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Preface 

Alcohol and other drugs of abuse are major contributing 
factors to liver disease and its pathology. Alcoholic cirrhosis 
causes thousands of deaths each year in the United States, 
and encourages liver replacement. A better understanding of 
the mechanisms of liver pathology will significantly aid basic 
researchers and physicians in treating and preventing liver 
damage. 

This book is designed especially for those researchers 
wishing to understand alcoholic liver disease. Therefore the 
role of alcohol in changing nutrition and its nutritional effects 
on liver disease are reviewed. 

The generation of free radicals during alcohol use has 
been found to be an important cause of membrane changes, 
of cancer development, and of lipid alterations-and thus of 
liver pathology. In addition to alcohol, other drugs of abuse, 
including morphine, cocaine, marijuana, and caffeine have also 
been shown to be significant contributors to liver pathology. 

The prevalence of drug and alcohol use and abuse today 
means that liver disease will continue as a major social and 
medical problem. The explanation of its biological origins 
cannot fail to help us better understand and treat the disease 
in the years to come. 

Ronald R. Watson 
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Alcohol and Hepatic 
Iron Homeostasis 

Barry J. Potter 

Introduction 

Alcoholic liver disease is associated with marked disorders of iron 
homeostasis. These abnormalities include changes in plasma iron turnover, 1 

red cell iron incorporation,I,2 depression of the serum levels of transferrin3 

(the major serum iron transport protein), and, in approximately one-third of 
chronic alcoholics, an increase in liver iron concentrations.4 In the rat, ethanol 
alters the rate of synthesis and secretion of transferrin and other serum pro
teins by the liver.5-7 Although these disturbances have been attributed to a 
variety of causes, such as a direct toxic effect of alcohol on heme synthe
sis,s negative vitamin balance,2 altered iron absorption,9-11 or intake of 
greater quantities of iron contained in some alcoholic beverages, 12, 13 the 
mechanism(s) of these disorders remain(s) in doubt. 

It becomes apparent that there is not a simplistic causal relationship 
between alcoholic intake and alterations to iron homeostasis when it is noted 
that the hematologic manifestations range from iron deficiency and ane
mia,14 through megaloblastic anemia with high levels of serum iron, to he
mochromatosis and siderosis.2 Decreased levels of serum iron are frequent 
in alcoholics with gastrointestinal bleeding and liver disease,2 although a 
normal plasma iron clearance and increased mean hepatic iron concentration 
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2 Potter 

are associated with this decrease. 15 Increased serum iron levels are also found 
in some alcoholics,z,16,17 although the diurnal variation appears to remain 
intact. 17 The percentage transferrin iron saturation also appears to be increased 
in these subjects and in male adolescent alcohol abusers. IS Experimentally, a 
gradual rise in the serum iron level is seen in volunteers during alcoholic 
intoxication, and this falls sharply on recovery. 19 

Iron overload occurs in normal subjects if they are exposed to exces
sive amounts ofbioavailable iron for a considerable period of time. In some 
areas of Ethiopia, the daily intake of iron is in the range of 100-300 mg, 
compared to a normal average of 15-25 mg. This extra iron is a contami
nant of the food grain, however, and has a low bioavailability so that iron 
overload does not occur20 in this group of people. Among the Bantu in South 
Africa, an excessive iron intake also occurs as a result of drinking beer 
fermented in iron pots. In this population, iron overload is common,21-23 
with heavy parenchymal deposits in the liver being common. Although there 
is still some controversy as to whether the iron overload seen in Western 
alcoholics is caused by the iron content of the beverage being consumed 
(as discussed later), at least in the Bantu, changing from home brewed beer 
to commercially prepared liquor has lowered the incidence of iron over
load while increasing the incidence of fatty changes or alcoholic hyaline in 
the liver in alcoholic liver disease in this population.24 

The predisposition to iron overloading is also genetically linked in 
some cases. Primary idiopathic hemochromatosis has now been shown to 
be an autosomal recessive disorder, with the susceptibility locus on gene 6, 
close to the HLA-A locus (mainly HLA-A3 and HLA_B7).25-29 This dis
ease has frequently been confused in the past with that of alcoholic liver 
disease with accompanying iron overload,30,31 especially since approxi
mately one-quarter of the patients presenting with idiopathic hemochroma
tosis also abuse alcohol,31 but can now be better differentiated on the basis 
ofHLA typing.31-34 

However, although the presence of the two phenotypes - HLA-43 
and HLA-B7 - is important collaborative evidence in the diagnosis of id
iopathic hemochromatosis, this presence cannot be relied upon to differen
tiate between this and iron overload in alcoholic liver disease. Final diagnosis 
can usually now be made on the basis of a liver biopsy and the determina
tion of the liver iron concentration.4 Although liver iron levels are elevated 
in the alcoholics, these values are still much lower than those found in pa
tients with idiopathic hemochromatosis. It should be noted that use of indi-
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rect methods of determining liver iron content, such as serum iron and trans
ferrin saturation, the desferrioxamine chelation test, and serum ferritin 
measurement, tend to underestimate liver iron stores in idiopathic hemo
chromatosis and to overestimate them in alcoholic liver disease.35 

Since the liver not only synthesizes and secretes transferrin, the major 
serum iron transport protein, but is also a major site of iron storage (mainly 
in the cytosolic iron storage protein ferritin), it is clear that any disturbances 
of liver function could profoundly affect iron homeostasis. Prolonged alco
hol abuse leads to such marked alterations in liver function and is also as
sociated with disturbances to iron homeostasis, as has been mentioned earlier. 
Although considerable, but fragmented, evidence is available, what still re
mains to be elucidated is exactly how these various disturbances occur and 
their relationship to the liver in acute and chronic alcohol intoxication. This 
review will therefore attempt to remedy this situation and to present a co
hesive picture of the effects of alcohol on liver iron homeostasis, based on 
the current understanding of normal iron metabolism. To aid our under
standing of the abnormalities occurring as a result of alcohol intoxication, a 
brief review of normal iron metabolism will be given prior to discussing 
the effects in detail. 

Normal Iron Homeostasis 

Iron-containing compounds are vital to life. The body of an average 
75-kg man contains between 3.5-4 g of iron (approx 45-50 mglkg). Of 
this, 2-2.5 g are to be found in the hemoglobin molecule in erythrocytes, 
and up to 1 g in the body iron stores (principally in ferritin in the liver). Of 
the rest, 300 mg are present in myoglobin, 80 mg in heme enzymes, and a 
further 100 mg in nonheme enzymes. Only 3 mg are present in the serum, 
mostly complexed to transferrin, although approx 20 mg are turned over 
per day, principally from the recycling of iron from senescent red cells. 
Iron balance in the body is exquisitely balanced. Less than 1 mg/d is lost 
from the body of normal males, postmenopausal females, and prepubertal 
females. About 65% of this loss occurs via the gastrointestinal tract and 
most of the rest through the skin, with only small quantities being lost in 
the urine. In women, the menstrual losses are an additional 0.4-0.5 mg/d, 
althou~ the range varies widely.36,37 To balance these losses, an equal 
amount of iron in a bioavailable form needs to be acquired from the diet. 
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Iron Absorption 

Iron absorption from the food is a complex process, dependent on its 
fonn and the composition of the rest of the diet In a nonnal diet, approx 15 
mg of iron are taken in daily. Of this, less than 8 mg can be solubilized in 
the digestive tract and only 3 mg taken up by the mucosa. From this, 1 mg 
of iron enters the plasma in the portal vein. For practical purposes, dietary 
iron can be divided into two types: heme- and nonheme-bound. Heme iron 
absorption is unaffected by the composition of the diet and is therefore gen
erally considered to be in the most bioavailable fonn. Nonheme iron ab
sorption is, however, markedly influenced by the constituents of the diet 
and is poorly bioavailable unless some enhancing substance, such as ascor
bic acid or meat, is taken up along with it For example, only 1 % of the iron 
from some vegetables is absorbed, whereas up to 25% may be absorbed 
from red meats.38 When meat is taken with maize, however, this value is 
reduced by half. 

Nonheme iron must be in an ionized fonn before it can be absorbed. 
The valency of this ionized iron is also important for its uptake. Ferric iron 
is poorly soluble above pH 3, and at pH 8 (the pH of the duodenum) the 
solubility is of the order of 1O-18M, compared to 1.6 x 1O-2M for ferrous 
iron.39 The counter ion is also important; ferric chloride is much more soluble 
than ferric phosphate, which is an important constituent of many veg
etables.39 In aqueous solution, ferric ions are bound to each other through 
water bridges and at alkaline pH, precipitation of the metallic hydroxide 
will occur, making the iron totally unavailable to the mucosal cells. Ab
sorption of ferrous iron correlates well with the dose administered, up to 
0.5 g,40 and there appears to be no defined upper limit as may be seen in 
iron poisoning. 

It thus appears that the ferric nonheme iron released by digestion of 
food must be both ionized and complexed in some form for mucosal ab
sorption to occur. It has been suggested that the iron released following 
peptic digestion in the stomach is stabilized by mucopolysaccharides if other 
constituents of the diet, such as ascorbate, citrate, or amino acids, do not 
perform this task.41 This process does not appear to be altered in diseases 
such as idiopathic hemochromatosis or iron deficiency anemia, where iron 
uptake is known to be modified.42-44 

Although there is some evidence that bile may affect iron absorption, 
this work is still the subject of controversy. Ferrous salts are taken up more 
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readily in the presence of bile in the iron deficient dog45 and bile duct liga
tion lowers ferric iron absorption in rats.46 This effect, however, is not seen 
in vivo in humans.47 

Uptake of nonheme iron by the mucosa is extremely rapid and, at least 
in rats, iron may be detected in the portal circulation in less than 26 s after 
its entry into the gut lumen.48 Maximal absorption of iron occurs in the 
duodenum and jejunum, where the efficiency increases from the distal to 
the proximal region.49 This effect is less pronounced in iron deficiency, 
because of an enhanced absorptive capacity of the distal portion of the 
jejunum. 50 However, in mice, iron deficiency has been shown to result in a 
doubling of iron uptake by the proximal region, but no change in uptake by 
the distal portion of the small intestine. 51 The enhanced uptake has been 
shown to be the result of an increase in V max' and is also seen in hypoxia 
and pregnancy in mice. 52 

Iron transport by the intestinal mucosa consists of at least three 
sequential steps: 

1. Uptake of iron from the gut lumen by the intestinal brush borders; 
2. Intracellular transport or storage; and 
3. Iron release into the portal circulation.53 

Iron binding to microvillous membranes appears to be specific, 
saturable, and significantly higher for the ferrous form, 54 suggesting the 
presence of high affinity binding sites on the membranes and an active trans
port system for iron across this barrier. Studies using membrane vesicles 
indicate that both active transport and simple diffusion are involved in 
the microvillous uptake of ferrous iron.55 Uptake studies with ferric iron 
have also shown that membrane transport of iron is the rate-limiting step56 
and that uptake from distal ileum vesicles represents predominantly trans
port and is higher than that in vesicles from duodenum. 57 Following 
hypoxia, there appears to be an increase in ferric iron uptake only in duo
denal vesicles57 and no effect on ferrous iron uptake. 58 Further analysis 
has shown the presence of a relatively low affinity transport site (Km ca. 
831M) in proximal intestine brush borders59 and a single high capacity, 
high affinity binding site (Kd < 5 1M) in duodenal microvillous mem
branes.6o This latter binding component appears to be principally lipid in 
nature, since it can be extracted into chloroform/methanol solution and is 
both heat and protease resistant. There is now some evidence that free fatty 
acids may also act as mediators for the transport of Fe2+ across intestinal 
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brush border membranes.61 Furthermore, rats fed high fat diets tend to 
have higher liver iron contents than those fed low fat diets.62 Other groups, 
however, have suggested that the membrane transport component may be a 
lOO-kDa glycoprotein.63 

Once iron is taken up by microvillous membrane, it appears to be
come bound to specific carriers and is either rapidly transported to the se
rosal side of the mucosal cell or stored in cytosolic ferritin. The nature of 
the carrier(s) has still not been clearly determined. Several groups have sug
gested that transferrin-like proteins are involved,64-68 although it is pos
sible that there may be transferrin contamination of the various 
preparations.69 There is also some evidence that the iron is chelated to lower 
mol wt ligands, such as amino acids, although it is not clear whether these 
play a part in iron transport.70,71 Iron not immediately transported to the 
serosal side of the mucosal cell becomes sequestered in ferritin within 2-6 
h in the rat and is accompanied by a burst of ferritin synthesis.72 The cur
rent consensus is that this ferritin is purely a storage vehicle for excess iron 
and is not directly involved in the transfer of iron to the plasma.50,71 How
ever, mucosal iron stores in ferritin correlate inversely with iron absorption 
and directly with body iron stores.73 

Little is known about the delivery of iron from the mucosal cell to 
serum transferrin. There has been no conclusive isolation of a receptor 
mechanism for apotransferrin. Huebers and coworkers have suggested 
that transferrin is involved in the luminal uptake of iron and then acts as a 
shuttle for mucosal iron transport.74 As has been mentioned earlier, trans
ferrin-like immunoreactive proteins have been observed in the mucosa and 
the concentration appears to increase in iron deficiency.75 If this transferrin 
is not a contamination artifact, then either transferrin is actively synthe
sized by the mucosal cells, or a recycling mechanism is present that is simi-
1ar to that seen for other cells - except that iron would be donated to 
transferrin. Transfer of iron to transferrin does, however, appear to require 
an intact cytoskeleton.76 

Heme iron does not appear to be taken up by a receptor-mediated 
mechanism. Degradation of heme by xanthine oxidase occurs inside the 
mucosal cell and the iron released into the intracellular poo1.77 Xanthine 
oxidase has also been shown to be involved in the incorporation of iron 
into transferrin directly in the intestine,78 but the significance of this has 
not been thoroughly investigated. 
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Plasma to Cell Cycle 

More than 95 % of the iron in the plasma circulates bound to trans
ferrin, the principal iron transport protein, and the remainder (nontransferrin
bound iron) is either complexed to low mol wt chelators, sequestered in 
serum ferritin, or is attached to heme-containing breakdown products. The 
transferrin molecule consists of a single polypeptide chain with a mol wt of 
approx 78 kDa. There are two iron binding sites on the molecule, desig
nated N- and C-terminal binding sites, respectively. Ferric iron is bound, 
complexed through bicarbonate ions, and the stability of the iron-bicar
bonate-transferrin complex is pH-dependent, iron only being easily removed 
below pH 6. Whether these two binding sites are identical in their iron bind
ing and donating properties has been a source of controversy for over 20 
years since the proposal by Betcher and Huehns that these sites differed in 
their ability to donate iron to reticulocytes for hemoglobin synthesis.79.8o 

It now appears that the transferrin-reticulocyte interaction is extremely 
sensitive to environmental variables, which may account for the earlier 
discrepancies in the relative iron donating properties of the two sites. 
Since the normal range of transferrin saturation in humans is of the order of 
45-55%, controversy has also arisen over the occupancy of these iron bind
ing sites.81-83 Although there is a considerable range in the occupancy 
ratio, it seems that the N-terminal site is predominantly occupied in most 
human subjects.83 This is in accord with the finding that the N-terminal site 
has an affinity for iron 1.38 times greater than that for the C-terminal site.84 

It should be noted that the rate of clearance of iron from transferrin is pro
portionally greater for diferric transferrin than for either monoferric form.85 

Transferrin-bound iron circulates in the plasma and is downloaded at 
either sites of utilization, such as the erythroid marrow, or storage, such as 
the liver. Since the principal use of iron in the body is in the production of 
hemoglobin, the reticulocyte has been the cell most frequently chosen to 
study iron-transferrin-cell interactions. Reticulocyte receptors for transferrin 
have now been isolated and characterized by several groups (see Seligman86 

or May and Cuatrecasas87 for reviews of these data). More recently, inves
tigations using K562 and Hep G2 cell lines have now helped clarify much 
of the mechanism of iron uptake by the cell. The transferrin receptor has 
been shown to have an observed mol wt of approx 180 kDa and is com
posed of two 90-94 kDa identical subunits attached through a single disul-
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fide bridge.88.89 Posttranslational modification of the receptor occurs, fol
lowing synthesis in the endoplasmic reticulum, and the mature 760 amino 
acid monomer is a transmembrane phosphoglycoprotein with covalently 
attached fatty acids.90•91 Each monomeric subunit can bind a molecule of 
transferrin, implying an accumulation of a maximum of 4 atoms of iron per 
receptor at anyone time on the cell surface! Thus, this system has the po
tential to deliver the huge quantities of iron required by reticulocytes ac
tively synthesizing hemoglobin (a rate that could, theoretically, run at greater 
than a million iron atoms/min for each cell92). 

The transferrin receptor is intimately involved in the rapid delivery of 
iron from the plasma to cells that are actively synthesizing iron containing 
proteins. It has been shown that diferric or monoferric transferrin bind to 
these specific receptors on the cell surface in a temperature and energy de
pendent procesS.93.94 Coated pit formation occurs followed by internaliza
tion of the receptor-transferrin-iron complex into endocytic vesicles.95-97 
Acidification ensues (probably as a result of proton pumping by the 
Na+lH+ transport system), lowering the pH of the veqicle to $pH 5.5. This 
leads to the release of the iron from the receptor-bound transferrin.98 In 
other receptor systems, such as the asialoglycoprotein receptor system, this 
lowering of the pH causes the receptor to dissociate from the membrane 
receptor and this is thought to trigger the steps leading to the fusion with a 
secondary lysosome and subsequent degradation of the ligand. However, 
iron-free (apo)transferrin has a very high affinity for its receptor at this 
acidic pH99 and therefore does not separate from it. The steps leading to 
fusion with secondary lysosomes do not occur and the apotransferrin is 
then recycled back to the cell surface still attached to the transferrin 
receptor. At physiological pH, the receptor has a much higher affinity for 
iron-loaded transferrin than for apotransferrin, and the apotransferrin is 
therefore released back into the plasma, undegraded, to bind more iron. lOO 

This cycle is shown in Fig. 1. 
Recycling of transferrin in Hep G2 cells normally takes about 16 min: 

4 min for binding, 5 min for internalization of the complex, 7 min for its 
return to the cell surface, and 15 s for the release of apotransferrin back 
into the medium.101 At the present time, it is not known how the iron re
leased from transferrin enters the cytosol from the endosome (which oc
curs 6-10 min after vesicle formation). It is thought that the iron must be 
chelated to a small molecule for transport into the cell, such as pyrophos-
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Fig. 1. The cellular uptake of transferrin-bound iron by receptor-mediated 
recycling. (1) Empty transferrin receptors are expressed on the cell surface. 
Binding of iron-loaded transferrin to these receptors (2) leads to the formation 
of clathrin-coated pits (3). These pits are then pinched off and form an 
endosome in the cell cytosol (4). The pH inside the endosome drops to 
approximately pH 5.5, causing release of the iron, which is then transported 
into the cytoplasm by an unknown mechanism (6). At this lowered pH, 
apotransferrin has a high affinity for the transferrin receptor and is therefore 
transported back to the cell surface (7) where, at physiological pH, it has a 
much lower affinity for the receptor and is released into the medium, freeing 
the receptor to bind more iron-loaded transferrin. Because transferrin does 
not dissociate from its receptor in the cell, the normal signal to fuse with a 
secondary lysosome is not given and lysosomal degradation (8) of transferrin 
does not occur. 
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phate, AlP, or ADP,102 since uncomplexed iron is toxic to the cell (as dis
cussed later). The expression of transferrin receptors in most proliferating 
or metabolizing cells appears now to be regulated by iron availability. 
Chelation of intracellular iron by desferrioxamine leads to an increase in 
the receptor mRNA,103 and it seems that there are at least two genetic ele
ments present for regulation of the transferrin receptor gene,104 which is 
thought to be located on chromosome 3.105 

Hepatic Iron Storage 
As the liver is not only a major storage site for iron, but also synthe

sizes transferrin, interactions of iron-loaded transferrin with the various cells 
of the liver probably represents one of the critical factors in iron homeo
stasis. Less evidence is available on the mode of action of liver transferrin 
receptors than for those on reticulocytes. The author's laboratory has 
isolated a putative 9O-kDa transferrin receptor from rat liver by affinity 
chromatography and has also shown that the OKT9 monoclonal antibody 
(an antibody to the human transferrin receptor) inhibits iron uptake by the 
isolated rat hepatocyte.l06 Isolated hepatocytes have now been shown to 
exhibit all the characteristics of a specific receptor-mediated mechanism 
for transferrin binding and iron uptake.106-110 The controversy centered 
around the suggestion that the major liver transferrin receptors resided on 
endothelial cells, rather on the hepatocytes,112,113 has now been resolved 
and shown to be mainly caused by the collagenase perfusion technique 
employed. 114 However, accumulated data now suggest that there are (at least) 
two mechanisms operating in the hepatocyte: specific transferrin receptors 
at low transferrin concentrations and a nonspecific bulk endocytosis mecha
nism at higher levels. 115-118 In the light of the finding that transferrin recep
tors recycle in the absence of bound transferrin,119 this is clearly an area 
that still needs to be evaluated for its influence on iron uptake by the liver. 

Not only is the mechanism for iron uptake across the liver plasma 
membrane unclear, but that for transport of iron in the cell to sites of utili
zation and/or storage within ferritin molecules has also not been well de
fined. Once across the plasma membrane barrier, iron enters a transitory 
"labile" iron pool, from which it can be readily chelated and mobilized. If 
it is not required for the synthesis of heme proteins, from this pool it enters 
the ferritin molecule. Ferritin is a ubiquitous iron-storage protein consist
ingofcomplexes of two subunits of mol wt21 kDa(H) and 19 kDa(L) that 
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form a protein shell within which iron is stored in a semicrystalline form. 
Synthesis of this protein shell is induced by iron administration,120 result
ing from the shift of ferritin mRNA from messenger ribonucleoproteins to 
polysomes and subsequent active translation.121 Chelation studies have 
shown that removal of the intracellular iron pool results in an increase in 
free ferritin mRNA and a reduction in that associated with polysomes.120 

Induction of ferritin mRNA synthesis with sodium butyrate increases >the 
synthesis of ferritin proportionately, but the capacity for modulation of fer
ritin synthesis in response to iron is preserved,122 suggesting that ferritin 
synthesis depends on both regulatory signals and transcription rates. As with 
the transferrin receptor, there is now known to be a specific iron responsive 
element in the H chain mRNA (in the 5' untranslated region), although this 
represses the regulation of ferritin translation by iron. 123 

As iron loading increases, the pattern of ferritin deposition changes 
from predominantly cytosolic arrays associated with lysosomes (but not 
inside them 124) to condensed aggregates within the lysosomes, which rep
resent hemosiderin (a condensed semicrystalline degradation product of 
ferritin). These lysosomes are much more fragile than normal, possibly as a 
result of free radical formation by the stored hemosideral iron. 125 There is 
some evidence that this hemosideral iron is not readily accessible initially 
to chelation therapy, but gradually becomes so with treatment,126 probably 
liberated through lysosomal digestion or cell death. These iron "compart
ments" exist in both the hepatocytes and Kupffer cells of the liver, as well 
as the reticuloendothelial (RE) cells of the spleen and bone marrow. In vi
tamin C deficient guinea pigs, the relative proportion of iron stored as fer
ritin is decreased in favor of hemosiderin, and the release of iron from the 
RE system is reduced. This suggests that vitamin C may increase the mo
bility of iron between the various "compartments," especially facilitating 
the mobilization of RE iron.127 However, there is little evidence as to how 
iron is mobilized back to the serum from these "compartments." It is un
likely to be located on the freshly synthesized transferrin since Baker and 
coworkers128 have shown that iron efflux from the hepatocyte is virtually 
zero in transferrin-free medium (in spite of normal transferrin synthesis by 
these cells) and increases markedly in the presence of apotransferrin. The 
problem has yet to be solved as to whether transferrin acts solely as a se
rum iron transporter, or has a more specific role in the control of iron mobil
ization and apotransferrin synthesis through membrane interaction. 
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Although transferrin-bound iron is the major source of iron in the 
hepatocyte, it is not the only one. Other iron sources include hemoglobin 
(complexed to haptoglobin), heme (bound to hemopexin), and plasma 
ferritin. These sources are not significant in normal healthy individuals. 
Although it has been suggested that there are receptor-mediated mecha
nisms for the uptake of iron in these various forms, to date only one recep
tor ~ystem has been conclusively isolated and partially characterized. Mack 
and coworkers have isolated a hepatic membrane receptor for ferritin 129 
and partially purified it by affinity chromatography. The isolated receptor 
is fairly insoluble and so no reliable mol wt has been obtained, but these 
workers have been able to determine the number of receptors (approx 
30,(00) per hepatocyte. 

The Reticuloendothelial System 

The RE system, which includes the Kupffer cells in the liver, acquires 
virtually all of its iron by phagocytosis of senescent red cells or their frag
ments, and as such may be regarded as an extension of the erythron, i.e., 
once iron is taken up by the erythroid marrow, the majority remains intra
cellular until released by the RE cells. After phagocytosis, the iron is 
released from heme by heme oxygenase and then either released to plasma 
transferrin or stored in ferritin for subsequent release at a later interval. As 
with the mucosal cells, the exact mechanism of iron donation to plasma 
transferrin has not been elucidated. Like almost every cell in the body, the 
RE cells express transferrin receptors on their cell surface. These receptors 
may be downregulated following functional activation in vivo130 with a 
concomitant increase in intracellular ferritin.131 

Ethanol and Dietary Iron 
As has been said earlier, alcohol has profound effects on iron homeosta

sis. It is also associated with the development of a number of hematologi
cal abnormalities that include megaloblastic anemia, transient hemolysis 
with hyperlipidemia, reversible sideroblastic erythropoiesis, thrombocyto
penia, siderosis, and hemochromatosis. 132 Whether these changes are caused 
solely by alcohol or by changes in the diet is often difficult to elucidate 
because many of the early studies were performed either on laboratory vol
unteers, skid-row alcoholics, or on patients with late-term alcoholic cirrho
sis. At least one study has been performed, however, on noncirrhotic 



Alcohol and Hepatic Fe Homeostasis 13 

alcoholics under controlled conditions and has shown that many of the 
hematological aberrations, including alterations to serum iron, still occur in 
the absence of liver damage and in the face of normal nutrition.133 Consid
erable controversy has also arisen as to the effects of the quantities of iron 
in the beverage of choice for intoxication, fueled by the findings of sidero
sis among the Bantu drinking Kaffir beer and the early confusion over a 
lcoholic siderosis and idiopathic hemochromatotics who drank heavily. 

Experimentally, there is no doubt that alcoholic beverages influence 
iron absorption. Whether this is because of the alcohol itself, or other con
stituents of the drink is also controversial. Absorption of ferric chloride in 
humans, as measured by its incorporation into red cells, appears to be en
hanced in the presence of ethanol from a test dose of either whiskey or 
brandy.134 Since this does not occur in achlorhydric subjects, and is not 
seen with either ferrous salts or hemoglobin iron, this enhancement was 
considered by these workers to be caused by the stimulation of gastric acid 
production by alcohol (and thus the maintenance of more iron in a 
bioavailable form). Other workers, however, using whole body counting 
techniques, have found that a single dose of whiskey appears to reduce iron 
absorption and that removing the alcohol from the whiskey does not alter 
this observation. 135 

Experiments in animals have been equally confusing. MacDonald 
and Pechet, using radioiron-labeled wine, failed to observe any increase in 
absorption in rats.136 Tapper et aI. observed a marked decrease in iron ab
sorption in rats in the presence of a large dose of whiskey. 137 They also saw 
no change in iron absorption in rats given a liquid alcohol diet, or ip injec
tions of ethanol, for up to 4 wk. Mazzanti and coworkers have shown that 
chronically alcoholic rats retain a larger percentage of a test dose of radio
iron and suggest that a reduction in enterocyte turnover may be contribut
ing to this effect. 138 An interesting study by Fairweather -Tait and colleagues 
has recently shown that consumption of wine, whiskey, and ethanol by male 
Wistar rats resulted in higher liver iron concentrations, whereas beer and 
cider had no effect.139 Since ethanol alone had the greatest effect and cider 
the least, the hypothesis that the effects of ethanol are moderated by other 
components of the beverage is again in favor. These effects could still be 
secondary, however, to the long-term effects of ethanol on the metabolism 
of a variety of compounds. For example, folic acid metabolism is well known 
to be altered in chronic alcoholism140 and it has been shown that in alco
holic, folate deficient rabbits, iron uptake increases significantly.141 Admin-
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istration of folic acid to these rabbits returns the iron-absorption values to 
normal. Other factors, such as endotoxin, have been shown to not only re
duce iron uptake, but also to shunt the iron taken up by the mucosa to fer
ritin.142 In idiopathic hemochromatosis, there is a decrease in mucosal 
ferritin, presumably leading to decreased storage ofiron in the mucosal cells 
by these patients.143 

Changes in iron distribution to mucosal proteins in experimental ani
mals are often seen in response to dietary iron and/or body iron stores. Shunt
ing of iron to mucosal ferritin is decreased when animals are placed on a 
low iron diet and increased when the iron content of the diet is returned to 
normal.144 Similarly, the number of transferrin receptors found on the 
basolateral membranes from intestinal cells are inversely proportional to 
the body iron stores.145 However, these receptors do not appear to be di
rectly involved in iron absorption since, following the induction of hemo
lysis with phenylhydrazine, iron absorption increased almost threefold 
without a concomitant change in the receptor number or affinity. As yet, no 
investigation has been made into the effects of ethanol on these receptors. 

