythrocyte ghosts with C-acetaldehyde (1 mM containing 5 uCi of 7C)
and found that free acetaldehyde constituted 16% of the initial amount of
label added; the remaining 84% was bound and remained in the suspension.

The binding of acetaldehyde to liver membrane proteins is known tec alter the
morphological and structural conformation of the membrane and perhaps the
immunogenicity without having an effect on membrane function (Barry et al.
1984). Since the nonenzymatic browning of many foods involves, as a first
step, an aldehyde-amine addition or condensation reaction, this phenomenon was
used to demonstrate the interaction of acetaldehyde with various proteins
(Mohammad et al. 1949). The reaction of acetaldehyde with bovine serum
albumin (BSA) was temperature-, pH-, and substrate concentration-dependent and
was evident by the appearance of the brown color and gelation of the reaction
mixture. When proteins were isolated, they showed decreased solubility,
lowered total nitrogen content, and a significant reduction in free amine
content. This indicated the reaction of acetaldehyde with the amino groups of
BSA. Acetaldehyde also reacted with guanidyl groups but to a lesser extent
than with those of the amino groups of BSA.
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Gelation of BSA by acetaldehyde was attributed to the formation of cross-links
between the different reactive sites of protein molecules. Direct proof of
BSA-acetaldehyde cross-linking was determined by osmotic pressure
measurements, which revealed a large increase in the average molecular welght
of soluble derivatives.

Acetaldehyde also reacted with some amino acids, such as alanine, serine, and
threonine. The results were similar to those found with proteins. The
reaction of acetaldehyde with proteins has been described as irreversible and
covalent in nature. Such strong binding is due to the electrophilic
properties of acetaldehyde, which can form both stable and unstable Schiff

bases with the free amino groups of BSA and hepatic proteins (Donohue et al.
1983).

Acetaldehyde is well known to cause lipid peroxidation either directly through
oxidation, or indirectly as a glutathione (GSH) conjugate (Shaw et al. 1981).
Acetaldehyde binds to cysteine, one of the three amino acids constituting the
GSH tripeptide. Depletion of GSH can reduce the scavenging of toxic free
radicals by GSH. Although depletion of GSH per se is not enough to produce
liver injury (Siegers et al. 1977), it should be accompanied by free radical
formation. Williams and Barry (1986) showed that incubation of rat liver
membranes with acetaldehyde led to the formation of products that activated
neutrophils to degranulate aT2 to produce cytotoxic superoxide ions. Tuma et
al. (1984) incubated 200 uM C-acetaldehyde with 6 mg/ml BSA with or without
5> mM ascorbate, a strong antioxidant. In the absence of ascorbate,
acetaldehyde-BSA adduct formation reached a maximum after 24 hours of
incubation and plateaued thereafter up to 240 hours. The percent acetaldehyde
converted to stable adducts increased progressively with time and ranged from
35 to 70% after 240 hours. On the other hand, in the presence of ascorbate,
there was a gradual and continuous increase in the formation of total
acetaldehyde-BSA adducts throughout the reaction period. The total adducts
formed were stable. Similar enhancement of stable adduct formation was seen
in the reaction of acetaldehyde with cytochrome c, histones, and poly-L-
lysine. Based on these findings, it was suggested that possible liver injury
due to formation of stable hepatotoxic adducts may occur in individuals who
consume megadoses of vitamin C and drink alcohol.

Fleisher et al. (1988) found that rabbits immunized with acetaldehyde-rabbit
serum albumin (A-RSA) generated high titers of serum antibodies against A-RSA.
The induced antibodies reacted negligibly against untreated RSA, indicating
that A-RSA can serve as an antigen and immunize the host. 1In addition, A-RSA-
Immunized rabbits produced antibodies against acetaldehyde conjugates of human
serum albumin, human gamma globulin, BSA, and bovine gamma globulin, These
results suggest a role for immune mechanisms in the pathogenesis of alcohol
liver disease. 1Indeed, Hoernmer et al. (1988) found that the majority of
alcoholic patients studied had elevated circulatory antibedy titers against
acetaldehyde-human hemoglobin and acetaldehyde-human serum albumin adducts.

2.4.4 Acetaldehyde Binding to DNA

Lam et al. (1986) reported the ability of acetaldehyde to crosslink DNA to
protein in rat nasal respiratory mucosa. Crosslinking was demonstrated both
in vitro, in homogenates of nasal respiratory mucosa incubated with
acetaldehyde, and in vivo, after inhalational exXposure of rats to
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acetaldehyde. Such crosslinking indicates that acetaldehyde can react with
DNA,

2.5 Excretion

The data on the disposition and elimination kinetics of acetaldehyde are
scarce. Acetaldehyde can be excreted unchanged in urine, expired air, and
skin (Baselt and Cravey 1989). Truitt and Walsh (1971) suggested that during
periods of elevated blood levels, acetaldehyde metabolites would be excreted
in the urine. Kallama and Hemminki (1983) injected Wistar rats with 120 uCi
of “"C-acetaldehyde and found that only 6% of the initial radioactivity was
excreted in urine over a 7-day period. The main urinary products were acetate
and two cysteine adducts iznstituting 2% of the radioactivity in urine
collected 48 hours after ~"C-acetaldehyde administration. When a complex
mixture of ~"C-cysteine and acetaldehyde was injected into the rats, 13.6% of
radioactivity was detected in urine throughout 4 days in the form of 2-
methylthiazolidine-4-carboxylic acid. This was in agreement with other
studies, indicating that cysteine is a relatively poor trapping agent for
acetaldehyde in wvive.

2.6 Conclusions

From the three inhalation studies investigating absorption, acetaldehyde was
found to undergo rapid absorption and to reach equilibrium between the
alveolar air and blood entering the lungs. Inhalation of 0.4 and 0.6 ug/ml
acetaldehyde vapors in humans caused a decrease in tissue retention of vapors
as the respiratory rate was increased. The total retention was 60% under
physiological conditions of rate and tidal volume. No difference in total
retention was found between nose and mouth breathing in humans. Total
retention was independent of tidal volume, but uptake was dependent on
frequency and duration of respiration. Similarity was found in total
retention between the dog and human; in the dog, uptake was greater in the
upper than in the lower tract, and it was independent of tidal volume and
inhaled concentration.

Acetaldehyde is rapidly distributed to various organs when administered
through inhalation, oral, or parental routes. At low concentrations, the
acetaldehyde disappearance rate follows a first-order Michaelis-Menten
kinetics with a Ky of 30-40 mM and a Vg,; of 7 umol/l blood/minute. At
concentrations higher than 100 uM, the elimination kinetics are nonlinear.

The liver is the main site of acetaldehyde metabolism; extrahepatic metabolism
also occurs in kidneys, lungs, blood, brain, and spleen. Aldehyde
dehydrogenase is the enzyme system responsible for the metabolism of
acetaldehyde into acetate. This enzyme is found in at least two isozyme forms
in the cytosol and the mitochondia of various tissues. The mitochondrial
aldehyde dehydrogenase is the main site of acetaldehyde oxidation both in rat
liver and mammalian tissues including man. Oxidation occurs more rapidly in
the respiratory mucosa than in the olfactory mucosa. Aldehyde dehydrogenase
in the nasal tissue acts as a defense mechanism in detoxification of various
airborne compounds, including acetaldehyde entering via inhalation.
Acetaldehyde can be excreted unchanged in urine, expired air, and skin.
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Acetaldehyde is a highly reactive molecule; it binds to amino acids and blood
and membrane proteins. It causes lipid peroxidation leading to adduct
formation and free radical-induced cell injury. Acetaldehyde can act as a
hapten, and antibodies against acetaldehyde conjugates have been detected in
human serum.

in concilvsion, more complete studies are needed to examine the detailed
pharmacokinetics of acetaldehyde metabolism, particularly via the inhalation
route. The studies presented in this chapter have shown acetaldehyde to be
rapidly absorbed, distributed, metabolized, and excreted. No accumulation in
tissues occurs when administered via the various routes., At concentrations
less than 100 uM, the elimination kinetics follow a first-order Michaelis-
Menten linear relationship; the elimination kinetics are nonlinear at
concentrations greater than 100 uM when acetaldehyde is given orally.
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3.0 ACUTE TOXICITY
3.1 Human Health Effects

Inhalation of acetaldehyde vapors is the main route of occupational exposure
in humans. The Occupational Safety and Health Administration's Timg-Weighted
Average (TWA) Permissible Exposure Limit (PEL) is 100 ppm (180 mg/m”) for an
exposure period of 8 hours/day, 5 days/week (OSHA 1989). The American
Conference of Governmental Industrial Hygienists_ (ACGIH 1986) recommends a
Threshold Limit Value (TLV) of 100 ppm (180 mg/m3) for an exposure period of 8
hours/day, 5 days/week. OSHA has also promulgated a Short Term Exposure Limit
(STEL) of 150 ppm.

