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Abstract - Ethanol is absorbed by diffusion across the gastric
and intestinal mucosa.Following absorption, ethanol is mainly
metabolized in the liver where cytosolic alcohol dehydrogenase
and mitochondrial aldehyde dehydrogenase are the principal en-
zymes of ethanol oxidation. Hepatic metabolism of ethanol leads
to an increased formation of NADH and acetaldehyde which are
the factors directly responsible for most of the metabolic dis-
turbances produced by ethanol. Almost all lipid metabolism
pathways are affected by ethanol, and hyperlipemia and fat ac-
cumulation in the liver are the most common disturbances. Se-
veral mechanisms contribute to these conditions but the ethanol
effects of enhancing the arrival of lipids to the liver and de-
creasing their further disposition seem to be the most impor-
tant. Ethanol effects on carbohydrate metabolism are also very
diverse, producing either hyperglycemia or hypoglycemia depend-
ing on the availability of glycogen stores. Ethanol decreases
liver gluconeogenetic activity by siphoning substrates which
are converted to their reduced form.

Alcohol ingestion during pregnancy may produce the fetal alco-
hol syndrome which causes retarded growth and abnormalities in
fetal development. Animal models for this syndrome have been
developed using different species. In the rat, 25% ethanol in
the drinking water during pregnancy provides a daily total ca-
loric intake similar to that of pregnant controls but causes
weight reduction in both mother and fetus. Blood glucose levels
are preserved in the alcoholic rat mother but liver glycogen

is decreased and blood ketone bodies are augmented and these
parameters are significantly affected in the fetus.

INTRODUCTION

Alcoholism constitutes one of the major health, social and economic problems
in the world. Ethanol-induced effects are very widespread and include cirrho-
sis, cancer and heart diseases, besides related psychological factors. In the
United States, cirrhosis of the liver is the fifth leading cause of death in
the general population and about 5% of the population are active alcoholics
(Ref. 1). In economic terms, it has been estimated that the alcohol related
expenditure for one year in the United States is nearly 43 billion dollars
(Ref. 2). In Spain, the mean annual consumption of pure alcohol per inhabitant
is 19.0 1 (Ref. 3) and today also about 5% of the population suffer from alco-
hol misuse (Ref. 4).

The individual response to alcohol is variable; for example, although fat ac-
cumulation in the liver is the most common metabolic disturbance produced by

alcohol (Ref. 5), only 10-20% of all heavy drinkers develop severe liver in-

jury (Ref. 1). The mechanism of this variable response to alcohol remains ob-
scure but it may depend on the factors affecting its absorption, removal and

degradation as well as the condition of the receptor subject.

Ethanol is a lipid-soluble nonelectrolyte molecule, and as such it is rapidly
absorbed into the circulation by diffusion across the gastric and intestinal
mucosa.Ethanol absorption is reduced by factors that decrease gastric motility
(including high concentrations of ethanol itself) and by the presence of food
in the stomach that acts as a barrier to ethanol's contact with the mucosa
(Refs. 6,7). Once ethanol is absorbed, most of it (over 90%) is distributed
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among the body tissues where its complete oxidation yields about 7 kcal/g. The
remainder is excreted unchanged in the urine, expired air and sweat (Ref. 8).

Whole-body distribution of radioactivity has been measured in various species
after labelled ethanol administration (Refs. 9-11), showing that it rapidly
accumulates in tissues with high blood flow and water content such as the li-
ver, spleen, brain and lung. Ethanol is mainly metabolized in the liver al-
though the kidney, muscle, lung, intestine and brain may also metabolize small
quantities (Ref. 8). The rate of ethanol metabolism may be altered by differ-
ent approaches (Ref. 13), fructose being the most efficient agent to accelerate
its metabolism (Refs. 14,15), while pyrazole (Ref. 16) and 4-methylpyrazole
(Ref. 17) are potent inhibitory agents.

While there are many excellent and extensive reviews of the biochemistry and
pharmacology of alcohol, some aspects still remain unclear and even controver-
sial, such as those concerning the interrelationships between alcohol and inter-
mediary metabolism, and also the metabolic basis of the fetal alcohol syndrome.
Without intending to be an exhaustive review, this presentation summarizes the
present state of knowledge of these problems and describes our own contribution
to the study of their metabolic aspects in an experimental model of the fetal
alcohol syndrome.

Metabolism of ethanol
There is general agreement that alcohol dehydrogenase (ADH) is the major site
of initial ethanol metabolism. This enzyme catalyzes the following reaction:

CHz-CH,OH + NADY ———— CH3-CHO + NADH + HY
3-CHjp p— 3
Ethanol Acetaldehyde

Most ADH in the body is in the liver although there are small amounts in cer-
tain extrahepatic tissues such as the kidney and gastric mucosa (Ref. 18).
This distribution makes the liver the main site of ethanol oxidation, as shown
in humans (Refs. 19,20) and experimental animals (Refs. 21-23). Cell fraction-
ation studies reveal that ADH is found exclusively in the cytosol of the hepa-
tocytes (Refs. 24,25).