Because of these experimental findings in animals, it is not surprising 
that the increased intake of iron in alcoholics has often been considered to 
be associated with greater quantities of iron found in the beverages them
selves. Wine (especially red wine) contains large amounts of iron and many 
French investigators have long considered this to be a prime cause of sid
erosis in alcoholics. 146-148 At least one English group of workers has found 
hepatic siderosis to be unusual among British alcoholics, and has attributed 
this to the low intake of wine by these patients.149 The average iron and 
alcohol content of the different types of alcoholic beverages may be seen in 
Table 1. A more recent study by Jakobovits et al., however, showed that the 
incidence of siderosis in British alcoholics (as estimated by stainable pa
renchymal iron) to be as high as 57%,150 although the occurrence of sig
nificant hepatic iron deposition was low. Approximately 7% of these patients 
had grades III and IV siderosis and there was no significant difference be
tween the sexes. In the female alcoholics studied by these workers, there 
was a significant inverse degree of correlation between age and the degree 
of siderosis, which was not seen in males. The male alcoholics showed, 
however, an inverse correlation between the quantity of alcohol consumed 
and the degree of siderosis, as well as a correlation between the TIBC and 
the degree of siderosis. In this group of alcoholic patients, the average daily 
intake of iron was approx 1.5 mg, compared to 7.2 mg from other sources, 
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Table 1 
Average Iron and Alcohol Content of Common Potables· 

Beverage Iron, Alcohol, 

Beers 
Alcoholic ciders 
White wines 
Red wines 
Port and sherry 
Spirits (70% proof) 

rl19'L giL 

0.1-0.5 
3.0-5.0 
5.0-12.0 
6.5-13.0 
3.0-5.0 
Trace 

22-66 
38-105 
88-102 
89-101 
156-161 

315 

• Adapted from Jakobovits et aI., 1979.150 
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and there appeared to be no relationship between the amount of iron in
gested and the degree of siderosis observed. 

The lack of correlation between the degree of hepatic siderosis and 
the quantity of iron taken up in alcoholic beverages (apart from that seen in 
the South African Bantu) has also been seen in red wine drinkers. Miralles 
Garcia and de Castro del Pozo have shown that there is no correlation be
tween iron ingestion from red wine (up to 23 mg/d) and hepatic iron depo
sition. I51 This is in contrast to the findings of a postmortem study by Powell, 
who found a significant correlation between both the quantities of iron and 
alcohol ingested and hepatic siderosis in alcoholics and their close rela
tives.152 Other groups, however, have found no correlation between hepatic 
siderosis and the length of drinking history.79,ISO,I53 Although the presence 
of hepatic siderosis has often been considered to be abnormal, several groups 
have nonetheless found stainable iron in many of their hematologically nor
mal control subjects. 153-156 Whether this is normal, or reflects hitherto un
detected abnormalities in iron homeostasis, is not clear. In most cases this 
stainable liver iron is only grade I or II, and biopsies from these "control" 
subjects do not show grades III and IV siderosis. These latter grades invari
ably denote significantly increased hepatic iron deposition and this may be 
seen in a small, but significant, number of alcoholics. 

The presence of liver disease in alcoholics may also affect hepatic 
iron deposition. Overall, most groups have found that the severity of the 
liver disease does not appear to be the determining factor; the percentage 
of precirrhotic patients with siderosis being of the order of 50-65 % of those 
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examined, and this value does not change significantly in the presence of 
cirrhosis.144.150.153.157 Lundvall and Weinfeld, using a desferrioxamine che
lation test on alcoholics with precirrhotic liver disease, showed an increase 
in excreted chelated iron in the fITst test, followed by lowered iron excre
tion in subsequent ones. 158 Since this change was sometimes accompanied 
by a decline in the SGOT levels in these patients, these authors concluded 
that the initial excess desferrioxamine-induced iron excretion was probably 
a result of increased liver cell injury. However, it is also possible that this 
increased initial excretion of iron reflects removal of iron from the hepatic 
labile iron pool where it is not only readily available for chelation, but also 
for the generation of free radicals, leading to lipid peroxidation and subse
quent cell damage (and hence increased SGOT levels ... ). 

Cirrhosis of the liver also affects iron absorption, although the effect 
appears to be different in humans from that observed in experimental ani
mals. In patients with cirrhosis, administration of a test dose of oral iron in 
the presence of ethanol results in a significant elevation in the serum iron 
curve, which is not seen in control subjects.159 Since the ethanol did not 
affect either the level of endogenous serum iron or the serum clearance of 
exogenous iron, this elevation of the curve has been ascribed to increased 
absorption in cirrhosis. Since this curve could be normalized by the oral 
administration of pancreatin, it has been suggested that the abnormal iron 
absorption seen in alcoholic cirrhosis could occur as a result of diminished 
pancreatic activity in these patients. This diminished activity could result 
from hypoproduction, delayed transport, or increased inactivation of pan
creatic enzymes caused by portal hypertension, intestinal venostasis, or col
lateral circulation. However, in the latter case, no correlation has been found 
between the extent of the bypass and changes in iron uptake in either hu
mans160 or experimental animals.161 

Several groups have attributed the increased iron absorption to con
comitant liver damage, or to other factors, such as anemia or inflamma
tion,162,163 rather than diminished pancreatic activity. It should be noted, 
however, that iron absorption is normal in acute viral hepatitis.164 Other 
candidates for this effect include xanthine oxidase deficiency,165.166 hy
poxia,167.168 or even hyperhemolysis.169.17o In the rat, however, increased 
deposition of hepatic iron is associated with nutritional cirrhosis and tends 
to be lowered by the administration of ethanol to these experimental ani
mals.11l Since this effect is also seen in control animals, it has been sug
gested that this may be a result of a redistribution of storage iron produced 
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by chronic ethanol ingestion and not from diminished iron absorption or 
total body iron. 

Whether iron absorption is increased in response to experimental 
chronic alcohol administration seems to depend on the technique used to 
measure adsorption and the time-frame involved. In experiments using iso
lated intestinal loops and everted gut sacs, a single bolus of ethanol resulted 
in decreased ferrous iron uptake over 30 min in control animals. 1371he same 
experiments on animals fed a liquid alcohol diet for up to 4 wk, however, 
elicited no change in uptake when compared to animals on the control diet. 
The use of whole body counting 9 d after the administration of ferric iron 
to animals on this same liquid alcohol diet showed increased iron absorp
tion, but no apparent increase in hepatic iron deposition. 138 A comparable 
study in human alcoholics, also using whole body counting 14 d after a test 
meal containing 2 mg ferrous sulfate and radio labeled ferric citrate, 
showed no differences between the alcoholics and control subjects in 
radioiron absorption, although patients with iron deficiency anemia took 
up significantly more of the test dose. 172 The addition of ethanol (0.5 g/kg 
body wt) to the test meal tended to increase absorption, but not markedly 
so, in both controls and alcoholic patients. In the light of these conflicting 
studies, many workers now consider that the increased liver iron concen
trations seen in many alcoholics are unlikely to be caused by increased iron 
absorption occurring as a result of chronic alcohol ingestion. Since iron 
absorption is increased in response to changes in iron homeostasis, it is 
probable that any increase in iron absorption occurs secondarily to changes 
caused by ethanol intoxication. 

Effects of Ethanol 
on Liver Iron Homeostasis 

The liver is often erroneously considered to be a single, homogeneous 
system of cells. This is probably because the major cell type - the hepato
cyte - comprises 85% of the organ. However, the nonparenchymal cells 
of the liver also have separate discrete functions that mayor may not inter
act with those of the hepatocytes. In particular, the Kupffer cells are part of 
the reticuloendothelial system (RES) and as such are involved in the re
moval of senescent red blood cells from the circulation. Since the hepato
cyte is a major site of (nonheme) iron deposition, it is clearly possible to 
differentiate at least two types of iron overload. Thus, transfusional iron 
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overload, as can occur following treatment of ~-thalassemia, results in an 
initial iron loading of the Kupffer cells, which subsequently spills over into 
the parenchymal cells. Primary idiopathic hemochromatosis, on the other 
hand, results in an initial iron loading of the hepatocytes. The hepatocyte 
population of the liver is itself not homogeneous. It is now well known that 
the liver acinus can be divided into three zones, relative to the portal vein, 
and that hepatocytes from each of these zones have slightly different meta
bolic activities. Because there are metabolic gradients across the acinus, it 
is also possible to observe different types of liver damage and iron loading, 
depending on whether the material originates from the gut or other parts of 
the body. Thus, low alcohol concentrations will affect primarily the peri
portal cells, but heavy intoxication will affect all parts of the acinus. Once 
liver damage intervenes, however, the picture becomes more complicated. 
Besides fatty liver and fibrosis, inflammatory infiltrates can also occur and 
these, together with the contents of dying cells, can cause radical changes 
in hepatic iron homeostasis. 

Perhaps because of these intricacies, there have been very few attempts 
to elucidate what effect alcohol has on iron uptake by the liver. As part of 
the author's ongoing investigation into the effects of ethanol on iron ho
meostasis, the effects of ethanol on transferrin-bound iron uptake by freshly 
isolated rat hepatocytes have been closely studied. Initial studies appeared 
to show that hepatocytic uptake of transferrin-bound iron was depressed by 
approx 25-30% in the presence of 10 mM ethanol. 173 Total transferrin bind
ing appeared to be unchanged from that of control cells, but the mol ratio 
of iron to transferrin on cell membranes isolated after 90 min incubation 
was also markedly reduced in the presence of ethanol, suggesting increased 
retention of apotransferrin. Further studies with these cells, using both 
weakly and strongly buffered media, have provided further insight into the 
acute effects of ethanol on transferrin-bound iron uptake by the hepato
cyte.1l0 The depression of iron uptake was found to persist with hepato
cytes that had been preincubated with 10 mM ethanol in weakly buffered 
medium for 90 min prior to the addition of diferric transferrin. Increasing 
the buffering capacity of the system, or the addition of a metabolic inhibi
tor of alcohol dehydrogenase (4-methylpyrazole), returned iron uptake to 
control values. Products of alcohol metabolism, such as acetaldehyde, ac
etate and lactate, and 3-butanol (an alcohol not metabolized by alcohol de
hydrogenase) all had no influence on iron uptake. Investigation of 
transferrin-bound iron uptake over the pH range 6-8.5 revealed a marked 
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Fig. 2. The effect of pH on the uptake of transferrin-bound iron and transferrin 
binding by freshly isolated suspensions of rat hepatocytes. (From Beloqui et aI., 110 

with permission of the publisher.) 

dependency on pH of iron uptake, but not transferrin binding, as can be 
seen in Fig. 2. In the light of modem theory on transferrin receptor recy
cling, it can be seen that the lowered iron uptake at lower pH values is 
almost certainly a result of an increased affinity of apotransferrin for the 
receptor and a slower release of it back into the medium prior to the bind
ing of iron-loaded transferrin. 

Whether this effect observed in vitro is operative in vivo is not clear. 
A mild acidosis has been observed in humans following ethanol ingestion, 174 

which has been related to an increase in serum lactic acid levels, 175 although 
acetate production may also be a contributory factor. 176,177 In contrast, a 
combined metaboliclrespiratory alkalosis has been seen in alcoholics 
during ethanol withdrawal. 178,179 Although the pH effects seen in vivo are 
small, over a long time-frame these changes could disrupt normal liver 
iron homeostasis. Within the microenvironment of the hepatic sinusoid, 
these pH changes could be more severe than those measured in peripheral 
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blood, resulting in more dramatic changes in iron uptake, mobilization, 
and storage. 

Chronic alcohol intake in the rat, however, does have a more marked 
effect on hepatic iron uptake. 1tansferrin-bound iron uptake rates by iso
lated hepatocytes are less than 40% of those found with the pair-fed ani
mals, and the presence of 50 mM ethanol in the medium lowers uptake still 
further to only 27% of control values. 180 Although the total number of trans
ferrin receptors remains unchanged, many more are expressed on the cell 
surface at 4°C (85% vs 44% for control hepatocytes). Assuming that the 
iron uptake is all receptor-mediated, this would imply that, at least in the 
rat, chronic alcoholism leads to a reduced receptor recycling rate. This has 
also been seen with the asialoglycoprotein receptor. 181 Since use of this al
cohol diet leads to the development of fatty liver in the rat, it is not unrea
sonable to assume that this lowered rate of receptor recycling is caused by 
changes in the hepatocyte membrane fluidity. However, iron loading of these 
animals during the development of chronic alcoholism leads to a dramatic 
increase in the rates of iron uptake to supra-control values,182 an effect also 
seen in response to endotoxin (vide infra). 

Although comparable studies have not been performed with human 
hepatocytes, transferrin-bound iron uptake has been studied in human 
alcoholics, utilizing 52pe (produced in a cyclotron) to minimize the long
term radiation hazard that would ensue from using iron isotopes with longer 
half-lives.183 In this study, hepatic uptake and plasma clearance of trans
ferrin-bound iron were measured and compared to the liver iron and serum 
iron in patients with alcoholic liver disease, as well as patients with pri
mary biliary cirrhosis or polycythemia rubra vera (who served as controls 
for this study). Over a 4-h period, less than 2.5% of the transferrin-bound 
iron was taken up by the livers of the controls. A significantly higher quan
tity was taken up by patients with alcoholic fatty liver (11.8 ± 0.8%) or 
alcoholic cirrhosis (7.7 ± 1.3%), but the greatest quantity of transferrin
bound iron was taken up by the livers of the patients with primary biliary 
cirrhosis (13.3 ± 1.3%). The mean serum iron concentrations in the alco
holics were significantly greater than the other two groups and these values 
correlated well with the observed hepatic iron uptake rates in these alco
holic patients. No such correlation was seen with the patients with either 
PBC or polycythemia rubra vera and there were no correlations between 
liver iron or serum ferritin and hepatic uptake in any of the groups studied. 
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Fig. 3. Uptake of transferrin-bound iron in patients with alcoholic liver disease 
and primary biliary cirrhosis. (From Chapman et al.,l83 with permission of the 
authors and publisher.) 

The hepatic uptake values for transferrin-bound iron in these patients is 
shown in Fig. 3. 

Since all of the alcoholic patients studied here had some form of liver 
disease, these data tend to support the suggestion made earlier that iron 
uptake is increased in patients with liver damage. l84 Whether it is also re
lated to liver iron deposition is less clear. The alcoholic patients in this study 
had significantly higher liver iron concentrations than the patients with PBC. 
In an earlier study, Pollycove et al. observed that transferrin-bound iron 
uptake in 3 patients with alcoholic cirrhosis was relatively normal, and sig
nificantly lower than for patients with idiopathic hemochromatosis.18S All 
of the alcoholic patients in this study, however, were iron deficient. In other 
studies, patients with cirrhosis have been shown to have hepatic iron up
take values comparable to those seen in idiopathic hemochromatosis 186 and 
the alcoholic cirrhotics in the study of Chapman and colleagues.183 Since 
the transferrin receptor and liver iron stores appear to have a reciprocal re-
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lationship in idiopathic hemochromatosis,187 it is not readily apparent 
just what cellular mechanism is causing the increased hepatic iron up
take. It may be a primary phenomenon, or occurring secondarily to liver 
damage.183-187 Since, in the study by Chapman et al.,183 iron uptake was 
lower in patients with alcoholic cirrhosis than in those with fatty liver, the 
increased hepatic iron uptake may be considerably modulated by a decrease 
in the number of viable hepatocytes. This could also explain the variations 
seen between the various studies reviewed here, and implies that overall 
liver function must also be taken into consideration. 

The apparent relationship between serum iron and hepatic iron up
take in alcoholics is interesting. As has been said earlier, the hepatic trans
ferrin receptors have a higher affinity for iron loaded transferrin, and it has 
been shown that the hepatic uptake of transferrin-bound iron correlates 
significantly with the percentage transferrin iron saturation. 188, 189 It has 
long been known that alcohol abuse can cause significant increases in the 
serum iron concentration and related parameters and that this occurs inde
pendently of liver damage.4,14,35,190-192 The increased serum iron concen
trations could therefore increase the uptake of transferrin-bound iron by the 
liver. Since the serum transferrin concentration may be low in patients with 
cirrhosis, resulting from decreased hepatic synthesis (vide infra), this will 
also tend to result in the increased liver uptake of circulating iron. 

In normal individuals, more than 95% of the iron circulates in the 
serum bound to transferrin. There is now considerable evidence that a por
tion of the remaining fraction, designated nontransferrin bound (NTB) iron, 
is bound to a protein, whereas the larger fraction is present as some form of 
low mol wt complex.193-196 This NTB iron can be extremely efficiently 
cleared from the plasma by the liver197 by a passive, saturable process that 
is not regulated by liver iron stores.198 NTB iron concentrations can reach 
up to 30% of the total serum iron in iron storage disorders l99 and could 
clearly have marked effects both on hepatic iron deposition and tissue dam
age. Although sera from both treated186 and untreated200 hemochromatosis 
patients result in a higher than normal hepatic iron uptake in test systems, 
this NTB fraction appears to be normal in patients with alcoholic liver dis
ease (3.3 ± 0.7% vs 3.2 ± 0.3% for controlsl99) and thus would not be ex
pected to show this effect. However, the turnover of this NTB iron fraction 
has not yet been examined in patients with alcoholic liver disease. 

1\vo other mechanisms for the changes seen in liver iron in alcoholics 
should also be considered, although as yet they have not been thoroughly 
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investigated. The first is that this iron arises from ineffective erythropoiesis 
following prolonged alcohol ingestion.8 In human alcoholics, serum iron 
values tend to decrease for up to 3 d after alcohol withdrawal, accompanied 
by a reversion of the abnormal accumulation of erythroblastic hemosiderin 
to normal. The suggestion that these findings indicate a direct interference 
in heme synthesis8,14 is only part of the story. Plasma erythropoietin levels 
have been shown to be elevated in alcoholic mice, but the number of "eryth
ropoietin-responsive cells" appear to be reduced, leading to an impaired 
response.201 In addition, hyperferremia may be observed, occurring as a 
result of interference in the utilization of iron by the red cells, and this also 
leads to excess mitochondrial iron accumulation.202,203 The occurrence of 
ineffective erythropoiesis, besides changing serum iron parameters, also 
results in the excess production of both heme and hemoglobin, both of which 
may be taken up by the liver parenchymal cells. Although this pathway is 
not normally of much importance, if the reticuloendothelial system is over
whelmed (or blocked), uptake of these compounds by the liver could have 
some effect on liver iron homeostasis. 

Although serum ferritin levels have been measured in alcoholic pa
tients, there have been no studies on its uptake, at the cellular level, in alco
holism. There is now some evidence that ferritin functions as a carrier 
protein, as well as a cellular iron storage vehicle,204,205 and hepatic mem
brane receptors have been isolated from the livers of several species, in
cluding humans.206-208 Unlike the transferrin receptor, ferritin uptake does 
not appear to be downregulated by iron overload and as such appears to be 
independent of hepatic iron status.209 There is now evidence that the NTB 
iron levels seen in thalassemia and idiopathic hemochromatosis may in fact 
be caused by circulating ferritin,210 but, since this fraction is insignificant 
in alcoholics, it is unlikely that it plays a major role in the elevation of 
hepatic iron stores. However, ferritin liberated through tissue destruction in 
alcoholic liver disease will clearly be rapidly cleared by other viable cells 
within the liver. 

Whatever pathway is used to bring iron to the hepatocyte membrane, 
the mechanism for its entry into the cell has not yet been elucidated with 
any certainty. It is also not known in what (complexed) form it enters the 
labile cytosolic iron pool, prior to being shunted either to the mitochondria 
for the production of heme proteins or into the storage in cytosolic ferritin. 
It is assumed that under normal circumstances the iron is complexed to 
reduce its cellular toxicity, since otherwise it would contribute to lipid 
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peroxidation by the production of deleterious free radicals. Under normal 
circumstances, biosynthesis of ferritin is regulated by iron in the absence of 
alterations in mRNA levels, there being an iron-responsive cis-acting ele
ment in the 5' leader region of ferritin mRNA. 211 It has also been shown that 
hemin and protoporphyrin IX derepress ferritin synthesis in vitro2I2 and may 
in fact induce it, as well as destabilizing transferrin receptor mRNA. How
ever, as in the case of iron absorption, contradictory results have been re
ported for the effects of ethanol on ferritin synthesis. Nadkarni and Deshpande 
observed that ferritin synthesis in rats in vivo was reduced in response to 
chronic alcohol administration.213 Brissot et al., however, using a human 
hepatoma cell line (Hep G2), showed that alcohol could induce ferritin syn
thesis,214 although the ethanol concentration used for induction was rather 
high (>250 mM). It is possible that the reduction in ferritin synthesis seen in 
the animal studies may be a result of a nutritional deficiency, since ascorbic 
acid deficiency in guinea pigs has been shown to lower both tissue2I5 and 
serum2I6 ferritin levels. It is interesting to note that recent work by Roeser's 
group has shown that two types of tissue ferritin have now been identified: 
cytosolic and lipid-associated ferritin.217 Only the cytosolic ferritin appears 
to be affected by ascorbic acid deficiency. These workers consider that lipid
associated ferritin represents ferritin recruited from the cytosol and seques
tered to lipid membranes, where it acts as a metabolic sink for iron. This 
should, in turn, decrease the risk of membrane damage through iron associ
ated lipid peroxidation. What effect ethanol has on lipid-associated ferritin 
has not yet been determined. 

Although the degree of hepatic iron loading seen in alcoholics is much 
less than that seen in idiopathic hemochromatosis, there is an increased in
cidence of siderosis. At least one group ofinvestigators has considered that, 
in patients with hepatic cirrhosis, the iron accumulation occurs secondarily 
to the development of cirrhosis.218 Powell and Kerr have shown that, in 
patients with idiopathic hemochromatosis, iron deposition in the liver was 
the same for both alcoholic and nonalcoholic subjects, with only 25% of 
the alcoholics showing the morphologic changes associated with alcoholic 
liver disease superimposed on those caused by hemochromatosis.219 Sub
jects who are heterozygous for the hemochromatosis allele and are alcohol
ics rarely develop overt iron storage disease.220,221 In several studies of 
alcoholics, however, there has been a definite lack of correlation between 
hepatic siderosis and drinking history.4,150,153 
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One of the problems of diagnosing and treating iron overload is 
that true quantitation of the iron deposition in the liver can only be made from 
a liver biopsy, 222 which is not always feasible. There is now some evidence 
that the serum ferritin concentration correlates linearly with body iron stores, 
each mg of storage iron equating to approx 0.1 Jlg/L of serum ferritin.223-227 
However, there are some disease states in which the plasma ferritin values 
are abnormally raised, such as liver disease, some forms of cancer, and in
fections.228,229 In the case of liver disease, the increased serum ferritin con
centrations are thought to result from the release of cytosolic ferritin from 
damaged liver cellS.230,231 (It has also been suggested that serum ferritin 
concentrations more accurately represent reticuloendothelial iron stores, since 
they fall dramatically following treatment of megaloblastic anemia.)232 
Values for serum ferritin in a variety of disease states, besides alcoholic liver 
disease, may be seen in Fig. 4.233 In one study, over two-thirds of a popu
lation of heavy drinkers had raised serum ferritin levels.234 However, these 
elevated values were associated with raised serum y-glutamyl transferase 
concentrations, suggesting that the liver was the source of the serum fer
ritin. The elevated ferritin levels in alcoholics have also been shown to be 
unrelated to erythropoietic activity.235 It is now generally agreed that a se
rum ferritin level greater than 300 Jlg/L is very unlikely to be the result of 
alcohol-induced liver damage if the y-glutamyl transferase values are be
low 50 UIL.236 

Most of the evidence for cellular injury and fibrosis resulting from 
excess liver iron deposition is based mainly on clinical observations and is 
largely circumstantial.237 Iron overload in infants with thalassemia major 
tends to result in collagen deposition prior to any other evidence of liver 
injury, and this deposition may lead to cirrhosis, rather than cellular necro
sis.238 In idiopathic hemochromatosis, there is an age-related rise in hepatic 
iron accumulation and a threshold of hepatic iron deposition for the devel
opment of fibrosis and cirrhosis (22 mglg dry wt of liver).239 In patients 
with concomitant alcoholism, the development of fibrosis occurred earlier, 
suggesting some form of synergism between the effects of iron and alco
hol. Several mechanisms have been proposed to account for the develop
ment of fibrosis and cirrhosis following iron overload. Iron overload itself 
may directly stimulate collagen synthesis, independently of the develop
ment of liver damage.24o Cellular damage can also occur as a result of iron 
catalyzed lipid peroxidation, leading to increased organelle and membrane 
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fragility.241-243 Although ethanol has been shown to increase lipid 
peroxidation both in viv0244-247 and in vitro,248-253 the role of lipid 
peroxidation in the generation of alcoholic liver disease is still unclear. 
111is is, however, beyond the scope of this chapter and the reader is referred 
either to Irving et al.,254 or elsewhere in this volume for a more detailed 
treatise on the effects of ethanol on lipid peroxidation. 

The Reticuloendothelial System 

Although the reticuloendothelial system is intimately involved in the 
recycling of red cell iron from hemoglobin, it has not been studied as thor-
0ugwy in terms of this processing in alcoholic liver disease. There appears 
to be no direct evidence that ethanol per se alters red cell survival rates,255 
and it is often considered that the hemolytic syndromes resulting from al
cohol intoxication are probably secondary to other alcohol-induced events. 132 
However, there is an impaired release of reticuloendothelial iron in response 
to alcohol administration in experimental animals.256 This is mirrored by 
reduced plasma iron turnover and an increase in marrow transit time. There 
also tends to be an increase in iron retained in the spleen, as well as the 
liver. It is interesting to note that female rats tend to show a greater increase 
in hepatic iron storage under the influence of ethanol. Whereas females tend 
to store more iron (in ferritin) than males under normal conditions,257 the 
increased hepatic iron concentration resulting from ethanol administration 
appears to be restricted to the nonferritin fraction.256 

Although iron overloaded spleens in other diseases have been shown 
to result in increased lipid peroxidation,258 no such conclusive studies have 
been performed in alcoholic liver disease. Indeed, some studies on alcohol
ics have suggested that the reticuloendothelial system may be iron defi
cient.259 111is is more likely to be caused by increased hemolysis following 
heavy drinking leading to increased heme turnover.260 It is debatable whether 
the increase in hemolysis occurs as a result of increased lipid peroxidation 
since only minor changes in susceptibility have been seen in red cells from 
alcoholic patients and this is markedly decreased in the presence of cirrho
sis.261 111is latter abnormality appears to be related to liver protein synthe
sis rather than to a decreased red cell membrane content of polyunsaturated 
fatty acids. Although ineffective erythropoiesis can be observed in alcohol
ics, alcohol-induced bone marrow damage appears to be reversible and the 
toxic effect appears to be peripheral to the marrow.262 
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It should be remembered that the Kupffer cells are both part of the 
reticuloendothelial system and reside in the liver. Like monocytes and mac
rophages, they have membrane receptors for transferrin.263-265 Although not 
yet studied in alcoholic liver disease, iron uptake from transferrin by these 
cells has been shown to be reduced in patients with untreated hemochro
matosis266 and the cells found to contain significant quantities of hemosi
derin.267 However, peripheral blood monocytes from patients with idiopathic 
hemochromatosis do not appear to synthesize ferritin more rapidly than those 
from control subjects,268 although earlier reports suggested that there was 
an abnormal release of reticuloendothelial iron from labeled erythrocytes 
in these patients.269 This could, of course, reflect the type of iron overload 
occurring. In transfusional siderosis, most of the excess iron is presented as 
hemoglobin in red cells and therefore the iron would be deposited in the 
reticuloendothelial system. In idiopathic hemochromatosis, the iron is 
thought to enter by a more physiological route and is therefore directed 
primarily to the parenchymal cells. Since anemia, red cell hemolysis, and 
siderosis have all been observed in alcoholic liver disease, it is probable 
that the aforementioned mechanisms will be operative at some time during 
the course of chronic alcohol intoxication. It is unlikely, however, that reticu
loendothelial transport of iron plays a primary role in the abnormalities of 
iron homeostasis that occur during alcoholism. 

Serum Transferrin 

Since the liver is not only a major site of iron storage, but also synthe
sizes transferrin, ethanol intoxication may lead to changes in the turnover 
of this protein. The relationship between alcohol abuse and disturbances to 
protein metabolism is well-known.25o Although chronic ethanol abuse is 
known to cause hepatomegaly and an accumulation of protein in the liver,21o 
the effects on individual proteins have been less well-established, and may 
even depend on the system used to examine protein metabolism. Further
more, ethanol (or its metabolic products, such as acetaldehyde) may also 
have an effect on the secretory mechanism involved in the movement of 
proteins into the plasma.271-273 Alterations to pH brought about by alcohol 
metabolism have also been shown to alter hepatic synthesis of transferrin 
and albumin, as well as other plasma proteins.llO.274 Studies on the acute 
effects of ethanol have shown that it depresses the fractional synthesis of 
transferrin in vitro, but this effect can be reversed by the simultaneous ad-
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ministration of an amino acid mixture.275 Other effects, such as fasting and 
changes in atmospheric pressure, have also been shown to alter transferrin 
synthesis in vivo.276 Differences in protein synthesis between chronic and 
acute alcohol intoxication in rats, however, have been seen if the radio
labeled amino acids are infused continuously, rather than injected as a bo
lus;277 the rates tend to be elevated in acute treatment and depressed in 
chronic alcoholism in the rat. 

Transferrin synthesis is also regulated by both serum and hepatic stor
age iron. In iron deficiency, there is an increased hepatic transferrin release, 
which can be equated with enhanced de novo synthesis, and this enhance
ment can be reduced back to normal by refeeding with iron.278 There is a 
similar relationship between the rate of iron uptake and transferrin synthe
sis.279 However, inflammation, which is also associated with a fall in se
rum iron and iron-binding capacity, does not appear to result in increased 
serum transferrin concentration280 - at least in the short term. [14C]Leucine 
incorporation into transferrin and ceruloplasmin has been shown to be in
creased over fourfold in turpentine-treated mice,1 whereas the transferrin 
levels rise to 160% of control values after 72 h (with a concomitant rise in 
the serum unsaturated iron-binding capacity). 