The major effects of human exposure to acetaldehyde vapors consist of
irritation to the eyes, skin, and respiratory tract. Low to moderate air
concentrations (50-200 ppm) cause eye irritation and upper respiratory tract
discomfort. Concentrations greater than 200 ppm may cause dyspnea and central
nervous system depression (Baselt and Cravey 1989). Other clinical

manifestations include erythema, coughing, pulmonary edema, and narcosis
{Dreisbach 1980).

Human volunteers exposed to 50 ppm for 15 minutes experienced mild eye
irritation (Silverman et al. 1946). Exposure to 134 ppm for 30 minutes
produced mild upper respiratory tract irritation, and exposure to 200 ppm for
15 minutes produced transient conjunctivitis in all subjects. Sim and Pattle
(1957) exposed 14 men, aged 18-45 years, to 133 ppm acetaldehyde for 30
minutes. Only mild irritation of the upper respiratory tract was evident.

When splashed in the eye, acetaldehyde liquid causes lacrimation and blurred
vision (MCA, Inc. 1952). Prolonged exposure of the skin to liquid
acetaldehyde causes erythema and burns; repeated contact may lead to
dermatitis due to primary irritation or sensitization (ACGIH 1986).

3.2 Animal Studies

The acute animal toxicity studies discussed in this section include
inhalation, oral, parenteral, and subcutaneous routes of administration with
emphasis on the first three routes.

The acute LDgg values for acetaldehyde are summarized in Table 3-1. The acute
inhalation LCsg is 20,000 ppm in rats exposed to acetaldehyde for 30 minutes
(Skog 1950) and 13,300 ppm in rats exposed for 4 hours (Appleman et al. 1982).
However, in another study inhalation of either 8,000 or 16,000 ppm
acetaldehyde vapors for 8 hours caused no mortality in rats at 14 days
postexposure (Smyth et al. 1951). The acute oral LDgg was reported to be 1232
mg/kg in mice and ranged from 1900 to 5300 mg/kg in rats. The LDgg for
subcutaneous injection ranged from 560 to 640 mg/kg.

3.2.1 Inhalation Exposure

Following single or repeated exposure to acetaldehyde, the entire respiratory
tract responds to varying degrees. The severity generally depends on the
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TABLE 3-1

ACUTE TOXIGCITY STUDIES CONDUCTED WITH ACETALDEHYDE

Number Route of Dosage Eliciting
Spacies and Sex/Dose Administration Toxiec Effects Reference
Rat 5 males, inhalation LCsp 13,300 ppm/4 hr Appleman et al, 1982
5 femalas
--2 inhalation LC50 20,000 ppm 30 min Skog 1950
- inhalation LCLo %000 ppm/4 hr Lewis and Tatkin 1983
-- inhalation 8000-16,000 ppm/8 hr; Smyth et al. 1951

no deaths 14 days later

Mouse 4 males inhalation RDsp 4946 ppm Kane ot al. 1980
-- inhalation RDsg 2845 ppm Barrow 1982
Rat -= oral LDsg 1900 mg/kg Windholz et al. 1983
- oral LDsg 1930 mg/kg Smyth et al. 1951
- oral LDsg 5300 mg/kg Omel'yanets et al. 1978
Mouse - oral LDsg 1232 mg/kg RRC 1977
- subcutaneous LDsg 560 mg/kg " Skog 1950
Rat - subcutaneous LDs5g 640 mg/kg Skog 1950

®Data were not reported in the literature.
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concentration and exposure time. Appelman et al. (1982) exposed 20 SPF albino
Wistar rats of each sex for 4 hours to acetaldehyde concentrations in air
sdngdng Lfrom 10,436 to 16801 ppm and chserved the rats for 14 days. During
the first 30 minutes of exposure, the animals were restless; they exhibited
labored respiration with closed eyes. After 1 hour, the rats exhibited
prostration with open eyes and severe mouth breathing. The &4-hour acute
inhalation 1C5p was estimated to be 13,300 ppm. Death occurred 2 to 6 days
after exposure to the 15,683-ppm concentration.

Kane et al. (1980) studied the sensory irritant effect of acetaldehyde in male
Swiss-Webster mice by recording the degree of respiratory rate depression.
Groups of four animals were subjected to head-only exposures at varying
concentrations for 10 minutes. Within a few seconds, the respiratory rate was
reduced, and a pattern typical of sensory irritants was seen (Alarie 1966).
Moreover, after 3 to 4 minutes, the animals exhibited a further reduction in
rate as pronounced as the first. From the concentration-response
relationship, the RDgp (the concentration that produced a 50% decrease in
respiration rate) was calculated to be 4946 ppm. Concentrations of 1500 Ppm
and above resulted in respiratory rate depression. In another study, the RDgg
of acetaldehyde in mice was calculated to be 2845 ppm (Barrow 1982). Neither
of these studies reported histopathology but other studies have correlated
RD5p concentrations with histopathology (Jiang et al. 1983, Buckley et al,
1984). The RD5p value indicates an irritation response to the chemical; it is
useful in comparing relative potencies of chemicals as irritants and in
establishing TLVs.

Unlike mice, F344 rats are not a good model for predicting acceptable
occupational exposure concentrations to prevent sensory irritation in humans.
Babiuk et al. (1985) exposed male Fischer 344 rats head only to various
aldehydes. Both naive (no pretreatment) and formaldehyde-pretreated rats were
used to determine whether pretreatment with formaldehyde could cause sensory
irritation and cross-tolerance. All pretreated rats were exposed to 15 ppm
formaldehyde 9 hours/day for 9 days; on the 10th day, the animals were exposed
to acetaldehyde. The sensory irritant response was quantified by measuring
respiratory rate depression using plethesmography. Acetaldehyde alone showed
an RD5g value of 2991 ppm. After formaldehyde pretreatment, acetaldehyde
showed cross-tolerance. The concentration response curve for acetaldehyde
shifted to the right with a 3.5-fold increase in the RDgy from 2,991 to 10,601
ppm. They speculated that the mechanism of cross-tolerance is either a

nonspecific injury to the nasal mucosa or modulation of a specific receptor in
the trigeminal nerve endings.

Changes in arterial blood pressure and heart rate were measured in
anesthetized rats exposed to 278-16,680 ppm (0.5-30 ug/ml) acetaldehyde (Egle
1972b). Blood pressure was significantly increased at concentrations of 1668

ppm (3 ug/ml) and greater, whereas heart rate was increased at 6672 and 13,300
ppm (12 and 25 ug/ml), respectively.

Liver damage is known to occur upon inhalation of large amounts of
acetaldehyde. Tanaka et al. (1988) showed that acetaldehyde potentiates
adenylate cyclase activity, which in turn stimulates cyclic adenosine 3',5'-
monophosphate (cAMP) release in rats exposed to acetaldehyde for 2 hours
(concentration not reported). This elevated cAMP increased the synthesis and
release of biogenic amines that caused the liver damage .
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3.2.2 Qral

Severe hypomotility (reduction of norman physical movements) was induced by
intragastric administration of 100 mg/kg of acetaldehyde to male albino rats
(Durlach et al. 1988). This almost immediate and severe hypomotility
partially decreased after 5 minutes and plateaued for the remainder of the 15-
minute test period. It could be reversed by calcium-N-acetylhomotaurine, the
taurine analog having the greatest anti-acetaldehyde activity..

Mixed-breed male dogs dosed orally with 600 g/kg acetaldehyde showed frequent
and severe bloody vomiting lasting for several hours (Booze and Oehme 1986).
Only two of the acetaldehyde-dosed dogs exhibited slight tremors, and the
remaining four dogs did not show any neurological or muscular symptoms. The
two dogs exhibiting tremors had high acetaldehyde levels in their blood,
whereas acetaldehyde either could not be detected or remained near the
detection limit of 2 ng/ul in the other four dogs. All dogs appeared normal
at 24 hours postdosing.