Two other pathways have been proposed for the oxidation of ethanol to acetalde-
hyde. One of these pathways is a peroxidatic reaction catalyzed by catalase
which utilizes hydrogen peroxide (Ref. 26):

H,0p + CH3-CH20H ——> CH3-CHO + 2H0

This reaction takes place mainly in the liver peroxisomes which contain most
of the liver catalase activity as well as the capacity to form hydrogen pero-
xide, via oxidase reactions (Refs. 27,28). The other pathway is the microsomal
ethanol-oxidizing system (MEOS) which requires NADPH and oxygen (Refs. 29,30):

NADPH + HY + 0Oy + CH3-CHp0H ——> CH3-CHO + NADP* + 2H,0

The quantitative role of these two pathways in total ethanol metabolism is still
controversial but there is general agreement that, under normal conditions,
ethanol oxidation proceeds primarily via the ADH pathway. Acetaldehyde is al-
ways the first oxidation product of ethanol and is oxidized mainly to acetate

by the aldehyde dehydrogenase (ALDH) catalyzed reaction:

CH3-CHO + NAD' + Hy0 ————3> CH3-COO + NADH + H*Y

Unlike ADH, ALDH is located in virtually every organ in the body (Ref. 31), al-
though 1t is most active in the liver. It has been proposed that the level of
ALDH activity in liver can adequately handle all the acetaldehyde produced from
the ethanol-oxidizing systems (Ref. 32). Also unlike ADH, ALDH is found in both
microsomes and mitochondria as well as in the cytosol, although the low-Km iso-
enzyme is found primarily in mitochondria (Ref. 32). Thus acetaldehyde is form-
ed in the liver by oxidation of ethanol in the cytosol but it diffuses into the
mitochondria where, in its matrix space, it is oxidized to acetate.

Although the final fate of these metabolites has not been definitely establish-
ed, the intracellular localization of these reactions indicates their coupling
with other related pathways (Fig. 1), resulting in the net production of NADH
both in the intra- and extramitochondrial space and the production of acetate.
The liver may metabolize acetate (Ref. 33) but most of it seems to be utilized
in vivo by extrahepatic tissues (Ref. 34).
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Fig. 1. Coupling of the main ethanol-oxidizing systems with the
other pathways in the intramitochondrial and extramitochondrial
spaces in the liver cell. ADH = alcohol dehydrogenase; ALDL =
acetaldehyde dehydrogenase; MEOS = microsomal ethanol-oxidizing
system; PC = pyruvate carboxylase; ME = malic enzyme.

General effects of ethanol on intermediary metabolism

Most of the metabolic effects of ethanol are caused indirectly by the primary
products of its oxidation, NADH and acetaldehyde. This means that the hepatic
oxidation of ethanol is a prerequisite condition for its metabolic action.

A large proportion of the disturbances produced by ethanol can be attributed
to the generation of NADH or, by transhydrogenation, to the formation of NADPH
(Refs. 35, 36). The excess of cytoplasmic NADH produced by the ADH reaction in
the conversion of ethanol to acetaldehyde has important metabolic consequences
due to its independence of the intramitochondrial NAD* - NADH pool (Ref. 37).
Preexisting hydrogen acceptors must be employed in the cytosol to reoxidize
the NADH. The locationsof NAD-linked dehydrogenases in different cell compart-
ments (Refs. 37, 38) indicate the disposition of extramitochondrial "reducing
equivalents" during the oxidation of ethanol (Ref. 39). Thus, since NADH form-
ed by the oxidation of ethanol to acetaldehyde cannot cross the mitochondrial
membrane (Refs. 40, 41), mitochondrial access could be gained via "shuttle"
compounds that are reduced by those dehydrogenases. These reduced forms easily
cross the mitochondrial membrane and are reoxidized into the mitochondria and
then returned to the cytosol without loss of carbon atoms (Fig. 2). By this
"shnttling" effect, the reducing equivalents liberated in the cytosolic oxida-
tion of ethanol are made available to the mitochondria and are pooled with
those formed intramitochondrially by the oxidation of acetaldehyde. These sub-
stances furnish extra fuel for the respiratory chain, decreasing the consump-
tion of physiological substrates such as fatty acids and tricarboxylic cycle
intermediates (Fig. 2). Indeed, it has been shown that decreased fatty acid
oxidation (Refs. 42,43) and decreased tricarboxylic acid cycle activity (Ref.
44) are two major metabolic alterations induced by ethanol ingestion.

The generation of excess reducing equivalents in cytosol that follows ethanol
oxidation may cause further metabolic disturbances. These equivalents may be
shunted to the synthesis of fatty acids and 0-glycerol phosphate (Refs. 45,46)
which are the direct precursors for triglycerides. Augmented cytosolic NADH
enhances the conversion of pyruvate to lactate, thereby decreasing the availa-
bility of the former for glucose synthesis (Fig. 3) and stimulating the produc-
tion of lactate which may lead to hyperuricemia (Ref. 47). Similarly, two other
gluconeogenetic substrates, triose phosphate (mainly dihydroxyacetone phosphate)
and oxaloacetate, are also decreased by this alteration in the pyridine nucleo-
tide redox state (Ref. 48), which forces their respective conversion to 0~
glycerol phosphate and malate (Fig. 3).
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intramitochondrially by the oxidation of acetaldehyde, decreases
(dotted lines) the consumption of physiological substrates such

as fatty acids and tricarboxylic acid cycle (T.A.C.) intermediates.

ETHANOL ﬁ »ACETALDEHYDE
a-GLYCEROL-P LACTATE
NADH
@-GP-DH \ LDH MALATE
~—— MDH

GLUCOSE £=:::: 5 DIHYDROXYACE TONE- -»+=—PEP —» PYRUVATE ——> OXALOACETATE

Fig. 3. The excess of reducing equivalents in the form of NADH
in the cytosol as a consequence of ethanol oxidation decreases
the availability of gluconeogenic substrates (dihydroxyacetone
phosphate, pyruvate and oxaloacetate) due to their reduction by
means of the respective NAD-linked dehydrogenases. GP-DH =
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Acetaldehyde, the other product of the primary oxidation of ethanol, also seems
responsible for many of the alterations observed after alcohol consumption
(Ref. 49). Acetaldehyde has been reported to inhibit protein synthesis (Ref.
50) and mitochondrial fatty acid oxidation and ketogenesis (Ref. 51) and to
impair glycoprotein metabolism (Ref. 52).