The metabolism of transferrin in patients with alcoholic liver disease 
has been studied in the author's laboratory.281 Highly purified radiolabeled 
human transferrin was injected into six patients with alcoholic fatty liver 
and five with alcoholic cirrhosis. Six healthy individuals, with a daily alco
hol intake of less than 40 g, were also studied. The plasma disappearance 
curves for these patients may be seen in Fig. 5. Although there were no 
significant differences in the mean fractional catabolic rate and plasma 
volume in the patients with alcoholic cirrhosis, when compared to the con
trol subjects, the calculated synthesis rates for transferrin were significantly 
different, as may be seen in Fig. 6. The diminished synthesis seen in 
alcoholic cirrhosis (0.44 ± 0.05 mglkglh vs 0.84 ± 0.03 mglkglh for the 
controls) resulted in a markedly lower serum transferrin concentration 
(1.8 ± 0.3 gIL vs a control value of 3.1 ± 0.2 gIL). The serum transferrin 
levels for patients with alcoholic fatty liver were within the normal range 
(2.8 + 0.2 gIL), which implied that the elevated synthesis seen in this group 
(0.99 ± 0.08 mg/kg body wt/h) was owing to an elevated fractional turn
over rate of transferrin in their plasma. 

Although the lowered synthesis rates for transferrin in the patients 
with cirrhosis may be explained in terms of the liver's diminished synthetic 
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capacity, the elevation of these rates in those subjects with fatty liver is 
somewhat unexpected since, as has been mentioned previously, acute a1co
hoI administration in the rat often results in decreased transferrin synthesis. 
It is possible that, in the noncirrhotic a1coholic patient, transferrin is acting 
as an acute phase reactant and the elevated synthesis may correspond to 
that seen by Beaumier et al. I in experimenta1 inflammation. Another ex
planation is that the increased turnover may be attributable to these patients 
ceasing drinking just prior to the study, leading to the stimulation of eryth
ropoiesis. None of these patients had any evidence of hemolysis, which 
could also increase transferrin metabolism.282 Since none of these patients 
had significant hepatic iron deposition (Le., greater than grade I siderosis), 
it is unlikely that their hepatic iron stores had any influence on the observed 
synthetic rate. However, as is shown in Fig. 7, the serum total iron binding 
capacity correlates well with the IV transferrin synthesis rate. This is not 
seen in the control subjects. 
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Precise information about the site(s) of transferrin catabolism is un
available at the present time. Although earlier work in rats, using in vitro 
liver perfusion,283 suggested that the liver could account for approx 10% of 
the catabolism in the intact animal, it has subsequently been shown that 
endocytic degradation by the liver cells only occurs with artificially dena
tured transferrin.2841bis finding is in agreement with the work of Regoeczi 
et al., who suggested that desialylated transferrin is cleared by the bone 
marrow in rabbits.285 Furthermore, evidence of clearance by the asialo
glycoprotein receptor on the hepatocyte286 of desialylated transferrin is con
troversial.287,288 In addition, the hepatocyte receptors are specific for the 
native iron-transporting molecule and binding of denatured transferrin or 
apotransferrin is greatly reduced.107,l09 This indirect evidence would sug
gest, therefore, that as the liver is also the site of transferrin synthesis, the 
effects of transferrin metabolism would be on synthesis per se, rather than 
on catabolism. 

Alcohol does not only affect the rate of synthesis. Considerable evi
dence has now accumulated to suggest that it also alters the structure of 
transferrin. Several groups have now confirmed that there is an abnormal 
microheterogeneity of transferrin that can be observed in the serum of many 
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alcoholics.288-292 The abnormality appears as a transferrin component with 
an isoelectric point of pH 5.7 and it has been suggested that this is related to 
changes in the structure and composition of the carbohydrate moiety of this 
glycoprotein.293-295 More recent work, however, has shown that the defect 
is more complex and involves galactose and N-acetylglucosamine, as well 
as sialic acid.296 Detection of this carbohydrate-deficient transferrin has now 
been refined into a potentially useful test for the detection of alcohol 
abuse.297,298 These elevated values for carbohydrate-deficient transferrin in 
alcoholics gradually decrease in most subjects after cessation of drinking 
(t1l2 = 16 ± 5 d).299 Ueber and coworkers consider that, for the assessment 
of treatment outcome, the combination of carbohydrate-deficient transferrin 
and the 'Y-glutamyl transferase levels as markers yield a sensitivity of 95 %.299 

Why this change in transferrin sialic acid content occurs following 
alcohol abuse is not known. It could be owing to either a degradative pro
cess, or incomplete glycosylation occurring during synthesis. Acetaldehyde 
is known to alter the incorporation of glucosamine into glycoproteins,3oo 
but this does not explain the change in terminal glycosylation. It appears 
that some resialylation of asialotransferrin can occur301 and the addition of 
microtubule inhibitors can increase the proportion of asialoglycoproteins 
undergoing resialylation.302 Microtubule inhibition is paralleled by a corre
sponding reduction in intracellular transport and secretion of proteins. As a 
result proteins accumulate in Golgi-derived vesicles, which are rich in 
sialyltransferase,303 and these vesicles have a tendency to fuse with lyso
somes.304 Thus it is possible that resialylation may occur in stalled, Golgi
derived vesicles, or similar organelles.305 Since sialyltransferase is a 
membrane-bound enzyme in Golgi bodies, some alcohol-related perturba
tion of this organelle may be a factor in these alterations, especially as al
cohol has been shown to alter the density distribution of these bodies.287,306 
Ethanol has been shown to alter ectosialyltransferase activity, but not that 
of neuraminidase, in the developing rat brain.307 More recent work in 
human alcoholics suggests that the altered transferrin found in these pa
tients is probably caused by an impaired uptake of sialic acid-deficient 
transferrin by the hepatocyte owing to membrane dysfunction, rather than 
a defect in sialylation.308 

Experimental work on hepatic iron uptake from asialotransferrins, 
however, has not shown the expected result. Normal liver cells take up iron 
more rapidly from asialotransferrin than native transferrin.287,309 It has been 
suggested that asialotransferrin could be taken up by either the transferrin or 
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the asialoglycoprotein receptor,310 but Regoeczi and Koj consider that 
asialotransferrin binds to each of these sequentially and switches from the 
asialoglycoprotein receptor to the transferrin receptor at an acidified sub
cellular site.311 However, in alcohol-fed rats, iron uptake by freshly iso
lated hepatocytes from rat asialotransferrin is less than 55 of control values 
and, in the presence of 50 mM ethanol, this value drops to 67% of con
trols.18o Binding of asialotransferrin to these cells was threefold higher 
than for native transferrin, suggesting that binding was occurring with 
receptors other than the transferrin receptor, and was the same in control 
and alcohol-fed rats. Casey and coworkers have shown that alcohol 
impairs the recycling of asialoglycoprotein receptors, so that, if the 
asialotransferrin is recycling via this receptor, iron uptake from this 
macromolecule would inevitably be reduced. If this occurs in humans, then 
it is unlikely that the altered transferrins contribute to the hemosiderosis 
seen in some alcoholics. 

Endotoxins 

Endotoxins are toxic cell-wall components of gram-negative bacteria 
and are usually lipopolysaccharides. They are present in large quantities in 
the gut as a result of the death of the normal gut flora, such as Escherichia 
coli. Normally only small quantities of these pass into the portal circula
tion, where they are rapidly detoxified by the liver reticuloendothelial cells. 
The increased antibody production and hypergammaglobulinemia frequently 
seen in liver disease are now considered to be partly a result of the failure 
of the liver to clear absorbed antigens. As a result of decreased Kupffer cell 
activity in patients with alcoholic hepatitis,312 serum titers of antibodies to 
E. coli 0 antigens tend to be much higher and more frequent in patients 
with alcoholic liver disease.313.314 The levels are also greater in patients 
with cirrhosis than in those with fatty liver, and the presence of alcoholic 
hepatitis elevates these values further.315 Endotoxins themselves have been 
quantitated in peripheral venous blood and found to occur more often in 
patients with alcoholic cirrhosis than in those with nonalcoholic cirrhosis.316 

Experimentally, the administration of endotoxin to rats on an alcoholic diet 
induces hepatic necrosis.317 

It is now well known that bacterial infection leads to a hypoferremic 
response, involving a marked reduction in transferrin-bound iron. A simi
lar effect can be seen following the administration of endotoxins to rats and 
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mice.318,319 Although the reticuloendothelial system has been considered to 
be responsible for the production of this hypoferremic state, the exact mecha
nism of this iron removal from the plasma has not been elucidated. The 
author's laboratory has now established that hepatocytic uptake of trans
ferrin-bound iron is involved in the generation of experimental hypoferre
mia by endotoxins.32o Transferrin-bound iron uptake by hepatocytes from 
endotoxin treated rats is not increased until 24 h after treatment, as may be 
seen in Fig. 8. A similar effect is seen with nontransferrin-bound iron (Fig. 
9), although the rate of uptake of this material is much greater. Transferrin 
synthesis by these cells, however, is significantly reduced at 1 h (Fig. 10), 
and returns to normal values by 24 h. The number of transferrin receptors 
involved in iron uptake is also reduced by endotoxin (Fig. 11), both in terms 
of the total available (as determined by transferrin binding at 37°C) and 
those expressed on the cell surface (binding at 4°C). However, the percent
age internalized, i.e., involved in transferrin recycling, is increased from 
about 20% in controls to ca. 40% following endotoxin treatment. The rate 
of recycling of the receptor is also increased, as may be seen in Fig. 12, 
from 18 ± 2 min to 11 ± 1 min 24 h after treatment. 

Extrapolation of this elevated iron uptake to humans would indicate 
significant effects of endotoxins on iron homeostasis. Normally, between 
30 and 35 mg of iron are recycled through the blood each day, of which 
2.5-4.5 mg are handled by the parenchymal cells and the rest by the reticu
loendothelial system. Because the blood only contains about 5 mg of iron 
unassociated with heme at anyone moment, elevation of hepatocytic up
take by two to three times, in conjunction with the observed reduction in 
iron release, could by itself account for the hypoferremia seen after infec
tion or endotoxin administration. The increased uptake of nontransferrin
bound iron (one to two orders of magnitude greater than that seen for 
transferrin-bound iron) ensures that little nonheme iron remains in the 
plasma. The reduced transferrin binding also observed, which is more than 
offset by faster endocytic recycling, implies more apotransferrin in the se
rum available to chelate iron and make it unavailable to invading patho
genic bacteria. However, in vivo, it is less likely that this is the sole, or 
even necessarily the major, contributor to the observed hypoferremia. It 
would nevertheless act as an efficient secondary or alternative system to 
the reticuloendothelial system to ensure that little or no iron was made readily 
available to invading bacteria. 
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Fig. 8. Uptake of transferrin bound iron by suspensions of hepatocytes 49 
isolated either 1 h (A) or 24 h (8) after endotoxin administration. Hepatocytes, at 
a final concentration of 2.5 ± 0.5 x 106 cells/mL were incubated at 37°e in Leibovitz 
L-15 medium containing 50 mM HEPES and 2% bovine serum albumin in the 
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Fig. 9. Uptake of nontransferrin-bound iron by suspensions of rat hepatocytes 
isolated 24 h after endotoxin administration. The cells were incubated in the 
presence of 5 JlM nontransferrin-bound 59Fe. Other conditions are the same as in 
Fig. 8. (Reproduced with permission of the publisher from Potter et a1.320) 

These data may also explain some of the anomalies seen in patients 
with alcoholic liver disease. As has been mentioned previously, these pa
tients have significantly increased titers to E. coli 0 antigens (and presum
ably to antigens from other gram-negative bacteria), suggesting large fluxes 
of endotoxins owing to increased gastrointestinal permeability to these an
tigens as a result of alcohol abuse. Although ethanol administration to rats 
results in the impairment of transferrin endocytosis and iron uptake, endo
toxins dramatically alter the iron homeostatic mechanism and indeed not 
only reverse this inhibition caused by ethanol abuse but increase uptake to 
values greater than those seen in nonalcoholic rats treated with endotoxin.321 

It can be seen from these experiments that endotoxins have several signifi-

presence of 100 Jlg/mL diferric 59Fe-labeled transferrin. HD = hepatocytes isolated 
from rats injected ip with 25 mg/kg lipopolysaccharide from E. coli 026:86; LD = 
hepatocytes from rats treated with 2.5 mg/kg lipopolysaccharide; CD = hepatocytes 
from control rats (injected with an equivalent volume of saline). (Reproduced from 
Potter et al.,320 with permission of the publisher.) 
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Fig. 10. Incorporation of rH]leucine into transferrin by suspensions of 
hepatocytes isolated 1 h after endotoxin administration. Incorporation of leucine 
into immunoprecipitable transferrin was determined by the method of Yeoh et 
a1.323 Other conditions were as in Fig. 8. (Reproduced with permission of the 
publisher from Potter et aI.320) 
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Fig. 11. Transferrin binding to isolated hepatocytes. Histogram values are given 
for 4 and 37°C. Values within the stippled areas represent the percentage of 
(surface) binding at 4°C to that at 37°C (total number of receptor sites). 0 = 3rC; 
III = 4°C. (Reproduced with permission of the publisher from Potter et aI.320) 
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Fig. 12. Transferrin receptor recycling by hepatocytes isolated 24 h after 
endotoxin administration. After cell surface labeling with 1251, suspensions of 
hepatocytes were incubated at 37°C in the presence of limited quantities of diferric 
transferrin. At preset intervals, aliquots were taken, chilled and subjected to 
proteolysis of the surface receptors with trypsin. The cells were then lysed, the 
membranes dissolved, and the internalized transferrin receptors quantitated by 
measurement of the radioactivity after immunoprecipitation. Other conditions are 
as in Fig. 8. (Reproduced with permission of the publisher from Potter et a1.320) 

cant and distinct effects on iron metabolism by the hepatocyte. However, 
only the long-term direct action of endotoxin or its modulated effect, 
possibly through products secreted by the reticuloendothelial system, 
such as interleukin I or tissue necrosis factor, alters iron homeostasis within 
the parenchyma. 

Conclusions 

From this brief review of the literature, it can be seen that ethanol has 
the potential for disrupting almost every aspect of hepatic iron homeostasis. 
However, there still seems to be considerable disagreement as to exactly 
what its mode of action is, as the observed effects tend to depend on the 
experimental design or the model used. To date, insufficient attention has 
been paid to the metabolites of ethanol, particularly acetaldehyde, which 
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may playa far greater role in the pathogenesis of alcoholic liver disease. It 
is possible that all, some, or none of the mechanisms described in this re
view actually result in the disturbed hepatic iron homeostasis seen in alco
holic liver disease. Considerably more research is required to elucidate the 
overall mode of action of ethanol on hepatic iron homeostasis. 
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The Pathogenesis 
of Inflammation 

in Alcoholic Liver Disease 

F. Joseph Roll 

Introduction 

In the US and many other Western countries, alcohol-related* liver 
injury is responsible for the majority of deaths caused by liver disease. l We 
have no specific therapy except abstinence from alcohol, which in many 
patients fails to prevent progression of the disease. This has given strong 
impetus to attempts to understand the pathogenesis of the disease and de
velop treatments to supplement abstinence. 

In the early part of this century, alcohol-related liver disease was 
thought to be primarily a result of the malnutrition that usually accompanies 
alcoholism, but the response of patients with alcoholic liver disease to nu
tritional therapy in randomized, controlled trials has been disappointing. 
More recently, investigators surveying this field have stressed the toxic 
effects of alcohol itself and have assigned to malnutrition, at most, a con
tributory role.2 A multitude of effects of alcohol or its metabolite acetalde-

*Alcohol and ethanol are used synonymously in this chapter. 
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hyde on such cellular functions as protein secretion, mitochondrial energy 
production, membrane fluidity, redox state, and cytoskeletal function have 
been documented;3 in vitro studies have suggested that acetaldehyde can 
increase transcription rates for collagen in cultured fibroblasts,4 raising the 
possibility that cirrhosis might result directly from alcohol metabolism. 
However, even high concentrations of alcohol do not damage liver cells 
in vitro,S and it has been difficult to explain the full spectrum of human 
alcohol-related liver injury on the basis of any of the effects of alcohol 
described to date. 

With the current interest in the toxic effects of alcohol it is often as
sumed that the inflammation that is such a striking feature of alcoholic 
hepatitis clinically and pathologically (see below) is a nonspecific response 
to alcohol-induced liver-cell injury. According to this view, leukocytes are 
attracted by dying liver cells, cell components such as condensed interme
diate filaments ["alcoholic hyaline"], or fragments of the extracellular ma
trix and accumulate in the liver to remove the dead cells and debris in a 
"house-keeping" role. This assumption has to be reexamined in the light of 
recent studies that suggest a mechanism by which viable liver cells may 
elicit an inflammatory response, such as that seen in alcoholic hepatitis. 
These studies have shown that: 

1. Alcohol metabolism by the liver is associated with an increased rate of 
lipid peroxidation in vivo. 

2. Liver cells metabolizing alcohol generate, via a lipid peroxide inter
mediate, a substance that is a chemoattractant for polymorphonuclear 
leukocytes. 

3. In vitro, activated polymorphonuclear leukocytes are themselves cyto
toxic to liver cells and destructive of extracellular matrix. 

These observations suggest the hypothesis that inflammation is a pri
mary problem in alcohol-related liver disease and that, like certain arthriti
des and autoimmune disorders, alcoholic liver disease may be a process in 
which the inflammatory response is misdirected and becomes predominantly 
destructive rather than protective of the organism. This chapter will begin 
by describing the spectrum of alcohol-related liver disease and will then 
summarize the evidence for a primary role of inflammation in its genesis, 
focusing on studies from our laboratory of a chemoattractant generated by 
liver cells metabolizing ethanol. 
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The Spectrum 
of Alcohol-Related Liver Disease 

Alcoholic Fatty Liver 

Alcoholic fatty liver is characterized histologically by the deposition 
oflarge droplets of fat in liver cells. This may involve only a few, or nearly 
all, of the cells. Similar deposits may be seen in livers of obese individuals, 
in normal volunteers given ethanol for several weeks and rarely in nonobese, 
normal individuals.6•7 The fat appears to be primarily in the form of 
triacylglycerol. The predominant reason for the fat accumulation associ
ated with alcohol ingestion is not known,8 but evidence has been gathered 
in experimental animals and in humans for several potential mechanisms 
which may act in concert, including an increase in fatty acid uptake by the 
liver,9 inhibition of hepatic fatty acid oxidation,lO and increased synthesis of 
fatty acids. ll Whether fatty liver has any ill effects in humans is controver
sial. It has been reported that some patients with simple fatty liver have a 
subtle increase in fibrous tissue around hepatic central veins, called 
peri venular fibrosis, which presages the development of cirrhosis, 12 but this 
has not been found in all studies 13 and prior episodes of frank inflammation 
cannot be excluded in these patients. It has also been claimed that fatty 
liver progresses directly to cirrhosis in the baboon model of alcoholic liver 
disease; however, published reports of serial liver biopsies in these animals 
describe mononuclear cell infiltrates that temporally precede or accompany 
the fibrosis. 14 In summary, alcoholic fatty liver has not been conclusively 
shown to cause frank liver-cell injury or fibrosis. 

Alcoholic Hepatitis 

Alcoholic hepatitis and cirrhosis are more serious forms of liver dis
ease that occur in only 15% of alcoholics. Clinically, alcoholic hepatitis is 
characterized by jaundice, gastrointestinal symptoms, prolonged fever, 
leukocytosis, an elevated erythrocyte sedimentation rate, and an enlarged, 
tender liver. In many ways it mimics an acute inflammatory process, such 
as a bacterial infection. Histologically there is a characteristic inflammatory 
cell infiltrate composed predominantly of polymorphonuclear leukocytes, 
but including macrophages and lymphocytes, swelling and degeneration of 
liver cells around central veins, and condensation of liver-cell intermediate 
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filaments giving rise to hepatocyte inclusions known as "alcoholic hyaline" 
or "Mallory bodies. "15 By contrast, in some other types of hepatitis, such 
as viral hepatitis, neutrophils are not prominent, although there may be a 
comparable degree of liver -cell necrosis. This observation suggests that liver
cell damage itself does not always cause an influx of polymorphonuclear 
leukocytes. There may also be fat accumulation in liver cells and a spidery 
fibrosis in the vicinity of central veins, perhaps reflecting overlap of alco
holic hepatitis with the other two manifestations of alcohol-related liver 
disease. Alcoholic hepatitis has a high mortality; approximately one-third 
of the patients in control groups in clinical treatment trials die within the 
first 4 wk after hospitalization. 16 

Alcoholic Cirrhosis 
At least half of the patients with the lesion of alcoholic hepatitis who 

continue to consume alcohol (and many who do not) go on to develop cir
rhosis within 2-3 yr. 17 Cirrhosis is characterized histologically by the ap
pearance of abundant extracellular matrix, consisting primarily of collagen 
bundles that disrupt the normal architecture of the liver and distort blood 
vessels. 15 Smooth muscle-like cells, so-called myofibroblasts, populate the 
scar tissue and are likely responsible for formation and contraction of the 
bundles of collagen.I8-20 Clinically, the cirrhotic phase is dominated by 
complications stemming from the obstruction to blood flow through the 
liver by the proliferating scar: portal hypertension with shunting of blood 
through esophageal varices, hepatic encephalopathy, and impaired liver cell 
function. Mortality during the first year after presentation is 25%.21 

The Role of Inflammation 
In trying to understand the pathogenesis of alcohol-related liver dis

ease, a fundamental question is whether the inflammation seen in alcoholic 
hepatitis is necessary for liver-cell injury and/or subsequent fibrosis. The 
evidence at present is primarily clinical and is indirect. A role in injury is 
suggested by the observations that the illness often persists for months after 
withdrawal from alcohol and that improvement in serum transaminases and 
other measures of liver injury parallels resolution of histologic inflamma
tion.22,23 There is also an excellent correlation between the histologic find
ings of inflammation and liver-cell injury in coded liver biopsies of patients 
with alcoholic hepatitis.23 Moreover, antiinflammatory drugs, such as cor-



Pathogenesis of Inflammation 65 

ticosteroids, have been shown to reduce mortality in a subset of patients 
with severe disease.24 

What is the evidence that alcoholic hepatitis is a precursor of 
cirrhosis? Again the clinical evidence is indirect and is based on two 
observations: 

1. As previously noted, when patients with alcoholic hepatitis are studied by 
means of serial liver biopsies a high proportion are found to develop cir
rhosis during a followup period of several years,17,25 and 

2. In large groups of alcoholic individuals, those with inflammation (i.e., 
alcoholic hepatitis) gave a history of an average of 10.3 yr of alcoholism, 
whereas those with cirrhosis had a 17.1-yr history of alcoholism.26 

These data are in accord with clinical experience in the US and Europe: 
With the exception of studies of peri venular fibrosis described earlier, there 
is no evidence that patients progress to cirrhosis without inflammation. The 
experience of certain Asian patients who have progressive fibrosis without 
hepatitis is often cited as evidence that alcoholic hepatitis may not always 
precede cirrhosis, but we now know that sporadic hepatitis C infection is 
common in this population and frequently leads to chronic hepatitis and 
cirrhosis.27 Hence, chronic viral infection cannot be excluded as the cause 
of fibrosis in these patients. 

In summary, clinical data suggests that alcoholic hepatitis almost al
ways precedes cirrhosis. This is entirely consistent with evidence that the 
liver, like other organs, responds differently to acute than to chronic injury 
and inflammation. Like a sutured surgical wound, a self-limited injury to 
the liver, no matter how severe, usually heals without scarring and fibrosis. 
This is most clearly demonstrated by studies of hepatotoxins in animals. A 
single dose of carbon tetrachloride adminstered to a rat causes extensive 
liver necrosis, but this is followed by complete restoration of normal struc
ture. If the toxin is given for several weeks, fibrosis develops but is fully 
reversible when the carbon tetrachloride is stopped.28 The clinical counter
part of this is a patient who survives acute virus- or drug-induced fulminant 
hepatic failure. Even though most of the liver of such a patient is destroyed, 
the organ will frequently regenerate with a normal structure.29 In contrast, 
if the injury is subacute or chronic, then fibrosis may dominate the repair 
process and cirrhosis can result. Thus, 10% of patients with chronic hepatitis 
B infection and 40-50% of those with chronic hepatitis C go on to cirrho
sis,30,31 and, in the example of carbon tetrachloride experimental injury, if 
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administration of the toxin is continued beyond several weeks, then an irre
versible cirrhosis results.28 

There are in medicine many other examples of pathologic fibrosis as
sociated with chronic inflammation, including sclerosis of renal glomeruli 
in glomerulonephritis, scarring of heart valves in rheumatic fever, pulmo
nary fibrosis of the idiopathic variety, and hepatic fibrosis from chronic 
active hepatitis or schistosomiasis. What is the evidence that it is the in
flammatory response itself that is causing the fibrosis? The best-studied 
example is schistosomiasis, for which good animal models are available: 
Here T-cells activated by antigen from the egg of the worm have been shown 
to be responsible for release of factors that stimulate hepatic fibroblasts to 
proliferate and increase their collagen synthesis.32 Another well-studied 
example is the liver fibrosis induced in rats by injection of streptococcal 
cell-wall material. Wahl et al. have shown that, in contrast to controls, nude 
rats lacking only T-Iymphocytes do not develop hepatic fibrosis when the 
bacterial cell-wall material is administered.33 In other cases the evidence is 
largely indirect: For example, in pulmonary fibrosis inflammatory cells from 
the affected tissue can be shown in vitro to release cytokines (e.g., platelet
derived growth factor) that are known to be capable of stimulating mesen
chymal cell proliferation, migration, and extracellular matrix synthesis.34 

In the inflammatory infiltrate of alcoholic hepatitis, macrophages and 
lymphocytes are abundant. These mononuclear inflammatory cells may be 
responsible for the cirrhotic phase of the disease. 

These observations suggest, then, that the lesion of alcoholic hepatitis 
is pivotal in the development of significant complications and that the 
inflammatory response seen in alcoholic hepatitis is closely linked to the 
mechanism by which alcohol injures the human liver. 

Neutrophils and Liver Injury 

The Role of Neutrophils 
in Cell and Tissue Injury 

The primary role of neutrophils is in defense against foreign organ
isms, but, as mentioned previously, it is becoming clear that neutrophils 
can also be destructive agents in a number of diseases, including ischemia
reperfusion injury to the heart and other organs, rheumatoid arthritis, pso
riasis, ulcerative coliitis, and Arthus reactions.35 Before discussing the 
evidence for neutrophil-mediated liver injury, I will mention some of the 
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Fig. 1. Neutrophil products that are potentially cytotoxic to liver-derived cells. 

mechanisms by which these cells exert toxicity. Becker distinguishes oxi
dative from nonoxidative mechanisms of neutrophil cytotoxicity.36 Oxidant 
mechanisms include the production of 02-' H20 2, and, possibly, ·OH by the 
neutrophil membrane-associated NADPH oxidase system (Fig. 1). The rela
tive importance of these oxidants is still debated and may depend in part on 
the system being studied. Under most circumstances, 02- is not as reactive 
as ·OH and is readily consumed by dismutation to H20 2, but there is some 
doubt whether neutrophils can generate ·OH under physiologic conditions.37 

Neutrophil oxidative toxicity is at present thought to be attributable to the 
oxidizing ability of either H20 2 or hypochlorous acid, an enzyme secreted 
by neutrophils during degranulation. The mechanisms by which these oxi
dants damage target cells are still hypothetical, but include 

1. "Oxidative stress," a shift in the redox state of the cell that ultimately 
leads to a rise in cytosolic calcium and cell injury, and 

2. Direct oxidative attack on key proteins, membrane phospholipids, or DNA, 
causing cell death.38 

Support for the oxidative mechanisms of target -cell injury comes from stud
ies showing a protective effect of exogenous scavengers, such as superox
ide dismutase, and of endogenous antioxidant defense mechansims, such 
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as glutathione and glutathione peroxidase. Of particular relevance to liver 
toxicity is the observation that neutrophils can be stimulated to release in
creased quantities of oxidants by exposure to bacteriallipopolysaccharide,39 
which has been reported to be present in splanchnic blood of patients with 
liver disease.4o 

Nonoxidative mechansims of injury include the numerous proteases 
secreted by neutrophils during activation: elastase, collagenase, gelatinase, 
cathepsin, and acid hydrolases. These are known to be capable of degrading 
the extracellular matrix, and, given the importance of matrix for cell via
bility and function,41 enzymes could mediate toxicity by this means. 
Alternatively, they may cause injury by attacking carbohydrates or proteins 
on the surface of target cells. The metabolism of HzOz to HOCI by the 
granule enzyme myeloperoxidase and the oxidative inactivation of 
a-I-proteinase inhibitor by HOCI illustrate the possibility of cooperative 
effects of oxidative and nonoxidative mechanisms.37 Neutrophils also pro
duce another major group of mediators, termed eicosanoids, such as pros
taglandins, leukotrienes, lipoxins, and thromboxanes (Fig. I). Some of these 
are cytoprotective, but others may potentiate tissue injury by causing vaso
dilatation or by recruiting other inflammatory cells. Hepatocytes can 
convert some of these compounds to vasoactive glutathione derivatives, 
and this may playa role in certain types of liver injury.4z It was recently 
reported that neutrophils activated by endotoxin can synthesize and secrete 
biologically active tumor necrosis factor a.43 The cytotoxic effects of this 
cytokine are well described, and it may prove to be an important mediator 
of neutrophil-induced cell injury. 