3.2.3 Parenteral Administration

Condouris and Havelin (1987) showed that intravenous injection of acetaldehyde
at 1 to 10 mg/kg or infusion at 0.1 to 100 mg/kg/min to anesthetized cats
resulted in increased mean arterial blood pressure and heart rate.

Ventricular arrhythmias in the form of premature ventricular beats, bigeminy,
and multifocal rhythms were seen at a threshold dose of 1-2.5 mg/kg. These
effects of acetaldehyde were indirectly induced via the release of endogenous
catecholamines from the heart. Similar results were found in guinea pigs
{Mohan et al, 1981).

In mice, acetaldehyde injected intraperitoneally at 250 mg/kg three times, 10
minutes before l-methyl-4-phenyl-1,2,3,4 tetrahydropyridine (MPTP), and 10 and
30 minutes after MPTIP, potentiated the neurotoxicity of MPTP injected
intraperitoneally at 36 mg/kg. This potentiation occurred through enhancement
of striatal dopamine depletion and destruction of dopaminergic neurons in the
substantia nigra (Corsini et al. 1987; Zuddas et al. 1987).

Acetaldehyde has been shown in vitro or following intravenous administration
to cause cardiomyopathies by impairing protein synthesis (Lieber 1988) and by
increasing the epinephrine content in the heart (Fujiwara et al. 1988). It
stimulates the adrenal glands and hence increases the synthesis and release of
biogenic amines (Lieber 1988). Acetaldehyde also impairs vitamin metabolism,
particularly that of vitamin B (Veitch et al. 1975), and it affects the
synthesis of vascular prostacyclin (Guivernau et al. 1987).

3.3 Toxicity of Peroxyacetyl Nitrate

Airborne acetaldehyde in the presence of nitrogen oxides can be converted to
peroxyacetyl nitrate (PAN). PAN causes eye irritation in humans in the 1 ppm
range (Stephens et al., 1961). 1In male A-strain mice, an LCg5y (2 hours) of
106 ppm has been estimated (Campbell et al., 1967). Younger mice had a higher
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LCsg (more resistant to PAN) than older mice. No lethality was seen at 97 ppm
which indicates a very steep dose response curve. In rats the 4 hour LCgq was
95 ppm (Kruysse et al., 1977). Additional studies were done in rats for 4 and
13 weeks with exposures of 6 h/day, 5 days/week (Kruysse et al., 1977). In
the 4 week study a NOEL of 4.1 ppm was obtained based on minimal behavioral
disturbances, transient growth depression, slightly increased lung weights,
and mild changes in the histopathology of the respiratory tract. The NOEL was
0.9 ppm. 1In the 13 week study the LOEL was 1 ppm, based on minimal irritation
of the mucous membranes of the nasal cavity. The NOEL was 0.2 ppm. The toxic
effects of PAN need to be considered as possible sequelae of acetaldehyde
emissions.

3.4 Conclusions

In humans, the primary route of exposure to acetaldehyde is vapor inhalation.
Acetaldehyde vapor is irritating to the skin, eyes, and respiratory tract. 1In
animal studies, the 4-hour LCgp value in rats is 13,300 ppm, and the LDsgg
value ranges from 1900 to 5300 mg/kg. The RDgg is 2845 ppm in mice and the
lowest observed effect level reported is 1500 ppm for a 10 minute exposure
based on respiratory rate depression. It is hepatotoxic in rats when inhaled
in large amounts. Acetaldehyde affects the cardiovascular system. It affects
blood pressure and heart rate, causes cardiac arrhythmias through the release
of catecholamines, and at high concentrations, acts as a depressant to the
central nervous system and causes narcosis when administered via different
routes. Acetaldehyde indirectly caused liver damage in rats by stimulating
the synthesis and release of catecholamines. Oral administration of 100 mg/kg
to rats caused severe hypomotility. Dogs orally dosed at 600 g/kg developed
severe bloody vomiting. In mice, the neurotoxicity of MPTP was potentiated by
acetaldehyde injected intraperitoneally at 250 mg/kg.
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4.0 SUBCHRONIC TOXICITY

4.1 Inhalation Studies

Three subchronic inhalation studies in rats and one in hamsters were found in
the literature. Appelman et al. (1982) exposed SPF rats to 0, 400, 1000,
2200, or 5000 ppm of acetaldehyde (0, 720, 1800, 3960, or 9000 mg/m”,
respectively) for 6 hours/day, 5 days/week for 4 weeks. Rats exposed to 5000
ppm exhibited severe dyspnea and marked excitation during the first 30 minutes
of exposure. No significant clinical signs were observed at the lower
exposure levels. Decreased body weight occurred in males dosed at 1000, 2200,
and 5000 ppm and in females dosed at 5000 ppm. The percentage of lymphocytes
was lower and that of neutrophils was higher in males and females exposed to
5000 ppm relative to the controls. No treatment-related changes were seen in
clinical chemistry values. At the high dose, liver weights were significantly
decreased in both sexes, and lung weights were increased only in males.
Histopathological changes were seen at all doses tested, with the nose being
more sensitive than the larynx, trachea, or lungs. The dorsal region of the
nose exhibited the most severe changes, such as loss of microvilli,
disarrangement of the epithelium, occasional loss of sensory cells at 400 ppm,
and severe atrophy of the epithelium at 5000 ppm. At the two highest exposure
concentrations, focal hyperplasia and stratified squamous metaplasia were
seen. Damage to the larynx at 2200 and 5000 ppm consisted of hyperplastic and
metaplastic stratified squamous epithelia. Metaplastic and hyperplastic
changes in the tracheal epithelium were seen only at the highest exposure
level,

The most severe effects appeared to occur in the posterior portion of the
nose. The authors speculated that a combination of factors, including the
impact of acetaldehyde due to the airstream through the nose, the polarity and
solubility of acetaldehyde, and the higher sensitivity of the epithelium in
this area, could explain the severity of the damage. The LOAEL was 400 ppm,
but a NOAEL was not determined. The EPA has used this LOAEL to determine a
Reference Concentration (RfC) for acetaldehyde (see Section 9.1).

In a later study, Appelman et al. (1986) tested intermittent and peak exposure
effects of acetaldehyde vapor in groups of 10 male SPF Wistar rats. Two &4-
week studies were perfor?ed using either (1) continuous exposure to 150 ppm or
500 ppm (270 or 900 mg/m”, respectively) for 6 hours/day, 5 days/week; (2) two
3-hour exposures to 150 or 500 ppm for 5 days/week, interrupted by a
nonexposure period of 1.5 hours between the first and second exposure; or (3)
same as in (2) with four 5-minute peaks of 6 times the basic concentrations of
111 or 500 ppm per 3-hour exposure period. The peak exposure levels were 668
or 3043 ppm, respectively. A control group received fresh air only. Only
rats exposed to 500 ppm with peak exposures of 3043 ppm showed irritation,
displayed as eye blinking, excessive running, and nose twitching. 1In
addition, the mean body weight of this group was significantly reduced
compared to the controls. No effects on condition, behavior, or body weights
were reported for animals exposed to 150 ppm with or without interruption or
for those exposed to 111 ppm with or without peak exposures.

Histopathology revealed lesions of the epithelium from the dorsal part of the

nose at 500 ppm (uninterrupted), but not at 150 or 111 ppm (interrupted).
The effects noted in the respiratory tract at 500 ppm were comparable to those
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noted at 404 ppm in the Appelman et al, (1982) study. In addition, a reduced
phagocytic index was seen at the highest dose. Interruption of 500 ppm with
peak concentrations of 3043 ppm caused a further reduction in the phagocytic
index; nevertheless, there were no marked changes on the nasal epithelium.
The NOAEL in this study was 150 ppm, and the LOAEL was 500 ppm.

Saldiva et al. (1985) exposed male Wistar rats via inhalation to 243 ppm
acetaldehyde, 8 hours/day, 5 days/week for 5 weeks. Various pulmonary
function tests were carried out in addition to gross and microscopic
examinations of the respiratory system. The results revealed significant
increases in functional residual capacity, residual volume, total lung
capacity, and respiratory frequency. The authors excluded the possibility of
emphysema or obstructive bronchial disease and suggested that the damage to
the distal airways was unrelated to acetaldehyde. They suggested that these
changes were the result of forced expiratory maneuvers such as applying
negative pressure to simulate forced expiration, which can cause a premature
collapse of the bronchioli.