Effects of ethanol on lipid metabolism

Hyperlipemia and accumulation of fat in the liver are the most common distur-
bances of lipid metabolism produced by ethanol (Ref. 5). These effects are
striking and interrelated. It has been shown (Refs. 53,54) that chronic alcohol
consumption augments postprandial hyperlipemia and that after the administra-
tion of a fat containing meal, alcoholics with fatty liver develop a higher and
more prolonged elevation of serum triglycerides than do subjects with cirrhosis
or than nonalcoholics. Thus hyperlipemia is more pronounced in alcoholics with
fatty liver than in patients with well established cirrhosis (Refs. 55,56). Al-
coholic hyperlipemia corresponds to an elevation in plasma of the three main
lipid classes: triglycerides, cholesterol and phospholipids, but the particu-
late fat shows an elevation of the triglyceride-rich lipoproteins, namely very
low density lipoproteins (VLDL) (Ref. 57) and chylomicrons (Ref. 58), although
both low density lipoproteins (LDL) and high density lipoproteins (HDL) are al-
so augmented (Ref. 57). The elevation of circulating triglycerides seems pri-
marily correlated with alcohol ingestion since after its withdrawal, triglyce-
ride clearance is much faster than that of cholesterol and phospholipids (Ref.
59).

Mechanisms of the alcoholic fatty liver

Several mechanisms may contribute to the ethanol-induced fatty liver, although
their relative importance varies with factors such as the duration and size of
ethanol doses and diet: (a) Enhanced triglyceride breakdown in peripheral fat
deposits which produces an increased mobilization of free fatty acids; (b) In-
creased uptake of fatty acids by the liver; (c) Decreased fatty acid oxidation
in the liver; (d) Enhanced supply of lipids from the small intestine; (e) In-
creased fatty acid synthesis and esterification for the formation of triglyce-
rides; and (f) Decreased secretion of lipoproteins by the liver and decreased
hydrolysis of fatty acid esters in the liver.

The increased mobilization of fatty acids from adipose tissue with ethanol re-
quires the administration of stressful doses (Ref. 60), while more moderate
doses produce the opposite antilipolytic effects, as shown by reductions of
circulating FFA (Ref. 61) and glycerol (Ref. 62) levels. The stimulatory ef-
fect has been interpreted as secondary to the catecholamine release produced
by stress, while the inhibitory effects seems to be mediated by acetate (Ref.
63) , the main final product of ethanol oxidation. In any case, the uptake of
fatty acids by the liver is consistently increased by even moderate alcohol
doses (Ref. 64), probably as a consequence of the stimulating effects of etha-
nol on hepatic blood flow (Refs. 65,66).

The decreased fatty acid oxidation produced by ethanol (Refs. 42,43) actively
contributes to the deposit in the liver of dietary fat and/or the fatty acids
derived from endogenous synthesis (Ref. 5). The supply of dietary and nondie-
tary lipids from the intestine is augmented by ethanol consumption, the effects
being mainly determined by a stimulating action on splanchnic circulation (Ref.
66) and mesenteric lymph flow (Ref. 67). The conversion of ethanol to liver fat
is limited, but ethanol enhances the incorporation of acetate and pyruvate into
fatty acids (Refs. 68,69). This lipogenetic effect of ethanol seems to be both
directly and indirectly related with the excess formation of reducing equiva-
lents which results from ethanol oxidation. In its direct way, the action may
be exerted throughout the positive effector role of NADPH (besides being its
unigue coenzyme) on the fatty acid synthase complex (Ref. 70) (Fig. 4). Indi-
rectly, the increased NADH formed by oxidation of ethanol favors the produc-
tion of o —glycerol-phosphate from dihydroxyacetone-phosphate (Ref. 71), resul-
ting in accelerated hepatic fatty acid esterification for synthesis of glyce-
rides (triglycerides, phosphatidylcholine and phosphatidylethanolamine (Ref.
72) Fig. 4). This effect should reduce the pile up of free fatty acids (and
their acyl-CoA derivatives) in the hepatocyte and consequently reduce their in-
hibitory effects on liver lipogenesis (Ref. 73) (Fig. 4).
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Fig. 4. The theoretical mechanism for the ethanol effect of
enhancing liver lipogenesis. The NADH formed from ethanol
oxidation is converted into NADPH by direct transhydrogena-
tion or by the coupling of malate dehydrogenase (OAA <+—>
Malate) and malic enzyme (malate <—s pyruvate) reactions.
The increased NADH formed favors conversion of dihydroxyace-
tone-P intowaglycerol-P, resulting in accelerated synthesis of
glycerides. This effect reduces the intracellular concentra-
tion of FFA and their acyl-CoA derivatives, thus reducing
their inhibitory effect on fatty acid synthesizing enzymes
(acetyl-CoA carboxylase and fatty acid synthase) .

The decreased hepatic lipoprotein secretion as a factor in ethanol-induced fat-
ty liver is still unresolved. Although hepatic lipoprotein secretion decreases
after high ethanol doses (Ref. 74), augmented liver production of serum lipo-
proteins in alcohol-containing diets has also been reported (Ref. 75). Since
this situation coincides with the maintenance of fatty liver condition, the
secretion of lipoproteins by the alcoholic liver may be reduced in proportion
to the increase in lipids ready to be exported. The inability of the liver to
eliminate its fat has been linked to associated effects of ethanol which dimi-
nish the secretion of exportable proteins (Ref. 76).

