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1. ABSTRACT

The fetotoxic effects of maternal ethanol (E)
consumption have been documented for over two decades,
yet the mechanisms underlying this devastating
phenomenon remain uncertain. The wide variety of
cellular/biochemical effects of E on fetal tissues is itself a
puzzle and strongly suggests that fetotoxic responses to E
reflect a multifactorial setting. Many of these responses can
be conceptually connected to effects on membrane
structure and function. Representative of this, are studies in
our laboratory documenting E effects on fetal cell
replication, membrane transport systems, membrane
fluidity, Na+-K+ pump expression, and EGF receptor
expression. Recent studies have provided evidence that
oxidative stress may be one mechanism by which E
produces these membrane-related events.  We initially
observed E-induced oxidative stress in cultured fetal rat
hepatocytes, the latter exhibiting morphological and
biochemical signs of mitochondrial damage. E increased
H2O2, O2

-, lipid peroxidation products, along with signs of
membrane damage. Supplementation with antioxidants or
agents that enhance glutathione stores reversed these
effects. E was found to inhibit activities of mitochondrial
respiratory chain components (a potential source of the
enhanced levels of H2O2, and O2

-) and this could be
reversed by antioxidant treatment. Subsequent studies have
documented oxidative stress and membrane lipid
peroxidation in fetal brain and liver (gestation day 19)
following a two day maternal E consumption and in
gestation day 14 and 17 "embryos" immediately following
a single dose of E to the pregnant dam.

The means by which E can induce oxidative
stress in fetal cells is under investigation. We have
examined effects of E on activities of key antioxidant
enzymes and found no depressant responses. However, the
low levels of antioxidants in fetal tissues and an
exaggerated response of fetal mitochondria to prooxidant
stimulation in vitro, suggest that fetal cells are strongly
predisposed to oxidative stress. Additionally, recent studies
have suggested that fetal tissues are likewise prone to the
formation and subsequent accumulation of at least one
toxic lipid peroxidation product, 4-hydroxynonenal.

We conclude that maternal E consumption
induces oxidative stress in fetal tissues and that this is
responsible for some toxic responses to E. Additionally, the
low antioxidant defenses in fetal tissues and accumulation
of toxic aldehyde products of lipid peroxidation predispose
the fetus to oxidative damage.

2. INTRODUCTION

A major cause of birth defects today is maternal
consumption of ethanol. The maximal expression of this
teratogenic response is the Fetal Alcohol Syndrome (FAS),
first labeled as such in 1972 (1) and first, formally reported
by Lemoine, P., et al (2).  These and subsequent accounts
(3) reported high incidence of pre- and postnatal growth
retardation, developmental delay, a specific pattern of
craniofacial abnormalities and limb and cardiac defects.
Currently, diagnosis of this syndrome is characterized by 1.
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growth retardation, 2. CNS abnormalities (which may
include abnormal brain morphology, neurological
abnormalities, developmental and intellectual impairment),
and 3. the characteristic pattern of craniofacial
abnormalities (1-3). These are mostly associated with
sustained heavy maternal ethanol consumption. However, a
number of epidemiological studies over the past decade
have provided evidence that more moderate maternal
ethanol consumption may be connected with lasting
behavioral and intellectual dysfunctions (3). The minimal
amount of consumed ethanol needed to elicit adverse
outcomes is and will likely continue to be controversial,
due to the complex nature of consumption patterns,
difficulties in documenting use, and the plethora of other
social and concomitant drug use variables.  Also, the
pattern of consumption may be relevant. A 1990
prospective study (4) found "binge" consumption of five or
more drinks on at least one occasion to be associated with
lasting effects on IQ and learning problems.

Our initial efforts in this field utilized the
Sprague Dawley rat either treated with ethanol (via gastric
intubation) at specific times during gestation to mimic a
"binge" setting or fed the Lieber DeCarli liquid diet
throughout gestation as a "chronic" model (5,6). A
consistent finding in both the ethanol-exposed rodent fetus
and neonate was decreased body weight combined with
parallel decreases in heart, liver, and kidney growth.  Brain
weight was also decreased if the fetus had been exposed to
ethanol throughout gestation or to a 3 day binge late in
gestation. These studies were in the middle to late 1970s
and this period marked the emergence of a large number of
reports detailing (describing) the impact of ethanol on fetal
and neonatal growth and development. Most models
utilized rodents with an ethanol-related growth inhibition
being reported for both mice and rats (6,7) by far more
laboratories than can be cited here. Maternal ethanol intake
by nonhuman primates has also been reported to generate
reduced fetal growth but no abnormal facial characteristics
were detected (8).

3. MECHANISMS UNDERLYING FETAL
ALCOHOL SYNDROME

The most striking aspect of a review of the FAS
literature is the extensive variety of effects that ethanol has
on fetal tissue (9). How a single compound such as ethanol
could directly effect such a diverse range of
cellular/biochemical events is puzzling and seems unlikely.
It makes far more intuitive sense if ethanol were to
primarily alter one or two basic cellular processes (eg
membrane integrity, energy production and/or produce
factors  which secondarily affect these basic processes) that
are key to cellular order. Such a "disruption" would then
produce the observed secondary cascade of events often
credited to the drug itself. A central causal factor has not
been confirmed, but the fetus occupies a unique setting in
which its viability is totally dependent upon its host (the
mother), many of whose biological systems are also
affected by ethanol. Thus, when probing the mechanistic
basis for FAS, we are likely addressing a multifactorial or,
at least dual, event in which the fetotoxic effects of ethanol

may be derived from direct effects both on fetal cells (these
key cellular processes) as well as via secondary effects on
the maternal/placental functions.

3.1. Indirect Effects:  Fetal hypoxia
This school of thought is derived from studies

indicating that maternal ethanol intake may restrict
placental blood supply, thereby reducing oxygen supply to
the fetus (10,11). Infusing ethanol (2 to 4 g/kg) into the
monkey has been found to reduce fetal blood pressure,
heart rate, and induce acidosis (12). In the rat, microsphere
studies confirm an ethanol-related decrease in placental
blood flow (13). This concept has not been confirmed by
the one Doppler study done in humans, however the dose
and duration of exposure to ethanol were well below those
thought to be overtly teratogenic and the patient did not
serve as her own control (14).  A role for Prostaglandins.
Prostanoids are established mediators of pregnancy and are
requisite for "normal" fetal development (15).  However,
exogenously administered prostaglandin (PGE) can be
teratogenic (16) and compounds which inhibit PGE
synthesis have been shown to offer protective effects
against the fetotoxic effects of ethanol (17-19).
Accordingly, prostanoids may play a causal role in FAS.
This could be a direct effect on fetal tissues or it may be
connected to altered regulation of umbilical and placental
blood flow. PGE is produced by both the umbilical and
placental vessels whose blood flow is regulated by
prostacyclin/thromboxane actions (20,21) and PGE
inhibitors reduce oxygen-induced constriction of umbilical
arteries (22).  The relevance of this to the current
discussion is the possibility of reperfusion-related  injury
and associated oxidative stress that could be generated in
the maternal-fetal axis by disruptions of utero/placental
blood flow.