There are now several published studies implicating macrophages in 
liver injury in experimental models,44,45 but to date there have been only a 
limited number of studies of the participation of neutrophils in liver injury. 
Cytotoxicity of neutrophils for a variety of endothelial cells or cell lines 
was described previously.46 Morphologic studies of in vivo models of liver 
injury, such as that of endotoxin administration, have suggested that neu
trophil adherence to the endothelium is an early event;47 however, the effect 
of neutrophil depletion has not been tested. 

A series of in vitro experiments demonstration cytotoxicity of neutro
phils for hepatocytes has been reported by Mavier et al.48,49 In these experi
ments' rat hepatocytes were incubated with stimulated human neutrophils, 
and toxicity was assessed by measuring release of the hepatocyte enzyme 
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alanine amintransferase and by looking for ultrastructural changes. Mavier 
et al. demonstrated that incubation of liver cells with unstimulated neutro
phils for up to 16 h was not associated with any significant toxicity. In 
contrast, incubation with neutrophils treated with opsonized zymosan par
ticles - a standard activating stimulus - provoked significant release of 
hepatocyte aminotransferase activity.48 Supernatants of neutrophils stimu
lated for 2 h with zymosan could be substituted for the neutrophils them
selves, and, by the use of inhibitors, the cytotoxicity was shown to be 
attributable to proteases, such as cathepsin G and elastase, rather than to an 
oxidative mechanism.49 In preliminary work, these authors showed that 
stimulation of the acute-phase response in the liver cells protected against 
cytotoxicity, probably by increasing the concentration of protease inhibi
tors in the medium and/or the hepatocytes.5o It is not clear whether the 
cytotoxicity is a direct effect of the proteases on hepatocytes or an indi
rect effect of the enzymes via matrix degradation with subsequent loss of 
cell adhesion and viability. As with all such in vitro studies, the effect of 
isolating the liver cells from their normal matrix and from plasma factors 
is unknown, and in vivo studies in animal models of neutrophil-mediated 
liver injury are needed. 

Neutrophil Chemotaxis and Chemoattractants 

In a strict sense, chemotactic factors are substances that cause directed 
movement of cells (e.g., neutrophils) along a concentration gradient, but 
most chemotactic factors also have other effects on the cells they stimulate. 
For example, in vivo, in response to a chemotactic stimulus, circulating 
neutrophils adhere to endothelium locally, penetrate the endothelial lining 
(Le., undergo diapedesis), migrate in a directed fashion along a concentra
tion gradient, and secrete a number of potentially toxic products, including 
reduced oxygen intermediates (eOH, H20 2, and HOCl), enzymes (such as 
elastase and collagenase), and arachidonic acid derivatives (such as leuko
trienes, lipoxins, thromboxanes, and prostaglandins).51 The release of these 
arachidonic acid derivatives, which are themselves mediators of inflamma
tion, may serve to amplify or modulate the inflammatory response by re
cruiting either other neutrophils or the second wave of defenders, monocytes 
and macrophages. In general, chemotactic factors are not cell-specific, and 
the same factors usually are chemotactic for both neutrophils and macroph-
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ages. Nor do these factors act only on leukocytes: The chemotactic lipid 
leukotriene B 4 exerts a chemotactic effect on fibroblasts as well as neutro
phils52 and macrophages and it increases the ability of endothelial cells to 
adhere to neutrophils.53 Both peptide chemotactic factors, such as C5a, 
and lipid chemotactic factors, such as leukotriene B4, have been identi
fied, and binding studies show that these ligands bind unique receptors. 
After ligand binding, the intracellular cascade of activation seems to fol
Iowa common path involving activation of a guanine nucleotide binding 
protein, activation of phospholipase C, increased phosphoinositide me
tabolism, and intracellular calcium. 54 Certain agonists, such as phorbol 
myristate acetate, are capable of directly activating the intracellular signal 
transduction pathway. 

Although the complex biochemical events that take place in the target 
cell after exposure to a chemotactic stimulus are being unraveled, there is 
to date no convenient way to measure chemotactic activity except by bio
assay. One of the methods most commonly used is the Boyden chamber 
assay. 55 In this assay, the chemoattractant substance is placed in the lower 
compartment of a two-compartment Plexiglas™ chamber. A filter with pores 
just large enough to admit a migrating cell separates the lower chamber 
from the upper chamber, into which is placed a suspension of freshly iso
lated neutrophils. After a suitable incubation period, the filter is removed, 
fixed, stained, and examined under a microscope. In one commonly used 
assay, the "leading front" assay, the distance that the leading front of neu
trophils has moved through the filter in a given period of time (total migra
tion) is recorded. The distance moved by cells in response to buffer alone is 
also measured (stimulated random motility). Chemotaxis (net migration) is 
calculated by subtracting stimulated random motility from total migration. 
By varying the location and concentration of stimulus above and below the 
filter, a truly chemotactic stimulus can be distinguished from one that 
merely stimulates random migration. In support of the physiologic signifi
cance of these in vitro assays, it has been found that substances that are 
chemotactic for leukocytes in the Boyden chamber also cause local accu
mulations of neutrophils when injected into the skin. 56 

The chemotactic response may be blocked by stimulus-specific in
hibitors, such as chemotactic-factor inactivator (which blocks the response 
to C5a), by agents that act on microtubules, such as colchicine, and also by 
high concentrations of a chemotactic factor itself. 57 The latter effect is re
ferred to as "deactivation." The mechanism is not known, but the effect 
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may be a result of saturation of receptors so that the cell can no longer 
recognize a chemotactic gradient. It has been suggested that deactivation 
plays a role in retaining recruited neutrophils at the site of inflammation. 

Neutrophil Function 
in Alcoholic Liver Disease 

In studies of the increased susceptibility to infection manifested by 
patients with alcoholic liver disease, DeMeo et al. reported defective in vitro 
neutrophil chemotaxis in response to complement components generated 
from serum of the majority of patients with alcoholic cirrhosis. 58 These 
investigators were able to determine that the problem was an inhibition of 
chemotaxis by the patients' serum, rather than a deficiency in the patients' 
neutrophils. Subsequently other investigators showed that such patients have 
elevated levels of a protein (chemotactic-factor inactivator) that blocks 
C5a-stimulated chemotaxis.59,6o Defective neutrophil phagocytosis and 
intracellular killing of bacteria have also been described in alcoholic liver 
disease.61 MacGregor has confirmed that neutrophils from patients with 
alcoholic cirrhosis exhibit decreased directed migration in response to com
plement components, but he also found normal chemotactic response to 
f-met-Ieu-phe in vitro;62 moreover, the delivery of neutrophils in vivo in 
skin window trauma in these patients was normal. It was suggested that 
skin window trauma releases a number of different chemotactic mediators 
and that, because the previously described inhibitor is specific for C5a
induced chemotaxis, the neutrophils of these patients may be quite capable 
of responding to other stimuli. Investigators have also looked at the effect 
of alcohol itself on neutrophil function. In one of these studies, the investi
gators isolated neutrophils from healthy volunteers who had ingested mod
erate amounts of alcohol (blood alcohol levels appro x 100 mg%) and 
examined 11 different neutrophil functions in vitro.63 They found that alco
hol exposure significantly affected only one function: bacterial phagocyto
sis. Higher concentrations of alcohol, such as those found in many chronic 
alcoholic patients, may impair a wider range of functions in vitro and prob
ably play a role in the increased incidence of infection in these patients. 
Given that neutrophil infiltration of the liver is prominent in alcoholic hepa
titis, it appears that directed migration is not abolished in these patients 
despite the effects of chemotactic-factor inactivator and alcohol itself. 
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Alcohol Metabolism 
and the Formation of Chemoattractants 

Lipid Peroxidation 
and Chemoattractants 

What is the evidence that lipid peroxidation is involved in formation 
of some chemoattractants? Certain polar lipids are among the most potent 
chemotactic substances known, and many of these are generated by enzy
matic or nonenzymatic oxidation of free fatty acids. A good example is the 
generation of leukotriene B4 (5S-12R-dihydroxy-6,14-cis-8,1O-trans
eicosatetraenoic acid) from the abundant membrane lipid arachidonic acid. 
Arachidonic acid itself has no chemotactic activity, but it can be oxidized 
by an enzyme in neutrophils via a hydroperoxide intermediate, 5-hydro
peroxyeicosatetraenoic acid, to the dihydroxy acid, which is chemotactic at 
nanomolar concentrations. Structure-function studies of LTB4 analogs 
lacking one or the other hydroxyl group and of isomers of the dihydroxy 
acid reveal that the two hydroxyl groups in their appropriate positions are 
critical for chemotactic activity.64 In vivo, in neutrophils, a specific enzyme 
(5-lipoxygenase) is responsible for the formation of the hydroperoxide 
intermediate, but nonenzymatic formation of the intermediate by halothane 
free radicals in vitro has also been described.65 

Nonenzymatic, free-radical-mediated formation of a chemoattractant 
from arachidonic acid has been described by Perez et al., who exposed 
arachidonic acid to a superoxide-generating system consisting of acetalde
hyde and xanthine oxidase in the presence and absence of a variety of radi
cal scavengers.66 In the absence of scavengers, a polar lipid was formed 
from arachidonic acid that had chemotactic activity. Scavengers of singlet 
oxygen virtually completely blocked generation of the activity and scaven
gers of other oxygen-derived free radicals, superoxide and hydroxyl radical, 
were partially inhibitory. In addition, Petrone et al. incubated human plasma 
with a superoxide-generating system consisting of xanthine oxidase and 
xanthine, and showed superoxide dismutase inhibitable production of a lipid 
chemoattractant.67 Injection of this material into the skin of rats induced 
neutrophil accumulation. Neither of these compounds has yet been chemi
cally characterized. 

Another example of chemoattractants arising from lipid peroxidation 
in vivo is the formation of aldehydes, principally 4-hydroxynonenal, which 
has been extensively studied by Esterbauer et al. and Comporti.68,69 The 
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hydroxyalkenals are short-chain aldehydes that appear to be derived from 
scission of lipid peroxides formed enzymatically and nonenzymatically 
from phospholipid-bound long-chain fatty acids, such as arachidonic and 
linoleic acids.68 Lipid peroxidation and production of these aldehydic prod
ucts are found in association with many types of cell injury. For example, 
4-hydroxynonenal can be isolated from pleural exudates in rats or gener
ated in isolated liver cells or in microsomal preparations stimulated by car
bon tetrachloride or ADP-iron. These aldehydes are substrates for 
glutathione transferase and aldehyde dehydrogenase, and it has been sug
gested that the enzymes are involved in their detoxification.7o However, it 
is not yet clear whether lipid peroxides or aldehydes are causing injury or 
are merely bypro ducts of injured cells.68,71 Recently Curzio et al. reported 
that 4-hydroxynonenal at micromolar concentrations is chemotactic for 
human neutrophils.72 Homologs of chain length from 8 to 15 carbon atoms 
have been shown to stimulate chemotaxis of human neutrophils at con
centrations ranging from 10-0 (4-hydroxyundecanal) to as low as 1O-12M 
(4-hydroxyoctenal),72 and some of these are also produced during peroxi
dation of liver microsomallipids.68 

A chemotactic aldehyde with a structure somewhat different from ei
ther LTB4 or 4-hydroxynonenal is reportedly produced by the metabolism 
of exogenous arachidonic acid by porcine leukocytes.73 This compound has 
been identified as 12-oxododeca-5,8, 10-trienoic acid, a 12-carbon carboxylic 
acid with a carbonyl group at the C-12 position and lacking any hydroxyl 
groups. It is postulated to arise by cleavage of arachidonic acid by 12-lipoxy
genase. This compound apparently does not stimulate superoxide produc
tion or neutrophil aggregation, but is chemotactic for human neutrophils. 

These examples illustrate that peroxidation reactions, both enzymatic 
and nonenzymatic, can convert Ubiquitous, inactive precursors to biologi
cally active products. Although the direct toxicity of lipid peroxides is still 
controversial, some of their derivatives clearly have chemotactic activity 
and may in part explain the accumulation of inflammatory cells at sites of 
lipid peroxidation as a result of drug toxicity. 

Alcohol Metabolism: 
A Source of Lipid Peroxidation 

DiLuzio, more than 20 years ago, proposed that ethanol metabolism 
by the liver induces lipid peroxidation in that organ.74 This has been con
firmed by some,75 but other investigators have failed to find evidence for 
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lipid peroxidation following exposure to alcohol. 76 Some of the discrepan
cies may well be attributable to methodologic differences77 or difficulties 
in measuring lipid peroxidation.71 Recently the proposal has gained more 
attention, with evidence for ethanol-induced lipid peroxidation coming from 
several different lines of investigation. First, free radicals and oxygen, in 
the presence of catalytic iron, are known to react with polyunsaturated fatty 
acids to yield lipid hydroperoxides.78 These can form alkoxy and peroxy 
radicals that propagate and undergo cyclization to form internal endoper
oxides that are detected (as the breakdown product, maldonaldehyde) by 
the thiobarbituric acid assay for lipid peroxidation. Alkoxy and peroxy radi
cals may fragment or be reduced to fatty acid aldehydes, ketones, and 
alcohols as described previously. A number of studies have linked ethanol 
metabolism to free-radical generation in vitro and in vivo.77 Microsomal 
generation of free radicals is the system studied most intensively. Several 
groups have reported that in vitro microsomes from rats fed ethanol pro
duce oxygen-derived radicals at an accelerated rate.79 The source is believed 
to be NADPH-cytochrome P-450 reductase, which is induced by ethanol. 
Reinke et al. have reported detecting by electron paramagnetic resonance 
spectrometry carbon-centered radicals formed in vivo and ethanol-derived 
(l-hydroxyethyl) radicals formed in vitro by liver microsomes from rats 
fed ethanol.80 Finally, acute ethanol administration has also been shown to 
increase superoxide anion formation by rat liver mitochondria.81 

Another potential source of radicals is the cytosolic enzyme xanthine 
oxidase, which can use either acetaldehyde or xanthine as a substrate to 
produce superoxide.82 Because the Km of the enzyme for acetaldehyde is 
in the low millimolar range, whereas acetaldehyde concentrations in the 
liver are thought to be maintained in the 10-50 J1M range by the lower-Km 

mitochondrial enzyme acetaldehyde dehydrogenase, it has been suggested 
that acetaldehyde is not a physiologic substrate for the enzyme.83 However, 
the situation is made more complex by evidence that acetaldehyde binds 
rapidly and reversibly to proteins close to the site of its formation and so 
may not freely diffuse to the mitochondrial enzyme,83 but may reach high 
concentrations locally and be oxidized to a significant extent by cytosolic 
mechanisms. In this regard it may be significant that Weiner has reported 
that approx 20% of acetaldehyde metabolism by rat liver could not be 
accounted for by acetaldehyde dehydrogenase.84 In addition there is evi
dence that the interaction between acetaldehyde and xanthine oxidase may 
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also produce longer-lived acetaldehyde radicals85 that could contribute to 
lipid peroxidation. 

Evidence against a role for acetaldehyde in alcohol-mediated lipid per
oxidation has been presented by Kato et al.86 These investigators reported 
that acute administration of ethanol to rats was associated with increased 
hepatic lipid peroxidation that could be blocked by administration of the 
xanthine oxidase inhibitor allopurinol. They then performed experiments 
to determine the most likely substrate for xanthine oxidase under these 
conditions. When ethanol was given in conjunction with an acetaldehyde 
dehydrogenase inhibitor to raise hepatic acetaldehyde, no further increase 
in lipid peroxidation occurred. The authors interpreted these results as 
showing that acetaldehyde was probably not serving as a substrate for 
the enzyme and generating the lipid peroxidation. They noted that purine 
substrates for xanthine oxidase (Le., xanthinelhypoxanthine) were increased 
under the experimental conditions and suggest that these are giving rise 
to the lipid peroxides. 

Aldehyde oxidase, like xanthine oxidase, is a molybdenum flavohemo
protein, found in human liver cytosol, that can use acetaldehyde as an elec
tron donor in the reduction of oxygen.86 The primary substrates of this 
enzyme are thought to be xenobiotics having a quinoline or pyridine ring 
rather than aldehydes. The reported Km for aldehydes is relatively high 
(1.0-3.5 mM)87.88 but, as is the case for xanthine oxidase, aldehyde com
partmentation might make these compounds more significant substrates 
in vivo. Indeed, a recent study suggested that aldehyde oxidase is an 
important source of free radicals and lipid peroxidation in rat liver cells 
metabolizing alcohol. 88 

Thus, there is now a fairly convincing body of evidence that in ex
perimental animals ethanol metabolism is associated with increased lipid 
peroxidation. Unfortunately, there are important differences between the 
responses of humans and all other species to alcohol. Even within the human 
species there may be inherited differences in susceptibility to alcoholic liver 
disease.89 For this reason, it is critical to carry out human studies also. 
Several groups studying human subjects have found evidence for increased 
lipid peroxidation. Suematsu et al. reported that alcoholic subjects have 
higher hepatic and plasma levels of lipid peroxides.9o More recently, 
Vendemiale et al. administered acute doses of alcohol or an isocaloric car
bohydrate solution to normal, healthy subjects and measured plasma etha-
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nollevels and malondialdehyde by high-performance liquid chromatogra
phy hourly for up to 6 h afterward.91 Plasma ethanol levels reached a peak 
of approx 140 mg% 3 h after ethanol was started, and malondialdehyde 
was significantly increased after 4 h in the group given ethanol. 

A number of defense mechanisms exist in cells and plasma to handle 
the ongoing flux of both free radicals and lipid peroxides.92 These com
pounds include vitamin E, glutathione, glutathione peroxidase, metallo
thionein, superoxide dismutase, and others. Any reduction of these defense 
mechanisms at a time when oxidant stress is increased, for example, during 
alcohol metabolism, could potentiate the risk of radical-mediated injury. 
Glutathione is an important and well-studied example. This compound acts 
as a substrate for glutathione peroxidase in the detoxification of hydrogen 
peroxide within cell cytosol, and there is good evidence for alcohol-induced 
perturbations in glutathione metabolism, which may contribute to liver 
injury (see the chapter by Mitchell, this volume). Vitamin E and glutathione 
peroxidase are both depleted by ethanol administration.93 Superoxide dismu
tase may be induced by chronic ethanol administration.94 

In summary, evidence is accumulating from studies in both experi
mental animals and humans that acute and chronic ethanol metabolism by 
the liver lead to increased free-radical generation and lipid peroxidation. 
Postulated mechanisms include increased activity of the electron-transport 
chains of microsomes or mitochondria, metabolism of ethanol or acetalde
hyde to radicals and increased substrates (e.g., acetaldehyde or purines) for 
cytosolic oxidases. However, the relative importance of these mechanisms 
is unknown, and the contribution of defects in antioxidant mechanisms also 
remains to be defined. 

Generation of a Chemoattractant 
by Liver Cells Metabolizing Alcohol 

Several years ago, seeking an explanation for the neutrophilic infil
trates seen in alcoholic hepatitis, we found that, when primary cultures of 
rat hepatocytes were incubated with modest concentrations of ethanol 
(2-20 mM), they generated a polar lipid with chemotactic activity for 
human neutrophils (Fig. 2).95 The activity was released into the medium in 
a time- and concentration-dependent manner, and maximal chemotactic 
activity was generated after 6 h of incubation with 10 mM ethanol (Fig. 2). 
The appearance of the activity was not attributable to loss of cell viability 
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Fig. 2. Migration of human neutrophils in response to medium of rat hepatocytes 
incubated with ethanol: (A) response to medium incubated with increasing 
concentrations of ethanol for 18 h; (8) response to medium of cells incubated with 
10 mM ethanol for various periods of time. Reprinted from the Journal of Clinical 
Investigation, 1984, vol. 74, pp. 1350-1357 by copyright permission of the American 
Society for Clinical Investigation. 

as judged by exclusion of trypan blue or release of intracellular enzymes. It 
did depend on metabolism of ethanol to acetaldehyde. and the latter could 
substitute for ethanol in stimulating formation of activity. Subsequently we 
found that human hepatocytes produce an apparently identical activity and 
that rat neutrophils do not respond to the chemotactic factor.% Although 
the reason for this is not known it is interesting in this regard that Kreisle et 
al. have shown that rat neutrophils do not have high-affinity receptors for 
leukotriene B 4' another lipid chemoattractant.91 The lack of response to the 
ethanol-induced chemotactic factor may explain why rats do not develop 
significant inflammation in response to ethanol exposure.98 Since we de
scribed this lipid chemotactic activity, there have been preliminary reports 
of other chemotactic factors, which appear to be proteins. released by hepa
tocytes exposed to ethanol.99 
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Because of previous reports of free-radical generation and lipid per
oxidation resulting from alcohol metabolism, we looked for a role for 
these processes in production of the chemotactic lipid by hepatocytes. We 
attempted to inhibit chemotactic-activity production by adding the radical 
scavengers superoxide dismutase and catalase to intact cells exposed to 
alcohol. However, we were unable to demonstrate any effect.95 To exclude 
the possibility that these radical scavengers did not gain access to an intra
cellular site of radical production, we repeated the experiments in a cell
free alcohol-metabolizing system consisting of rat liver cytosol. In this 
system, oxygen-radical scavengers blocked generation of the activity com
pletely.lOO Figure 3 shows a hypothetical pathway, based on studies in the 
cell-free system, for generation of the chemotactic factor from acetalde
hyde in hepatocytes. Complete inhibition by superoxide dismutase or cata
lase implies that both O2- and H20 2 are necessary. Dependence on both 
of these oxygen intermediates may be explained by their interaction in 
the iron-catalyzed Haber-Weiss reaction (Eq. 3) to form the reactive -OH 
radical that can attack polyunsaturated fatty acids to produce lipid perox
ides.71 In this reaction, the role of O2 is thought to be reduction of ferric 
iron (Eq. 1), which then catalyzes the reduction of H20 2 to the hydroxyl 
radical (-OH) (Eq. 2). 

catalytic Fe 

Net O2- + H20 2 ~ 02 + ·OH + OH-

(1) 

(2) 

(3) 

In support of this sequence, we found that scavengers of the hydroxyl radi
cal, as well as the iron chelator desferrioxamine, inhibited generation of the 
chemotactic activity.lOO Hultcrantz et al. have further explored the require
ment for iron in production of chemotactic activity in studies of rat dietary 
models of iron deficiency and iron overload.IOI Hepatocytes isolated from 
iron-deficient, iron-loaded and control rats were incubated with ethanol (to 
mM), and the generation of chemotactic activity was assayed. Control and 
iron-loaded cells produced chemotactic activity as expected, but iron-defi
cient cells failed to produce any activity. Addition of ferric citrate to the 
iron-deficient cells restored chemotactic-activity production, and addition 
of desferrioxamine to the iron-loaded cells blocked their ability to generate 
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Fig. 3. Hypothetical pathway of generation of chemotactic factor in a hepatocyte 
metabolizing ethanol. The cytosolic polyunsaturated fatty acid (PUFA) that acts 
as a precursor is thought to be arachidonic acid. 

the factor. The intracellular source of the iron that is responsible is not known, 
but, based on measurements of the changes in total cellular iron in these 
experiments, Hultcrantz et al. concluded that a small intracellular pool of 
"free" iron was probably involved in production of the factor. In normal 
hepatocytes, most iron is sequestered as Fe3+ in the storage proteins ferritin 
and hemosiderin, but a small fraction, perhaps 2-10% of total cellular iron, 
probably exists bound to low-mol-wt compounds.102 Britton et al. have 
recently shown that this low-mol-wt cytosolic iron is catalytically active in 
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stimulating lipid peroxidation by liver microsomes.103 They also showed 
that the activity was inhibited by desferrioxamine and enhanced by iron 
loading. The size of the free pool may be controlled by variables other 
than the extent of iron loading, and this may be relevant to the observa
tions of Hultcrantz et al. For example, iron can be released as Fe2+ from 
ferritin by biological reductants such as superoxide, xanthine, NADH, or 
NADPH.I04 Because some of these reductants are produced during alcohol 
metabolism they may playa role in providing reduced iron for generation 
of chemotactic factor. 

The involvement of oxygen-derived radicals and iron in production 
of a polar lipid chemoattractant suggest that the factor may be a lipid peroxide 
or have a lipid peroxide intermediate. Selenium-dependent glutathione per
oxidase is the principal hydrogen peroxide-scavenging enzyme in liver 
cytosol. It requires reduced glutathione as a hydrogen donor and can re
duce both H20 2 and lipid hydroperoxides. If a lipid peroxide or H20 2 are 
intermediates in the formation of the chemotactic activity (Fig. 3) then 
depleting cytosol of glutathione and glutathione peroxidase should result in 
greater amounts of activity being produced. To test this hypothesis, 
Neuschwander-Tetri raised rats from weaning on a selenium-deficient diet 
to deplete their livers of glutathione peroxidase (to <5% of control), and 
then gave them an acute dose of L-buthionine sulfoximine to deplete them 
of glutathione (to <15% of control). He found that liver cytosol from gluta
thione- and glutathione peroxidase-deficient rats, when incubated with 
ethanol, appeared to generate 500-fold as much chemotactic activity as con
trol cytosol. 105 When exogenous glutathione and glutathione peroxidase 
were added back to the depleted cytosol, the amount of chemotactic ac
tivity reverted to that found in normal cells. These results are strongly sug
gestive of a peroxide intermediate(s) at some point in the pathogenetic 
sequence (Fig. 3) and emphasizes the importance of endogenous antioxi
dant mechanisms in limiting production of this activity. The precursor of 
the chemotactic factor from hepatocytes is unknown, but is postulated to 
be a polyunsaturated fatty acid, such as arachidonic acid (Fig. 3). Arachi
donic and other long-chain fatty acids are not confined to cell membrane 
compartments, but are known to be present in liver cytosol associated with 
the carrier protein, fatty acid binding protein.106 Support, but not proof, of 
its derivation from arachidonic acid is the observation that, on reverse-phase 
high-performance liquid chromatography, it comigrates with a previously 
described chemotactic activity produced by the cooxidation of arachidonic 
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acid and acetaldehyde by xanthine oxidase.66 Current efforts are directed at 
identification of the chemical structure of the lipid by gas chromatography! 
mass spectroscopy. 

Is this factor produced in vivo? In preliminary experiments to approach 
this question, we have administered ethanol by gavage to rats and assayed 
their serum, pre- and post-ethanol administration, for chemotactic activity. 
No activity was found in the pre-ethanol serum, but chemotactic activity 
with the same properties as the factor was detectable in the post-ethanol 
serum diluted up to I :20, suggesting that the factor is produced in vivo and 
escapes intrahepatic degradation. 

Thus, liver cells metabolizing ethanol in vitro generate a polar lipid 
with chemotactic activity for human neutrophils. An identical factor is pro
duced in vivo in rats given intragastric ethanol. The structure of this 
compound(s) is not yet identified, but there is evidence that it is formed in 
liver cytosol by the action of oxygen-derived free radicals and iron on an 
unsaturated fatty acid, such as arachidonic acid. 

Summary 

The pathogenesis of alcoholic liver disease is still unknown. There is 
a strong association of both alcoholic hepatitis and subsequent cirrhosis with 
an inflammatory response, which could explain the damage seen in these 
phases of the disease. There is now evidence that liver cells metabolizing 
alcohol cause the lipid peroxidation leading to formation of one or more 
chemotactic factors, which may explain the neutrophil influx in alcoholic 
hepatitis. Further studies are needed to obtain chemical identification of 
this factor and to determine both whether it is present in the plasma of human 
subjects ingesting alcohol and how it is correlated with the presence of al
coholic hepatitis. 
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Liver Cell Membrane 
Adaptation to Chronic 
Alcohol Consumption 

Haga; Rottenberg 

Introduction 

Ethanol, which is a weak anesthetic, affects the physical properties 
and modulates the function of all biological membranes. Whereas it is 
evident that the acute intoxicating effects of ethanol result from its interac
tion with the membranes of the central nervous system (CNS), similar 
effects, which may modulate cell metabolism, probably occur in liver cells 
as well. Chronic alcohol ingestion leads to profound changes in many 
organs. Although many of these changes, particularly those associated with 
long-term alcohol use, are pathological, there are also adaptive changes, 
particularly at the level of cell membranes, which ameliorate the effects 
of ethanol, at least for the short term. Whether these adaptive changes of 
membrane composition, structure, and function delay or accelerate the 
onset of the pathological changes in human alcoholics is still an open 
question. In the following, I shall review the evidence for the adaptation 
of cell membranes to chronic alcohol ingestion, with special emphasis on 
liver cell membranes. 
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Adaptation to Chronic Alcohol Consumption: 
Tolerance and Dependence 

Organisms respond to chronic alcohol intake, as to many other envi
ronmental stresses, by a variety of defense mechanisms on several differ
ent levels. These mechanisms can be classified into two distinct classes: 
tolerance and dependence. Tolerance can be defined as an attenuation of 
the biological response to a given dose of alcohol. Dependence involves 
adjustment of optimal biological activity to the continuous presence of 
ethanol. Dependence expresses itself adversely when alcohol is withdrawn 
abruptly, resulting in a severe "withdrawal syndrome." Both tolerance and 
dependence are widely observed in human alcoholics. l Although these 
biological responses of adaptation are protective, and hence, beneficial for 
the short term, there are reasons to believe that they are harmful to humans 
in the long term. Tolerance may lead to increased alcohol consumption as 
the individual attempts to reach a desired response. Since most of the 
pathological effects of alcohol depend on high concentrations of ethanol, 
tolerance may increase the probability of pathological complications for 
alcoholics. Dependence results in a severe withdrawal syndrome, and its 
frequent occurrence may contribute to the damaging effect of alcohol con
sumption on various organs. An understanding of the biological processes 
that lead to tolerance and dependence may lead to the development of 
therapies that ameliorate the harmful effects of these processes. 