Decreased hydrolysis of fatty acid esters (triglycerides, phospholipids and
cholesterol esters) in the liver has also been proposed as a factor in the de-
velopment of fatty liver after alcohol ingestion (Ref. 5). This hydrolysis 1is
predominantly catalyzed by lysosomal acid lipase and esterase. Although it 1is
not yet known how the activity of these enzymes is affected by ethanol, it has
been reported that the hydrolysis of cholesterol esters decreases after chronic
ethanol administration (Ref. 77).

Mechanism for alcoholic hyperlipemia

Alcoholic hyperlipemia is also caused by multiple factors. As already mentioned,
the net production of serum lipoproteins by the gut and liver, together with
the increased release of free fatty acids from adipose tissue, are the main
factors contributing to the greater infiltration of lipids into the blood. This
greater infiltration is opposed by an unchanged or even reduced removal of 1li-
pids from circulation (Refs. 5,78). The activity of extrahepatic lipoprotein
lipase can be either decreased (Ref. 79), unchanged (Ref. 80) or even enhanced
(Ref. 81) after ethanol ingestion. However, hepatic triglyceride lipase acti-
vity is consistently reduced in alcoholic patients with liver damage (Refs. 82,
83). This may diminish the removal of serum lipids by the liver, actively con-
tributing to maintenance of hyperlipemia.

Effects of ethanol on carbohydrate metabolism

The effects of ethanol on blood glucose levels have been the subject of much
controversy (Ref. 84) as well as research, as ethanol may produce either hyper-
glycemia or hypoglycemia. These opposite responses seem dependent on hepatic
carbohydrate stores because when they are adequate, ethanol induces hyperglyce-
mia, whereas when they are low it induces hypoglycemia. The hyperglycemic ef-
fect of ethanol may be secondary to the release of catecholamines (Ref. 85)
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which are known to have both glycogenolytic (Ref. 86) and gluconeogenetic (Refs.
87,88) effects on the liver and thus to enhance the net production of glucose.
Two products of ethanol oxidation, acetaldehyde and acetate, have hyperglycemic
effects because they increase the liver's glycogenolytic activity (Ref. 89) by
an as yet unidentified mechanism which is not mediated by catecholamines.

When liver glycogen concentration is low, the catecholamine mediated glycogeno-
lytic effect of ethanol cannot be sustained due to lack of substrate. In this
condition, gluconeogenesis is inhibited by the action of ethancl, providing the
major alteration leading to hypoglycemia (Ref. 84).

The mechanism of gluconeogenesis inhibition by ethanol is not yet clear (Ref.
90), although one explanation (Refs. 18,39) has been consistently supported by
most investigators: when glycogen stores are diminished and the amino acids
available for glucose synthesis also reduced, lactate becomes the main sub-
strate for gluconeogenesis. For this to happen, lactate must be oxidised to
pyruvate (Fig.3) through the lactate dehydrogenase reaction:

CH3~CHOH-COO™ + NADT —————— CH3—CO—COO“ + NADH + HT
E————
Lactate Pyruvate

Ethanol oxidation increases the NADH/NADY ratio, as explained above, and this
effect not only inhibits the conversion of lactate to pyruvate but also en-
hances the reverse. By a similar mechanism, two other substrates are also
pushed off the gluconeogenetic pathway: dihydroxyacetone-phosphate which is
converted to 0 -glycerol phosphate, and oxaloacetate which is converted to ma-
late (Fig. 3). It has been shown that these two gluconeogenetic substrates are
decreased by enhancing the NADH/NADT ratio (Ref. 48).

Ethanol in pregnancy. The fetal alcohol syndrome.

Chronic ethanol ingestion during pregnancy in humans produces a syndrome of re-
tarded growth and abnormalities in fetal morphology known as the fetal alcohol
syndrome (FAS) (Refs. 91,92). Actually the adverse effects on offspring of
ethanol consumed during pregnancy have been recorded since the time of Aris-
totle (Ref. 93). In 1899, Nicloux first demonstrated that ethanol ingested by
the mother reaches the fetus in concentrations close to those in maternal cir-
culation (Ref. 94). The rate of ethanol metabolism in the fetus i1s slower than
in the mother because, although ADH is present in the human fetal liver after
the 8th week of gestation, its activity is very low (Ref. 95) and at birth has
reached 18% of the level in adults. Acetaldehyde administration to the mother
has important teratogenic effects on the fetus (Ref. 96), but its transfer

from the mother's to the fetus' blood is negligible (Refs. 97,98) probably due
to its oxidation by the placenta (Ref. 99). Thus most of the negative effects
of maternal ethanol ingestion in the offspring may be secondary to metabolic
alterations in the mother rather than direct consequences of fetal ethanol oxi-
dation or of the toxic action of acetaldehyde crossing the placenta.

It is not yet known whether there is a specific critical period of pregnancy
when the fetus is most vulnerable to alcohol ingestion by the mother, nor is
there an effective therapeutic (and/or preventive) treatment to protect the
fetus from this injury. All these uncertainties and the ethical issues that
preclude human experimentation lay more stress on the selection of proper ex-
perimental models to resolve these questions.

Animal models of fetal alcohol syndrome

There is a long history of animal models of FAS, starting with the work of
Combemale in 1888 (Ref. 100) who exposed a pregnant bitch to ethanol and re-
ported that of the six pups, three were stillborn and three were of "weak in-
telligence and defective to be mated with normal studs." In other early animal
models of FAS, non-mammalian species were used such as fish (Refs. 101,102)
but recent research has been mainly focussed on mice and rats (Ref. 103).