3.2. Direct Effects on Fetal Tissue
Ethanol exposure in the absence of maternal

influences produces a variety of toxic and potentially toxic
responses in fetal tissues. A fully comprehensive discussion
of these is not germane to the present review (see another
review for many of these (9), however we will present
several previously documented adverse responses to
ethanol that might be derived from ethanol-mediated
oxidative stress. Potentially important, may be that many of
the effects of ethanol on cultured fetal cells that we have
observed can be connected to  alterations in membrane
structure and/or function.

Cell replicative capacity and EGF receptor
dynamics. Cell replicative capacity is clearly a central
factor in fetal growth and development. Cell replication is,
in turn, subject to autocrine, paracrine and endocrine
control by a variety of growth factors. Of the  many peptide
growth factors regulating cell replication, epidermal growth
factor (EGF) has been implicated in growth regulation at
virtually all stages of development from the blastocyst (23)
to the neonate (24). In our hands, the rat fetal hepatocyte
cultured in defined media requires only EGF (optimally 2
ng/ml) to replicate and ethanol blocks this replication (25).
This replicative block is accompanied by increased surface
expression of both high and low affinity EGF receptors
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which may be caused by impaired internalization of the
occupied EGF receptor (26). This is a response also
produced in cultured fetal rat hepatocytes by another
compound that blocks replication, TGFBeta1 (27).

Membrane fluidity and composition. There is an
extensive body of evidence that ethanol alters fluidity and
composition of various cell membranes (28).  This has been
linked, albeit not conclusively, to altered conformation of
membrane proteins, which could include such key elements
as growth factor receptors, enzymes, and neurohormone
receptor complexes (29). While ethanol-related alterations
in cell membrane fluidity occur, their functional
significance remains to be established. However,
membrane fluidity changes as factors in the pathogenesis of
FAS are intuitively attractive in that they could represent a
single underlying mechanism by which ethanol may
generate such a wide variety of altered membrane events
requisite for cell viability and function. In this regard, we
have found that in cultured fetal hepatocytes exposed to
ethanol, measures of membrane fluidity are altered in
parallel with changes in membrane-related functions such
as Na+-K+ pump expression (30) and EGF receptor
internalization (26).

4. OXIDATIVE STRESS, LIPID PEROXIDATION,
AND REACTIVE ALDEHYDE PRODUCTION

Oxygen, while central to life, is potentially toxic.
In its ground state, it possesses two unpaired electrons with
parallel electronic spins. Such a setting makes a two
electron reduction kinetically unlikely, however sequential
one-electron reductions do occur, generating oxygen free
radicals. In the biological setting, the initial one electron
exchange generates the superoxide anion radical (O2

-). The
protonated two electron reduction produces H2O2 (the
protonated form of the peroxide ion) with the final
protonated four electron product being water. Oxygen free
radicals are known to adversely affect a variety of cellular
elements, proteins, DNA bases and sugars, polysaccharides
and lipids. Since much of our previous work has
documented ethanol effects on fetal cell membranes
(25,26,30-32) and microscopic examinations of ethanol
exposed fetal cells indicated extensive mitochondrial
membrane damage, the issue of ethanol-related oxidative
damage to fetal cell membranes (eg lipid peroxidation)
became a major interest. It is well documented that oxygen
free radicals react with unsaturated membrane lipids,
initiating a self-perpetuating peroxidation process (33).
This reaction can produce loss of membrane function and
ultimately cell death if the damage is sufficient. Ethanol has
been shown to induce lipid peroxidation (34,35) and its
effect on mitochondrial morphology (inner membrane
damage) in our fetal hepatocytes originally led us to
suspect that ethanol produced oxidative stress in these cells.
The studies outlined in the following sections confirm this.

4.1. Ethanol and Oxidative Stress in the Fetus
4.1.1. Oxidative  stress and the fetus

There has previously been little experimental
evidence linking maternal ethanol consumption to oxidative
damage of the fetus. To our knowledge, this  resides in two

reports by Dreosti, et al.(36,37) in which dams were
provided a 20% ethanol solution as a sole source of water
throughout gestation. This regimen increased
malondialdehyde (MDA) content of fetal liver
mitochondria (as we have observed in cultured fetal
hepatocytes (10)) but had no effect on MDA content of the
microsomal fraction of fetal liver or on either fetal or
maternal brain. The 2 day "binge" regimen that we have
utilized estimated MDA in post nuclear fractions rather
than the two organelle enriched isolates (38), but it is in
general agreement with the prior report (36) except that we
found both MDA and dienes to be increased in fetal brain.
Evidence that might indirectly support ethanol-induced
oxidative stress in the fetus was included in a report by
Reyes, E., et al (39), which indicated that chronic maternal
ethanol consumption can reduce GSH content of fetal brain
and liver. Our short term exposure regimen (outlined
below) supported this, but the earlier report by Dreosti, et
al (37) found no evidence that chronic consumption of
ethanol altered GSH of either fetal liver or brain. Once
again, varied ethanol intake patterns used by these two
groups (ethanol in  drinking water vs ethanol in a liquid
diet) might explain this difference.