Mechanisms of Tolerance 

Some aspects of tolerance involve the response of the organism as a 
whole. Thus, a significant component of tolerance is behavioral and de
pends on learning.2 Another mechanism affecting the entire organism is 
metabolic and depends on the development of alternative metabolic path
ways for alcohol clearance.3 The learning processes that lead to tolerance 
involve brain membranes, neurotransmitters, receptors, and membrane 
transport systems, such as channels and carriers. Of these, the most thor
oughly documented effects are those of the neuropeptide arginine vaso
pressin, which appears to maintain learned tolerance through its interaction 
with a particular class of brain receptors.4 Another neurotransmitter that 
appears to playa role in the development of tolerance is norepinephrine, 
which acts through its effect on adenyl ate cyclase and, presumably, cAMP 
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levels.5 A calcium channel that is induced by cAMP has also been impli
cated in the development of tolerance. When the voltage-dependent 
dihydropyridine (DHP)-sensitive calcium channel is blocked the develop
ment oftolerance is delayed.6 

These systems may all be part of the process of acquisition of tolerance 
by learning. However, tolerance to ethanol is exhibited, not only by the whole 
animal, but also on a cellular level and even by individual membrane systems 
when assayed in vitro. For instance, the stimulating effect of alcohol on the 
muscimol enhancement of the chloride flux of the GABAA receptor complex 
is not observed in membranes from ethanol-fed animals.7 Many other mem
brane enzymes and transport systems, which are inhibited or stimulated by 
ethanol, exhibit attenuated responses to ethanol in membranes from ethanol
fed animals (see later discussion). Moreover, the effect of ethanol on the 
physical properties of membranes is also greatly attenuated in membranes 
from ethanol-fed animals.8 Thus, the question arises: Do the various mem
brane systems develop tolerance to ethanol independently, or is there a 
common mechanism, as has been suggested,9 that results in general attenua
tion of the effect of ethanol on membrane enzymes, receptors, and transport 
systems? After reviewing these studies in more detail, I shall attempt to an
swer this question. 

Mechanisms of Dependence 
Unlike the case of tolerance that operates, in part, on the level of the 

whole animal and involves learned behavioral response, it appears that 
dependence results from the cumulative response of several individual sys
tems on the level of receptors, channels, and enzymes. 1\vo interacting sys
tems that may be responsible for the occurrence of seizures after withdrawal 
are the NMDA-receptor Caz+ channel and the GAB A-receptor Cl- channel. 
Acute ethanol administration stimulates the Cl- flux through the GABA re
ceptorlO and may lead to downregulation of the system in ethanol-fed ani
mals, whereas acute alcohol inhibits Caz+ flux through the NMDA receptor 
channelll and thus, leads to upregulation of this system in ethanol-fed animals. 
Since increased NMDA-sensitivity reduces GABAergic activity in itself, these 
adaptations appear to be interconnected and are thought to be responsible for 
alcohol withdrawal seizures. IZ Benzodiazepines, which enhance GABAergic 
activity, are the drugs of choice for controlled alcohol withdrawal; NMDA
receptor inhibitors can also prevent seizures. 13 
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Another Ca+ channel, which is inhibited by acute ethanol and appears 
to be upregulated in ethanol-fed animals, as well as in cells cultured in the 
presence of ethanol, is the DHP-sensitive voltage dependent Ca2+ chan
ne1.14,15 This channel may also contribute to dependence and withdrawal 
syndrome. 16 In contrast, adenyl ate cyclase, which is stimulated by ethanol, 
leading to increased cAMP levels after acute administration of alcohol to 
neural cells, is downregulated in cells cultured in the presence of ethanol. 17 
The chronic alcohol-induced impairment of the activity of adenylate cy
clase appears to result from alteration of the properties of the a subunit of 
the Gs protein that mediates the agonist-induced activation of adenyl ate cy
clase.1S Although these changes in the CNS appear to be largely respon
sible for the neurological manifestations of the withdrawal syndrome, similar 
changes in membrane enzyme activity probably occur in cells of various 
other organs, and may contribute to organ damage when alcohol is with
drawn. Thus, lymphocytes from chronic-alcoholic patients show reduced 
levels of receptor stimulated cAMP and resistance to the stimulating effects 
of alcohol.19 Similar abnormalities in adenylate cyclase were observed in 
platelets from alcoholics.20 

Alcohol Effects on Biological Membranes 

Partition of Ethanol in Biological Membranes 

The effects of ethanol on membrane structure and function depend on 
the solubility of ethanol in the membrane. Ethanol is a weak ampiphilic 
molecule. In longer chain alcohols the additive hydrophobic interactions of 
the methylene groups are dominant and these alcohols partition preferen
tially into the membrane.21 However, in ethanol the hydrophobic and 
hydrophilic forces are almost equal and, hence, the partition coefficients 
are very low. Because of the low partition coefficients of ethanol in 
buffer:membrane systems, it is technically very difficult to measure directly 
ethanol partition by binding assays. The value most frequently used in the 
literature (e.g., Kp = 0.1, where Kp is the ratio of ethanol concentration in 
the membrane to ethanol concentration in the medium) was obtained from 
an extrapolation of the partition coefficients of the homologous series of 
n-alkanols.21 However, it is doubtful whether such extrapolation can be 
justified to very short alcohols (e.g., ethanol and methanol). As indicated 
earlier, in short alcohols the hydrophobic interaction of the methylene groups 
are weak compared to the hydrophilic interactions. The interaction of the 
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alcohols with the membrane could be dominated by hydrogen bonding and 
polar interactions with the phospholipid polar head group and glycerol 
backbone. Thus, the extrapolation from longer chain alcohols, which 
essentially considers only the hydrophobic interactions, could not be expect
ed to be very accurate. Only a few attempts have been made to determine 
ethanol partition coefficients in biological membranes and phospholipid 
vesicles directly from the distribution of radiolabeled ethanol. These stud
ies yielded values that are considerably higher than those extrapolated from 
long chain alcohols.22-25 In mitochondria and SR vesicles, Kp values in the 
range 1-4 were obtained; in synaptosomes, values in the range 0.3-1.0 were 
determined. However, in the red blood cell membrane, Kp was below 0.4, 
which is closer to the extrapolated values. Another direct determination of 
ethanol binding to DMPC liposomes by 2H-NMR has yielded Kp values 
that are considerably higher (15-45) than the value obtained by radiolabeled 
distribution.26 Since the lipid composition, lipid phase structures, and the 
fatty acid composition of phospholipid acyl-chain all affect the partition of 
ethanol,27 direct determinations of binding are necessary for the evaluation 
of the effect of ethanol on biological membranes. 

Ethanol partition and its dependence on membrane properties can 
also be estimated indirectly by a variety of techniques. Artificial phospho
lipid membranes, when composed of one or two phospholipid species, ex
hibit prominent, sharp phase transitions from gel to liquid crystalline. These 
are shifted when solvents (such as ethanol) are incorporated into the mem
brane. The concentration dependence of such shifts allows the calculation 
of partition coefficients.27 Unfortunately, these methods cannot be used with 
most biological membranes because those do not show simple sharp transi
tions. Measurements of ethanol partition in PC and PE liposomes have 
yielded very low values (0.03--0.1) compared to the direct measurement of 
binding in biological membranes and liposomes.22-26 It should be empha
sized that the absolute values determined by this method are dependent on 
the validity of the theory of ideal solutions and the assumption that ethanol 
does not bind to the gel phase, both of which may not be appropriate to 
these systems. 

We have used the well-known observation that anesthetics protect red 
blood cells from hypotonic hemolysis21 to obtain the relative partition of 
alcohols and anesthetics in plasma membranes of red blood cells from con
trol- and ethanol-fed rats.28 The absolute values of ethanol partition coeffi
cient can be estimated from these measurements as follows: To obtain 60% 



Rottenberg 

protection from hemolysis by halothane, 5 mM anesthetic was added to the 
suspension. The same protection was obtained by 175 mM ethanol. Hence, 
the ratio of partition coefficients, halothane/ethanol, is 35. We have found 
previously, by direct binding assay, that the halothane partition coefficient 
in rat RBC is 16.29 Hence, ethanol partition in plasma membrane from RBC 
can be estimated to be 0.46. 

More recently, we have developed other indirect methods that are 
highly sensitive. These methods are based on the effect of alcohols (and 
anesthetics) on the membrane dielectric constant and yield Kp values that 
are comparable to the values obtained by direct binding assays (Rottenberg, 
in preparation). 

One way to attenuate the effect of ethanol on biological membranes 
is to reduce the partition coefficients of ethanol. We have shown that in 
ethanol-fed rats the partition coefficients of ethanol in membranes from liver 
mitochondria and synaptosomes are greatly reduced.22 This observation was 
confrrmed later by another laboratory.24 Thus, it appears that on prolonged 
administration of ethanol an adaptive change occurs in the membrane lipid 
composition that reduces the partition of ethanol into the membrane and 
may fully account for the observed tolerance. The reduction of partition 
coefficients is not specific to ethanol. The partition coefficients of local 
anesthetics, inhalation anesthetics, long-chain alcohols, and hydrophobic 
alkanes are also reduced.22,28,29 Moreover, this adaptation was observed in 
every membrane that was tested: synaptic plasma membrane, red blood cell 
plasma membranes, and liver mitochondrial and microsomal mem
branes.22,28-30 The fact that this change is associated with changes in lipid 
composition (as shown later) and is retained by liposomes made from 
purified phospholipid from ethanol-fed rats (Rottenberg, in preparation, and 
ref. 30) indicates that it is the change in phospholipid composition that leads 
to the observed reduction of the partition coefficients. 

In warm-blooded animals the first response to ethanol is hypother
mia. It is generally observed that lowering the temperature, which increases 
membrane order, reduces the partition coefficients of amphiphilic mol
ecules.31 Although it was not demonstrated experimentally yet that alcohol 
partition is reduced at lower temperatures, it is very likely that this is indeed 
the case. The sensitivity of membranes to the effects of alcohol on both 
structure and function is greatly diminished at low temperature, most prob
ably because of reduced partition.31,32 The hypothermic response develops 
within minutes of administration of alcohol. However, when alcohol is 
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administered chronically, tolerance is induced slowly and the hypothermic 
effect is attenuated. 

Based on physicochemical considerations, it can be expected that in 
phospholipid bilayers ethanol would be localized near the membrane sur
face with the hydroxyl group located near the polar head-groups in the 
glycerol backbone region, whereas the alkane moiety is buried in the more 
hydrophobic region of the fatty acid acyl-chains. For long-chain alcohols 
and sterols there is ample experimental evidence that supports this expecta
tion (cf refs. 33,34). The evidence that exists concerning the location of 
ethanol is not as extensive, but appears to confirm this prediction as well.35 

However, various experimental findings have raised the question whether 
there is more than one binding site for ethanol in phospholipid membranes. 
The unusual concentration dependence of the partition coefficients of etha
nol as measured by NMR and radiolabeled ethanol binding25.26 have led to 
the suggestion of two binding sites, a polar surface site and hydrophobic 
core site. However, the effect of high concentration of ethanol on its partition 
simply indicates that as the membrane composition is altered by incorpora
tion of ethanol, its bulk properties are modulated. Thus, ethanol not only 
affects its own partition but also the partition of other amphiphilic mol
ecules.22 This suggests that the system does not behave like an ideal solu
tion (which is hardly expected), but does not necessarily mean that more 
than one distinct binding site is involved. Moreover, although the NMR data 
suggest increased binding of ethanol at high concentration,26 the radio
labeled binding indicates decreased binding.25 Unless this discrepancy is 
resolved, no conclusion can be derived from these observations. Never
theless, it is possible that specific binding sites (not necessarily glycero
phospholipids) exist in biological membranes. The most compelling evidence 
in this regard comes from studies of the effect of gangliosides, which en
hanced the sensitivity of lipid vesicles to the effects of ethanol and anes
thetics on fluidity36 and were reported to introduce a new binding site for 
alcohols at the lipid/water interface.37 It has also been shown that synapto
somal plasma membranes from ethanol sensitive mice (LS) contain three 
times as much GM1 gangliosides as ethanol resistant mice (SS).38 This is 
compatible with the reported finding of enhanced binding of ethanol to 
liposomes containing GM l 37 and may account for the difference in alcohol 
sensitivity between SS and LS mice. However, the reports that ganglio
sides (including GM1) antagonize ethanol intoxication39,40 appear to 
contradict these findings. 
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Although it has been suggested frequently that membrane proteins or 
protein-lipid interfaces may provide distinct binding sites for ethanol, no 
convincing evidence exists to support these suggestions. However, it is well 
known that most biological membranes are asymmetric. The distribution 
of membrane components, such as phospholipids, cholesterol, proteins, 
gangliosides, and so forth, between the two leaflets of the membranes is 
highly asymmetric. Moreover, in many cells, segregated domains of different 
compositions often exist on the same face of the membrane.41 Since mem
brane composition determines the ethanol partition coefficients, it can be 
predicted that alcohol would partition unequally between different domains 
of the membranes. Although there are no direct measurements of partition 
that can discriminate between membrane domains, it is possible to assess 
the effects of ethanol on the two membrane leaflets separately by using 
fluorescent probes that can be quenched selectively on one side of the 
membrane. By this method it was demonstrated that the ethanol effect on 
membrane fluidity is greater on the outer leaflet of synaptosomes.42 Whether 
this is because of different partition coefficients or different susceptibility 
to fluidization has not been established yet. However, we believe that as a 
first approximation the sensitivity to the alcohol effect on fluidity depends 
on partition (as discussed later) and, hence, suggest that these results indi
cate differences in the partition coefficient of ethanol between the two 
leaflets. Indeed, the outer face of synaptic plasma membrane is enriched 
with gangliosides. The finding that gangliosides increase the partition of 
ethanol37 supports the interpretation that the increased sensitivity of the outer 
leaflet is caused by a higher partition coefficient of ethanol. It has also been 
shown that the synaptosomal membrane resistance to ethanol, which is 
observed in ethanol-fed mice, is mostly owing to a reduction in the ethanol 
sensitivity of the exofacialleaflet, thus resulting in a more symmetric mem
brane.43 It was suggested that this is the result of reduced asymmetry of 
cholesterol distribution. It is thus possible that the reduction of the partition 
coefficient observed in synaptosomes is specific to the exofacial leaflet. 
Although these results are intriguing, it should be pointed out that resis
tance to the fluidizing effect of ethanol is exhibited by membranes that 
contain no cholesterol (e.g., mitochondria) and is retained by symmetric 
phospholipid vesicles extracted from ethanol-fed animals.44 Thus, mem
brane asymmetry in itself should not be considered necessary for the resis
tance to ethanol observed in membranes from ethanol-fed animals. 
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Ethanol Effects on Membrane Structure 

General anesthetics and amphiphilics, including ethanol, affect the 
structure and physical properties of membranes. The hypothesis that etha
nol (and anesthetics) modulate membrane functions through their effects 
on the physical properties of membrane lipids led to intensive study of these 
effects. Particular attention has been focused on the effects of ethanol on 
membrane fluidity (reviewed in refs. 8,41,45). As has been pointed out 
frequently, there is no precise physical definition of "membrane fluidity," a 
concept that incorporates both static parameters, such as order, and dynamic 
parameters, such as viscosity. Although, in general, increased order is asso
ciated with increased viscosity, these are two different parameters that can 
vary independently. 

In principle, it should be possible to determine these two parameters 
separately. However, in most types of measurements, particularly as ap
plied to biological membranes, these effects are not sufficiently separated, 
so that the ambiguous characterization of these measurements, as related to 
membrane "fluidity" is probably a justified compromise. Most studies of 
the effects of ethanol on the fluidity of biological membranes utilize either 
spin-labeled fatty acids or hydrophobic fluorescence polarization probes. 
In general, both techniques show that ethanol (like other anesthetics) in
creases membrane fluidity. The results of the spin-probe studies are usually 
expressed as decreased order parameter (S), whereas the results of the fluo
rescence polarization are expressed as decreased polarization (P), ani
sotropy (A), or microviscosity (11). However, both methods, particularly as 
applied to biological membranes, incorporate static and dynamic parame
ters, although the mix might be different with different probes. It is, there
fore, no surprise that there is a considerable lack of quantitative agreement 
between the effects of ethanol on membrane fluidity, as estimated by dif
ferent probes and when different methods of data analysis are employed. 
These studies have been reviewed frequently8,41,45 and it is sufficient to sum
marize these studies here very briefly: There is excellent correlation be
tween the biological effects of ethanol and anesthetics, both in vivo and in 
vitro, and their effect on membrane fluidity. However, the concentration of 
ethanol (and anesthetics), which produces significant intoxication or even 
narcotic effects, is associated with relatively small changes in fluidity. More
over, it is possible to produce changes of similar magnitude by other means 
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(e.g., increased temperature) without producing the intoxication effect. The 
correlation between the biological effects of alcohols and anesthetics and 
membrane fluidity is no better than the correlation between the biological 
effect of alcohols and their partition coefficients. Thus, at present there is 
really no evidence to refute the notion that the correlation between fluidity 
modulation by alcohol and anesthetics and the biological activity is simply 
the result of a strong correlation between fluidity modulation and partition. 
In other words, it is quite possible that membrane fluidization by ethanol is 
simply another quantitative indication of the partition of ethanol into the 
membrane and is totally irrelevant to the mechanism of action of these 
agents. In fact, it is possible to use fluidity probes for estimation of partition 
coefficients of alcohol and anesthetics.46 

Perhaps the most important finding related to the alcohol effects on 
membrane fluidity is the observation first reported by Chin and Goldstein47 

that synaptic membranes and red blood cells from ethanol-treated mice are 
resistant to the fluidizing effects of ethanol. This observation was confmned 
and extended by many laboratories. It was found that liver organelle mem
branes, such as mitochondria44 and microsomes,48 as well as liver plasma 
membranes,49 isolated from ethanol-fed rats are also resistant to the fluid
izing effects of ethanol. Moreover, these membranes are also resistant to 
fluidization by anesthetics.22,29 In addition, membranes from a strain of mice 
that are resistant to the narcotic effects of ethanol (SS) are also more resis
tant to the fluidizing effects of ethanol than ethanol-sensitive mice (LS).50 
The resistance to ethanol fluidization was also detected in blood cells from 
alcoholic patients.51,52 All these and similar findings8 were thought to con
firm the role of the fluidizing effect of ethanol in producing the pharmaco
logical effects of ethanol. However, as we pointed out earlier, these changes, 
to the extent that they were specifically examined, appear to correlate with 
the changes in the partition coefficients of ethanol and anesthetics in mem
branes from ethanol-fed animals. Thus, we are justified in concluding that 
the resistance to fluidization by alcohol is just another indication for the 
reduction of the partition coefficient and probably has no biological sig
nificance in itself. 

This conclusion does not imply that ethanol effects on membrane lip
ids are irrelevant to its biological action. There are other effects on mem
brane properties that have not received much attention, but may be of greater 
relevance. For instance, ethanol and anesthetics affect the cooperative prop
erties of membrane lipid. Thus, the various transitions in phospholipid mem-
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branes between gel to liquid crystalline, interdigitated layers, and hexago
nal arrays are all sensitive to ethanol. 53,54 In biological membranes, at physi
ological temperatures, the major phase transitions are largely suppressed. 
However, subtle transitions that affect lipid segregation, protein aggrega
tion, fusion, and other important membrane processes probably do occur. 
Moreover, lipid-protein interactions may depend on lipid-phase structure, 
which thus modulates protein function. In mitochondria, which exhibit subtle 
temperature-dependent lipid transitions that affect respiratory enzyme 
activity at the physiological range, acute alcohol lowers the transition 
temperatures, whereas chronic ethanol consumption leads to an increase in 
the transition temperature and to a resistance to the effects of ethanol on 
respiration.31,32,55 Another physical property that is affected by ethanol and 
anesthetics is the dielectric constant, which may be important in modulat
ing ion transport, channel activation, and other processes that depend on 
electrostatic interactions. 56 

Alcohol Effects 
on Membrane Lipid Composition 

It is evident that the changes that occur in membranes of chronic al
coholics that result in reduced partition coefficients of ethanol and its con
sequent tolerance (e.g., resistance to fluidization, tolerance of enzymes, 
receptors, and channels) are the result of modification of lipid composition. 
However, despite enormous effort by many groups, it is still not possible to 
characterize these changes precisely and to relate them to the observed 
modulation of the membrane response. Because of the use of different ani
mal models, different diets and ethanol feeding protocols, and different 
procedures of membrane preparation and lipid analysis, there is little con
sensus about these changes. However, significant differences between control 
and ethanol-fed are almost universally observedY The most consistent 
changes that were reported are in the acyl-chain composition of the phos
pholipids and can be characterized generally as a decrease of the degree of 
saturation. 58 There is indeed direct evidence for the reduction of the activity 
of the enzyme desaturase.59 Other changes are more controversial. Choles
terol was reported to be elevated in plasma membranes by one group,60 but 
unchanged28,61 or even lowered62 by other groups. Anionic phospholipids 
were reported to be elevated in brain membranes by one group, 57 but no other 
group has found similar changes in brain membranes or other tissues. It is 
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also not clear what property of the modified lipids leads to reduced parti
tion (or resistance). It was suggested that the modified membranes from 
ethanol-fed animals are more "ordered" than those of controls.8 Since par
tition of amphiphilic molecules strongly depends on lipid packing and mem
brane "order," such a change would be sufficient to explain the reduced 
partition and the resulting resistance to ethanol's effect. However, the re
ported data on the difference in "order" between membranes from ethanol
fed and control animals are also controversial. It should be emphasized again, 
that in part, these conflicting results are related to differences in animal 
species, feeding protocols, membrane preparation, and so on. However, in 
this case, even more important is the use of different probes to estimate 
membrane order and the ambiguity inherent in the interpretation of these 
measurements. For instance, the partition probe 5-doxyl-decane always 
shows large, significant increased "order" in membranes from ethanol-fed 
rats (cf refs. 22,28,29,31,63). It is, of course, highly significant that this is a 
partition probe and that the change in membrane "order" is indicated by the 
change in partition. Other probes sense this increased "order" to a lesser 
extent The order parameter of 5-doxyl-stearate is often found to be higher 
in ethanol-fed rats (cfref. 22), but 12-doxyl-stearate did not show this dif
ference in the same preparation.31 Similarly, time resolved fluorescence 
measurements ofDPH do not show different order.29,3o These findings are 
consistent with the interpretation that the structural changes occur close to 
the surface (where ethanol resides), but is not detected in the core of the 
membrane. Moreover, since the partition probe 5-doxyl-decane is the 
most sensitive indicator of this change, it is likely that this is precisely the 
change in membrane structure that results in reduced partition of ethanol 
and other anesthetics. 

It has been claimed that the change in the phospholipid's property that 
produces resistance to the fluidizing effects of ethanol is contributed by a 
very small fraction of the total phospholipids. Thraschi et al. have claimed 
that phospholipid vesicles of any composition can be made resistant to the 
fluidizing effects of ethanol when a very small amount (less than 2.5%) of 
the PI obtained from liver microsomes of ethanol-fed rats is incorporated.64 

However, we have recently conducted a study, essentially identical to that 
of Taraschi et aI., that does not support their finding. We have found that 
the resistance to ethanol disordering in phospholipids from liver microsomes 
from ethanol-fed rats is not restricted to PI, but instead is shared equally by 
all classes of phospholipids. Moreover, the degree of resistance to fluidiza-
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tion in vesicles of mixed lipids is strictly proportional to the fraction of 
phospholipids from ethanol-fed animals, regardless of the class of lipids 
(Rottenberg, Bittman, and Lee, in preparation). Thus, our results are com
patible with the hypothesis that the bulk properties of the phospholipid mem
brane are modified in ethanol-fed animals in a manner that changes the 
packing of the polar residues near the surface, and thus reduces the parti
tion of both ethanol and anesthetics. 

Effects of Ethanol 
on Membrane Enzymes, 

Receptors, and Channels 

High concentrations of ethanol and other anesthetics affect the activ
ity of numerous membrane enzymes, receptors, and channels (cf refs. 
45,56,65). Many, but not all, of these effects can be related to the effects of 
anesthetics on the physical properties of the membranes and show little 
specificity when the activity is related to the membrane concentration of 
these agents. It is interesting to note, however, that although some enzymes, 
transporters, and channels are stimulated by high concentrations of ethanol, 
others are inhibited. If the only relevant effect of ethanol on membrane 
structure is the increase of membrane fluidity, one would expect ethanol 
addition to be equivalent to increased temperature, which is generally asso
ciated with increased activity. Thus, the fact that many enzymes and chan
nels are inhibited by high concentrations of ethanol suggests that even at 
high concentration of ethanol its nonspecific effects do not always result 
from increased fluidity. As discussed earlier, ethanol can inhibit the activity 
of enzymes and channels through its effects on lipid-protein interactions, 
which determine the protein conformation, or on protein-protein interac
tions. The effect on the membrane dielectric constant could also be impor
tant in many processes. There are several reports that indicate that the effects 
of ethanol on enzymes and channels are considerably attenuated in mem
branes from ethanol-fed animals. For example, Caz+-uptake by rat liver 
microsomes is inhibited by ethanol, in vitro, and the extent of this inhibition 
is greatly reduced in liver microsomes from ethanol-fed rats.48 Similarly, 
mitochondrial A1Pase and electron transport is stimulated by ethanol, but 
this stimulation is greatly attenuated in mitochondria isolated from ethanol
fed rats.3Z Similar effects were observed with the Na+-K+ A1Pase and 
phospholipase AZ•8 It is hard to conceive separate specific ethanol-induced 
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changes in these and other enzymes that lead to the observed tolerance, 
particularly since the effect of ethanol is Significant only at high ethanol 
concentrations, well above the in vivo concentration obtained during 
ethanol-feeding. It is reasonable to assume that a change in the physical 
properties of the membrane is the basis of the apparent tolerance of several 
diverse membrane enzymes. However, as discussed earlier, this change does 
not appear to be related specifically to resistance to membrane fluidization 
since the inhibitory effect of alcohol on ion transport cannot be attributed 
to membrane fluidization. However, a reduction of the partition coefficient 
of ethanol would result in tolerance to any effect of alcohol on membrane 
enzymes, regardless of its mechanism, provided that the effect is mediated 
by the membrane lipids. The magnitude of the observed reductions in 
ethanol partition coefficients is sufficient to account for the observed de
gree of tolerance to the nonspecific effect of ethanol on membrane enzymes 
and channels. 

It is still an open question whether ethanol can interact directly with 
specific membrane proteins in a manner that is completely independent of 
its interaction with lipids. There is one example of a soluble protein (lucif
erase) that is inhibited by alcohols and other anesthetics, which appear to 
bind to a hydrophobic site and hence their potency correlates with their 
lipid/water partition coefficients. This sole example has been postulated to 
be the prototype for the action of alcohol and anesthetics on membrane 
enzyme.66 To date, there is little evidence to support this hypothesis. Stud
ies of specific effects of anesthetics on various channels and receptors sug
gest specific saturable sites of interaction for local anesthetics. However, 
even though the effects of ethanol and general anesthetics can often be de
scribed in considerable molecular detail, no evidence for specific saturable 
protein binding sites for ethanol exists.56,67 

Nevertheless, in recent years a growing number of channels have been 
identified that exhibit extremely high sensitivity to ethanol. From the phar
macological point of view, these are the systems that are expected to be 
most affected, in vivo, both in acute and chronic alcohol ingestion. Promi
nent among these are the NMDA Ca2+ channel, which is inhibited 11 and the 
GABAA Cl- channel, which is stimulated. lO Voltage dependent Ca2+ chan
nels are also significantly inhibited by pharmacologically relevant concen
tration of ethanol (Le., 20-100 mM).15 The effect of ethanol on cAMP is 
also observed at pharmacological concentrations in some cells and appears 
to depend mostly on stimulation of adenylate cyc1ase.17 The mechanisms 
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of the effects of ethanol on these ethanol-sensitive channels and enzymes 
have not been determined as yet However, it is very unlikely that the ef
fects can be attributed to membrane fluidization since pharmacological con
centrations of ethanol have little effect on membrane fluidity.8 

Adaptation to Alcohol 
of Liver Cell Membranes 

The majority of the studies on alcohol's effects on membranes were 
conducted with CNS membranes. This is understandable since the CNS is 
the site of the acute pharmacological effects of ethanol intoxication and 
also plays prominently in the pathological effects associated with chronic 
alcoholism. However, other organs are also damaged by long-term use of 
alcohol and it is possible that the effects of alcohol on the membranes of 
these organs contribute to the pathology of chronic alcoholism. The liver 
is, however, unique in that most of the metabolism of ethanol occurs in 
the liver and the effects of chronic alcohol use on liver membranes could 
be partially owing to its metabolism. Nevertheless, most of the direct 
effects of ethanol on membranes, as discussed in the preceding section, 
were also observed in liver membranes and some of the effects of long
term use of alcohol can be described as adaptation to the continuous 
presence of ethanol. 