To study the maternal-fetal metabolic interactions during chronic alcohol in-
gestion during pregnancy, we used the rat as an experimental model of FAS.

From the day of mating, half of the mothers received 25% ethanol in their water
while the other half received tap water and were used as controls. This treat-
ment was maintained until the 21st day of gestation when the animals were killed.
Both groups of animals were allowed a purina chow diet "ad libitum." As shown in
Fig. 5, both the mean daily volume of liquid drunk and of food taken by the mo-
thers under alcohol treatment were significantly lower than in their controls,
but the daily total of ingested calories was similar in both groups. This find-
ing validates the experimental design although the control animals were not
supplemented with an extra caloric intake to compensate for the calories in-
gested by the alcoholic rats in the form of ethanol. In some chronic ethanol
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Fig. 5. Daily intake of liguid and food in alcoholic (25% etha-
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Fig. 6. Percent of body weight increase during 21 days of preg-
nancy in alcoholic rats (25% ethanol in drinking water) and body
weight and size of their fetuses. P vs. controls: ** = p <0.01;
#%* = P <0.001. n = 8~10 rats/group.

experiments, control animals have been treated with sucrose, glucose or fruc-
tose, but it is known that these sugars alter metabolic parameters that are al-
so affected by ethanol (Refs. 104-106) and their use in controls for chronic
ethanol experiments has recently been criticized (Ref. 107).

Despite a similar caloric intake, the weight gain in alcoholic rats during preg-
nancy was much less than the gain in controls (Fig. 6). This reduced body

weight in the alcoholic pregnant rats is due in part to a significant reduction
in the weight and size of their fetuses, as compared with fetuses of normal preg-
nant controls (Fig. 6).

The evaluation of metabolic parameters in mothers and fetuses was performed ac-
cording to our methodology used in pregnant rats (Refs. 108,109). Blood glucose
levels are lower in the normal pregnant rat (Ref. 108) probably due to increased
utilization of maternal glucose by the fetus more than to an impaired gluconeo-
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genesis which may be normal or even augmented (Refs. 108,110). Blood glucose
levels were unchanged in alcoholic mothers as compared with their controls
(Fig. 7), coinciding with a significant reduction in liver glycogen content in
the mothers (Fig. 7). Thus, as gluconeogenesis is probably limited in the alco-
holic mother due to the ethanol effects on this pathway described above, her
normal glycemia seems to be maintained at the expense of enhanced liver glyco-
genolytic activity. Both blood glucose and liver glycogen concentrations are
greatly reduced in the fetuses of alcoholic mothers (Fig. 7). These two para-
meters in the fetus must necessarily come from maternal glucose production be-
cause the capacity of the fetus to synthesize glucose is limited (Refs. 111,
112) . The present findings may be interpreted as the result of an impaired
transfer of maternal glucose through the placenta or as a rate of glucose uti-
lization by the fetal tissues of alcoholic mothers which may be greater than
the rate of its availability. The latter possibility seems less likely since,
if the fetus reacted in a manner similar to the alcohol fed nonpregnant rat,
it would manifest a potential decrease in glucose utilization (Refs. 113,114)
rather than an augmented one. In any case, the reduced carbohydrate stores in
the fetus of an alcoholic mother must endanger the maintenance of blood glu-
cose levels during the first hours after birth, since the newborn blood glu-
cose levels are initially dependent on the use of glycogen stored in the liver
during the last phase of intrauterine life (Refs. 115-117).
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Fig. 7. Blood glucose and liver glycogen concentrations in 21
day pregnant alcocholic rats (25% ethanol in drinking water) and
their fetuses. P vs. controls: * = P< 0.05; *** = P< (.001.

n = 9-10 rats/group.

Survival of the offspring of an alcoholic mother must be sustained by fuels
other than glucose. As it has been shown that fetal tissues, including the 1li-
ver, may use ketone bodies as extra-fuel (Refs. 118,119), both acetoacetate and
B -~hydroxybutyrate levels in blood were evaluated in mothers and fetuses (Fig.
8). Blood B ~hydroxybutyrate, but not acetoacetate levels, appeared elevated in
alcoholic mothers while both metabolites were significantly augmented in their
fetuses as compared with controls. The origin of these augmented levels of ke-
tone bodies in alcoholic mothers and their fetuses remains to be established
but some hypotheses may be proposed. Since the fetus is unable to make ketoge-
nesis (Ref. 120), its ketone bodies must come from the mother. It has been
shown that the placenta is permeable to ketone bodies (Refs. 121,122) and keto-
acidosis has been observed following alcohol treatment during reduced food in-
take (Refs. 123,124). Under conditions of reduced carbohydrate stores (due to
voluntary limitation of food intake, as in our alcoholic rats and as it normal-
ly occurs in alcoholic pregnant women), ketogenesis is enhanced in the mother
to preserve its own glycemia and to contribute with this extra-fuel to support
the developing fetus. The association of decreased liver glycogen concentration
and enhanced ketogenesis has already been suggested in other conditions (Refs.
125,126) and in the case of alcoholics, it must be further facilitated by the
augmented availability of lipids in the liver to support such a pathway with
enough substrates. Further studies are required to substantiate this hypothesis.
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Fig. 8. Concentration of blood ketone bodies in 21 day pregnant
alcoholic rats (25% ethanol in drinking water) and their fetuses.
P vs. controls: * = P< 0.05; ** = P< 0.01. n = 9 rats/group.