The authors suggested that the increase in respiratory frequency was due to
irritation of the airways. Gross examination did not reveal any differences
between the control and acetaldehyde-treated groups. In contrast,
histopathology showed an intense subacute inflammatory reaction in the nasal
cavity characterized by hyperplasia of the olfactory epithelium and
polymorphonuclear and mononuclear infiltration of the submucosa. The trachea
and larynx were not examined.

Kruysse et al. (1975) exposed groups of Syrian golden hamsters to acetaldehyde
vapog at concentrations of 0, 390, 1340, and 4560 ppm (0, 702, 2412, and 8208
mg/m~, respectively), 6 hours/day, 5 days/week for 13 weeks. This study
showed that more severe damage occurred in the upper rather than the lower
respiratory tract, as was seen in rats (Saldiva et al. 1985). This suggested
that the hamster is a less sensitive species than the rat. At 4560 ppm, a
significant decrease in body weight and increase in relative heart, kidney,
brain, testes, and lung weights were seen. Except for an increased relative
kidney weight in males exposed to 1340 ppm, no other changes in organ or body
weights were seen at the 390- and 1340-ppm doses. Lesions of the nasal
cavity, larynx, trachea, bronchi, and lungs were seen at the highest dose,
4560 ppm. These lesions consisted of necrosis, inflammation, hyperplasia, and
keratinizing squamous metaplasia. The NOAEL in this study was 1340 ppm, and
the LOAEL was 4560 ppm.

4.2 Oral Studies

Both sexes of SPF Wistar rats received acetaldehyde in a test solution
containing 25, 125, or 675 mg acetaldehyde/kg body weight/day for & weeks (Til
et al. 1988). The only observed adverse effects were noted in rats receiving
675 mg/kg. These effects included hyperkeratosis of the forestomach, a
significant decrease in food and liquid intake, and a slight increase in the
relative weight of the kidneys in male rats compared to controls. No
significant changes occurred in hematology values. The NOAEL was 125
mg/kg/day.
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4.3 Conclusions

Few subchronic studies were found in the available literature. Acetaldehyde
was found to be highly toxic to the entire respiratory tract. The effects
included lesions such as hyperplasia and metaplasia of the olfactory mucosa
and varying degrees of inflammation. The nose, trachea, and larynx were
affected, Following oral administration, the NOAEL value in the rat was 125
mg/kg/day. Exposure of rats to acetaldehyde via inhalation gave a LOAEL value
of 400 ppm and a NOAEL value of 150 ppm. The hamster appeared to be more
resistant than the rat to the effects of acetaldehyde inhalation.
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5.0 CHRONIC TOXICITY
5.1 Introduction

Limited information is available on the effects of acetaldehyde following chronic
exposure. This chapter discusses chronic toxicity with relationship to two
inhalation and two intratracheal instillation carcinogenicity studies in rats and
hamsters. These studies are divided into three sections for clarity:

inhalation, inhalation and intratracheal instillation, and intratracheal
instillation. See Table 8-1 for a sumnary of these studies with regard to animal
species, sex, number, dose, duration, and effects. The neoplastic changes
observed in these studies are discussed in detail in Chapter 8 on
carcinogenicity; only the nonneoplastic and/or preneoplastic lesions are
presented in this chapter.

5.2 Inhalation

Woutersen et al. (1984, 1986) and Woutersen and Feron (1987) exposed male and
female Wistar rats to acetaldehyde at concentragions of 0, 750, 1500, or
3000/1000 ppm (0, 1350, 2700, or 3400/1800 mg/m”, respectively) 6 hours/day, 5
days/week for up to 28 months. The concentration in the high-dose group was
gradually reduced from 3000 to 1000 ppm because of severe growth retardation,
occasional loss of body weight, and early mortality. Animals in the high-dose
group exhibited signs of severe respiratory distress, including salivation,
labored breathing, and mouth breathing.

Mortality increased with dose; a clear dose-response relationship was evident.
By day 715, all high-dose rats had died. Very few animals in the mid-dose group
lived to study termination at day 844. Treatment caused dose-dependent growth
retardation in males at all exposure concentrations and in females at the two
highest concentrations. Consequently, the LOAEL was 750 ppm and a NOAEL could
not be determined from this study.

The rats in the high-dose group showed signs of excitation, salivation,
piloerection, and labored respiration; blood was seen around the nares of several
animals. Despite a further reduction in the acetaldehyde concentration, a
greater number of animals developed these symptoms after 12 months. In almost
every high-dose rat that died early or was sacrificed moribund, the nose was
partially or completely occluded by excessive amounts of keratin and inflammatory
exudate. Several male and female rats also developed acute bronchopneumonia,
occasionally accompanied by tracheitis.

Feron et al. (1982) exposed male and female Syrian golden hamsters to decreasing
concgntrations of acetaldehyde. The initial concentration was 2500 ppm (4500
mg/m7); this was gradually decreased (between weeks 9 and 44) to 1650 ppm (2970
mg/ms), 6 hours/day, 5 days/week for 52 weeks. The animals were sacrificed
following a 29-week recovery period (at week 8l). Mortality was slightly higher
in hamsters exposed to acetaldehyde vapor than in controls. Body weights were
recorded every 2 weeks during the first 6 weeks and monthly thereafter.

Beginning at week 4, hamsters exposed to acetaldehyde had substantially lower
body weights (p <0.05) than those exposed to air. During the postexposure period
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(53 to 81 weeks), differences in the body weights of exposed and control hamsters
generally diminished but did not disappear. Except for a slight increase in
alkaline phosphatase activity in females exposed to acetaldehyde, no significant
differences in hematological or biochemical properties were observed between
treated and control animals. The relative kidney and lung weights were higher in
treated hamsters as compared with controls; the difference was statistically
significant (p value not provided) only in treated females.

5.3 Inhalation with Iptratracheal Instillation of Benzolalpyrene

Male Syrian golden hamsters exposed to air or 1500 ppm (2700 mg/m3) acetaldehyde
vapor, 7 hours/day, 5 days/week for 52 weeks, also received concurrent weekly
intratracheal instillations of 0, 0.0625, 0,125, 0.25, 0.5, or 1.0 mg
benzo[a]pyrene (B[a]P) for the same duration (Feron 1979). No differences in
mortality rate were observed in hamsters exposed to acetaldehyde alone or air for
up to 39 weeks; thereafter, the mortality of treated hamsters increased more
rapidly than that of the control group (12 deaths as compared with 5 deaths at
week 78, respectively). Hamsters exposed to acetaldehyde alone were generally
more restless and had slightly lower body weights (maximum 10%) than controls.
The hemoglobin, hematocrit, and red blood cell count values were significantly (p
value not provided) lower in hamsters exposed to acetaldehyde than in controls
exposed to air. In addition, in the acetaldehyde-exposed group, the urine
contained more protein and the kidney weights were increased significantly as
compared with the air-control groups (p value not provided). The mortality of
hamsters exposed to acetaldehyde and receiving the high dose (52 mg) of B[a]P
increased more rapidly than the B[a]P + air-exposed group when compared with
respective controls (p <0.001 in both groups).

In a similar experiment (Feronm et al. 1982), male and female hamsters were
exposed to air or to acetaldehyde vapor (initial concentration = 2500 ppn; final
concentration = 1630 ppm; see Section 5-2 sbove) for 7 hours/day, 5 days/week for
52 weeks, and were given simultaneous weekly intratracheal instillations of 0.32
ml of 0.175% or 0.35% B[a]P (total dose, 18.2 or 36.4 mg/hamster, respectively)
in saline, or subcutaneous injections once every 3 weeks of 0.2 ml of 0.0625%
diethylnitrosamine (DENA) (total volume injected, 2.1 ul). The experiment was
terminated after 81 weeks. Mortality was slightly higher in acetaldehyde-exposed
hamsters relative to controls; also, these hamsters exhibited lower body weights
than those exposed to air from week 4 onward. During the recovery period (53 to
81 weeks), the significant (p <0.05) differences in body weights between exposed
and control hamsters generally diminished but did not disappear.