Mitochondria 

The effects of chronic-alcoholism on liver mitochondria have been 
studied extenSively. In ethanol-fed animals, as well as in humans, chronic 
alcoholism results in gross changes in mitochondrial morphology.68 In ad
dition, there is a significant decrease in the activities of several key en
zymes of oxidative phosphorylation.69,70 However, it is doubtful whether the 
latter changes could be considered to be an adaptation to the presence of 
ethanol. The reduced activities of respiratory enzymes of rat liver mito
chondria, which develops over a period of 4-5 wk, are not observed in rat 
brain mitochondria (Thayer and Rottenberg, in preparation) or in rat heart 
mitochondria after a comparable period.71 It is thus probable that these 
changes are associated with alcohol metabolism, which occurs in part in 
the mitochondria and is not caused by direct effect of ethanol on mitochon
drial membranes. However, as discussed earlier, the stimulating effect of 
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ethanol on the ATPase and respiration is attenuated in ethanol-fed rats32 

and this change is associated with resistance to the fluidizing effect of ethanol 
and anesthetics.22,31,44 Moreover, as has been reported by several groups, 
there are significant changes in the acyl-chain composition of mitochondrial 
phospholipids,22,72 and the partition coefficients of ethanol and other 
amphiphilics are significantly reduced.22 In addition, the mitochondrial
lipid phase-transitions are shifted to higher temperatures and the membrane 
becomes resistant to the effects of alcohol on these transitions. 31,32 All these 
facts suggest that similar to other membranes the mitochondrial membranes 
in ethanol-fed rats are adapted to the presence of ethanol by change in the 
phospholipid composition, which reduces the partition coefficients of 
ethanol. These observations are, however, hard to reconcile with the fact 
that no known system of the mitochondrial membrane is sufficiently sensitive 
to the pharmacological effects of ethanol. If pharmacological concentrations 
of ethanol do not significantly affect any of the important mitochondrial 
functions, why should the membrane adapt to the in vitro effects of high 
concentrations of ethanol? Perhaps an answer to this intriguing question 
could be found when the mechanism of adaptation is fully elucidated. As 
discussed in the next main section, it appears that the mechanism of adap
tation is general and not specific to a particular membrane. Moreover, the 
adaptation may be driven by a product of alcohol ingestion and not directly 
by the effects of ethanol on membrane enzymes (see the next main section). 

Microsomes 

Liver microsomes are vesicles formed from the membranes of the 
endoplasmatic reticulum. As mentioned earlier, Ca2+ uptake, which is in
hibited by ethanol, is enhanced in membranes from ethanol-fed rats and is 
partially resistant to the inhibitory effect of ethanol.48 These changes are 
also associated with a change in the acyl-chain composition of the micro
somal phospholipids 72 with shifts in lipid transition temperatures, and with 
a resistance to the fluidizing effects of ethanol. 48 Moreover, these changes 
are also accompanied by a reduction of the partition coefficients of 
amphiphilic compounds, which are exhibited by the isolated phospholip
ids.3o Ca2+ transport in microsomes is more sensitive to the pharmacologi
cal range of ethanol than the mitochondrial enzymes but still probably not 
significant, in vivo. The fact that both mitochondria and microsomes adapt 
in a similar way suggests a generalized mechanism of adaptation (see the 
next main section). 
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Plasma Membranes 

The effects of ethanol ingestion on liver plasma membrane are more 
controversial than the effects on liver organelle membranes. In part, this 
may be owing to the fact that it is much more difficult to obtain purified 
plasma membrane preparation from liver cells. Particularly in liver from 
ethanol-fed animals, the increased triglyceride content and the changes in 
the properties (and densities) of all particulate fractions make it extremely 
difficult to obtain purified plasma membranes by differential centrifuga
tion. It has been reported that plasma membranes from liver of ethanol-fed 
animals contain less cholesterol and are more fluid than control.62 However, 
others reported that these membranes are more ordered than control73 and 
contain more cholesteroJ.14 Again, these contradictions may be owing to 
procedures and methods, as discussed above. Nevertheless, it appears that 
these membranes too are more resistant to the fluidizing effects of ethanol. 49 
Thus, although there is not sufficient evidence to substantiate this conclu
sion, it appears likely that these membranes also undergo the same adapta
tion process reported for red blood cell plasma membrane, synaptic plasma 
membrane, and liver mitochondria and microsomes as described earlier. 
The strong effect of pharmacological concentration of ethanol on various 
ion channels of the CNS has not been observed with liver cells. Long-term 
incubation of isolated liver cells with pharmacological concentration of 
ethanol inhibits insulin-induced amino acid uptake.75 However, it is doubt
ful whether this effect occurs in vivo. Ethanol, in vitro, also appears to 
stimulate phospholipase C. However, this effect is very transient and is 
only significant at high concentration of ethanol.76 

Mechanism of Adaptation to Ethanol 
and Its Reversal After Withdrawal 

Little is known about the sequence of events that leads to the adapta
tion of membranes to chronic-ethanol ingestion or about the reversal of this 
process that is observed after withdrawal from ethanol. However, the time 
course of these events has been studied in some detail. Behavioral tolerance 
and dependence can be demonstrated within an hour of ethanol administra
tion.17 This does not mean that the membrane changes described earlier 
take place in this period. Initially, short-term tolerance most probably de
pends on different mechanisms. In mice exposed to ethanol by inhalation, 
the development of behavioral tolerance over a few day period paralleled 
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the increased resistance to synaptic membrane fluidization by ethanol. 
Tolerance disappeared within 30 h of withdrawal, and the same time was 
required for the disappearance of the resistance of the synaptic membrane 
to fluidization by ethanol.77 We have correlated the reduction in partition 
coefficient of ethanol in rat red blood cells with ethanol feeding and its 
withdrawal. About 2 wk of high-ethanol diet is required for the maximal 
reduction of the partition coefficient of ethanol (and other alcohols). The 
partition coefficient returns to normal value within 24 h after withdrawal. 
When alcohol was readministered 4 d after withdrawal, it took, again, 2 
wk to obtain maximal reduction in partition coefficient. 28 A very similar 
time course was observed in the development and disappearance of the 
resistance to fluidization by ethanol of the microsomal membranes.78 These 
studies demonstrate again the strong correlations between tolerance, resis
tance to fluidization of membranes by ethanol, and reduction in partition 
coefficients. These findings strengthen the argument that the reduction of 
the partition coefficients is the molecular basis of tolerance, at least as 
observed, in vitro, on membrane preparations. 

What is the signal that initiates and terminates these changes, and why 
does the change develop relatively slowly and disappear quickly? One sig
nificant clue to this puzzle may be found in the observation that the time 
course of the changes in membrane properties is exactly the same as the 
time course of changes in serum cholesterol.28 It is well known that chronic 
alcoholism, both in animal models and in humans, is associated with eleva
tion of the serum cholesterol, which is mostly accounted for by increased 
HDL cholesterol.3 As was discussed earlier, it has been suggested that in
creased cholesterol/phospholipid ratio in the membrane results in resistance 
to the effects of ethanol.60 However, since such an increase is not univer
sally observed, and moreover since the resistance to ethanol is exhibited by 
isolated phospholipids free of cholesterol, this could not be the explana
tion. We have suggested an alternative explanation, which postulates that 
the changes in phospholipid composition are in direct response to the el
evation of serum cholesterol and are intended to maintain a constant cho
lesterol/phospholipid ratio in cell membranes.28,63 It is well known that the 
cholesterol/phospholipid ratio of different membranes is carefully regu
lated.79 Thus, the mechanism for this precise regulation already exists and 
need not be induced specifically by ethanol. The effect on ethanol partition, 
which is not specific, is suggested to be a beneficial side effect of this 
regulation. Indeed, cholesterol is an alcohol and probably shares with etha-
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nol the same binding area close to the membrane surface.35 Hence, reduc
tion of cholesterol binding should be associated with reduction of binding 
of other amphiphilic compounds, including ethanol. 

This hypothesis also fully explains the unusual time course of devel
opment and disappearance of membrane tolerance. Simply, membrane phos
pholipid changes follow closely the change in serum cholesterol levels. It 
is also compatible with the fact that ethanol induces a specific increase in 
the level of HDL, since HDL is responsible for the removal of cholesterol. 
We have recently measured the kinetics of cholesterol transfer between RBC 
membranes and lipoprotein in control and ethanol-fed rats. The rate of cho
lesterol transfer from RBC to lipoprotein is considerably enhanced in blood 
from ethanol-fed rats, which is compatible with our hypothesis (Rottenberg, 
to be published). 

Conclusions and Outlook 

Liver cell membranes undergo adaptation to chronic ethanol inges
tion, which is similar to the adaptation of CNS and blood cell membranes, 
and is probably common to all tissues. This adaptation is manifested by a 
resistance to the effects of ethanol on membrane enzymes, receptors, and 
channels, as well as by changes in the activities of these systems and by 
resistance to the membrane fluidizing effect of ethanol and anesthetics. 
Many, if not all, of these changes are attributed to a reduction in the parti
tion coefficient of ethanol and other amphiphilic drugs, which is the result 
of changes in the lipid composition of the membrane. The generality of 
these phenomena, which include membranes that are not sensitive to the 
pharmacological effects of ethanol, suggests a general, whole body, mecha
nism of adaptation. We have suggested that the elevation of serum choles
terol, which appears to result from the metabolism of ethanol, leads to 
changes in phospholipid composition, which reduce the partition of choles
terol and other amphiphilic molecules, including ethanol. 

More specific membrane effects of low concentration of ethanol 
have been described recently in CNS membranes. However, to date the ex
istence of membrane processes sensitive to low pharmacological concen
tration of ethanol in the liver has not been detected. It would be of great 
interest if such processes can be identified. The role, if any, of the adapta
tion ofliver cell membranes in liver pathology induced by chronic alcohol
ism has not been elucidated. Significant adaptive changes in liver calcium 
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metabolism may result in excess calcium loading during withdrawal and 
thus contribute to liver injury. However, these changes have not been fully 
characterized as yet. 
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The Effect of Prenatal 
Alcohol Exposure on 

y-Glutamyl Transpeptidase 

Edward Reyes 

Introduction 

Although the adverse effects of the maternal consumption of alcohol 
have been recognized for thousands of years, it is only since 1973 that 
attempts to study the effects of alcohol on the developing fetus have been 
undertaken. The term Fetal Alcohol Syndrome (FAS) was used by Jones et 
al. to describe the pattern of abnormalities occurring in children born to 
alcoholic mothers.1- 3 The percentage of offspring with FAS born to alco
holic women varies from 32 to 76%, depending on the population studied.4 

The incidence ofFAS worldwide is 0.19% of live births.51t is evident that 
the problems associated with the maternal consumption of alcohol are of 
economic concern. 

Clinical Manifestations of FAS 

The clinical manifestations ofFAS include facial dysmorphosis, overall 
growth deficiencies, a variety of neurologic dysfunctions, microcephaly, 
and mild to moderate mental retardation.1- 3 Mental retardation is one of the 
most common and most serious problems associated with alcohol terato
genicity.5.6 Alcohol consumption during pregnancy is the greatest known 
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health hazard to the unborn and is considered one of the most common 
causes of mental retardation with a known etiology. The prenatal exposure 
to alcohol produces morphological, biochemical, behavioral, and physi
ological abnormalities. 

Physiological 
and Pathophysiological Functions 

of ,-Glutamyl Transpeptidase 

y-Glutamyl transpeptidase (EC 2.3.2.2) is widely distributed in plants 
and animals and exists both as a soluble and membrane bound enzyme.7,8 
The enzyme has been studied and, at least partially, characterized in kidney, 
brain, and liver.9-16 Although the enzyme has been extensively purified and 
studied in kidney, the present chapter will be concerned only with the enzyme 
in brain and liver. Evidence suggests that multiple forms of the enzyme 
may exist in brainll,12,17 and liver.18 Early kinetic studies using a partially 
purified preparation of enzyme from sheep brain provided nonlinear double 
reciprocal plots suggesting that more than one form of the enzyme was 
present in brain.17 Later studies on rat brain revealed multiple forms of the 
enzyme that were isolated by concanavalin A fractionation. 12,19 

Kottgen et al. 18 showed that in rat liver two forms of the enzyme were 
present. In adult liver, y-GlP exists in an asialo form, whereas in fetal liver 
it is sialylated.18 The fetal form of the enzyme has more sialic acid than the 
adult form. 10,15,20-22 

Physiological Function of y-GTP 

The major function of y-GlP is related to the metabolism of gluta
thione.23-25 The enzyme catalyzes the hydrolysis of the y-glutamyl-cys
teine bond in glutathione. y-GlP is the only enzyme capable of hydrolyzing 
glutathione. The enzyme is also an integral part of the y-glutamyl cycle and 
will transfer the y-glutamyl group from glutathione to an amino acid or pep
tide. Additionally, it may utilize glutamine as substrate, but glutathione is 
the preferred substrate. Evidence suggests that y-GlP may also convert 
leukotriene C to leukotriene D by removal of a glutamyl residue.26 

The pattern of development of the enzyme may provide a clue as to 
its physiological function. High y-GlP activity has been demonstrated in 
fetal liver of both rat and humans, with much lower levels in adult tissue 
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than in fetal tissue.27-29 In liver, 'Y-GTP activity reaches a peak just prior 
to birth and then enzyme activity begins to fall toward adult levels.28 A 
marked increase in 'Y-GTP activity was also found in tissues of chick em
bryo, between embryonic day 11 and hatching.30,31 In mouse brain capillar
ies, 'Y-GTP specific activity continues to increase after birth until approx 
12 mo of age. 32 'Y-GTP activity in amniotic fluid showed a gradual decrease 
with advancing pregnancy.33 Activity of'Y-GTPin human fetal membranes 
was found to increase to week 30.34 The higher activities of the enzyme 
during development suggest that it may be involved in the transport of 
vital nutrients or in the regulation of glutathione at a critical period in the 
development of the organism. 

Pathophysiological Function of y-GTP 

Several clinical cases have been reported in which inborn errors of 
metabolism result in deficiencies in enzymes of the 'Y-glutamyl cycle and 
glutathione synthesis.35 Patients with deficiencies of enzymes of the 
'Y-glutamyl cycle have some degree of mental retardation.36 Drugs, such 
as phenytoin and phenobarbital, which have been shown to produce an 
increase in 'Y-GTP activity, have also been shown to produce teratogenic 
effects as evidenced by the hydantoin and barbital syndromes.37-39 Enzyme 
inducing drugs have also been shown to produce an elevation of 'Y-GTP 
activity in sera.37-43 The rise of 'Y-GTP activity is inhibited in the presence 
of protein synthesis inhibitors, such as cycloheximide. The activity of the 
enzyme is also shown to be increased by treatment with drugs that induce 
hepatocarcinogenesis.44 

y-GTP as a Diagnostic Aid 

The measurement of serum 'Y-GTP activity has been utilized as a 
diagnostic aid in liver disease and neurological disorders. Serum 'Y-GTP 
has been fractionated by using polyacrylamide gradient gel electrophore
sis.45 The appearance of specific isoenzyme forms of 'Y-GTP in sera have 
been examined for use as a diagnostic index for hepatoma. Elevated 
urinary 'Y-GTP levels following treatment with the aminoglycoside anti
biotics have suggested that measurement of urinary 'Y-GTP can be used as 
an indicator of acute nephrotoxicity.46 Hexachlorobenzene increases 'Y-GTP 
activity in liver and serum, and thus it appears to be a sensitive marker 
of hexachlorobenzene intoxication.47 'Y-GTP activity in serum has also 
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been used to aid in the diagnosis of problems associated with high alcohol 
consumption. 

Effects of Alcohol 
on y-Glutamyl Transpeptidase 

An early in vitro study in our laboratory has provided evidence that 
alcohol produces an increase in 'Y-GTP activity. In this study, a purified 
fraction of an isoenzyme of 'Y-GTP from brain was shown to be activated 
when it was incubated with varying amounts of alcohol.48,49 Alcohol in
creased the affinity of the enzyme for the substrate, 'Y-glutamyl-p-nitroanilide, 
in a dose dependent manner. 

Human Studies 

Several investigators have shown that alcoholics as well as problem 
drinkers have higher than normal serum 'Y-GTP levels.50-55 In some instances, 
the enzyme activity is approx 20 times the normal value. It has also been 
shown that in a normal population there is a positive correlation between 
serum 'Y-GTP activity and the drinking habits of an individual. In a study of 
problem drinkers, it was shown that there is a positive correlation between 
serum 'Y-GTP activity and the amount of alcohol consumed by the indi
vidual.53,54 In patients who manifested an elevated 'Y-GTP level and who 
had a history of alcohol abuse, the fetal form of the enzyme was more active 
than it was in controls.51,56 It was observed that in patients who consumed 
large amounts of alcohol, not only was the enzyme activity increased, but a 
second form of the enzyme was present in the serum. 53 This observation 
agrees with that of Sawabu et al.45 and Kok et al.57 Chronic alcohol con
sumption appears to alter the ratio of fetal to adult forms of the enzyme. 55 
Mean serum and hepatic 'Y-GTP activity in alcoholics is significantly in
creased compared to that in control patients.58 In this study, the activity in 
the liver correlated well with that in the serum, indicating that ethanol
induced increases in serum 'Y-GTP activity are attributable, in part, to its 
rise in the liver of alcoholics. Teschke et al. demonstrated the same rela
tionship between serum and liver 'Y-GTP activity. 59 Because of the relation
ship between elevated 'Y-GTP activities and alcohol consumption, serum 
'Y-GTP was measured in pregnant women in an effort to identify pregnan
cies at risk for the fetal alcohol syndrome.60 The sensitivity of the serum 
'Y-GTP test in identifying those women who consumed more than 30 g of 
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alcohol per day was 25%. It was the author's conclusion therefore that 
'Y-GTP screening should not be used as a mass screening test during preg
nancy to identify women who consume excessive amounts of alcohol and 
are at risk of bearing children with PAS. 

Animal Studies 

The administration of alcohol via the inhalational route and the ad
ministration by liquid diets have been used as means of administering alco
hol to rats for prolonged periods of time. Animal studies using rats have 
also shown that 'Y-GTP activity in serum, liver, and brain is elevated fol
lowing the chronic administration of alcoho1.52,56,61--Q4 Liquid diets have been 
utilized as the method of choice to administer alcohol to rats, particularly 
in pregnant animals. The administration of alcohol via a liquid diet has pro
duced increases in 'Y-GTP activity in brain and liver. Morland et al. attribute 
the increase in 'Y-GTP activity in the alcohol treated animals to a decrease 
in enzyme activity in the pair-fed controls.56 Yamada et al. obtained the 
same results, and attributed the increased 'Y-GTP activity in rats fed pelleted 
diets to impurities in the diet.64 In another study, the administration of an 
alcohol diet to rats for a period of 6 wk resulted in an increase in 'Y-GTP 
activity with no control diet or aging effects.65 Following an ll-wk period 
of alcohol consumption, no difference in the turnover rates in 'Y-GTP was 
observed, although an increase in 'Y-GTP activity was seen.62 

In a recent study it was shown that rats maintained on a liquid diet 
containing 35 % of its caloric content as alcohol for 5-6 wk had an increase 
in liver 'Y-GTP activity.66 Furthermore, the increase in 'Y-GTP activity is as
sociated with an enhanced removal of glutathione from the circulation. 
Studies to elucidate the mechanism by which alcohol induces 'Y-GTP in 
liver are under way by Barouki et al.67 and others. 

Effects of In Utero Exposure 
to Alcohol on y-GTP 

Although several studies have shown that alcohol produces an eleva
tion in 'Y-GTP activity in the adult, little is known regarding the effects of 
the in utero administration of alcohol on 'Y-GTP. Leiuyer et al. have mea
sured 'Y-GTP activity in childred born to alcoholic mothers68 'Y-GTP activ
ity was found to be increased in infants born to alcoholic mothers.68 
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Effects in Animal Models 
Animal models have been utilized to gather what information is avail

able regarding the effects of alcohol on the developing fetus. Because alco
hol passes freely from the maternal circulation to the fetus and through breast 
milk to the neonate, we conducted a series of experiments to determine if 
consumption of alcohol during gestation and lactation would cause alter
ations in brain 'Y-GTP activity similar to that seen in adults.69-73 To our 
knowledge our laboratory is the only one where the effects of the in utero 
administration of alcohol on 'Y-GTP have been studied in the rat model. Our 
laboratory has utilized a liquid diet to produce an animal model of FAS.72 

Our model agrees well with the effects reported for FAS in the hu
man. Offspring of mothers that have received 35% of their calories in the 
form of alcohol come from smaller litters, are smaller, have a higher mor
tality rate, and exhibit learning deficits as adults.72.74 We have also shown 
that the activity of 'Y-GTP in brain and liver is elevated at birth in the off
spring of mothers that have received alcohol during gestation. Litter size 
does not have an effect on 'Y-GTP activity.75 Determination of 'Y-GTP activ
ity in 30-d-old pups in various regions of brain indicates that the in utero 
administration of alcohol produces an increase in enzyme activity and that 
this effect is long lasting. Serum 'Y-GTP activity in the pups is also elevated. 

Effects on Ontogenesis 
A series of experiments were conducted in our laboratory to ascertain 

the effects of the in utero exposure of alcohol on liver 'Y-GTP. We examined 
the effects of alcohol on total enzyme activity, on ontogenic development, 
and on the ratio of adult to fetal forms of 'Y-GTP. The experiments evaluat
ing the effects of the in utero administration of alcohol on the ontogenic 
development of 'Y-GTP in brain and liver are described in the remainder of 
this chapter and in a previous research report.70 

Feeding Paradigm. Sprague-Dawley rats were maintained on a 12-h 
light/dark cycle with lights on between 0700 and 1900 h. Mature female 
rats were placed with healthy mature males overnight. Vaginal smears were 
taken each morning to establish evidence of copulation. 72, 76 When sperma
tozoa were identified on the vaginal smear the female was placed in an 
individual hanging, wire bottomed cage and started on one of five experi
mental diets as described by Reyes et al.70.72.73 Three of the groups were 
placed on a liquid BioServ diet (Bioserv Inc., Frenchtown, NJ) containing 
either 2.0% v/v alcohol (10% ethanol derived calories; 10% EDC), 4.0% 
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v/v alcohol (20% EDC), or 6.7% v/valcohol (35% EDC). Another liquid 
diet group was pair-fed (PF) to the 35% EDC group. All groups (PF, 10% 
EDC, 20% EDC) received the same volume of isocalorically equivalent 
food as the 35% EDC group. The diets were made isocalorically equivalent 
with a maltose-dextrin mixture. On the day before the mothers were due, 
they were given ad libitum chow and water. A fifth group of pregnant fe
males (LC) were maintained on lab chow and water ad libitum to control 
for the effects of paired feeding. In addition, another separate set of preg
nant females maintained on the LC diet was used to provide the untreated 
surrogate mothers. On the day following parturition, litters were culled to 
six pups and cross-fostered onto surrogate mothers. For determinations of 
enzyme activity before birth, the pups were taken by cesarean section fol
lowing anesthesia of the mothers with sodium pentobarbital. 

The livers were removed and placed in ice-cold tris-buffered saline, 
homogenized, and centrifuged. The supernatant (soluble fraction) was as
sayed for 'Y-GTP activity and protein content. The pellet was resuspended 
in tris-buffered saline containing 1 % deoxycholic acid, let stand over night 
at 4°C, and centrifuged. The supernatant (membrane bound fraction) was 
then assayed for 'Y-GTP activity and protein. 

y-GTP Assay. 'Y-GTP activity was determined by a modification of 
the procedure described by Rosalki and Tarlow77 with a Beckman U40 
series spectrophotometer. A typical reaction mixture was as follows: pro
tein (25-100 mg); y-glutamyl-p-nitroanilide (5.4 mM); glycylglycine 
(110.5 mM); and Tris-HCI (92 mM) in a total volume of2.0 mL. The reac
tion pH was 8.5. Following a 20-min incubation period at 37°C the increase 
in absorbance at 410 nm was determined. The reaction was stopped by 
the addition of trichloroacetic acid to the incubation mixture. One unit 
of 'Y-GTP is that amount of enzyme activity that will liberate 1 Ilmol of 
p-nitroaniline/minlmg protein. Protein was assayed by the method described 
by Lowry et al.78 

Table 1 shows the effects of the in utero administration of various 
doses of alcohol on 'Y-GTP in liver and brain of newborn rats (day 0). Also 
shown in Table 1 is the effect of alcohol on body, brain, and liver weights. 
The higher the dose of alcohol a mother is given during pregnancy, the 
smaller the birth weights of her offspring. The weights of the pups from the 
mothers receiving the lower doses of alcohol were not significantly smaller 
than the pair-fed control. There is also a negative correlation between alcohol 
dose and brain and liver weights of the offspring. The in utero administra-
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Table 1 
The Effects of In Utero Exposure to Alcohol 

on y-Glutamyl T ranspeptidase in Brain and Liver in Rats at Birth 

Body Brain Braine Uver Uver 
weight, weight, y-GTP, weight, y-GTP, 

Treatment N g rng U (x1O-2) rng U (x10-2) 

LC 15 6.66 ± .22'> 268±5 0.425 ± .017 285 ±12 7.046 ± 1.021 
0% EDC 22 6.03 ± .12 256±3 0.347 ±.035 280±9 5.178 ± .443 
11% EDC 17 5.66 ± .20 263±7 0.346 ± .031 256± 12 4.559 ± .453 
21% EDC 12 5.44 ± .19 253±8 0.460±.065 248 ± 12 8.634 ± .671*# 
35% EDC 24 4.67 ± .16* 234 ±5* 1.165 ± .515 217 ±g# 5.188 ± .448 

F(3,71) = 10.68 F(3,71) = 4.8a F(3,71) = 1.3 F(3,71) = 5.4a F(3,71) = 13a 

a Significance at p < 0.05. Statistical analysis by one way analysis of variance. Signnicance of 
group comparisons used Newman-Keuls post hoc test. 

# Signnicantly different relative to 0% EDC control. 
'Significantly different relative to all groups. 

b Values are presented as mean ± SEM. 
C A maximum of two pups from a single liller were used for -y-GTP determinations. One unit of 

-y-GTP is that amount of enzyme that will liberate 1 ~mol of p-nnroaniline/minlmg protein. 

tion of the 21 % EDC diet increased 'Y-GTP activity in the liver in the off
spring, whereas the 35% EDC did not seem to have an effect. A previous 
study, however, had shown 'Y-GTP to be elevated in 1-d-old pUpS.72 We there
fore examined the effects of the in utero administration of alcohol on the 
ontogenic development of 'Y-GTP. The effects of the in utero administration 
of alcohol on the ontogenesis ofliver 'Y-GTP from gestational age 18-120 d 
after birth were determined. 

Figure 1 shows the effects of the in utero administration of alcohol on 
the ontogenic development of the soluble form of 'Y-GTP in rat liver from 
birth to day 120. 'Y-GTP activity in liver of LC and 0% EDC rats appears to 
reach a maximum at birth and then decreases toward the adult level. Adult 
levels are approx one-tenth that of the newborn. This pattern is similar to 
that observed by Igarashi et al., who have shown that in liver 'Y-GTP activ
ity increases until birth and then immediately following birth enzyme ac
tivity decreases toward adult levels.28 Also seen in Fig. 1 are the effects 
of various doses of alcohol on the ontogenesis of 'Y-GTP. Treatment of the 
mothers with 21% EDC and 35% EDC diets produces a transitory eleva
tion in 'Y-GTP activity, which then decreases toward the control levels. 
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Fig. 1. The effects of in utero administration of alcohol on ontogenesis of soluble 
liver r-GTP from birth to day 120. r-GTP activity was determined by the method 
described by Rosalki and Tarlow.77 Mothers were treated with various doses of 
alcohol in liquid diets as described in text. A = 0% EDC; + = 35% EDC; 0 = LC; 
0= 11% EDC; * = 21% EDC. 

The effects of the in utero administration of alcohol on the deoxy
cholic acid soluble (membrane bound) fraction of 'Y-GTP from g 18 to day 8 
are illustrated in Fig. 2. By and large the same pattern is seen as that of 
the soluble enzyme in Fig. 1. The 35% EDC diet produces an increase in 
'Y-GTP activity in the pups at g18 and at 1 d of age. We believe that two 
explanations of the data are possible at this time. The higher doses of alco
hol may increase GTP activity as early as g18. An alternative explanation 
may be that the higher doses of alcohol produce a delay in development of 
the enzyme. That is, the peak that is normally seen at birth is not seen until 
day 1. It may be that both phenomena are occurring simultaneously, an 
increase in 'Y-GTP activity and a delay in its development. Alcohol may 
also interfere with the conversion of the fetal form of the enzyme to the 
adult form of the enzyme. 
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Fig. 2. The effects of in utero administration of alcohol on ontogenesis of 
membrane bound liver 'Y-GTP from gestational age 18 to day 8. 'Y-GTP activity 
was determined by the method described by Rosalki and Tarlow.17 Mothers were 
treated with various doses of alcohol in liquid diets as described in text. Pups 
were taken by cesarean section following anesthesia of mothers with sodium 
pentobarbital. f1 = 0% EDC; + = 35% EDC; 0 = 11 % EDC; 0 = LC; * = 21 % EDC. 

Effects on Isoenzyme Makeup 
Electrophoretic examination for 'Y-GTP isoenzyme forms was per

formed on serum from neonatal rats (1 d old) that were exposed to alcohol 
in utero.71 The zymograms of serum from the alcohol exposed neonates 
were found to have a peak of activity unique to this group.71 

In an effort to determine if the in utero administration of alcohol altered 
the ratio of fetal to adult forms of the enzyme, the effects of in utero admin
istration of alcohol on the isoenzyme makeup at birth and at 4 d of age were 
determined. An aliquot of the membrane bound enzyme was incubated with 
a slurry of concanavalin A and then centrifuged. The supernatant was as
sayed for 'Y-GTP activity to determine the amount of the adult form of the 
enzyme. The pellet that contained 'Y-GTP bound to the concanavalin A was 
then incubated with a solution of 50 mg/mL of glucopyranoside and centri-
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fuged. The supernatant was assayed to determine the amount of the fetal fonn 
of the enzyme. In the LC group, the fetal fonn of the y-G1P represented 65 % 
of the total liver enzyme activity at birth. The in utero exposure of the pups to 
the 35 % EDC diet did not alter the isoenzyme makeup of the liver. At 4 d of 
age the percentage of fetal fonn decreased to 58% in both the control and in 
the alcohol-treated animals. 