4.1.2. Ethanol-induced oxidative stress in cultured fetal
hepatocytes

Our prior studies with cultured FRH illustrated
that ethanol-related increases in H2O2, O2

- and membrane
lipid peroxidation were paralleled by signs of cell
membrane damage (leakage of LDH, ALT, 54Cr) and
blockade of cell replication (25,38).  The enhanced cellular
leakage implies damage to cell membrane components that
could compromise fetal cell function. This was
accompanied by increased levels of two markers of lipid
peroxidation, MDA and conjugated dienes (figure 1).
Additionally, the morphological and biochemical signs of
mitochondrial damage were associated with depressions of
complex I and IV activities along with decreased ATP
synthesis (40).  A conceivable importance of  the latter
ethanol effect is that inhibition of mitochondrial respiratory
chain components has been shown to stimulate production
of reactive species, hence this could be the origin of the
increased levels of H2O2 and O2

- (38,41). It is relevant that
this occurs in a tissue with microsomal P450 systems that
are so poorly developed that they likely contribute little to
the generation of reactive oxygen species.  Potentially of
greater significance is the inhibitory effect of ethanol on
cultured fetal cell replication/growth as this could be the
mechanism underlying the numerous observations of
impaired growth and replication of fetal and neonatal brain
cells associated with in utero ethanol exposure (42-44).
Importantly, the ethanol induced block of cell replication
and concomitant membrane lipid peroxidation could both
be mitigated by augmenting cellular antioxidant capacity
(figure 1) along with reversal of the impaired mitochondrial
respiratory chain components when mitochondrial reduced
glutathione (GSH) levels were normalized (38).  This is
strong documentation that ethanol induced oxidative  stress
can impact negatively on vital fetal cell functions
(replication, membrane integrity, and mitochondrial energy
production) and it implies that compromised antioxidant
status could be one underlying mechanism.
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Figure 1. Ethanol effects, oxidant stress, and antioxidant
supplementation on cultured fetal rat hepatocytes. Cells
were cultured with or without ethanol (2 mg/ml) for 24
hours. Antioxidants included with some samples were s-
adenosylmethionine (0.1 mMolar) to normalize cellular
reduced glutathione (GSH) and vitamin E (alpha-
tocopherol) (0.1 mMolar) (ref. 38). Values are expressed as
means +/- SEM for 5 to 7 values per point. These data were
presented, in part in Hepatology 18, 648-659, 1993;
Permission granted.

Figure 2. Brain MDA formation following a 2 day in utero
ethanol exposure. Dams (Sprague Dawley rats) were
intubated with ethanol (4 gm/kg) at 12 hour intervals on
days 17 and 18 of gestation and one hour prior to sacrifice
on gestation day 19. Pair-fed controls received isocaloric
dextrose to balance the ethanol and lab chow according to
the ethanol treated rat  to which they were paired. Ad lib
control rats received lab chow. n= 12 pregnancies; 3 assays
per pregnancy (ref.55). Values are expressed as means +/-
SEM. These data were presented, in part in Alcoholism:
Clinical and Experimental Research 19, 714-720, 1995;
Permission granted.

4.1.3. Ethanol-induced oxidative stress in the fetus
The ultimate effects of an ethanol-induced

prooxidant setting and the resulting enhanced membrane
lipid peroxidation on fetal development and viability has
yet to be established. However, the potential for damage is
substantial. It is well documented that the fetus/embryo is
exquisitely sensitive to oxidative stress, the generation of
which can cause a spectrum of responses ranging from
structural malformations to embryonic death (45-47).
Some or much of this might be related to lipid peroxidation

since its products (such as reactive aldehydes) and the
intermediate radicals formed in the peroxidation process
are known to adversely affect a variety of cellular functions
key to growth. These later events, which are also observed
with ethanol or acetaldehyde exposure, include cytoskeletal
disruption (48,49), mitochondrial dysfunction  (50-53), and
alteration of membrane protein receptors and subsequent
signal transduction (31,54).

Recent studies in our laboratory have
documented evidence of oxidant stress in fetal brain and
liver following short-term maternal ethanol consumption
(55).  Pregnant rats were administered ethanol (4 gm/kg) by
gavage twice a day on days 17 and 18 of gestation and
sacrificed on day 19 one hour following a final dose of
ethanol. This "binge" model increased both MDA and
conjugated diene levels in fetal brain (figure 2) and in fetal
liver. This treatment modestly decreased GSH in both fetal
brain and liver (19% and 10%, respectively) but had no
effect on vitamin E content of either organ. Additionally, it
was found that a single exposure to ethanol, in utero, was
sufficient to increase MDA levels in whole "embryos" at
earlier stages of gestation, days 17 and 14 (figure 3 for day
14). Thus, short-term in utero ethanol exposure can elicit
oxidative stress in the fetus, however the origin of this and
its effects on fetal development remain to be established. It
is difficult, at this juncture, to connect the small decreases
in brain and liver GSH following this ethanol exposure
regimen to the observed oxidative stress. However,  long-
term  in utero ethanol exposure might generate a greater
GSH depletion that could generate or exacerbate oxidant
stress in the fetus.

4.2.Antioxidant Defenses and the Fetus
4.2.1. An absence of reduced antioxidant defenses
following short-term ethanol exposure

There is substantial evidence that ethanol can
deplete at least some important antioxidant defense
systems. With respect to hydrophilic nonenzymatic
antioxidants, there are reports that ascorbic acid excretion
is stimulated by ethanol (56) and that ethanol decreases
tissue GSH (57,58).  Additionally, ethanol consumption
(acute and chronic) has been reported to decrease alpha -
tocopherol content of rat liver (59) and human plasma (60).
Clearly, these could be factors contributing to our
observations of oxidative damage to membrane lipids
following maternal ethanol intake, however no clear cause
and effect connections between these events have been
established. We have not yet monitored ascorbate in fetal
tissues, however our ethanol exposure regimen did not
decrease alpha -tocopherol  levels in fetal brain or liver and
the effect of the modest 10% to 19% depletion of total
organ GSH cellular antioxidant defenses is probably slight,
at best.  More recent studies have investigated effects of the
two day ethanol exposure regimen on activities of fetal
liver or brain catalase, superoxide dismutase (both cytosolic
and mitochondrial), glutathione peroxidase, and glutathione
S-transferase (61).  No inhibitory effects were found. To
the contrary, activities of these antioxidant enzymes were
mostly enhanced, a setting often seen in oxidative stress.
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Figure 3. Effect of a single in utero exposure to ethanol on
MDA content of day 14 whole embryos. Dams (Sprague
Dawley rats) were intubated with ethanol (4 gm/kg) and
sacrificed at 2, 3, or 6 hours thereafter. Malondialdehyde
(MDA) levels were assayed in homogenates of whole embryos
grouped for each pregnancy. n= 20 dams and 228 embryos; 5
dams per point; 3 assay values per pregnancy (ref. 55). Values
are expressed as means +/- SEM. These data were presented,
in part in Alcoholism: Clinical and Experimental Research 19,
714-720, 1995; Permission granted.