There was a significant increase in mortality (p <0.05) in animals treated with
Bla]P and exposed to acetaldehyde or air over those exposed to acetaldehyde or
air alone. 1In addition, mortality was considerably higher in animals,
particularly in males, treated with the highest dose of B[a]P and exposed to
acetaldehyde than in those given the same dose of B[a]P but exposed to air.
There was low mortality in the DENA-treated group exposed to air.
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3.4 Intratracheal Instillation

Feron (1979) gave male and female hamsters weekly or biweekly intratracheal
instillations of 4 or 8 ul of acetaldehyde in 0.2 ml saline (approximately 32 to
73 mg/kg) for 52 weeks. Vehicle controls received 0.2 ml saline. The experiment
was terminated at 104 weeks. Intratracheal instillation of acetaldehyde had no
significant effect on mortality or body weight gain.

5.5 Conclusions

The major treatment-related chronic toxicity following inhalation exposure was
increased mortality and growth retardation in hamsters and rats. Rats exposed to
high concentrations (>1600 ppm) exhibited acute bronchopneumonia, occasionally
accompanied by tracheitis and severe respiratory distress that included
salivation, labored breathing, and mouth breathing. Inhalation of acetaldehyde
resulted in histopathological alterations in the respiratory tract. NOAELs were
not established for chronic toxicity. A LOAEL of 750 ppm can be reported for
chronic toxicity. However, since the LOAEL for subchronic toxicity is lower (400
ppm), this putative chronic LOAEL does not reflect a likely LOAEL for
acetaldehyde.
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6.0 DEVELOPMENTAL AND REPRODUCTIVE EFFECTS

6.1 Introduction

Clinical and experimental studies have shown that ethyl alcohol causes
developmental and reproductive toxicity. Ethyl alcohol (in alcoholic
beverages) is a chemical known to the State of California to cause
reproductive toxicity. Acetaldehyde, the primary metabolite of ethyl alcohol,
has been suggested as a possible etiological agent in fetal alcohol syndrome,
Its precise mode of action remains unknown. However, it has been shown to
cross the placenta in mice (Blakely and Scott 1984b) as well as in rats
(Zorzano and Herrera 1989) (see discussion above in Section 2.3,
Distribution). A number of studies have been conducted to elucidate the
mechanism of action of ethyl alcohol/acetaldehyde in causing developmental
toxicity. This chapter summarizes studies in rodents that have evaluated in
vivo and in vitro developmental and reproductive toxicity of direct exposure
to acetaldehyde (as opposed to ethanol-mediated exposure). No studies were
found in which acetaldehyde was administered via the inhalation or oral route;
in vivo studies were limited to the intraperitoneal (ip) and intravenous (iv)
routes of exposure. Only one reproductive toxicity study was found. JIn
vitro studies include whole mouse and rat embryo culture systems for detecting
developmental effects and various testicular cell culture systems for
detecting effects on testosterone production.

6.2 In vivo Studies

6.2.1 Placental Transfer

Acetaldehyde is distributed to embryos via the placenta (Randall et al. 1978).
Blakley and Scott (1984b) administered intraperitoneal injections of
acetaldehyde to pregnant CD-1 mice at 200 mg/kg on day 10 of gestation,.

Within 5 minutes postadministration, acetaldehyde reached maximal
concentrations in the maternal blood and liver, embryo, and yolk sac. The
acetaldehyde rapidly disappeared; it was undetectable 2 hours after treatment.

Zorzano and Herrera (1989) found that acetaldehyde freely crossed the placenta
in Wistar rats when present in maternal blcod at high concentrations (100 uM
or 4.4 mg/l). At all times following intravenous injection of acetaldehyde at
10 mg/kg to pregnant rats on gestation day 21, acetaldehyde concentrations in
maternal blood were similar to those in fetal blood and amniotic fluid, and
they reached equilibrium within 2 minutes of dosing. Peak concentrations were
reached within 5 minutes of dosing; these were 1355, 1332, and 1913 uM in
maternal blood, fetal blood, and amniotic fluid, respectively. However, at
maternal blood concentrations below 80 uM, acetaldehyde was metabolized by
fetal tissues or by the placenta and was not detected in fetal blood. The
above studies indicate that acetaldehyde crosses the placenta and therefore
can present an exposure to the fetus.
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6.2.2 Developmental Toxicity

Studies in rodents that have examined the developmental toxicity of
acetaldehyde following ip or iv administration of a single injection or
multiple injections on different days during gestation are summarized in
Appendix A (Table A-1),

In studies with rats, acetaldehyde has been shown to be teratogenic and
embryolethal and has been shown to cause growth retardation. Sreenathan et
al. (1982) evaluated the developing embryos and their membranes on gestation
day (gd) 21 after a single ip injection of 50, 75, or 100 mg/kg acetaldehyde
on gd 10, 11, or 12, or daily injections on gd 10-12 in Charles Foster (CF)
rats. They found a significant (p <0.05) increase in the number of
resorptions. The incidence of litters with malformations was increased in the
higher single-injected dose groups as well as in all triple-injected dose
groups. Significant (p «<0.05) growth retardation was evidenced by reduced
fetal body weights, crown-rump and tail length, transumbilical distance,
umbilical cord length, and delayed skeletogenesis. In fetuses from dams dosed
on gd 12 or 10-12, the placental weight was significantly (p <0.05-0.001)
reduced. No obvious dose-dependency was noted for these effects. In a time-
course study, these same authors (Sreenathan et al. 1984) studied delayed
ossification in gd 16-21 fetuses from CF rats that had received 50 mg/kg
acetaldehyde ip on gd 8-15. Their results indicated that ossification of
selected bones in the forelimbs, hindlimbs, and skull was significantly (p
<0.05-0.001) delayed by 1 to 2 days. An additional study (Padmanabhan et al.
1983) reported similar findings; CF rats were examined on gd 21 after ip
administration of 50, 75, 100, or 150 mg/kg acetaldehyde on gd 8-15.
Significant (p <0.01-0.001) and dose-dependent increases were observed in the
number of resorptions and the incidence of malformations. In addition,
ossification was significantly (p <0.001), but not dose-dependently, delayed
in selected skull bones and in the axial skeleton.

Ali and Persaud (1988) investigated the effects of ip administration of 100
mg/kg acetaldehyde on gd 9-12 in Sprague-Dawley rats. Of the 16 recognizable
morphologic endpoints evaluated on gd 12, only head length was significantly
(p <0.05) reduced in the treated animals when compared with the controls.
Dreosti et al. (1981) examined the fetal development in Wistar rats on gd 20
after exposure to acetaldehyde (0.5 ml of a 3% saline solution, twice daily)
throughout gestation. Slight but nonsignificant changes were noted in fetal
body weight (decrease) and in the number of resorptions (increase). No
increase in the incidence of malformations was observed.

In studies with CD-1 mice, acetaldehyde produced no effects on body weight and
number of resorptions and malformations in gd 18 fetuses after five ip
injections of 200 mg/kg each, administered during a 10-hour period on gd 10
(Blakley and Scott 1984a). No histopathological changes were observed in gd
10 fetuses from mice of the LACA strain after a single ip injection of
approximately 60-480 mg/kg on gd 9 (Bannigan and Burke 1982). In C57Bl/6J
mice, after one or two ip injections of 320 mg/kg acetaldehyde on gd 6, 7, 8,
or 9, a nonsignificant decrease in fetal body weight and a slight increase in
percent malformed fetuses (head and limb defects) were observed (Webster et
al. 1983). However, in this latter study, control groups were not always
used. Consequently, the slight increase in percent malformed fetuses that was
observed cannot be compared with the spontaneous malformation rate normally
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present in this mouse strain. Interpretation of these results is difficult,

In contrast, in CFLP mice given multiple iv injections of 40-80 mg/kg/day
acetaldehyde on gd 7-9 (0’Shea and Kaufman 1979) or a single or multiple iv
injections of 50 mg/kg on gd 6-9 (0’Shea and Kaufman 1981), a significant (p
<0.05-0.001) dose-related increase in the number of resorptions (days 10 and
i8), decrease in the crown-rump length (days 10 and 19), and decrease in gd 19
fetal body weight were observed. 1In addition, slight increases (no
statistical analysis reported) in the incidence of malformations (neural tube)
and number of embryos failing to turn into a fetal position were noted on gd
10 only.