More studies must be conducted to better understand the effects of 
the in utero administration of alcohol on y-G1P. Certainly the question of 
what is y-G1P doing is the fetus has to be addressed as well as how does 
the presence of alcohol alter this function. 
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Free Radicals 
and Alcohol Liver Injury 

Lester A. Reinke 
and Paul B. McCay 

Introduction 

A role for free radicals in the development of alcoholic liver damage 
has been suspected since the early 1960s, when DiLuzio and associates 
reported that antioxidants protected rats from fatty liver induced by a large 
acute dose of ethanol. l- 3 Subsequent investigations from the same group 
indicated that ethanol administration led to the formation of lipid peroxides 
in the liver4 and liver homogenates.5 Because free radicals have long been 
known to initiate lipid peroxidation, these early findings indicated that 
ethanol administration could lead to free radical generation through some 
undetermined mechanism. 

Occasional negative results6-8 have caused the role of lipid peroxi
dation in the development of alcoholic liver disease to be controversial. 
Nevertheless, the results of recent experiments have demonstrated that 
free radical intermediates are indeed produced after acute and chronic ad
ministration of alcohol to experimental animals. In this chapter, evidence 
supporting ethanol-induced free radical formation in vivo, and possible 
mechanisms for the generation of these radicals, will be discussed. 

From: Drug and Alcohol Abuse Reviews, Vol. 2: Liver Pathology and Alcohol 
Ed: A. A. Watson ©1991 The Humana Press Inc. 
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Definition of a Free Radical 
A free radical is generally defined as a molecule that contains one or 

more unpaired electrons. There are many known examples of stable free 
radicals, such as diphenylpicrylhydrazyl and potassium nitrosodisulfonate 
(Fremy's salt). However, the presence of unpaired electrons usually con
fers a large degree of chemical reactivity to the molecule. As a result, most 
free radicals are highly reactive with a short half-life. 

Radicals can be formed through a variety of physical or chemical re
actions. In biological systems, many drugs or other xenobiotics can be 
metabolized to free radical intermediates, which may initiate cellular in
jury. Although the literature usually focuses on undesirable effects of free 
radicals, potentially beneficial reactions include antineoplastic9,lO and 
antiparasiticll actions. 

The unpaired electrons are usually visualized as being located in spe
cific regions of a molecule. For this reason, radicals are often spoken of as 
being "carbon-centered," "oxygen-centered," and so forth, to indicate the 
localization of the electron. 

Detection of Free Radicals 
Because of their usually high degree of reactivity, free radicals are 

difficult to detect directly. This is particularly true in biological systems, 
where radicals may react with any number of molecules in the cellular mi
lieu to produce a variety of secondary reaction products. However, the most 
widely used methods to study free radical reactions in biology are based on 
measurement of products of biological origin, such as intermediates oflipid 
peroxidation, which may have been formed through such types of reac
tions. Other evidence may involve altered activity of enzyme systems ca
pable of generating, or catabolizing, free radical intermediates. Specific 
examples from the alcohol literature will be given in the following section. 

In addition, spin trapping techniques and electron paramagnetic reso
nance have been utilized to directly demonstrate that alcohol administration 
initiates free radical formation in vivo. This data will be reviewed later in 
this chapter. 

Possible Roles of Oxygen Radicals 
in Alcoholic Liver Disease 

A role for oxygen radicals in the pathogenesis of alcoholic tissue 
injury has been indicated in a number of studies. In order to gain an appre-
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ciation of this research, it is first necessary to discuss some of the more 
prominent types of oxygen radicals and means by which they may be formed. 

Radicals Derived from Oxygen 

Oxygen itself is a diradical, and its reactivity is highly regulated in 
the body. The normal fate for oxygen is reduction to water by cytochrome 
oxidase, a process that does not involve any free radical intermediates. 
However, oxygen can also be metabolized in a series of one-electron 
reductions, yielding superoxide anion and hydrogen peroxide as intermedi
ates of toxicological concern. Superoxide anion [02("t] is a radical that 
dis mutates to hydrogen peroxide either spontaneously, or as a result of the 
catalytic action of superoxide dismutase.12 The superoxide radical has 
relatively low reactivity, but is nevertheless thought to be an important 
toxicological intermediate.13 Hydrogen peroxide [H20~ is a strong oxi
dant, but its concentration in cells is normally kept low by the actions 
of catalase and glutathione peroxidase.14 Many theories of "oxidative 
stress" propose that more highly reactive free radical metabolites of oxy
gen, such as the hydroxyl radical ["OH], are formed, and may actually be 
the cause of tissue damage. 

Although the hydroxyl radical could be formed in a variety of chemi
cal reactions, the Haber-Weiss and Fenton reactions have received consid
erable attention. In the Haber-Weiss reaction, superoxide anion reacts with 
hydrogen peroxide to form the hydroxyl radical: 

(1) 

This reaction is not thought to have great biological significance because 
its rate is extremely slow in the absence of contaminating trace minerals. 

In the Fenton reaction, ferrous ions catalyze the breakdown of hydro
gen peroxide to form hydroxyl radicals as one of the products: 

(2) 

Ions of certain other transition elements, such as copper, can replace iron 
in this reaction. 

A related reaction sequence that is thought to have great biological 
relevance is often referred to as the iron-catalyzed Haber-Weiss reaction. 
In this scheme, ferric iron is reduced by superoxide anion, and the resulting 
ferrous iron then reacts with hydrogen peroxide to form the hydroxyl radi-
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Table 1 
Possible Sources of Hepatic Oxygen Radical Fonnation 

Following Acute or Chronic Ethanol Exposurea 

Enhanced activity of cellular systems capable of generating oxygen radicals: 
Isozymes of cytochrome P-45~23 
NADPH-cytochrome P-450 reductase19,l04 

Conversion of xanthine dehydrogenase to xanthine oxidase35,36 

"Leakage" during mitochondrial electron transport39,40 
Increased "redox cycling031 
Phagocytic migration45,46 

Increased iron-dependent radical generation, as a result of: 
Increased hepatic iron stores47,48 
Release of iron from storage sites51 ,52 

Decreased capacity of cellular "antioxidants": 
Glutathione56-58,60,77 
Superoxide dismutase67,68,75 
Catalase66,68,69 
a.-Tocopherol62,63 

Vitamin A64,65 

8References to representative studies are set in superscript. 

cal and regenerate ferric iron. Because hydrogen peroxide is formed by 
dismutation of superoxide, this mechanism has the potential of producing 
large amounts of hydroxyl radicals when superoxide is generated con
tinually. The relationships that exist among oxidative tissue injury and 
iron or related transition metals have been recently reviewed by Halliwell 
and Gutteridge.1S•16 

Evidence Associating Alcohol Exposure 
with Oxygen Radical Generation 

Oxygen radicals associated with alcohol administration have never 
been directly detected in vivo using spin trapping and electron paramag
netic resonance techniques. Nevertheless, there are numerous reports in the 
literature that strongly suggest an association between alcohol use and oxy
gen radical formation. The major proposed sources for such oxygen radi
cals are outlined in Table 1, and related concepts are discussed in the 



Alcohol and Free Radicals 137 

following sections. The table is not intended to be exhaustive, and reviews 
are cited where it is feasible. 

Activity of Enzymes that Lead 
to Oxygen Radical Generation 

Monooxygenase Enzymes. The monooxygenase enzymes of the endo
plasmic reticulum are thought to be among the major intracellular sources 
of oxygen radicals. These enzymes have important roles in the oxidation 
and reduction of many endogenous and exogenous compounds, and utilize 
the cytochrome P-450 enzymes as terminal oxidases. Hydrogen peroxide 
formation by the microsomal enzymes has been known for many years.17 

The cytochrome P-450 enzymes are now thought to be the major sources 
of this hydrogen peroxide, which most likely arises after dismutation of 
superoxide anion released from an oxygenated, ferrous heme iron interme
diate. 18 In addition, the flavoprotein NADPH-cytochrome P-450 reductase, 
which transfers electrons from NADPH to the cytochrome P-450 enzymes, 
has also been shown to be a source of superoxide anions. 19 

Chronic ethanol administration was first reported to induce the activ
ity of the hepatic drug-metabolizing enzymes by Rubin and Lieber in 1968,20 
and this finding has been confirmed in many laboratories. More recently, a 
unique ethanol-inducible isozyme of cytochrome P-450 has been charac
terized from livers of various species, including humans.2I-23 Because micro
somes from ethanol-treated rats have been shown to generate superoxide 
anion and hydrogen peroxide at higher rates than microsomes from pair
fed controls,24,25 it is conceivable that similar reactions could occur in the 
intact liver. Extensive studies from the laboratories of Cederbauml9,26-28 
and Ingelman-Sundberg25,29,30 have produced convincing evidence that 
hydroxyl radicals produced by liver microsomes have a role in the oxida
tion of ethanol and other xenobiotics, and that ethanol feeding stimulates 
this process. In addition, rates of hydroxyl radical generation during re
dox cycling of paraquat and related compounds may also be increased by 
ethanol feeding.3I 

The induction of the monooxygenase enzymes by ethanol can also 
increase the hepatotoxicity of drugs or other chemicals that are metabo
lized to reactive intermediates.32,33 Some of these reactive metabolites could 
be free radicals, but very few studies have been performed to test whether 
ethanol exposure increases free radical formation that is detectable by 
electron paramagnetic resonance methods. In one such report, ethanol feed-



138 Reinke and McCay 

ing was found to increase rates of trichloromethyl radical formation from 
carbon tetrachloride in isolated micro somes and in vivo.34 Ethanol 
also markedly potentiated the hepatotoxicity of carbon tetrachloride, but 
this effect was not well correlated with the rates of trichloromethyl radi
cal formation,34 suggesting that other biological effects of ethanol were 
also involved. 

Xanthine Oxidase. Xanthine oxidase is another enzyme that is capable 
of forming both superoxide anion and hydrogen peroxide under appropri
ate conditions. Oei35 and Sultatos36 have demonstrated that some of this 
enzyme is converted from its normal dehydrogenase form to its oxidase 
form following ethanol administration. During ethanol intoxication, acetal
dehyde or xanthine and hypoxanthine could serve as substrates for the in
tracellular generation of superoxide anion and/or hydrogen peroxide by 
xanthine oxidase.35-37 This topic is reviewed in greater detail in another 
chapter of this volume. 

Mitochondrial Electron Transport Chain. The mitochondrial electron 
transport chain normally exhibits tight coupling between electron flow and 
energy production, but small amounts of superoxide anion and hydrogen 
peroxide can be formed at various stepS.38 In the case of mitochondrial 
injury, this "leakage" of electrons may be enhanced. In this respect, it is 
interesting to note that chronic ethanol exposure has been shown to cause 
damage to mitochondria39 and stimulate mitochondrial superoxide forma
tion.40 Mitochondria1lipid peroxidation has also been reported after acute 
ethanol intoxication.41,42 

Phagocytic White Blood Cells. Phagocytic white blood cells infil
trate the liver in alcoholic liver disease,43 and these cells are well known 
for their ability to produce superoxide anion during a "respiratory burst."44 
It has also been shown that ethanol metabolism by hepatocytes seems to 
result in the formation of a chemoattractant substance for the white blood 
cells, which may also involve the participation of oxygen radicals.45,46 This 
topic is also reviewed in another section of this volume. 

Roles of Iron 

Because of the well-known role of iron to catalyze the generation of 
hydroxyl radicals, 15,16,28 observations that alcohol feeding increases hepatic 
iron stores,47,48 or that iron lOading increases the toxicity of alcohol,49,5o 
are often interpreted as evidence that oxygen radicals, such as the hydroxyl 
radical, could be generated at unusually high rates. 
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Iron is normally found in storage forms such as ferritin, in which it is 
chemically nonreactive. For this reason, the mobilization of iron from its 
storage sites during ethanol intoxication becomes an important consider
ation, and this topic has been recently reviewed by Shaw.51,52 

Iron may also participate in free radical reactions in mechanisms that 
are not related to hydroxyl radical production. For example, iron-dependent 
lipid peroxidation has been postulated to occur through complexes of iron 
and oxygen called perferryl [Fe2+02] or ferryl [Fe2+0] ions, which could 
participate in the direct generation of alkoxy radicals. 53 

Sinaceur et al. have demonstrated that the iron-chelating agent 
deferoxamine (desferrioxamine) decreased the rate of ethanol clearance in 
alcohol-treated rats.54 This effect was interpreted as evidence that ethanol 
oxidation dependent on the formation of hydroxyl radicals had been inter
rupted.54 Deferoxamine also diminished the degree of lipid peroxidation in 
the cerebellum following an acute ethanol dose,55 but a protective effect of 
iron chelation was not observed in the liver. 

Changes in Cellular Antioxidants 

Changes in certain cellular systems, which can be broadly grouped as 
"antioxidants," have been cited as evidence that alcohol initiates free radi
cal events in the liver. The first evidence is that free radicals are expected to 
react readily with thiols and other natural antioxidants, and should then cause 
decreases in their concentration. Acute alcohol administration has long been 
known to lower hepatic levels of glutathione, 56-58,60 although increases may 
occur after chronic alcohol administration. 59 Increased biliary concentra
tions of glutathione dissulfide following ethanol feeding have been inter
preted as evidence for "oxidative stress."61 These and other interactions 
between ethanol and glutathione are reviewed elsewhere in this volume. 
Alcohol administration has also been reported to decrease the hepatic con
centrations of a-tocopheroI62,63 and vitamin A,64,65 vitamins that are thought 
to have roles in protection of cells from radical-induced injury. In addition 
to possible radical-induced depletion, alcohol may interfere with the nor
mal biosynthesis or metabolism of these natural antioxidants, thereby ren
dering cells more susceptible to oxidative damage. 

Alcohol administration to experimental animals has also been reported 
to affect the hepatic activities of some forms of superoxide dismutase,66-68,75 
catalase,66-69 and glutathione peroxidase.68,70,71 Although increases in the 
activity of some of these enzymes have been observed in some studies, 
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decreased activities have been more commonly reported. Because alcohol 
appears to increase the hepatic generation of toxic metabolites of oxygen, 
as discussed in an earlier section, unchanged or decreased activity of the 
enzyme systems that degrade superoxide anion and hydrogen peroxide could 
further predispose the liver to oxidative damage. 

Lipid Peroxidation 
Lipid peroxidation is thought to occur subsequent to the interaction 

of free radicals with polyunsaturated fatty acids in biological membranes. 
In this process, a radical abstracts a hydrogen atom from a methylene carbon 
between two unconjugated double bonds, forming a secondary carbon
centered radical [R-C(")H-R'] from the fatty acid. Subsequent reactions 
include rearrangement of the fatty, acid chain to form a conjugated diene, 
and addition of oxygen to form a hydroperoxy radical [R-COO"]. This se
ries of reactions is propagated by continued hydrogen atom abstraction by 
both the primary and secondary radicals, and results in the formation of a 
variety of carbon-centered and oxygen-centered radicals. Fragments of the 
fatty acid chains may be further metabolized to low mol wt alkanes and 
aldehydes. When lipid peroxidation is extensive, widespread damage to 
cellular membranes, proteins, and organelles can occurJ2,73 

Many of the studies which have implicated free radicals in deleteri
ous effects of alcohol have utilized "lipid peroxidation" to indicate free 
radical generation. There are many reports that alcohol increases levels of 
malondialdehyde,2,37,41,74,75 conjugated dienes,76-78 volatile hydrocarbons 
such as ethane and pentane,79-82 loss of polyunsaturated fatty acids,77.83 or 
chemiluminescence24 in various experimental designs. Evidence of this type 
has been the topic of several recent reviews,56,84,85 and is discussed in 
greater detail elsewhere in this volume. 

Exerimental Protection 
or Potentiation of Alcohol Toxicity 

As discussed in preceding sections, alcohol has been shown to affect 
cellular enzymes and antioxidants in ways that are consistent with free 
radical-induced mechanisms. This relationship has also been studied by 
experimentally altering these cellular systems and then assessing the effects 
on alcohol toxicity. 

For example, when hepatic glutathione concentrations were experi
mentally depleted by the administration of phorone, 86 enhanced toxicity of 
ethanol, indicated by increased release of liver enzymes from perfused livers, 
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was observed. Conversely, when rats were pretreated with cysteine, mer
captopropionylglycine, or methionine, alcohol-induced toxicity was antago
nized.77.87.88 These data give additional support to a protective role of 
glutathione and related thiols against alcohol toxicity, which could involve 
free radical intermediates. 

As indicated in an earlier section, the first evidence that ethanol might 
cause free radical formation in the liver was that antioxidants prevented the 
development of fatty liver from an acute dose of ethanol. 1-3 This experi
mental result has been confirmed and extended through the use of a number 
of different types of antioxidants, including coenzyme Q,89.90 and various 
synthetic productS.65.91.92 

Relationship to Hypoxic Liver Damage 
Several laboratories have reported increased rates of hepatic oxygen 

uptake following acute93 or chronic94.95 ethanol administration. When 
oxygen concentrations and the pyridine nucleotide oxidation-reduction state 
were measured from the surface of perfused rat livers, alcohol was found to 
increase the oxygen gradient across the liver 10bule.96 Tissue damage, evi
denced by "blebbing," was observed in the perivenous region oflivers from 
ethanol-treated rats when oxygen delivery was further decreased by lowering 
the perfusion flowrate.96 Yamada et al. have also found that ethanol feeding 
enhanced lipid peroxidation following hepatic ischemia.74 

The relationship between hypoxia and ethanol has been studied fur
ther by Younes and Strubelt. These investigators have found that hypoxia 
increased ethanol-induced lipid peroxidation in perfused livers, and that 
the infusion of superoxide dismutase, catalase, deferoxamine, and allo
purinol all had protective effects.97-99 These data support a protective 
effect of allopurinol against alcohol toxicity in laboratory rats,37.55 and 
provide additional evidence that oxygen radicals, perhaps related to xan
thine oxidase activity, could have a role in initiating tissue damage. The 
relationship between hypoxia and ethanol-induced liver injury bears 
many similarities to the model of ischemia-reperfusion injury developed 
by McCord and associates,lOO in which oxygen radicals appear to have 
important pathological roles. 

Limitations of Indirect Evidence 
for Alcohol-Induced Radical Generation 

Experimental results outlined earlier, which suggest the participation 
of free radicals in cellular toxicity, are widely employed because they are 
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usually relatively simple, or can be conducted with instruments normally 
found in the scientific laboratory. Although these approaches provide valu
able data, caution must be observed in interpreting the results. For example, 
lipid peroxidation is a natural consequence of cell death, so the detection of 
maIondialdehyde does not necessarily indicate that free radicals are being 
actively generated by a metabolic process in living cells. Although defer
oxamine is an efficient iron chelating agent, its protective effects could con
ceivably be explained by interactions with superoxide anion101 or hydroxyl 
radicals.102 In addition, deferoxamine can be oxidized to a nitroxide radical 
that has been shown to inactivate alcohol dehydrogenase.103 

It should be noted that there are many studies that have failed to show 
associations between alcohol use and lipid peroxidation, glutathione, and 
so on, or that acute and chronic ethanol administration may produce oppo
site effects. These contradictory reports are presumed to be related to dif
ferences in methodology or experimental design, and have not been 
discussed in the preceding sections. Complex relationships that exist among 
alcohol exposure and other experimental variables, such as the strain of 
animal or the diet,104 require that great care is used in interpretation of data. 

Even if radicals are formed, these indirect methods do not necessarily 
indicate what type of radicals are present, or their relative rates of forma
tion. Because of these limitations, many investigators have begun to utilize 
methods in which free radicals can be directly detected. Electron para
magnetic resonance and spin trapping methods have provided a means 
of directly demonstrating that ethanol administration initiates free radical 
reactions in vivo. 

Electron Paramagnetic 
Resonance Spectroscopy 

General Considerations 
Electron paramagnetic resonance (EPR) spectroscopy, which is often 

referred to as electron spin resonance (ESR) spectroscopy, is a magnetic 
resonance technique that allows the direct study of certain paramagnetic 
species. The method depends on the interaction of the magnetic moment of 
an unpaired electron spinning on its axis with a large, external, homoge
neous magnetic field. The electron will align either with, or against, the 
external field, and these two orientations are not of equal energy. If electro
magnetic radiation is applied at a frequency that corresponds to the energy 
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separation of the two levels, energy is absorbed or emitted by the electron, 
allowing transitions from one energy level to another. The absorption or 
emission of energy is detected by the EPR spectrometer as the magnetic 
field is varied. 

The electron also interacts with the nucleus of the atom. When the 
nucleus also possesses magnetic spin, the interaction of the magnetic spins 
of the electron and nucleus gives rise to multiple spectral lines, which may 
serve to identify the free radical species that is present. Thus, EPR spec
troscopy is a valuable method for the study of certain types of chemical 
systems in which reasonably stable free radicals are produced. In addition, 
the height (intensity) of the spectral lines is proportional to the number of 
unpaired electrons in the sample, which allows comparison of free radical 
formation in different experimental designs. 

The high reactivity of most radical species in solution does not permit 
their direct detection by EPR. This problem has been overcome, in part, by 
the development of the spin trapping technique in the late 1960s. 

Spin Trapping 
Spin trapping is a technique whereby a short-lived reactive free radi

cal is trapped through an addition reaction to form a more persistent radical, 
referred to as a spin adduct: 

RO + Spin Trap ~ Spin Adduct 

The usefulness of spin trapping requires that the spin trap be stable 
under conditions of the reaction in which the radical is generated; that 
there is a favorable rate of reaction between the radical and the spin trap 
under the test conditions; and that the spin adduct is sufficiently stable to 
allow for its detection by EPR analysis. Interactions between the magnetic 
spins of the unpaired electron and nuclei in the spin trap result in unique 
spectral lines that may help to identify the initial, nonpersistent radical that 
has been trapped. 

The most common spin traps presently in use have nitrone or nitroso 
functionalities. In general, the nitrones have proven to be more useful for 
biological applications, because the nitroso compounds tend to be photo
chemically and thermally unstable.105 The structures of spin trapping agents 
that have proven to be useful in studies with alcohol are shown in Fig. 1. 

The free electron of the spin adduct is resonance stabilized by the 
nitrogen and oxygen atoms of the nitroxide function. The EPR spectrum of 
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IV 

Fig. 1. Spin traps used in alcohol studies. The chemical names of the spin 
traps, their abbreviations, and representative references for their use in alcohol 
studies, are as follows: I. a-Phenyl-N-t-butylnitrone, PBN.116,127 II. a-2,4,6-
Trimethoxyphenyl-N-t-butylnitrone, M03PBN .116 III. a-( 4-Pyridyl 1-oxide )-N-t
butylnitrone, POBN.115,129 IV. 5,5-Dimethylpyrolline-N-oxide, DMPO.118,127 

a nitrone spin adduct would be expected to consist of at least six spectral 
lines, because of interactions between the unpaired electron and nuclei 
present in the spin trap. These concepts are illustrated in Fig. 2, which indi
cates the structure of the I-hydroxyethyl spin adduct of the spin trap PBN. 
The nitrogen atom of the nitroxide function possesses a nuclear spin equal 
to I, and would split the signal of the free electron into a triplet This split
ting' measured in Gauss, is termed the nitrogen hyperfine splitting constant, 
aN (Fig. 2). In addition, the P-hydrogen, with a spin of 1tl, will split each of 
the spectral lines, and the distance between the peaks is termed the P-hydro
gen hyperfine splitting constant, aH• The values for aN and aH are in many 
cases unique for a type of spin adduct, and may help to assign the identity 
of the radical that has been trapped. The hyperfine splitting constants are 
also affected by the polarity of the solvent. An extensive listing of hyper
fine splitting constants for commonly studied spin adducts in different sol
vents has been published. 106 

Application to Biological Problems 

As stated earlier, free radicals are often not sufficiently stable in 
solution to permit their direct measurement by EPR methods. This prob
lem is accentuated in biological systems, where radical intermediates 
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Fig. 2. Structure of the 1-hydroxyethyl radical adduct of PBN and a 
representative EPR spectrum. The chemical structure is the 1-hydroxyethyl radical 
adduct of PBN, with the unpaired electron indicated on the nitrone function. 
Measurements of the hyperfine splitting constants for nitrogen (aN) and the ~
hydrogen (aH) are indicated on the EPR spectrum shown. Note that four 
measurements for aN and three measurements for aH can be obtained from each 
spectrum. The spectrum shown is a computer simulation of the 1-hydroxyethyl 
radical adduct of PBN in water, using hyperfine splitting constants of 16.1 Gauss 
and 3.3 Gauss for aN and aH, respectively. 

may be formed in a rich milieu of organic molecules with which they can 
react quickly. In addition, cells contain a variety of natural antioxidants, 
such as vitamin E or glutathione, which serve to react with, and detoxify, 
free radicals. 

For these reasons, spin trapping has been a particularly useful method 
to study free radicals in subcellular fractions, whole cells, and even in living 
animals. The best example is probably that of halogenated hydrocarbons 
such as carbon tetrachloride. The trichloromethyl radical and carbon di
oxide anion radical have both been proven to be metabolites of carbon 
tetrachloride in vitro and in vivo through the use of spin trapping experi
ments.l07-110 Various biological applications of the spin trapping technique 
have been recently reviewed.105,1ll-113 
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Radicals Derived from Ethanol 
1-Hydroxyethyl Radical Formation 

by Liver Microsomes 
When hepatic microsomes are incubated with ethanol, NADPH, and 

appropriate spin trapping agents, carbon-centered spin adducts can be de
tected by EPR analysis of the incubation systems. 114-119 An example of these 
results is shown in Fig. 3. In this experiment, microsomes were incubated 
with ethanol and the spin trapping agent phenyl-N-t-butylnitrone (PBN), and 
the reaction mixture was then extracted with toluene. In order to prove the 
identity of this radical, 1-l3C-ethanol was used in the incubation system. 
The resulting EPR spectrum contained twelve spectral lines instead of six 
(Fig. 3). The explanation for the altered spectrum is that l3C has a nuclear 
spin of 112, and will cause additional splitting if and only if the initial radi
cal was centered on the atom bearing the carbon isotope, so that it is cova
lently bound to the spin trap, and is thus close enough to the free electron to 
influence its spectral pattern. Isotopic labeling is a commonly employed 
method to prove the identity of radicals that have formed spin adducts. 

Reaction Mechanism 
The mechanism for l-hydroxyethyl radical formation in hepatic mi

crosomes is presently uncertain. Spin trapping experiments have demon
strated that the reaction is sensitive to cytochrome P-450 inhibitors such as 
SKF 525-A and metyrapone (Fig. 4). Catalase caused 50% inhibition of the 
rate of I-hydroxyethyl radical formation (Fig. 4), indicating a role of hy
drogen peroxide. In the presence of deferoxamine (1 mM), only weak EPR 
signals were observed, which most likely indicates an important role of 
iron in the reaction mechanism, but could be explained in part by other 
biological effects of deferoxamine.120 Furthermore, rates of ethanol radical 
formation can be stimulated by addition of iron chelates such as ADP-Fe3+, 

or inhibition of catalase activity by azide (Fig. 4). Taken together, these 
data clearly indicate that iron and hydrogen peroxide have an important 
role in the microsomal formation of I-hydroxyethyl radicals. One interpre
tation of these data is that hydroxyl radicals could be formed through a 
Fenton type of reaction (Eq. 2), and then abstract a hydrogen atom from 
ethanol (Eq. 3): 

(3) 
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Fig. 3. Formation of the 1-hydroxyethyl radical adduct of PBN by hepatic 
microsomes. Hepatic microsomes were incubated with ethanol, 50 mM; PBN, 30 
mM; and an NADPH-generating system.116 After 30 min of incubation, toluene 
extracts were prepared and analyzed by EPR spectroscopy. In the lower panel, 
1-l3C-ethanol was used, and the additional spectral lines are caused by the 
l3C covalently bound to PBN (see Fig. 2). The numbers on the horizontal axis 
represent the magnetic field (in Gauss) and relative signal intensity is shown on 
the vertical axis. In this experiment, the measured hyperfine splitting constants 
were 15.0 G and 5.0 G for nitrogen and hydrogen, respectively. 

However, the incomplete inhibition by catalase, sensitivity to cytochrome 
P-450 inhibitors, and related observations115,1l7 suggest that some of the 
radical could be formed directly by the cytochrome P-450 enzymes. 

In summary, spin trapping studies have proven that ethanol is metabo
lized in hepatic microsomes to the I-hydroxyethyl radical. This reaction is 
dependent on NADPH and cytochrome P-450, but the mechanism may 
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Fig. 4. Effect of various additions on rates of 1-hydroxyethyl radical formation 
in liver microsomes. Experiments were performed as indicated in Fig. 3, and the 
signal intensity in the control incubation (no additions) was assigned a value of 
100. The final concentrations of the various additions were as follows: Sodium 
azide, 1 mM; Desferyl (DESFER., deferoxamine), 1 mM; metyrapone (METYR), 
1 mM; SKF-525A (SKF), 1 mM; superoxide dismutase (SOD), 100 U/mL; catalase 
(CAT), 100 U/mL; ADP, 0.4 mM, plus FeCI3• 0.012 mM (ADP-Fe). Values are 
means of two measurements, using the same microsomal preparation. 

involve both direct catalytic formation and an oxygen radical intermediate, 
which is presumed to be the hydroxyl radical. Once formed, the I-hydroxy
ethyl radical probably adds molecular oxygen and rearranges to produce 
acetaldehyde. The proportion of microsomal ethanol metabolism that may 
arise through an ethanol radical intermediate is currently unknown, but 
acetaldehyde appears to be produced directly by cytochrome P-450, as 
well as through mechanisms involving hydroxyl radicals. 19,27-30 

Possible Consequences 
of Ethanol Radical Formation 

Because ethanol is a well-known "scavenger" of the hydroxyl radical 
(Eq. 3), it has been suggested that ethanol should be considered as an anti
oxidant. For example, antioxidant properties have been cited to explain the 
protective effects of ethanol against methamphetamine-induced neuronal 
damage121 or radiation-induced hemolysis.122 These data seem to argue 
against a role of "oxidative stress" in alcohol toxicity. However, it is possible 
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that highly reactive hydroxyl radicals, if they are fonned in liver cells, could 
react indiscriminately at sites that are easily repaired, or have no long-tenn 
adverse effects in the cell. But if another less reactive radical, such as the 
l-hydroxyethyl radical were fonned, it could diffuse to more distant sites 
before reacting with critical target molecules. 