Figure 4. Comparison of GSH and vitamin E content of
fetal and adult brain and liver. Dams (Sprague Dawley rats)
were sacrificed on gestation day 19. GSH and vitamin E
were assayed in homogenates of brain and liver. n= 9 sets
of  tissues and pregnancies for GSH measures and 8 for
vitamin E (ref. 55). Values are expressed as means +/-
SEM. These data were presented, in part in Alcoholism:
Clinical and Experimental Research 19, 714-720, 1995;
Permission granted.

4.2.2. Developmentally compromised antioxidant status
predisposes the fetus to oxidative stress

Fetal tissues generally possess lower activities
and levels of oxidative defenses than the adult (62,63) and
might thereby be more sensitive to oxidative stress
produced by ethanol. The former was confirmed by our
studies. alpha-tocopherol levels in 19 day fetal brain and
livers are only 14% to 20% of those in the corresponding
adult tissues (figure 4) while GSH content of these two

fetal organs were about one half of adult values (figure 4)
(61).  Similar patterns exist for most of the key antioxidant
enzyme systems in brain and liver. In the day 19 fetal brain,
glutathione S-transferase and glutathione peroxidase
activities are only 41% and 12% of adult values,
respectively. In the fetal liver, this pattern is respectively,
31% and 11% of activities in adult liver (figure 5) (61).
Clearly, such low antioxidant defenses could predispose
these fetal tissues to oxidative stress and the resulting
damage.

4.3. 4-Hydroxynonenal, its toxic effects and its
generation by ethanol
4.3.1. Oxidative Stress, lipid peroxidation, and 4-
hydroxynonenal production

Aldehydes are generated as by-products of lipid
peroxidation, a complex, self sustaining reaction in which
polyunsaturated fatty acids (PUFAs) of the membrane
bilayer are converted to reactive/unstable lipid
hydroperoxides (figure 6) (64).  Secondarily, these
compounds can be converted to a wide variety of products
(such as aldehydo-, keto-,epoxy-) by scission, fission,
rearrangement, and oxidative reactions (64).  There are a
variety of aldehydes produced by chain cleavage and
recurrent oxidative reactions (64,65), with one of the best
studied groups being 4-hydroxyalkenals, especially 4-
hydroxynonenal (HNE). The greatest yields of HNE have
been shown to be generated from linoleate and arachidonic
acids (figure 6), thus one might expect membrane fractions
rich in these two PUFAs to be the most facile in producing
HNE. This could be relevant to the ethanol exposed fetus as
short-term ethanol exposure has been reported to increase
PUFA content of adult liver mitochondria (66) and there
are a variety of gestational changes in fetal tissue
phospholipid molecular species (67).  Additionally, HNE is
metabolized by enzyme species that are less well developed
in the fetus than in the adult (see below).

4.3.2. Toxic responses to HNE.
HNE is generally considered to be the most toxic

aldehydic product of lipid peroxidation (for a review see
Esterbauer, H., et al (68)) due to its high reactivity towards
cellular macromolecules (69-71).  Thus, there is
documentation of a wide variety of  toxic "functional"
responses to HNE. Most germane to the fetal setting are
effects that can be connected to cell replication/cell cycle
progression and mitochondrial function. HNE produces
replicative block of cultured neuroglial cells, possibly
caused by crosslinking to cytoskeletal proteins (72), alters
cell cycle progression and granulocytic differentiation (73),
modifies monocyte migration and chemotactic responses
(74), and inhibits synthesis of DNA, RNA and protein
(75,76).  Studies by a co-investigator on this proposal and
others have documented a variety of effects of HNE on key
mitochondrial functions. These include inactivation of
enzymes such as Na+-K+-ATPase and adenine nucleotide
translocator (77,78), inhibition of mitochondrial
transcription machinery (79) and alteration of
mitochondrial membrane fluidity (80).  With respect to
ethanol, there is evidence from both clinical observation
and laboratory studies that exposure to ethanol causes
tissue damage and dysfunction, particularly in the liver,
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Figure 5. Comparison of glutathione-dependent antioxidant
enzyme activities in fetal and adult brain and liver. Dams
(Sprague Dawley rats) were sacrificed on gestation day 19.
Enzyme activities were determined in homogenates of
brain and liver. n= 10 values and assays from tissues
obtained from 10 pregnancies (ref. 61 for the liver data).
Values are expressed and mean +/- SEM. These data were
presented, in part in Alcohol 13:1-6, 1996; Permission
granted.

Figure 6. Formation of 4-hydroxynonenal from linoleic and
arachidonic acid components of cell lipids.

Figure 7. Metabolism of 4-hydroxynonenal in liver by
three enzyme systems.

with the mitochondria being target organelles (81-83). The
mechanisms underlying these hepatotoxic effects of ethanol
remain unclear, however there is tantalizing evidence that
oxidative stress and subsequent generation of aldehyde
peroxidation products produced (HNE specifically), play a
role (84-87).  Studies in our laboratory have found that in
utero and ex utero ethanol exposure increases HNE levels
in fetal and neonatal liver.

4.3.3. Production of HNE in fetal liver exposed to
ethanol

Recent studies in our laboratory have found that a
two day "Binge" exposure to ethanol strikingly enhances
HNE content of whole fetal liver and of liver mitochondria.

This exposure regimen increased HNE content of fetal liver
homogenates by 300% while likewise increasing HNE in
adult liver by about 200% (data not shown). Marked
increases in MDA levels were also seen in both adult
(181%) and fetal (160%) tissues. Comparable responses
were seen in isolated mitochondria, always with higher
values in fetal liver mitochondria than in those from the
adult tissue. When isolated mitochondria from adult and
fetal liver were exposed to  another prooxidant (t-butyl
hydroperoxide) in vitro, mitochondria from fetal liver
generated 3.5 times more HNE than did those from adult
liver (data not shown).  Since the three enzyme systems
primarily involved in the metabolism of HNE are lower in
fetal tissues than in adult, we investigated the possibility
that low metabolic elimination of HNE in fetal liver is
connected to the higher steady-state levels of the aldehyde
the fetal tissue.