6.2.3 Reproductive Toxicity

In a male reproductive toxicity study (Lihdetie 1988), hybrid male mice
(CS7BL/6J x C3H/He)F) were given daily ip injections of saline solution
containing 62.5, 125, or 250 mg/kg acetaldehyde for 5 days. Animals were
sacrificed 5 weeks after the beginning of treatment, and the testicular
genotoxic effects were evaluated. No significant effects were observed on
frequency of meiotie micronuclei, sperm count and morphology, and testicular
and seminal vesicle weights. However, this study evaluated only selected end-
points and, therefore, is not a representative study for male reproductive
toxicity (see Conclusion for further discussion).

6.3 In vitro Studies

6.3.1 Developmental Toxicity

Several studies examined the embryotoxic properties of acetaldehyde utilizing
whole mouse and rat embryos. These studies are summarized in Appendix A
(Table A-2). Evaluations were conducted on cultures of postimplantation
embryos recovered between gd 7 and 10.

In C3H 8-day-old mouse embryos, acetaldehyde at doses of 7.4, 19.7, and 39.4
mg/l induced alterations in somite count, heartbeat, DNA synthesis, CNS
development, and neural tube defects at all or some dose levels, while no
consistent (and dose-related) response was noted in 9-day-old embryos
(Thompson and Folb 1982). Exposure of ICR mouse embryos to acetaldehyde
(range 17.6 ug/l to 1.7 g/1l) resulted in increased embryolethality and
incidence of malformations (cranial, facial, and limb effects) at all dose
levels as well as dose-related growth retardation (Higuchi and Matsumoto
1984),

Albino rat embryos exposed to acetaldehyde on gd 9 at doses ranging from 0,20
to 1,980 mg/l caused significant (p <0.05) growth retardation and an increased
incidence of malformations. The lowest effective dose was 1.1 mg/l, and the
no-effect level was 0.22 mg/l (Popov et al. 1982). Campbell and Fantel (1983)
demonstrated similar results in 1l-day-old Sprague-Dawley rat embryos after
exposure to 3, 25, 50, 75, and 100 uM acetaldehyde on gd 10, The highest
concentration was lethal; the no-effect level was 5 uM: and 25, 50, and 75 W
caused significant (p <0.0l) growth retardation and decreased total protein
content.
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In contrast, Priscott (1985) observed no significant effects in 11- and 12-

day-old Wistar rat embryos previously exposed to 100 and 260 uM acetaldehyde
on gd 10. At 800 uM, there was a rapid cessation of growth and development

resulting in "an unrecognizable necrotic mass."

Prelmplantation 2-cell stage embryos from CF-1 mice exposed to acetaldehyde at
concentrations of 5, 10, 50, 100 and 500 mg/100 ml culture medium (Kalmus and
Buckermaier 1989) resisted the lower concentrations of acetaldehyde, while
doses of >50 mg/100 ml medium were lethal. These lethal doses are considered
by some authors to be unusually high. Consequently, the 2-cell stage embryos
are regarded as highly resistant to acetaldehyde,

6.3.2 Reproductive Toxicity

Reproductive in wvitro toxicity studies have shown that acetaldehyde is a
potent inhibitor of testicular steroidogenesis. Cicero et al (1980) exposed
dispersed testicular cell cultures from 55- to 60-day-old Sprague-Dawley rats
to acetaldehyde at concentrations of 0.02 to 1.0 mM. At acetaldehyde
concentrations of 50 uM, testicular steroidogenesis was significantly
inhibited. Johnson et al. (198l) examined the effects of acetaldehyde on
three enzymes involved in the conversion of pregnenolone to testosterone.
Testicular microsomal fractions were prepared from 60-day-old Wistar rats; 600
uM acetaldehyde, in the presence of androstenedione, significantly inhibited
this conversion,

To assess potential acute impairment of testicular testosterone, Boyden et al.
(1981) conducted a study in dogs with isolated blood-perfused testes,
Acetaldehyde, at a dose level corresponding to blood levels of 0.2 mg/dl
(approximately 50 uM, which is frequently found in humans), inhibited hCGC-
stimulated testosterone production.

6.4. Conclusions

Because of their study design, the in vivo studies do not permit specific
conclusions about the developmental toxicity of acetaldehyde and its mode of
action. Small sample numbers and evaluation of a limited number of endpoints
are evident in most studies; nevertheless, certain general conclusions may be
drawn. Different species and strains respond differently to acetaldehyde
exposure. All rat strains examined, when given approximately the same ip dose
of acetaldehyde, exhibited similar effects for number of resorptions,
incidence, and type of malformations, and/or growth retardation. Some mouse
strains exhibit resistance to acetaldehyde, and others show effects similar to
those observed in rats. Mode and duration of administration (as observed in
mice) influenced the degree (but not the type) of developmental toxicity.
Some, but not all, studies show a dose-related response for the endpoints
studied. As discussed by several authors, these studies demonstrate a great
inter-litter variability in embryolethality; some litters were highly affected
and others not at all. It has been suggested that this indication of great
differences in susceptibility to acetaldehyde within a strain is due to
genetic makeup; this has been observed in human offspring and their
susceptibility to ethanol,
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Only one male reproductive toxicity study for acetaldehyde exposure was found.
Only a selected number of endpoints in one sex was examined, since the
authors’ intentions were to study the testicular genotoxic effects of
acetaldehyde. Therefore, the negative results of the study should not be
interpreted as evidence of acetaldehyde not being a male reproductive
toxicant. For example, to cover the entire spermatogenic cycle in mice, sperm
count/morphology, testicular weight/morphology, hormone levels, fertility,
etc., should be examined periodically over a 35- to 42-day period. This study
evaluated some endpoints at one time only (at the end of one complete
spermatogenic cycle). In fact, in support of male reproductive toxicity are
the results from studies with various testicular cell culture systems.
Acetaldehyde seems to affect testosterone production; one author suggests that
it does so by inhibiting one of four enzymes necessary for conversion of
Pregnenolone to testosterone.

The effects observed on embryos in culture are in agreement with those
observed in in vivo studies. Both test systems have demonstrated similar
types of malformations and growth retardation as well as embryolethality;
species and strain differences exist in both; and some (but not all) results
exhibit a dose-related response. Two-cell stage preimplantation embryos
appear to be more resistant to acetaldehyde than are postimplantation embryos.

Acetaldehyde crosses the placenta and enters the fetal circulation.
Acetaldehyde equilibrated within 2 minutes of injection of a high
concentration into pregnant rats; it reached peak concentration within 5
minutes of dosing in maternal blood, fetal blood, and amniotic fluid,

Acetaldehyde has been shown to cause adverse developmental effects in some
rodent species when administered at high doses via i.p. or i.v. injection.
There is also evidence for toxicity to the embryo and to testicular function
when there is direct exposure to acetaldehyde in vitro. 1In all but one of the
in vivo studies discussed, maternal toxicity parameters were not reported and
the authors did not discuss or determine the maternal versus the developmental
no-effect and low-effect levels of acetaldehyde toxicity. However, several
authors have emphasized the similarities between the types of effects observed
in humans and those observed in rodents. The mechanisms by which acetaldehyde
causes developmental and reproductive toxic effects in vitro and following
high i.p. and i.v. doses in vivo are not known. There are also no data
available to indicate the relevance of adverse effects under the conditions
investigated to possible human exposures. It is, therefore, not possible at
present to determine if acetaldehyde poses a reproductive or developmental
hazard to humans. It is desirable that studies relevant to hazard
identification for possible reproductive and developmental toxicity of
acetaldehyde to humans be performed.
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7.0 GENOTQOXICITY

7.1 Introduction

Acetaldehyde has been tested for genotoxicity in a variety of in vitro and in
¥ivo assays designed to detect Eene mutations, chromosomal aberrations, sister
chromatid exchanges, DNA damage, and cell transformation. Formation of Schiff
bases and other adducts wmay be involved at the molecular level (see Section 2.4),
Table 7-1 summarizes the findings for acetaldehyde genotoxicity as demonstrated
in each test. The table in Appendix B summarizes the protocols and specific
results for each individual study.

7.2 Gene Mutations

Acetaldehyde has been tested for the potential to induce gene mutations in
bacteria, yeast, nematodes, insects, and mammalian cells.