Final comments

Many questions about the effects of ethanol on metabolism still remain to be
solved, and they are of decisive importance during gestation. The complex cor-
relations between alcohol abuse, smoking, drug consumption, poor nutrition and
other sociological factors still remain unsolved and require both basic and
clinical research on the pathophysiology of alcoholism and the pharmacology of
ethanol. Scientific knowledge contributing to prevention of the fetal alcohol
syndrome would benefit all the population but in particular our future genera-
tions.

Acknowledgments

The authors wish to express their gratitude to Drs. M. Salinas, M.A. Mena,
A. Garcia and M. Nieto for their help in performing some of the reported ex-
periments, and to Caroline S. Delgado for her editorial help.

REFERENCES

1. M.F. Sorrell and D.J. Tuma, Clin. Science 57, 481-489 (1979)
2. R.C. Froede and J.D. Gordon, Am. J. Clin. Pathol. 74, 719-720 (1980)
3. A. Ferndndez, Bases Psicosociales del Alcoholismo, Real Academia de Me-
dicina, Madrid (1979)
4. R, Arcas, R. Jimenez and M. Cruz, Arch. Pediat. 29, 147-154 (1978)
5. E. Baraona and C. S, Lieber, J. Lipid Res. 20, 289-310 (1979)
6. A.J. Sedman, P.K. Wilkinson, E. Sakmar, D.J. Weidler and J.G. Wagner J.
Stud. Alcohol. 37, 1197-1214 (1976) -
7. P.G. Welling, L.L. Lyons, R. Elliot and G.L. Amidon, J. Clin. Pharmacol.
17, 199-206 (1977)
8. G.L.S. Pawan, Proc. Nutr. Soc. 31, 83-89 (1972)
9. E. Kulonen and 0. Forsander, Arch. Int. Pharmacodyn. Ther. 123, 1-7
(1959) . _*-
10. B.T. Ho, G.E. Fritchie, Idanpaan-Heikkild and W.M. McIsaac, 0.J. Stud Al-
cohol 33, 485-493 (1972)
11. C. Akesson, Arch. Int. Pharmacodyn Ther.209, 296-304 (1974)
12. H. Casier and H. Polet, Arch. Int. Pharmacodyn. Ther. 120, 498-501 (1959)
13. B.V. Plapp, Biochemical Pharmacology of Ethanol, p. 77-109, Plenum Press
New York (1975) ]
14. R.H. Ylikahri, M.T. Kahonen and I. Hassinen, Acta Med. Scand. Suppl. 542,
141-150 (1972) -
15. J. Soterakis and F.L. Iber, Am. J. Clin. Nutr.28, 254-257 (1975)
16. W.L. Wilson and N.G. Bottiglieri, Cancer Chemother. Rep. 21, 137-141
(1962)
17. U. Rydberg and A. Neri, Acta Pharmacol. Toxicol. 31, 421-432 (1972)




18.

19.

21.
22.
23.
24.
25.

26.

50.
51.

52.
53.

54.
55.
56.

57.

60.
61.

62.

59.

-c

ETHANOL TOXICITY

H.A. Krebs, R.A. Freeland, R. Hems and M. Stubbs, Biochem. J. 112, 117-
124 (1969) -

J.A. Larsen, Nature (London) 184, 1236 (1959)

N. Tygstrup, K. Winkler and F. Lundquist, J. Clin. Invest. 44, 817-830
(1965)
L.J. Kricka and P.M. Clark, Biochemistry of Alcohol and Alcoholism p.30-
53, Ellis Horwood, Chichester (1979)

E. Majchrowicz, M,E. Lipton, J.L. Meek and L. Hall, Q.J. Stud. Alcohol
29, 553-557 (1968)
K.0. Lindros, The Role of Acetaldehyde in the Actions of Ethanol,p. 67-
81 Finnish Foundation for Alcohol Studies, Helsinki (1975)

H.F. Fisher, E.E. Conn, B. Vennesland and F. Westheimer, J. Biol. Chem.
202, 687-697 (1953)

R.J.M. Corrall, H.M. Rodman, J. Margolis and B.R. Landau, J. Biol.Chem,
249, 3181-3182 (1974)

B. Chance, D.S. Greenstein and F.J.W. Roughton, Arch. Biochem. Biophys.

37, 301-339 (1952)

C. DeDuve and P. Baudhuin, Physiol.Rev. 46, 323-357 (1966)

A.B. Makar and G.J. Mannering, Mol. Pharmacol. 4, 484-491 (1968)

W.H. Orme-Johnson and D.M. Ziegler, Biochem. Biophys. Res. Commun. 21,
78-82 (1965)

C.S. Lieber and L.M., De Carli, J. Biol. Chem. 245, 2505-2512 (1970)

R.A. Deitrich, Biochem. Pharmacol. 15, 1911-1922 (1966)
H. Weiner, Biochemistry and Pharmacology of Ethanol, 1, 125-144, Plenum
Press, New York and London (1979) -
J. Katz and I.L. Chaikoff, Biochim. Biophys. Acta 18, 87-101 (1955)
F. Lundquist, N. Tygstrup, K. Winkler, K. Mellengard and S. Munck
Petersen, J. Clin. Invest. 41, 955-961 (1962)
J.B. Hoek and L. Ernster, Alcohol and Adehyde Metabolizing Systems, p.
351-364, Academic Press, New York (1974)
R.W. Guynn and J.R. Pieklik, J. Clin. Invest. 56, 1411-1419 (1975)
D.H. Williamson, P. Lund and H.A., Krebs, Biochem. J. 103, 514-527 (1967)
H.J. Hohorst, F.H.Kreutz and Th. Bucher, Biochem. 7. 332, 18 (1959)
N. Freinkel, A.K. Cohen, R.A. Arky and A.E. Foster, J. Clin. Endocr.
Metab. 25, 76-94 (1965)
.L. Lehninger, J. Biol. Chem. 190, 345-359 (1951)
Chance, Ann. N.Y. Acad. 8ci. 108, 322-330 (1963)
Blomstrand and L. Kager, Life Sci. 13, 113-123 (1973)
.A. Ontko, J. Lipid Res. 14, 78-85 (1973)
.R. Williamson, R. Scholz, E.T. Browning, R.G. Thurman and M.H.Fukami
Biol. Chem. 244, 5044-5054 (1969)