4.3.4. Adult and fetal differences in metabolism of HNE
The metabolism of HNE occurs primarily (but

possibly not entirely) by three enzymatic systems, aldehyde
dehydrogenase (ALDH), glutathione S-transferase (GST)
and alcohol dehydrogenase (ADH) (figure 7). This concept
has been based on the identification of primary products of
these three reactions, 4-hydroxy-2-nonenoic acid, for
ALDH, 1,4-dihydroxy-2-nonene, for ADH and a
glutathione-HNE-conjugate for the GST-catalyzed reaction
(68,88,89).

In our laboratory, using inhibitors of these three
enzyme systems, we confirmed that in fetal and adult liver,
these pathways account for over 90% of HNE catabolism.
This is illustrated in figure 8 where 75 nmoles of HNE
were added to one ml of  adult or fetal liver homogenate
and HNE remaining after various time intervals (5 minutes
for this figure) was determined. Each enzyme system was
driven by addition of specific cofactors for the system,
NAD for ALDH, NADH for ADH, and GSH for GST and
the enzyme inhibitors added were disulfiram (DIS) for
ALDH,  pyrazole (PYR) for ADH, and ethacrynic acid
(E.A.) for GST. When all 3 inhibitors were included in the
incubation, only 5% or less of the added HNE was
metabolized (bars to the far right of figure 8). The lower
capacity of these systems for HNE metabolism in the fetal
liver is apparent from comparison of the bars for fetal and
adult samples (open vs hatched) representing samples
containing no inhibitors. For adult liver, over 90 % of all
HNE was metabolized within the 5 minute incubation while
for fetal liver homogenates, this value was 47%, 39% and
85% for incubations supplemented with NAD (ADH),
NADH (ALDH), or GSH (GST), respectively. This
adult/fetal difference was confirmed by time courses which
quantitated net metabolism in both whole liver
homogenates and in isolated mitochondria (data not shown
but submitted to Hepatology for publication). Additionally,
in fetal liver homogenates  pyrazole had little effect on
HNE metabolism indicating a low activity of ADH towards
this substrate, while the striking inhibitory response to E.A.
suggested a major role for HNE conjugation with
glutathione. Thus, these studies imply that low metabolism
of HNE may be one mechanism underlying its higher
accumulation in fetal liver than in adult and additional
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Figure 8.  Metabolism of 4-hydroxynonenal by adult and
fetal liver homogenates. Dams (Sprague Dawley rats) were
sacrificed on gestation day 19. 75 n moles of 4-
hydroxynonenal were added to one ml volumes of
homogenates of adult or fetal liver. The reaction was
terminated by addition of acetonitrile/acetic acid (24/1) five
minutes after initiation of the reaction and the remaining 4-
hydroxynonenal determined. Cofactors (noted under the x
axis) for the reactions (noted above the corresponding bars)
were added to each reaction; 1.0 mMolar for NAD and
NADH and 100 uMolar for GSH. Inhibitors for the specific
reactions were disulfiram (DIE), pyrazole (PER), and
ethacrynic acid (E.G.). The data points are means +/- SEM.,
n= 6 adult livers and 6 sets of fetal livers from 6
pregnancies.

experiments (90)  suggest that fetal liver mitochondria may
be more prone to HNE formation than the organelle from
adult liver under identical oxidant stress conditions.

5. SUMMARY

Generation of oxygen free radicals is a given
component of aerobic life, however the elegant interactive
detoxifications present in tissues are generally sufficient to
prevent significant damage. The fetus, on the other hand,
represents a system which may possess extraordinary
sensitivity to oxidative stress. It is a body of rapidly
replicating and differentiating (mostly in the embryonic
stage) cells, a setting which places high demand on
metabolic energy production. These are the very processes
which generate the electron fluxes which produce reactive
oxygen species. Additionally, fetal tissues contain higher
levels of iron and copper than the adult yet they have lower
levels of non-enzymatic and enzymatic detoxification
systems needed to blunt the oxidative assault. The data
presented here suggest that low antioxidant defenses may
be an important factor that predisposes these tissues to
oxidative stress. Studies in our laboratory have provided a
variety of evidence that ethanol can produce oxidative
stress in cultured fetal cells and in fetal brain and liver
following short-term maternal ethanol consumption. In
cultured fetal rat hepatocytes, oxidant-related damage
caused by ethanol exposure can be mitigated by
augmenting/normalizing antioxidant defenses. The only
antioxidant system that appears to be compromised by
ethanol is GSH stores, however this is only slight in the in
vivo setting. An additional factor contributing to ethanol-

related damage could be production of reactive aldehyde
products of lipid peroxidation. In vivo exposure to ethanol
strikingly enhances HNE content of fetal liver and two
underlying mechanisms for this may be low metabolism of
this toxic aldehyde and a predisposition to its formation.

6. REFERENCES

1.  Jones KL, DL Smith, CW Ulleland & AP Streissguth:
Pattern of malformations in offspring of chronic alcoholics.
Lancet 2, 999 (1973)
2.  Lemoine P, H Harrousseau, JP Borteyro & JC Menuer:
Quest Med, Les enfants de parents alcoholiques; Anomalies
observees a propos de 127 cas 21, 467 (1968)
3.  Forrest F, CV DuFlorey & D Taylor: Maternal ethanol
consumption and child development. Int J Epidem 21, S17-
S23 (1992)
4.  Streissguth AP, HM Barr & PD Sampson:  Moderate
prenatal alcohol exposure: effects on child IQ and learning
problems at age 7½ years.  Alcohol Clin Exp Res 14, 662-
669 (1990)
5.  Henderson GI & S Schenker:  The effect of maternal
alcohol consumption on the viability and visceral
development of the newborn rat.  Res Comm Chem Pathol
Pharmacol 16,15-32 (1977)
6.  Henderson GI, AM Hoyumpa, C McClain & S
Schenker: The effects of chronic and acute alcohol
administration on fetal development in the rat. Alcohol Clin
Exp Res 3, 99-106 (1979)
7.  Randall CL & WJ Taylor: Prenatal ethanol exposure in
mice: Teratogenic effects. Teratology 19, 305-311 (1979)
8.  Scott WJ Jr & R Fradkin: The effects of prenatal ethanol
in cynomolgus monkeys.  Teratology 29, 49-56 (1984)
9.  Schenker S, HC Becker, C Randall, DK Phillips, GS
Baskin & GH  Henderson:  Fetal Alcohol Syndrome:
Current status of pathogenesis. Alcohol Clin Exp Res 14,
635-647 (1990)
10.  Horiguich T, K Suzuki, AC Comas-Urrutia, E Mueller-
Heubach, AM Boyer-Milic, RA Baratz, HO Morishima, LS
James & K Adamson:  Effect of ethanol upon uterine
activity and fetal acid-base state of the rhesus monkey.  Am
J Obstet Gynecol 109, 910-917 (1971)
11.  Amankwah KS & RC Kaufmann:  Ultrastructure of
human placenta: effects of maternal drinking.  Gynecol
Obstet Invest 18, 311-316 (1984)
12.  Mukherjee AB & GD Hodgen:  Maternal ethanol
exposure induces transient impairment of umbilical
circulation and fetal hypoxia in monkeys.  Science 218,
700-702 (1982)
13.  Jones PJH, J Leichter & M Lee:  Placental blood flow
in rats fed alcohol before and during gestation.  Life Sci 29,
1153-1159 (1981)
14.  Erskine RLA & JWK Richie:  The effect of maternal
consumption of alcohol on human umbilical artery blood
flow.  Am J Obstet Gynecol 154, 318-321 (1986)
15.  Persaud TVN.  Prostaglandins and organogenesis.  Adv
Prostaglandin Thromboxane Res 4, 139-156 (1978)
16.  Randall CL RF Anton & HC Becker:  Alcohol,
pregnancy and prostaglandins.  Alcohol Clin Exp Res 11,
32-36 (1987)
17.  Randall CL, RF Anton, HC Becker & NM White:
Effects of acute alcohol on prostaglandin levels in mouse