7.2.1 Bacteria

Acetaldehyde was nonmutagenic in Salmonella typhimurium strains TA98, TAl00,
TA1535, TAl537, TA1538, TAl02, or TAlO4 both in the Presence and absence of
metabolic activating systems (Laumbach et al. 1976; Rosenkranz 1977; Pool and
Wiessler 1981; Marnett et al, 1985; Mortelmans et al. 1986). 1In one study,
acetaldehyde (7793 ug/plate) caused a slight inecrease in mutant colonies of
strain TA1535 without activation (16 revertants in the treated group versus 4
revertants in the water control); however, the very low background frequency made
the results inconclusive (Rosenkranz 1977). 1t is unclear why acetaldehyde
produces consistently negative results in the Salmonella assays while producing
positive results in other test Systems. It is possible that the standard Ames
test is not suitable for detecting the mutagenicity of acetaldehyde because the
compound is volatile, and precautions may not have been taken to prevent its
evaporation (Dellarco 1988),

Conflicting results were obtained when acetaldehyde was tested for mutagenicity
in liquid suspension assays with Escherichia coli WP? uvrA. Nonactivated
acetaldehyde was mutagenic at a concentration of 38.8 ug/ml (880 uM) when
incubated in sealed tubes at 0°C for 30 minutes (Veghelyi et al. 1978), but was
nonmutagenic in the same strain at concentrations ranging from 0.9 to 441 ug/ml
without metabolic activation (20 to 10,000 uM) when incubated in capped tubes at
37°C for 18 hours (Hemminki et al. 1980). It has been sugpgested that the
positive results obtained by Veghelyi et al. may be due to the lower incubation
temperature, which would reduce the evaporation of acetaldehyde during treatment
and the oxidation of acetaldehyde to acetic acid (Dellarco 1988).

7.2.2 Yeast

Bandas (1982, as cited in Dellarco 1988) reported that nonactivated acetaldehyde
exhibited a weakly mutagenic effect on mitochondrial DNA (petite mutations) of
the yeast Saccharomyces cerevisiae. A twofold increase in the spontaneous
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TABLE 7-1

GEMOTOYICITY QF AGETAIDEHYDE IN VARIOUS TEST SYSTEMS

Endpoint

Test Systems

Results

Positive

Hegative

Equivocal

Gene mutation

Chromosomal

aberrations

Sister
chromat.id
exchange

DNA damage

Mammalian cell
transformation

Salmonella typhimurium
Escherichia coli

Caencrhabditis elegans

Drosophila melancgaster
sax-linked recessive
lathal tast

Human lymphocytes

Vicia faba

Drosophila melanogaster
reciprocal translocation

Rat fibroblasts

Chinese hamster ovary cells

Human lymphocytes

In vivo bone marrow cells

Chinese hamster ovary

cells

Human lymphocytes

In vivo bone marrow cells

Escherichia coli pol A

Mammalian cells (mouse

lymphoma, rat hepatogytaes,

human lymphocytes, and

human bronchial epithelial

calls)

Kidney cells (HRPT")

X
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frequency of petite mutants was seen after treatment of cells with 23,490 ug/ml
acetaldehyde for 90 minutes. However, this response was considered to be
equivocal because 1t occurred at an extremely cytotoxic dose (96% of the eells
were killed) and no dose-response was demonstrated. Dellarco (1988) considered
the interprecation of the response (increase in mitochondrial mutations) to be
uncertain because cytoplasmic mutations are less defined genetically than the
nuclear mutations used in standard assays.

7.2.3 Nematodes

Acetaldehyde (783 or 7,830 ug/ml for 2 hours) was tested in the nematode
Caenorhabditis elegans for its ability to induce mutations in the genes affecting
the egg-laying system. The frequency of mutations (reduction in brood size) was
increased at_the lower (783 ug/ml) concentration (1x10°* in treated nematodes
versus 6x10°" in untreated controls); acetaldehyde was toxic at the higher
concentration (Greenwald and Horvitz 1980).

7.2.4 Insects

Woodruff et al. (1985) tested acetaldehyde in the sex-linked recessive lethal
(SLRL) test in Drosophila melanogaster by adult feeding and injection.
Acetaldehyde was nonmutagenic after feeding (25,000 ppm), but 22,500 ppm given by
injection produced 0.21% lethals versus 0.06% in the untreated control group.

7.2.5 Mammalian cells

He and Lambert (1990) used acetaldehyde to induce mutations at the hypoxanthine-
guanine phosphoribosyl transferase (hprt) locus in freshly isolated human T-cell
lymphocytes. Cells were incubated for 24 h with 1.2 to 2.4 mM acetaldehyde or
for 48 h with 0.2 to 0.6 mM acetaldehyde. Cells showed decreasing survival with
increasing acetaldehyde and a 3 to 16 fold increase in mutation frequency at_the
hprt locus relative to background (background mutation rate = 3.2 to 6.2x10" ).
Several of the mutations involved partial deletions of the hprt gene. This study
is the first demonstration of induction of mutations by acetaldehyde in human
somatic cells.

7.3 Chromosomal Aberrations

Acetaldehyde has been tested for its ability to induce chromosomal aberrations in
plant, insect, and mammalian cells.

7.3.1 Plants

Acetaldehyde produced a dose-dependent increase in the frequency of chromosomal
aberrations (breaks and translocations) in cells of the root-tip meristem of
Vicia faba. The clastogenic effect was seen following treatment with 220.5 to
2,205 ug/ml (5 to 50 mM) acetaldehyde for 24 hours at 12°C; higher temperatures
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reduced the clastogenic effects of acetaldehyde (Rieger and Michaelis 1960).
7.3.2 Insects

As part of the full investigation of acetaldehyde in D. melanogaster, Woodruff et
al. (1985) evaluated the brood-yielding results in the SIRL assay for the

induction of reciprocal translocations. Acetaldehyde (22,500 ppm administered by
injection) was negative.

7.3.3 Mammalian Cell Cultures

Bird et al. (1982) studied the production of micronuclei and chromosomal
aberrations in primary rat skin fibroblasts exposed to concentrations of 4.4 to
441 ug/ml acetaldehyde for 12, 24, or 48 hours (micronucleus test) or 0.44 to
44.1 ug/ml acetaldehyde for 12 or 24 hours (chromosomal aberrations). Treatment
resulted in a dose-dependent production of micronuclei; the lowest effective
concentration was 22 ug/ml (2.4% cells with micronuclei versus 0.5% in control
cultures after 12-hour treatment). In the chromosomal aberration assay, the 12-
hour exposure to acetaldehyde induced an increase in aberrations (1l4%Z aberrant
cells compared with 2% in control cultures) only at the 44.1 ug/ml concentration;
chromatid breaks and gaps and acentrie fragments were observed. Treatment for 24
hours increased the frequency of aberrations (12% at 4.4 ug/ml and 20% at 44.1
ug/ml as compared with 4% in control cultures), and the number of metaphases with
specific aberrations (chromatid and chromosomal breaks, gaps, deletions, and
fragmentation) was also increased. An increase in aneuploid cells was also seen
at the 4.4- and 44.1-ug/ml dose levels; however, only the total incidences of
aneuploidy were reported rather than the incidences of hyperploidy and
hypoploidy.

Dulout and Furnus (1988) determined that the most notable cytogenetic effect of
acetaldehyde in cultured Chinese hamster ovary (CHO) cells was aneuploidy and not
chromosomal breakage. Acetaldehyde added for 24 hours to cultures at
concentrations of 15.66, 31.32, or 46.98 ug/ml produced an increased frequency of
aneuploidy compared to controls (p <0.001). Aneuploidy was due mainly to an
increase in the number of hypodiploid cells; the ratio of
hypodiploid/hyperdiploid cells was 0.81 in the controls and 2.72, 2.73, and 3.57
in the 15.66-, 31,32-, and 46.98-ug/ml acetaldehyde-treated cells, respectively.
In contrast to the induction of aneuploidy at all assayed levels, the frequency
of structural aberrations (chromatid or isochromatid breaks, chromatid exchanges,
and dicentric chromosomes) was significantly increased only at the two highest
concentrations: 31.32 ug/ml (3.6% abnormal cells, p <0.025) and 46.98 ug/ml
(30.38% abnormal cells, p <0.001l). Acetaldehyde was not clastogenic at 15.66
ug/ml. These results suggested that acetaldehyde can elicit an aneuploidy effect
at nonclastogenic concentrations. To a lesser degree, acetaldehyde also induced
polyploidy as indicated by the significant increase in polypleidy cells at 15,66
ug/ml (p <0.001) and 31.32 ug/ml (p <0.03); concentrations were severely
cytotoxic.