.A. Nikkila and K. Ojala, Proc. Soc. Exp. Biol. Med. 113,814-817 (1963)
.5. Lieber and R. Schmid, J. Clin. Invest., 40, 394-399 (1961)
.S. Lieber, D.P. Jones, M.S. Losowsky and C.S. Davidson, J. Clin.
Invest. 41, 1863-1870 (1962)

QOoHEGUG W

. D. Zakim, Proc. Soc. Esp. Biol. Med. 129, 393-397 (1968)

K.O0. Lindros and C.J.P. Ericksson, The Role of Acetaldehyde in the
Actions of Ethanol, vol. 23, Finnish Foundation Alcohol Studies,
Helsinki (1975)

A. Perin, G. Scalabrino, A. Sessa and A. Arnaboldi, Biochin. Biophys.
Acta 366, 101-108 .(1974) .

A.I. Cederbaum, C.S. Lieber and E. Rubin, Arch. Biochem. Biophys, 169,
29-41 (1975)

M.F. Sorrell and D.J. Tuma, Gastroenterology 75, 200-205 (1978)

S.A. Borowsky, W. Perlow, E. Baraona and C.S. Lieber, Gastroenterology
70, 978A-120 (1976)

D.E. Wilson, P.H. Schreibman, A.C. Brewster and R.A. Arky, J. Lab. Clin.
Med. 75, 264-674 (1970)

R. Cachera, M. Lamotte and S. Lamotte-Barrillon, Sem. Hop. Paris 26,
3497-3514 (1950)

A.P. Marzo, P. Ghirardi, D. Sardini, B.D.Prandini and A. Albertini,
Klin. Wochenschr. 48, 949-950 (1970)

E. Baraona and C.S. Lieber, J. Clin. Invest. 49, 769-778 (1970)

A. Chair, M. Mancini, A.W. February and B. Lewis, Lancet 2, 62-64 (1972)
M.S. Losowsky, D.P. Jones, C.S. Davidson and C.S. Lieber, Am.J.Med. 35,
794-803 (1963)

H. Kalant, J.M. Khanna, F. Seymour and J. Loth, Biochem. Pharmacology
24, 431-434 (1975)

C.S. Lieber, C.M. Leevy, S.W. Stein, W.S. George, G.R. Cherrick, W. H.
Abelmann and C.S. Davidson, J. Lab. Clin. Med. 59, 826-832 (1962)

L. Feinman and C.S. Lieber, Am.J.Clin.Nutr. 20, 400-403 (1967)

21



22

73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

83.
84.

85.
86.
87.

88.

89.

90.
91.

92.
93.

94.
95.
96.
97.
98.
99.

100.
101.
102.
103.

104.
105.
106.

107.
108.

109.
110.

omP R RO

HERRERA and LLOBERA

.R. Crouse, C.D. Gerson, L.M. De Carli and C.S. Lieber, J. Lipid Res.
, 509-512 (1968)

.A. Abrams and C. Cooper, Biochem. J. 156,33-46 (1976)

.A, Abrams and C. Cooper, Biochem. J. 156,47-54 (1976)

.I. Mendeloff, J. Clin. Invest. 33, 1298-1302 (1954)

Baraona and C.S. Lieber, Gastroenterology 68, 495-502 (1975)

.S. Lieber and R. Schmid, J. Clin. Invest. 40, 394-399 (1961)

E.R. Gordon, Biochem. Pharmacol. 21, 2991-3004 (1972)

C.A. Plate, V.C. Joshi, B. Sedgwick and S§.J. Wakil, J. Biol. Chem. 243,
5439-5445 (1968) -
A.K. Rawat, Burop. J. Biochem. 6, 585-592 (1968)

C.L. Mendenhall, R.H. Bradford and R.H. Furman, Biochim. Biophys. Acta
187, 501-509 (1969)

T.M.G. Van Golde and S.G. Van Den Bergh, Lipid Metabolism in Mammals,
vol. 1, p. 35-149, Plenum Press, New York and London (1977)

R.H. Shapiro, G.D. Drummey, Y. Shimizu and K. J. Isselbacher, J. Clin.
Invest. 43, 1338-1347 (1964)

E. Baraona, R.C. Pirola and C.S. Lieber, J. Clin. Invest. 53, 296-303
(1973)

E. Baraona, M.A, Leo, S.A. Borowsky and C.S., Lieber, J. Clin. Invest.
60, 546-554 (1977)

N. Takeuchi, M. Ito and Y. Yamamura, Lipids R

T.G. Redgrave and G. Martin, Atherosclerosis 28, 69-80 (1977)

M.S. Losowsky, D.P. Jones, C.S. Davidson and C.S. Lieber, Am. J. Med.
35, 794-803 (1963)

Y. Giudicelli, R. Nordmann and J. Nordmann, Clin. Sci. Mol. Med. 48,
153-156 (1975) -

S. Mallov and F. Cerra, J. Pharmacol. Exp. Ther. 156, 426-444 (1967)
P. Muller, R. Fellin, J. Lambrecht, B. Agostini, H. Wieland, W. Rost
and D. Seidel, Eur. J. Clin. Invest. 4, 419-428 (1974)