Ethanol, oxidative stress, reactive aldehydes, and the fetus

548

uterine-embryo tissue (abstract). Alcohol Clin Exp Res 12,
340 (1988)
18.  Randall CL & AF Anton: Aspirin reduces alcohol-
induced prenatal mortality and malformations in mice.
Alcohol Clin Exp Res 8, 513-515 (1984)
19.  Randall CL, RF Anton, HC Becker & NM White:
Role of prostaglandins in alcohol teratogenesis.  Ann NY
Acad Sci 562, 178-182 (1989)
20.  Mikila U-M, P Jouppila, P Kirkinen, L Viinikka & O
Ylikorkala:  Placental thromboxane and prostacyclin in the
regulation of placental blood flow.  Obstet Gynecol 68,
537-540 (1986)
21.  Parisi VM & SW Walsh SW:  Arachidonic acid
metabolites and the regulation of placental and other
vascular tone during pregnancy.  Sem Perinatol 10, 288-
298 (1986)
22.  McLennan SJ, JC McGrath & MJ Whittle:  Inhibition
of oxygen-induced contraction of the isolated human
umbilical artery by indomethacin, flurbiprofen, aspirin and
drug modifying Ca2+ disposition.  Prostaglandins 36, 711-
729 (1988)
23.  Paria BC, SK Das, GK Andrews & SK Dey:
Expression of the epidermal growth factor receptor gene is
regulated in mouse blastocysts during delayed
implantation.  Proc Natl Acad Sci USA 90, 55-59 (1993)
24.  Calamandrei G & E Alleva:  Epidermal growth factor
has both growth-promoting and growth-inhibiting effects
on physical and neurobehavioral development of neonatal
mice.  Brain Res 477, 1-6 (1989)
25.  Heitman DW, TA Frosto, S Schenker & GI Henderson:
Stimulatory effects of ethanol on amino acid transport by
rat fetal hepatocytes.  Hepatology 7:307-314 (1987)
26.  Henderson GI, GS Baskin, J Horbach, P Porter & S
Schenker:  Arrest of epidermal growth factor-dependent
growth in fetal hepatocytes after ethanol exposure. J Clin
Invest 84,1287-1294 (1989)
27.  Baskin G, S Schenker, T Frosto & G Henderson:
Transforming growth factor ß1 inhibits epidermal growth
factor receptor endocytosis and down-regulation in cultured
fetal rat hepatocytes.  J Biol Chem 266, 13238-13242
(1991)
28.  Kelly-Murphy S, AJ Waring, H Rottenberg & E Rubin:
Effects of chronic ethanol consumption of the partition of
lipophilic compounds into erythrocyte membranes. Lab
Invest 50, 174-183 (1984)
29.  Villacara A, K Kumami, T Yamamoto, BB Mrsulja &
M Spatz: Ischemic modification of cerebrocortical
membranes: 5-hydroxytryptamine receptors, fluidity, and
inducible in vitro lipid peroxidation. J Neurochem 53, 595-
601 (1989)
30.  McCall D, GI Henderson, P Gray & S Schenker:
Ethanol effects on active Na+ and K+ transport in cultured
fetal rat hepatocytes.  Biochem Pharmacol 38, 2593-2600
(1989)
31.  Henderson GI, GS Baskin, TA Frosto & S Schenker:
Interactive effect of ethanol and caffeine on rat hepatocytes
replication and EGF receptor expression.  Alcohol Clin Exp
Res 15, 175-180 (1991)
32.  Henderson GI, TA Frosto, DW  Heitman & S
Schenker:  Ethanol stimulates leucine uptake by rat fetal
hepatocytes via trans-stimulation.  Am J Physiol 256,
G386-G389 (1989)