Obe et al. (1979) studied the chromosome-breaking activity of acetaldehyde in

peripheral lymphocytes of a patient with Fanconi’s anemia (deficiency in
repairing DNA cross-links) and three normal individuals. After 24 hours of
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treatment, acetaldehyde (7.83 or 15.7 ug/ml) caused a non-dose-related increase
in the frequency of gaps, breaks, exchange-type aberrations, and acentric
fragmentation in the cells from the subject with Fanconi's anemia. No
clastogenicity was observed in the cells of the normal subjects.

Béhlke et al. (1983) examined the cytogenetic effects of acetaldehyde in cultured
lymphocytes of German and Japanese subjects having different aldehyde
dehydrogenase (ALDH) phenotypes. Cells, derived from the German subjects
possessing both ALDH isozymes I and II and from the Japanese subjects possessing
either isozyme II or isozymes I and II, were exposed for 72 hours to acetaldehyde
concentrations ranging from 0.09 to 1.08 ug/ml. Cells from both populations
showed dose-dependent increases in chromatid aberrations (especially achromatic
lesions, chromatid breaks, and exchange-type aberrations) following exposure to
acetaldehyde concentrations of 0.72 and 1.08 ug/ml; no significant differences
were seen among the different ALDH phenotypes.

7.3.4 Whole Mammals

Barilyak and Kozachuk (1983) conducted a cytogenetic analysis of embryonic cells
harvested 24 hours after a single intra-amniotic injection of 7830 ug/ml
acetaldehyde was administered on gd 13 to female Wistar rats. A higher frequency
of chromosome aberrations (mostly gaps and breaks) was seen in treated rat
embryos (16 * 1.5% metaphases with breaks) as compared with controls (3.8 %
0.8%).

Lihdetie (1988) observed no significant increase in the frequency of meiotic
micronuclei in early spermatids harvested from hybrid mice (C57B1/6J x C3H/He)Fl
given single intraperitoneal injections of 0, 125, 250, or 375 mg/kg acetaldehyde
in saline and sacrificed 13 days posttreatment. No mice survived treatment with
the highest dose (500 mg/kg).

7.4 Sister Chromatid Exchanges

A number of studies have shown acetaldehyde to be a strong inducer of sister
chromatid exchanges (SCEs) in CHO cells and human peripheral blood lymphocytes in
vitro.

7.4.1 CHO Cells

Obe and Ristow (1977) treated CHO cells once each day for 8 days with
nonactivated acetaldehyde concentrations ranging from 3.92 to 31.32 ug/ml. Cells
incubated with concentrations greater than 7.83 ug/ml were cytotoxic., Lower
concentrations (3.92 and 7.83 ug/ml) caused dose-dependent increases in SCEs,
which ranged from 13.56 SCEs/cell at 3.9 ug/ml to 28.35 SCEs/cell at 7.83 ug/ml.
The background central frequency was &.69 SCEs/cell.

Following a 24-hour exposure of CHO cells to nonactivated acetaldehyde

concentrations ranging from 1.96 to 11.75 ug/ml, Obe and Beek (1979) found that
the lowest effective concentration was 3.92 ug/ml, which produced 18.89 SCEs/cell
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compared with 8.24 SCEs/cell in controls. The maximum response (22.08 SCEs/cell)
was seen at the highest (11.75 ug/ml) concentration.

De Raat et al. (1983) reported that acetaldehyde (7.8 to 39.4 ug/ml for 24 hours)
induced dose-related increases in SCEs both in the presence and absence of
metabolic activation. The lowest concentration tested, 7.8 ug/ml, produced 17.25
SCEs/cell without activation and 15.40 SCEs/cell with S9 activation;
corresponding values in control cultures were 9.20 and 13.45 SCEs/cell,
respectively,

7.4.2 Human Lymphocytes

Ristow and Obe (1978) observed a dose-related increase in SCEs in cultured human
whole-blood lymphocyte cultures exposed to 3.92 to 15.7 ug/ml acetaldehyde. The
highest concentration (15.7 ug/ml) produced 14,18 SCEs/cell compared with 4.02
SCEs/cell in control cultures at 24 hours; when treated for 48 hours, the SCE
frequency increased to 23.95 SCEs/cell.

Similarly, Norppa et al. (1985) observed statistically significant (p <0.001)
dose-related increases in SCEs following treatment of peripheral lymphocytes with
2.8 to 88.2 ug/ml acetaldehyde (-89) for 48 hours.

In another study, exposure of lymphocytes to 3.92 or 7.83 ug/ml acetaldehyde (-
S9) for 90 hours caused significant (p <0.01), dose-dependent increases in SCEs;
approximately 17 or 28 SCEs/cell were produced, respectively, in treated cells
compared to 11 SCEs/cell in control cultures (Jansson 1982).

Bshlke et al. (1983) treated lymphocytes derived from German subjects possessing
both ALDH isozymes and from Japanese subjects possessing either isozyme II or
isozymes I and II with nonactivated acetaldehyde (3.97 to 47.6 ug/ml) for 72
hours. A dose-dependent increase in SCE frequencies was observed for both
populations; no differences that could be related to the different ALDH
phenotypes were observed.

Obe et al. (1986) showed that SCE induction was slightly reduced when ALDH was
added directly to the culture medium. Exposure of human peripheral lymphocytes
to 78.3 ug/ml acetaldehyde for 3 hours without metabolic activation produced
approximately 28.2 SCEs/cell compared to 10 5CEs/cell in control cultures. When
ALDH and NAD (required cofactor for ALDH) were added, the SCE frequency was
reduced to 14.5 SCEs/cell., Treatment with acetaldehyde at 15.66 ug/ml for

3 hours (without added ALDH and NAD) produced approximately two- and threefold
increases in SCE frequencies over the control values.

He and Lambert (1985) examined the SCE-inducing effect of acetaldehyde in human
lymphocytes treated at different phases of the cell cycle. Exposure of cells to
4.4, 8.8, or 13.2 ug/ml resulted in a twofold increase of SCEs when acetaldehyde
was added in the late Gi phase of the cell cycle (23 hours post-mitogen
stimulation) as compared to an earlier Gj-cell (at the time of mitogen
stimulation) exposure. In addition, the authors demonstrated that the length of
exposure affected SCE induction. For a l-hour exposure, a 24-fold higher
concentration (105.6 ug/ml) of acetaldehyde was required to elicit an SCE
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response equivalent to that seen following a 70-hour exposure of the cells to 4.4
ug/ml.

7.4.3 Whole-Mammal Bone Marrow Cells

Obe et al. (1979) reported a significant (p <0.001) increase in the SCE frequency
of a single male mouse administered an intraperitoneal injection of acetaldehyde
at either 0.01 (2.88 SCEs/cell) or 0.02 (6.40 SCEs/cell) mg/kg. However, the
number of animals used was lower than the minimum of three animals/dose required
for an jp yivo study (Latt et al. 198l). Therefore, the positive results
observed in this study are considered to be suggestive rather than definitive
evidence of a genotoxic effect (Dellarco 1988).

Korte and Obe (198l) administered single intraperitoneal injections of
acetaldehyde at 0.01, 0.1, or 0.5 mg/kg to groups of six or seven male and six or
seven female Chinese hamsters. Doses equal to or greater than 0.6 mg/kg were
lethal, and animals died within 30 minutes of injection. The SCE frequency was
elevated only in the 0.5-mg/kg dose group (6.1 SCEs/cell) as compared with
untreated controls (3.5 SCEs/cell, p <0.01).

It is of note that the route of exposure in these two in vivo studies was
intraperitoneal. It is uncertain, therefore, whether similar responses would be
observed if a route relevant to human exposure (inhalation or oral) were used.

7.5 DNA Damage

Acetaldehyde-induced DNA damage was studied in DNA repair-deficient bacteria and
in cultured mammalian cells.

7.5.1 Bacteria

Rosenkranz (1977) observed a weakly positive response in the E. coli pol A assay
after exposure of the bacteria to 7938 ug/ml acetaldehyde in the absence of
metabolic activation; the zone of inhibition for the DNA repair-deficient strain
(pol A”) was only slightly greater (12 mm) than that for the DNA repair-
proficient (pol A+) strain (8 mm). However, conditions may not have been ideal

for the testing of a volatile material.

7.5.2 Mammalian Cell Culture

Results from in vitro alkaline elution assays showed that acetaldehyde did not
produce detectable DNA damage in mouse lymphoma L5178Y/TK+/" cells 