M. Freeman, L. Ruiken, J.B. Ragland and S.N. Sabesin, Lipids 12, 443-
445 (1977) —

R.C. Reitz, Biochemistry and Pharmacology of Ethanol vol. 1, p. 353-382
Plenum Press, New York and London (1979)

E.S. Perman, Acta Physiol. Scand. 51, 68-74 (1961)

L. Hue and J.E. Feliu, Biochem. Soc. Trans. 6, 29-33 (1978)

T. Sugano, M. Shiota, H. Khono, M. Shimada and N. Oshino, J. Biochem.
87, 465-472 (1980)

R. Rizza, M. Haymond, P. Cryer and J. Gerich, Am. J. Physiol. 237,
E356-E362 (1979)

V.P. Jauhonen, M.J. Savolainen and I.E. Hassinen, Role of Acetaldehyde
in the Actions of Ethanol, p. 123-134 Finish Foundation for Alcohol
Studies, Helsinki (1975)

T. Sugano, M. Shiota, T. Tanaka, Y. Miyamae, M. Shimada and N. Oshino,
J. Biochem. 87, 153-166 (1980)

K.L. Jones, D.W. Smith, C.N. Ulleland and A.P. Streissguth, Lancet 1,
1267-1271 (1973) -
P.S. Weathersbee and J.R. Lodge, J. Reprod. Med. 21, 63-78 (1978)

R. Burton, The Anatomy of Melancholly, vol. 1, Part. I, Sect. 2,
William Tegg, London (1906) (Originally 1621)

M. Nicloux, Cr. R. Soc. Biol. 51, 980-982 (1899)

P.H. PikkaraiInen and N.C.R. Raiha, Pediatr. Res. 1, 165-168 (1967)
X.S. 0'Shea. and M.H. Kaufman, J. Anat. 128, 65-76 (1979)

A.K. Kesaniemi, Biochem. Pharmacol. 23, (1974)

A.K. Kesaniemi and H.W. Sippel, Acta Pharmacol Toxicol. 37, 43-48 (1975)
H.L. Rosett, Biochemistry and Pharmacology of Ethanol, 2, p. 485-509
Plenum Press, New York and London (1979)

F. Combemale, Misc. Nerv. Syst. 82, 14-213 (1888)

C.R. Stockard, Am. J. Anat. 10, 369-392 (1910)

A.C. Giese, Anat. Rec. 101, 709-710 (1948)

M.P.Salaspuro and C.S. Lieber, Animal Models in Alcohol Research,

p. 359-376 Academic Press, London and New York (1980)

A.A.-B. Badawy and M. Evans, Biochem. J. 156, 381-390 (1976)

M. Evans and A.A.-B. Badawy, Biochem. Soc. Trans. 5, 1037-1038 (1977)
B.K. Madras, E.L. Cohen, J.D. Fernstrom, F. Larin, H.N. Munro and R.J.
Wurtman, Nature (London) 244, 34-35 (1973)

A.A.-B. Badawy, F. Punjani and M. Evans, Biochem. J. 178, 575-580 (1979)
E. Herrera, R.H. Knopp and N. Freinkel, J. Clin. Invest. 48, 2260-2272
(1969)

E. Herrera and N. Freinkel, Horm. Metab. Res.
J.M. Chaves and E. Herrera, Biol. Neonate 37,

9, 353-357 (1974)
2

247-249 (1975)

7,
172-179 (1980)




111.
112.

113.
114.

115.
116.
117.
118.
119.
120.
121.
122.

123.
124.

125.

126.

ETHANOL TOXICITY 23

C.J. Goodner and D.J. Thompson, Pediat. Res. 1, 443-451 (1967)

J.R. Girard, P. Ferre, M. Gilbert, A. Kervran, R. Assan and E.B. Mar-
liss, Am. J. Physiol. 232, E456-E463 (1977)

L.L. Madison, Advances in Metab. Disorders 3, 85-109 (1968)

S.P. Singh, D.G. Patel and A.K. Snyder, Proc. Soc. Exp. Biol. Med. 152,
449-454 (1976)

M.J.R. Dawkins, Ann. N.Y. Acad. Sci. 111, 203-211 (1963)

P. Devos and H.G. Hers, Biochem. J. 140, 331-340 (1974)

K. Gain and C. Watts, Biol. Neonate 30, 35-39 (1976)

D.W. Seccombe, P.G.R. Harding and F. DPossmayer, Biochim. Biophys. Acta
488, 402-416 (1977)

G.E. Shambaugh III, R.R. Koeher and H. Yokoo, Am. J. Physiol. 235,
E330-E337 (1978)

L.P.K. Lee and I.B. Fritz, Can. J. Biochem. 49, 599-605 (1971)

P. Paterson, J. Sheath, P. Taft and C. Wood, Lancet 1, 862-865 (1967
R.0. Scow, S.S. Chernick and B.B. Smith, Proc. Soc. Exp. Biol. Med.
833~-835 (1958)

R.H. Kreisberg, Ann. Int. Med. 88, 681-695 (1978)

A. Lefevre, H. Adler and C.S. Lieber, J. Clin. Invest. 49, 1775-1782
(1970)

J.D. McGarry, P.H. Wright and D.W. Foster, J. Clin. Invest. 55, 1202-
1209 (1975)

J.D. McGarry and D.W. Foster, Ann. Rev. Biochem. 49, 395-420 (1980)

)
98,