33.  Lipid peroxidation: a radical chain reaction.  In: Free
Radicals in Biology and Medicine.  Eds: Halliwell B,
Gutteridge JMC,  2nd Edition,  Clarendon Press, Oxford,
188-276 (1989)
34.  Tsukomato H:  Increased 4-hydroxynonal levels in
experimental alcoholic liver diseases: association of lipid
peroxidation with liver fibrogenesis.  Hepatology 16, 448-
453 (1992)
35.  Rouach H, MK Park, MT Orfanelli, B Janvier & R
Nordmann R:  Ethanol-induced oxidative stress in the rat
cerebellum.  Alcohol Alcoholism (Suppl) 1, 207-211 (1987)
36.  Dreosti IE:  Micronutrients, superoxide and the fetus.
NeuroToxicol 8, 445-450 (1987)
37.  Dreosti IE & EJ Partick:  Zinc, ethanol, and lipid
peroxidation in adult and fetal rats.  Biol Trace Element Res
14, 179-191 (1987)
38.  Devi BG, GI Henderson, TA Frosto & S Schenker:
Effect of ethanol on rat fetal hepatocytes: studies on cell
replication, lipid peroxidation and glutathione.  Hepatology
18, 648-659 (1993)
39.  Reyes E, S Ott & B Robinson B:  Effects of in utero
administration of alcohol on glutathione levels in brain and
liver.  Alcohol Clin Exp Res 17, 877-881 (1993)
40.  Devi BG, GI Henderson, TA Frosto & S Schenker:
Effects of acute ethanol exposure on cultured fetal rat
hepatocytes: Relation to mitochondrial functions.  Alcohol
Clin Exp Res 18, 1436-1442 (1994)
41.  Dawson TL, GJ Gores, A-L Nieminen, B Herman & JJ
Lemasters:  Mitochondria as a source of reactive oxygen
species during reductive stress in rat hepatocytes.  Am J
Physiol 264, C961-C967 (1993)
42.  Barnes DE & DW Walker:  Prenatal ethanol exposure
permanently reduces the number of pyramidal neurons in
rat hippocampus.  Dev Brain Res 1, 333-340 (1981)
43. Bonthius DJ & JR West:  Alcohol-induced neural loss
in developing rats: increased brain damage with binge
exposure.  Alcohol Clin Exp Res 14, 107-118 (1990)
44. Miller MW & S Al-Rabiai:  Effects of prenatal
exposure to ethanol on the number of axons in the
pyramidal tract of the rat.  Alcohol Clin Exp Res 18, 346-
354 (1994)
45. Jenkinson PC, Danderson & SD Gangolli:
Malformations induced in cultured rat embryos by
enzymically generated active oxygen species.  Teratogen
Carcinogen Mutagen 6, 547-554 (1986)
46. Hiranruengchok R & C Harris:  Glutathione oxidation
and embryotoxicity elicited by diamide in the developing
rat conceptus in vitro.  Toxicol Appl Pharmacol 120, 62-71
(1993)
47.  Martensson J, A Jain, E Stole, W Frayer, PAM Ault &
A Meister: Inhibition of glutathione synthesis in the
newborn rat:  a model for endogenously produced oxidative
stress.  Proc Natl Acad Sci USA 88, 9360-9364 (1991)
48.  VanWinkle WB, M Snuggs, JC Miller & LM Buja:
Cytoskeletal alterations in cultured cardiomyocytes
following exposure to the lipid peroxidation product, 4-
hydrozynonenal.  Cell Motil Cytoskeleton 28, 119-134
(1994)
49.  Smith SL, RB Jennett, MF Sorrell & DJ Tuma:
Substoichiometric inhibition of microtubule formation by
acetaldehyde-tubulin adducts.  Biochem Pharmacol 44, 65-
72 (1992)



Ethanol, oxidative stress, reactive aldehydes, and the fetus

549

50.  Kristal BS, B-J Park & BP Yu:  Antioxidants reduce
peroxyl-mediated inhibition of mitochondrial transcription.
Free Rad Biol Med 16, 653-660 (1994)
51.  Zhang Y, O Marcillat, C Giulivi, L Ernster & KJA
Davies: The oxidative inactivation of mitochondrial
electron transport chain components and ATPase.  J Biol
Chem 265, 16330-16336 (1990)
52.  Decker E & AI Cederbaum:  Increased oxygen radical-
dependent inactivation of metabolic enzymes by liver
microsomes after chronic ethanol consumption.  FASEB J
2, 2901-2906 (1988)
53.  Cunningham CC, WB Coleman & PI Spach:  The
effects of chronic ethanol consumption on hepatic
mitochondrial energy metabolism.  Alcohol Alcoholism 25,
127-136 (1990)
54.  Hoek JB, AP Thomas, TA Rooney, K Higashi & E
Rubin:  Ethanol and signal transduction in the liver.
FASEB J 6, 2386-2396 (1992)
55.  Henderson GI, BG Devi, A Perez & S Schenker:  In
utero ethanol exposure elicits oxidative stress in the rat
fetus.  Alcohol Clin Exp Res 19, 714-720 (1995).
56.  Mochizuki S & A Yoshida.  Increased urinary
excretion of ascorbic acid in rats by a large dose of ethanol
not caused by stimulated ascorbic acid biosynthesis.  Biosci
Biotech Biochem 58, 938-939 (1994)
57.  Kretzschmar M, D Reinhardt, J Schlechtweg, G
Machnik, W Klinger & W Schirrmeister:  Glutathione
homeostasis in rats chronically treated with ethanol.
Evidence for an increased hepatic GSH export in vivo.  Exp
Toxicol Pathol 44, 344-348 (1992)
58.  Fernandez-Checa JC, T Hirano, H Tsukamoto & N
Kaplowitz:  Mitochondrial glutathione depletion in
alcoholic liver disease.  Alcohol 10, 469-475 (1993)
59.  Bjorneboe G-EA, A Bjorneboe, BF Hagen, J Morland
& CA Drevon CA:  Reduced hepatic -tocopherol content
after long-term administration of ethanol to rats.  Biochim
Biophys Acta 918, 236-241 (1987)
60.  von Herbay A, H de Groot, U Hegi, W Stremmel, G
Strohmeyer & H Sies:  Low vitamin E content in plasma of
patients with alcoholic liver disease, hemochromatosis and
Wilson's disease.  J Hepatol 20, 41-46 (1994)
61.  Devi BG, S Schenker, B Mazloum & GI Henderson:
Ethanol-induced oxidative stress and enzymatic defenses in
cultured fetal rat hepatocytes.  Alcohol 13, 1-6 (1996)
62.  Gerdin E, O Tyden &  UJ  Erikson:  The development
of antioxidant enzymatic defense in the perinatal rat lungs:
Activation of superoxide dismutase, glutathione peroxidase
and catalase.  Pediatr Res 19, 187-191 (1985)
63. Mariucci G, MV Ambrosini, L Colarieti & G
Bruschelli:  Differential changes in Cu, Zn and Mn
superoxide dismutase activity in developing rat brain and
liver.  Experientia 46, 753-755 (1990)
64. Esterbauer H:  Aldehydic products of lipid
peroxidation.  In: Free Radicals, Lipid Peroxidation and
Cancer.  Eds: McBrien DC, Slater TF, Academic Press,
London, 101-128  (1982)
65.  Pryor WA & NA Porter:  Suggested mechanisms for
the production of 4-hydroxy-2-nonenal from the
autoxidation of polyunsaturated fatty acids. Free Rad Biol
Med 8, 514-543 (1990)
66.  Rouach H, M Clement, M Orfanelli, B Hanvier & R
Nordman:  Fatty acid composition of rat liver

mitochondrial phospholipids during ethanol inhalation.
Biochem Biophys Acta  795, 125-129 (1984)
67.  Burdge GC & AD Postle AD:  Phospholipid molecular
species composition of developing fetal guinea pig brain.
Lipids 30, 719-724 (1995)
68.  Esterbauer H, RJ Schaur & H Zollner:  Chemistry and
biochemistry of 4-hydroxynonenal, malondialdehyde and
related aldehydes.  Free Rad Biol Med 11, 81-128 (1991)
69.  Uchida K, LI Szweda, HZ Chae & ER Stadtman:
Immunochemical detection of 4-hydroxynonenal protein
adducts in oxidized hepatocytes.  Proc Natl Acad Sci USA
90, 8742-8746 (1993)
70. Chen JJ & BP Yu:  Alterations in mitochondrial
membrane fluidity by lipid peroxidation products.  Free
Rad Biol Med 17, 411-418 (1994)
71. Park JW & RA Floyd:  Lipid peroxidation products
mediate the formation of 8-hydroxydeoxyguanosine in
DNA.  Free Rad Biol Med  12, 245-250 (1992)
72.  Montine TJ, A Ventkataraman, ME Martin, WJ
Strittmatter & DG Graham:  E-4-hydroxy-2-nonenal is
cytotoxic and cross-links cytoskeletal proteins in P19
neuroglial cultures. Am J Pathol 148, 89-93 (1996)
73.  Barrera G, S Pizzimenti, R Muraca, G Barbiero, G
Bonelli, FM Baccino, VM Fazio &  MU Dianzani. Effect
of 4-hydroxynonenal on cell cycle progression and
expression of differentiation-associated antigens in HL-60
cells.  Free Rad Biol Med 20, 455-462  (1996)
74.  Moldovan NI, F Lupu, L Moldovan &  N  Simionescu:
4-hydroxynonenal induces membrane perturbations and
inhibition of basal prostacyclin production in endothelial
cells, and migration of monocytes. Cell Biol Int 18, 985-
992 (1994)
75.  Poot M, A Verkerk, JF Koster, H Esterbauer & JF
Jongkind:  Reversible inhibition of DNA and protein
synthesis by cumene hydroperoxide and 4-hydroxynonenal.
Mech Aging Dev  43:1-9 (1988)
76. Hauptlorenz S, H Esterbauer, W Moll, R Pumpel,
E Schauenstein & B Puschendorf: Effects of the lipid
peroxidation product 4-hydroxynonenal and related
aldehydes on proliferation and viability of cultured Ehrlich
ascites tumor cells. Biochem Pharmacol 34, 3803-3809
(1985)
77.  Chen JJ, HA Bertrand & BP Yu:  Inhibition of adenine
nucleotide translocator by lipid peroxidation products.
Free Rad Biol Med 19, 583-590 (1995)
78.  Siems WG, SJ Hapner & FJGM van Kuijk:  4-
hydroxynonenal inhibits Na+-K+-ATPase.   Free Rad Biol
Med 20, 212-223 (1996)
79.  Kristal BS, JJ Chen & BP Yu:  Sensitivity of
mitochondrial transcription to different free radical species.
Free Rad Biol Med 16, 323-329 (1994)
80.  Chen JJ & BP Yu:  Alterations in mitochondrial
membrane fluidity by lipid peroxidation products.  Free
Rad Biol Med 17, 411-418 (1994)
81.  Wieland P & BH Lauterburg:  Oxidation of
mitochondrial proteins and DNA following administration
of ethanol.  Biochem Biophys Res Commun 213, 815-819
(1995)
82.  Ivester P, MJ Lide & CC Cunningham:  Effect of
chronic ethanol consumption on the energy state and
structural stability of periportal and perivenous
hepatocytes.  Arch Biochem Biophys  322, 14-21 (1995)



Ethanol, oxidative stress, reactive aldehydes, and the fetus

550

83. Niemela O, S Parkkila, S Yla-Herttuala, J Villanueva, B
Ruebner & CH Halsted: Sequential acetaldehyde
production, lipid peroxidation, and fibrogenesis in micropig
model of alcohol-induced liver disease.  Hepatology
22,1208-1214 (1995).
84.  Kamimura S, K Goal, RS Britton, RB Bacon, C
Triadofilopaulos & H Tsukamoto:  Increased 4-
hydroxynonenal levels in experimental alcoholic liver
disease: Association of lipid peroxidation with liver
fibrogenesis.  Hepatology 16, 448-453 (1992)
85.  Sozmen EY, T Tanyalcin, T Onat, F Kutay & S
Erlacin.  Ethanol induced oxidative stress and membrane
injury in rat erythrocytes.  Eur J Clin Chem Clin Biochem
32, 741-744 (1994)
86. Bondy SC & SX Guo SX.  Effect of ethanol treatment
on indices of cumulative oxidative stress.  Eur J Pharm
270, 349-355 (1994)
87.  Parkkila S, O Niemela, R Britton, K Brown, S Yla-
Herttuala, R O'Neill & B Bacon. Vitamin E decreases
hepatic levels of aldehyde-derived peroxidation products in
rats with iron. Am J Physiol 270, G 376-G384 (1996)
88.  Toshihisa I, H Esterbauer & H Sies.  Role of cardiac
glutathione transferase and of the glutathione S-conjugate
export system in biotransformation of 4-hydroxynonenal. J
Biol Chem  261, 1576-1581 (1986).
89. Ullrich O, T Grune, W Henke, H Esterbauer & WG
Siems.  Identification of metabolic pathways of the lipid
peroxidation product 4-hydroxynonenal by mitochondria
isolated from rat kidney cortex.  FEBS Lett 352, 84-86
(1994)
90. Chen JJ, S Schenker & GI Hendereson: 4-
Hydroxynonenal levels are enhanced in fetal liver
mitochondria by in utero ethanol exposure.  Hepatology
25, 142-147 (1997)

Key words: Fetal Alcohol Syndrome, Alcohol, Fetus,
Oxidative Stress, 4-Hydroxynonenal

Send correspondence to: George I. Henderson, Ph.D.,
Medicine/Gastroenterology & Nutrition, The University of
Texas Health Science Center, 7703 Floyd Curl Drive , San
Antonio, Texas 78284-7878, Tel: 210-567-4875, Fax: 210-
567-1976, E-mail: hendersons@uthscsa.edu

Received: 5/1/99 Accepted: 5/20/99