Some support for this hypothesis has been provided by Ahmad and 
Sun,118,119 who demonstrated that the addition of ascorbate to microsomal 
incubations increased both the production of the 1-hydroxyethyl radical 
and lipid peroxidation. The proposed mechanism was that ascorbyl radi
cals could generate ethanol radicals by hydrogen atom abstraction, and that 
the 1-hydroxyethyl radicals were the reactive intennediates that stimulated 
lipid peroxidation.1l8,119 

Rates of microsomal l-hydroxyethyl radical fonnation are inducible 
by ethanol feeding, 115,116 indicating that this metabolite of ethanol could be 
fonned in relatively high concentrations in individuals who ingest large 
amounts of ethanol. More recently, this radical species has been detected in 
spin trapping studies in vivo (see section on "Spin Trapping of Alcohol
Induced Free Radicals in Liver"). 

Other Free Radical Metabolites of Ethanol 
The ethoxy radical [CH3CH200] was the first free radical that was 

proposed to explain the occurrence of alcohol-induced lipid peroxidation, 
but hydrogen atom abstraction from oxygen is less likely than from carbon 
because of greater bond dissociation energy. 123 Other radicals could also be 
fonned,123 but none of these other free radical metabolites of ethanol have 
been observed in spin trapping studies with liver microsomes or in vivo. 

Spin Trapping of Alcohol-Induced 
Free Radicals in Liver 

Experiments with Rats 
Fed Ethanol in Liquid Diets 

The first direct evidence that ethanol initiates free radical events in 
the liver was reported in 1987, when Reinke et al. demonstrated that the 
EPR spectra of liver extracts from rats that had been fed ethanol for 2 wk 
contained evidence of nitroxide radical adducts. 116 In these experiments, rats 
had been offered liquid diets containing ethanol and fat as 36 and 35% of 
total calories, respectively. The rats were then given the spin trapping agent 
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2,4,6-trimethoxyphenyl-N-t-butyl nitrone (M03PBN, Fig. 1) by ip injec
tion. 1birty minutes after the administration of the spin trap, livers were 
removed and organic extracts were prepared. The predominant spin adducts 
detected had characteristics typical of carbon-centered lipid radicals of 
M03PBN (Fig. 5). Minor components of these spectra were interpreted as 
evidence of oxygen-centered adducts, with some possible contribution of 
adducts of demethylated metabolites of the spin adduCt.1l6 Liver extracts 
from rats that had been pair-fed liquid diets free of ethanol did not contain 
spin adducts under these conditions. It is interesting to note that similar 
lipid radical adducts have been observed in liver extracts of rats given an 
acute dose of carbon tetrachloride. 124 

If the fat content of the liquid diet was decreased to only 12% of total 
calories, the intensity of the EPR spectrum was also diminished (Fig. 5). 
Because the intensity of the EPR signal is proportional to the number of 
unpaired electrons in the sample, these data indicate that high levels of 
dietary fat increase the generation of free radicals in the liver. These obser
vations are in good agreement with previous reports that high levels of 
dietary fat potentiate alcoholic liver injury,125,126 and give additional evi
dence for a role of free radicals in the hepatotoxicity of ethanol. Because 
high levels of dietary fat also have a "permissive effect" on the induction of 
cytochrome p-450,104 and rates of l-hydroxyethyl radical formation were 
greatest in microsomes from rats fed ethanol in a high fat diet,116 these 
data also suggest a role of the ethanol radical in the formation of the lipid 
radicals trapped in vivo. 

In summary, data obtained with ethanol-fed rats have indicated that 
ethanol initiates free radical reactions in the liver, and that these processes 
are enhanced when the diet is also rich in fat. The spin adducts detected are 
presumed to be from lipid radicals. Unfortunately, they cannot be identi
fied further by currently available methods. It is also important to note that 
the adducts detected are of radicals that were formed secondary to the attack 
of some other more highly reactive radical on endogenous compounds, 
which are probably membrane lipids. 

Radicals Observed 
During Acute Ethanol Intoxication 

Types of Spin Adducts Detected 
A number of studies have been conducted in order to detect free radi

cal intermediates that may be formed in vivo after the administration of 
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Fig. 5. EPR spectra of lipid extracts of livers of rats fed liquid ethanol-containing 
diets or control diets for two weeks. Rats were given the spin trapping agent 2,4,6-
trimethoxyphenyl-N-t-butylnitrone 30 min before livers were removed and extracts 
were prepared for EPR analyses.116 The treatments of the individual rats were 
as follows: A = ethanol-fed, high fat diet; B = control, high fat diet; C = ethanol
fed, low fat diet; D = control, low fat diet. For the spectra in A and C, aN = 15.0 G; 
aH = 2.0 G. 
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ethanol. In the first of these experiments, rats that had been fed ethanol in 
combination with a diet that was also rich in fat were given an intraperito
neal dose of 1-l3C-ethanol, along with the spin trapping agent PBN.ll6 
After 30 min, liver extracts were prepared and subjected to EPR analyses. 
Extracts of livers and hearts from rats that had received both ethanol and 
PBN contained spin adducts that appeared to be from mixtures of carbon
centered and oxygen-centered radicals, whereas no spin adducts were de
tected in extracts from rats that had received PBN only. 116 Because the EPR 
signals of the carbon-centered adducts were not affected by the presence of 
l3C in the ethanol molecule, it was concluded that the adducts detected could 
not be l-hydroxyethyl radicals and were probably from lipid radicals. 

These experiments were extended through the use of 5,5-dimethyl
pyrolline-N-oxide (DMPO, Fig. 1), a spin trapping agent that forms rela
tively stable adducts with the hydroxyl radical and superoxide anion, and 
also combines readily with the I-hydroxyethyl radical. Hepatic microsomes 
were found to form the I-hydroxyethyl radical adduct of DMPO, and the 
identity of this adduct was proven through the use of l-l3C-ethanol. ll7 When 
l3C-Iabeled ethanol and DMPO were injected into rats, liver extracts again 
contained spectra of carbon-centered lipid adducts, but did not contain evi
dence of the I-hydroxyethyl radical.127 In these experiments, similar etha
nol-dependent spectra were also detected in the heart, lungs, and spleen of 
ethanol-treated rats, but not in organs of rats that had received DMPO only. 127 

The question of free radicals that are generated during ethanol intoxi
cation has been more recently reexamined through the use of computer analy
sis of the EPR spectra. When PBN was administered along with an oral 
dose of ethanol, and EPR spectra of liver extracts were accumulated through 
multiple scans to improve the signal-to-noise ratio, at least three adducts 
could be observed in liver extracts (Fig. 6). Computer simulations indicated 
that the predominant adduct is apparently from a carbon-centered lipid radi
cal (Fig. 6E), and its hyperfine splitting constants (see legend) are similar 
to adducts that have been reported to form during the microsomal metabo
lism of carbon tetrachloride. 128 Another component (Fig. 6D) is most likely 
an oxygen-centered lipid radical adduct. 128 In addition, some spectra con
tain evidence of a third component (Fig. 6C), with wider hyperfine split
ting constants that give the appearance of "shoulders" at the extremes of 
the spectrum. This adduct has been tentatively identified as the I-hydroxy
ethyl adduct, based on its hyperfine splitting constants (see legend). Com-
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Fig. 6: Computer analysis of an EPR spectrum of a liver extract from an 
ethanol-treated rat. A fasted rat was given diethylmaleate (1 mUkg, ip, diluted 
in corn oil) to deplete hepatic glutathione levels. After 30 min, the rat was 
given PBN (125 mg/kg, ip) and ethanol (2.5 g/kg, p.o.). After an additional 30 
min, the rat was anesthetized, and a chloroform extract of the liver was 
prepared, evaporated to dryness, and dissolved in toluene. The EPR spectrum 
of the extract is shown in A, and B shows a computer simulation of the 
spectrum of the extract. The individual components of the spectrum in Bare 
as follows: C aN = 15.04 G; aH = 5.05 G, similar to the 1-hydroxyethyl adduct 
of PBN in toluene (see legend to Fig. 3). D aN = 13.70 G; aH = 1.83 G. E aN = 
14.49 G; aH = 3.30 G. 
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puter simulations have indicated that this third component, which we 
believe to be the I-hydroxyethyl radical adduct of PBN, constitutes less 
than 10% of the total spin adducts of PBN represented in Fig. 6. In most 
experiments, the spectral contribution of this component is much smaller. 
When the weak signal of the ethanol adduct is further split through the use 
of 1-l3C-ethanol, it becomes even more difficult to detect. The weakness 
of the signal, along with spectral overlap with the carbon-centered lipid 
radical, probably explain the failure to detect the ethanol adduct ofPBN in 
earlier studies.116 

Knecht et al. have recently reported the detection of the I-hydroxyethyl 
radical adduct of the spin trapping agent a-(4-pyridyll-oxide)-N-t-butyl
nitrone (pOBN, Fig. 1) in the bile of deermice that are deficient in alcohol 
dehydrogenase. 129 This observation provides additional evidence that etha
nol is metabolized to the I-hydroxyethyl radical in vivo, and it must be 
considered as a possible intermediate that initiates free radical reactions 
that result ultimately in the trapping oflipid radicals. 

Additional information has been obtained on the nature of the car
bon-centered lipid adducts formed during ethanol intoxication through the 
use of PBN that contains deuterium on the phenyl ring and t-butyl groups 
(see Fig. 1). The hydrogen atoms in nondeuterated PBN do not contribute 
to the EPR spectrum, but their nuclear spin causes broadening of the spec
tral lines and loss of resolution. 130 When ethanol was administered along 
with deuterated PBN, a complex spectrum was observed in extracts of liver, 
but no signal was observed if PBN was given with an oral dose of saline 
(Fig. 7). When the spectrum in Fig. 7 was further analyzed through a com
puter simulation, two components were observed (Fig. 8). The major com
ponent (Fig. 8B) is a carbon-centered adduct, with a 1:2:1 splitting pattern 
from hydrogen atoms on a methylene carbon covalently bound to PBN. 
This splitting pattern indicates that the radical trapped must be of a pri
mary alkyl [R-CnH2] type.130 Deuterated PBN did not reveal additional 
information about the nature of the oxygen-centered adduct (Fig. 8C). It is 
possible that this radical is formed after the addition of oxygen to the car
bon-centered adduct; or it could arise through an independent sequence 
of events. The I-hydroxyethyl radical adduct is present in concentrations 
that are too low to be observed under the spectrometer conditions neces
sary to resolve the splitting pattern of the primary alkyl radical adduct 
(Figs. 7 and 8). 
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Fig. 7. EPR spectra of liver extracts from ethanol-treated or control rats using 
deuterated PBN as a spin trap. Representative spectra obtained when rats 
were given PBN (135 mg/kg, ip) containing deuterium on the phenyl and t-butyl 
groups (PBN-d14, see ref. 130), and either A ethanol (5 glkg, p.o.), or B saline 
(10 mUkg, p.o.). Other procedures were as indicated in the legend to Fig. 6. 
Both spectra were obtained under identical spectrometer conditions, with a scan 
width of 100 G. 

Acetaldehyde 

Acetaldehyde is the primary product of ethanol metabolism, and it is 
substantially more toxic than ethanol. However, concentrations of acetal
dehyde during ethanol intoxication are normally quite low, primarily because 
of the action of mitochondrial and cytosolic aldehyde dehydrogenases. 
Nevertheless, acetaldehyde has been implicated in the development of 
ethanol-induced liver disease because it is known to form adducts with liver 
proteins,131 deplete glutathione,132 stimulate chemiluminescence in per
fused livers,133 and serve as a substrate for xanthine oxidase.35.36 For these 
reasons, we have also evaluated possible roles of acetaldehyde in the ini
tiation of free radical reactions in vivo. 

When acetaldehyde was administered to rats along with PBN, car
bon-centered lipid radicals could be detected in extracts of the liver and the 
heart. 127 Hepatic microsomes also metabolize acetaldehyde to a free radical, 
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Fig. 8. Computer simulations of spectra observed in liver extracts of rats treated 
with ethanol and deuterated PBN. Figure 8A shows a computer simulation of a 
spectrum similar to that shown in Fig. 7 A, except that a 50-G scan width was used 
to increase the detail of the spectral components. The major component B has 
splitting constants of aN = 14.45 G, aH = 3.30 G. The additional spectral lines in B, 
which produce a 1 :2:1 pattern, are caused by two hydrogen atoms on the initial 
radical, and have 'Y-hydrogen splitting constants of 0.53 G. This pattern identifies 
component B as a primary alkyl (R-C(')H2 adduct.130 Component C has 
characteristics of an oxygen-centered lipid adduct (aN = 13.50 G; aH = 1.80 G). 

which is thought to be the acetyl radical.134 However, experiments with 
l3e-Iabelled acetaldehyde have demonstrated that the adducts detected in 
vivo do not contain acetaldehyde carbon, and have different hyperfine split
ting constants than adducts induced by ethanol administration.127 

Although acetaldehyde also initiates free radical reactions when 
administered to rats, supraphysiological concentrations are required be-
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fore these radicals can be detected. Thus, although a role for acetaldehyde 
in free radical reactions during alcohol intoxication cannot be excluded 
altogether, the high concentrations required to initiate these events makes 
an important role for acetaldehyde unlikely. 

Alcohol-Induced Free Radicals 
in Extrahepatic Tissues 

Free radical formation and lipid peroxidation following ethanol admini
stration have been proposed as a mechanism for damage to a number of 
extrahepatic tissues, such as the heart,135 gastric mucosa,136 testes,137 and 
brain. 138 Because lipid peroxidation is usually, if not always, associated with 
the formation of free radicals, these data suggest that ethanol may also ini
tiate free radical reactions in these extrahepatic tissues. 

Very few studies have been designed to directly test for free radical 
formation following ethanol exposure in extrahepatic tissues. When an acute 
dose of ethanol was administered along with PBN to rats that had also been 
fed ethanol in liquid diets for a period of 2 wk, PBN spin adducts of lipid 
radicals were detected in extracts of heart.1l6 Similarly, if ethanol was 
administered along with the spin trapping agent DMPO, spin adducts of 
carbon-centered radicals were detected in extracts of heart, lung, and spleen 
of ethanol-fed rats. 127 Tissues extracts prepared from rats that received 
DMPO or PBN, but no ethanol, were consistently negatively. When etha
nol-fed rats were given the spin trapping agent trimethoxy-PBN without an 
acute ethanol dose, no radical adducts were detected in extracts of lung, 
spleen, or kidney.1l6 

Little is known of the mechanisms of ethanol-induced free radical 
reactions in the extrahepatic tissues. As discussed in earlier sections, data 
obtained in experiments with the liver has often implicated ethanol metab
olism in the generation of free radicals. Evidence that free radical reactions 
may occur in tissues that are low in alcohol dehydrogenase activity or cyto
chrome P-450 content suggests that other mechanisms may be involved in 
the initiation of these events. 

Summary 
Studies with spin trapping and EPR spectroscopy have demonstrated 

that the acute and chronic administration of ethanol to laboratory rats and 
mice results in the formation of free radical intermediates in the liver and 
other body organs. The major radical adducts that have been detected are 
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of biological origin, and are presumed to be lipid radicals, but methods for 
their identification are not currently available. 

The mechanism for the initiation of ethanol-induced free radical pro
duction in the liver is also not known. A substantial number of literature 
reports have implicated oxygen radical formation as an early event in the 
process oflipid peroxidation following alcohol exposure. Potential sources 
of these oxygen radicals include the monooxygenase enzyme system of the 
endoplasmic reticulum, xanthine oxidase, "leakage" of electrons from the 
mitochondrial electron transport chain, or phagocytic white blood cells. In 
addition, ethanol is metabolized by hepatic microsomes to the l-hydroxy
ethyl radical, and this free radical species has also been detected in vivo. 
Either oxygen radicals or the ethanol radical may attack membranes or other 
cellular components to form the lipid radicals that have been detected by 
the spin trapping methods. 

Finally, the significance of free radical formation following ethanol 
exposure is uncertain. Because free radicals are highly reactive, any set 
of circumstances that results in their formation is assumed to pose a toxic 
insult to cells. On the other hand, because occasional drinking seems to 
pose no great health hazard, it is clear that the body is capable of detoxify
ing the radicals, or repairing damage that they may produce, quite readily. 

The relationships that exist between free radical formation and mecha
nisms of cell death are poorly understood and are being intensely studied in 
many areas of toxicological research. As the mechanisms of free radical 
toxicity become better elucidated, our understanding of the role of free radi
cals in alcoholic tissue damage will also become more clear. 
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Effects of Ethanol 
on Glutathione Metabolism 

Mack C. Mitchell, David S. Raiford, 
and Ariane Mal/at 

Introduction 

Glutathione (GSH), the most abundant nonprotein thiol in cells, plays 
a pivotal role in protecting cells against damage from reactive drug me
tabolites, free radicals, peroxides, and other toxic oxygen species. Within 
the last decade, there has been substantial progress in understanding the 
metabolism of glutathione, its functions in cellular detoxification processes, 
and how these processes are altered by both acute and chronic alcohol con
sumption. Some evidence suggests that alcohol-related changes in gluta
thione homeostasis and detoxification may contribute directly or indirectly 
to the pathogenesis of tissue damage from alcohol. This chapter will sum
marize briefly the salient features of glutathione metabolism and current 
understanding of how these are altered by alcohol consumption in experi
mental animals and in humans. 

Biosynthesis of Glutathione 
Glutathione is a tripeptide, 'Y-glutamylcysteinylglycine, which is syn

thesized from its constituent amino acids in a two-step process.1- 3 The first 
and rate-limiting enzymatic reaction is catalyzed by 'Y-glutamylcysteine 
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synthetase.4 The reaction utilizes ATP,5 which is hydrolyzed to ADP and 
inorganic phosphate as indicated by reaction (1): 

L-cysteine + L-glutamate + ATP ~ L-y-glutamylcysteine + ADP + Pi (1) 

The second step in synthesis, catalyzed by glutathione synthetase, also 
utilizes ATP as indicated by reaction (2): 

L-y-glutamylcysteine + glycine + ATP ~ glutathione + ADP + Pi (2) 

The enzyme 'Y-glutamylcysteine synthetase is inhibited by nonallosteric 
interaction of glutathione at the 'Y-glutamyl binding site.6 Concentrations of 
aSH normally present in cells exceed the approximate K; of2.3 mM for this 
inhibition. Decreasing intracellular levels of glutathione has been shown to 
increase its rate of synthesis in vivo,7 whereas a lack of cysteine can limit 
synthesis of 'Y-glutamylcysteine. 1,2,8 Cystine must f1£st be reduced to cys
teine since only the reduced moiety can be used in this reaction. Interestingly, 
intracellular concentrations of cysteine «200 J.1M) are generally much 
lower than those not only of glutathione (-5 mM) but also of many other 
amino acids including glutamate and glycine.3,8 The reasons for the low 
concentrations of cysteine are not entirely clear but may be related to its 
tendency to undergo redox cycling, generating reactive oxygen species in 
the process.9 

Many cells express a sodium-independent uptake mechanism that 
has high affinity for glutamate and cystine (the disulfide).lo This carrier
mediated process has greater affinity for cystine than the A, ASC, or L sys
tems, which have been described, and probably accounts for the majority 
of cystine entry into cells. Adult hepatocytes do not express this transport 
system to the extent seen in many other tissues. By contrast, cysteine is 
taken up rapidly by hepatocytes by a sodium-dependent process with 
characteristics of the ASC system. II The uptake of cysteine is, in general, 
much more rapid than that of cystine.3 The adult liver expresses the en
zymes of the transsulfuration (cystathionine) pathway, which transfers 
the sulfur moiety of methionine to serine forming cysteine as shown in 
Fig. 1. Unpublished studies from our laboratory using high specific activity 
[35S]-methionine indicate that cysteine formed through this pathway does 
not accumulate within hepatocytes but is rapidly used for synthesis of glu
tathione. Almost no radioactivity could be detected within the intracellular 
cysteine pool under these conditions. Other published studies have indi-
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Fig. 1. Transsulfuration of methionine to cysteine. The carbon sKeleton or 
cysteine is derived from serine and the sulfur atom originates from methionine. 
Once formed, cysteine is converted rapidly to glutathione. 

cated the importance of methionine as a sulfur donor for glutathione syn
thesis in the liver. 12,13 

Turnover and Hepatic Efflux of Glutathione 

The turnover of glutathione varies in different tissues. 1,2 Catabolism of 
glutathione begins with cleavage of the 'Y-glutamyl moiety in a reaction 
catalyzed by 'Y-glutamyltranspeptidase (GGT).1 This membrane-bound en
zyme is located primarily on the apical surface of epithelial cells and may 
play a role in the recovery and uptake of the amino acid components of 
glutathione.1,14 Some investigators have postulated a role for GGT in the 
formation and subsequent transport and utilization of 'Y-glutamylcyst( e )ine in 
glutathione synthesis in the kidney and possibly other organs. IS There is 
little evidence that GGT influences the intracellular concentration of GSH 
since GGT is confined to the plasma membrane and GSH exists predomi
nantly within the cytosol and mitochondria.2 

The hepatic turnover of glutathione in the rat depends mostly on the 
efflux of GSH into the bile and circulation.2,16,17 Efflux of GSH across the 
plasma membrane ofhepatocytes occurs by a carrier-mediated process. 18,19 
This process, which has been characterized extensively by Kaplowitz and 
his colleagues, is saturable,18,19 exhibits transstimulation in hepatic mem-
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brane vesicles,20.21 and is inhibited by a variety of organic anions including 
unconjugated bilirubin.22 Efflux of GSH has been demonstrated in the per
fused liver, in isolated hepatocytes, and in membrane vesicles, as well as in 
intact animals. Sinusoidal (basolateral) efflux (10-15 nmollminlg liver) of 
GSH is greater than biliary (apical) (3-5 nmollminlg liver) under condi
tions that maintain polarity of the hepatocytes. Since GGT is localized 
primarily on the apical membrane, it may function in recovery of the amino 
acid components of glutathione following its efflux into bile.23 Thus, the 
extent of biliary efflux of GSH may be greater than that reflected by the 
recovery of GSH from bile. This hypothesis is supported by the demon
stration of large amounts of glutamate and cysteinylglycine in bile.23 

The concentration gradient for glutathione across the sinusoidal mem
brane is much higher than that across the canalicular membrane. Concen
trations in the cytosol are approx 5 mM compared with 3 mM in bile23 and 
10-50 J.lM in plasma.24 

Considerable interest has been focused on the role of circulating GSH 
and on the regulation of hepatic efflux of glutathione. Hepatic efflux ac
counts for most of the GSH In the plasma.24 The half-life of GSH in the 
plasma is surprisingly short, approx 2-3 min in the rat and in humans.25.26 
This finding suggests that the entry into and clearance of GSH from the 
circulation is a very dynamic process (Fig. 2). Those tissues with the high
est activity of GGT remove the greatest amount of the sulfur moiety of 
GSH.26 They include the kidney, small intestinal mucosa, and pancreas. The 
function(s) of GSH within the plasma has not yet been completely eluci
dated. One postulated function is the transport of the sulfur moiety of 
GSH from the liver to other organs.27 This role for GSH was proposed since 
the liver is the primary tissue with the capacity for transsulfuration of me
thionine to cysteine.13 Other proposed functions include maintenance of 
the thiol redox state of enzymes or other proteins and protection against 
oxidant stress. 

Sinusoidal efflux of GSH is enhanced by infusion of physiological 
concentrations of hormones that initiate phosphoinositide hydrolysis, such 
as the <Xl-adrenergic agonist phenylephrine, vasopressin, and angiotensin ll.28 
The increase in sinusoidal efflux of GSH is accompanied by a decrease in 
biliary efflux of GSH (D. S. Raiford et al., unpublished observations). Infu
sion of phorbol dibutyrate, an agent that activates protein kinase C, also 
increased sinusoidal and decreased biliary efflux of GSH, suggesting a role 
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Fig. 2. Interorgan metabolism of glutathione. GSH is transported into plasma 
by carrier-mediated process. Clearance from plasma is rapid with a half-life of 
2-3 min. The uptake of the sulfur moiety of GSH is greatest by those organs with 
'Y-glutamyltranspeptidase ('Y-GT) on the membrane. Final cleavage of the 
cysteinylglycine is catalyzed by dipeptidase (DP). prior to uptake of constituent 
amino acids. 
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for protein kinase C in the regulation of GSH efflux in response to vaso
pressor and stress honnones (D. S. Raiford et al., unpublished observations). 
One mechanism postulated to explain these effects is increased penneabil
ity of tight junctions, which occurs in response to vasopressor honnones.29 

However, no change in penneability of tight junctions occurred in response 
to infusion of phorbol ester (D. S. Raiford et al., unpublished observations). 
The reported effects of glucagon and other hormones that elevate cAMP 
and of dibutyryl cAMP on efflux of GSH are conflicting. Several reports 
have indicated that glutathione turnover and efflux are increased by these 
agents30,31 whereas others have not conflrmed these findings.28,32 The physi
ological significance of these changes is unclear. However, during patho
logical states, the effects of these honnones may be important. Circulatory 
and septic shock as well as selenium deficiency26 and chronic ethanol con
sumption33 have all been reported to increase plasma GSH levels andlor 
the sinusoidal efflux of GSH. 

Compartmentalization 
and Cellular Functions of Glutathione 

The concentration of glutathione varies in different tissues ranging 
from 2-10 Jlmollg wet wt. Hepatic concentrations are usually 4-6 Jlmoll 
g.2,3 Overnight fasting decreases hepatic GSH by approx 25_30%.2,3,18,30 
Decreased availability of cysteine and increased hepatic efflux both con
tribute to lowering GSH levels.2,18,30 More than 95% of glutathione is in 
the reduced fonn, whereas only a small percentage is present as the disul
fide.1-3 Approximately 10% of total glutathione is compartmentalized in 
mitochondria.34 The hepatic mitochondrial pool of GSH has a longer half
life (30 h compared to 2-3 h) than the cytosolic poo1.34,35 Mitochondrial 
GSH is synthesized in the cytosol and transported into the mitochondria 
against a concentration gradient, with flnal concentrations of 10 mM in 
mitochondria, compared with 5 mM in Cytoso1.34 The high concentrations 
of GSH in mitochondria are postulated to prevent oxidation of protein 
thiols during mitochondrial electron transport.36 

Depletion of glutathione enhances the toxicity of many drugs and 
susceptibility to injury from oxidant stress.8 In part, this increased suscep
tibility is owing to the participation of GSH in a number of detoxiflcation 
processes, which are discussed in the following section. Glutathione may 
also be important in protecting critical protein thiol groups from oxidation 
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and in the regulation of some enzymes37 and other cellular processes in
cluding condensation of microtubules.38 

Glutathione-Dependent 
Detoxification Processes 

Glutathione is directly involved in several detoxification processes, 
either as a cofactor in enzyme-catalyzed reactions or through direct inter
action with reactive electrophiles. These reactions are diagrammed in Fig. 
2. The thiol group in glutathione is nucleophilic and reacts readily with 
many electrophiles. Although these reactions may proceed spontaneously, 
usually they are catalyzed by the glutathione S-transferases. At least seven 
distinct proteins with GSH S-transferase activity have been purified from 
rat liver.39 Some are localized to the nucleus, mitochondria, or the smooth 
endoplasmic reticulum, although the majority are found in the cytosol, 
where they account for 5-10% of cytosolic proteins. A full discussion 
of these enzymes and their properties has been published recently.39 
The products of these reactions are covalent adducts of GSH and the sub
strate, which is most often an electrophile, in a thioether linkage. These 
conjugates are transported out of the cell, primarily into bile in the case of 
the liver.2 They are subject to further metabolism by 'Y-glutamyltranspep
tidase, which produces a mercapturic acid conjugate after cleavage of the 
'Y-glutamyl moiety.4o 

Reduction of organic peroxides and H20 2 catalyzed by glutathione 
peroxidase represents the major source of GSSG within cells. GSSG is rap
idly reduced to aSH by glutathione reductase with concomitant oxidation 
of the pyridine nucleotide, NADPH (Fig. 3). This two-step enzymatic re
duction is the major pathway for the enzymatic reduction of both hydrogen 
and organic hydroperoxides.41 The maximum activity of glutathione per
oxidase is four- to fivefold higher (-40 Jl.moIlminig liver) than that of glu
tathione reductase (8-10 Jl.mollminlg liver).8 This difference occasionally 
results in the accumulation of GSSG within cells. For this reason the intra
cellular ratio of GSSG/GSH is frequently used to provide an indication of 
oxidant stress.42 Alterations in the thiol redox state may interfere with sev
eral enzymatic reactions and with calcium homeostasis in the cell and in 
mitochondria.36,42 GSSG is subsequently transported out of cells, preferen
tially across the canalicular (apical) membrane of hepatocytes.16 This 
transporter appears to be identical with the one that transports aSH conju-
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Fig. 3. Intrahepatic metabolism of glutathione. GSH is synthesized from 
constituent amino acids in a two-step process catalyzed by (1) r-glutamylcysteine 
synthetase and (2) glutathione synthetase. It serves as a cofactor for the reduction 
of H20 2 and organic peroxides catalyzed by (3) glutathione peroxidase. Oxidized 
GSSG is reduced to GSH by (4) glutathione reductase with concomitant oxidation 
of NADPH to NADP+, which is subsequently reduced by (5) various dehydro
genases. GSH is transported across the (6) sinusoidal membrane and GSSG 
across the (7) canalicular membrane by carrier-mediated transport. GSH and 
GSSG in bile may be hydrolyzed to cyst(e)inylglycine and glutamate by (8) 
'Y-glutamyltranspeptidase. GSH also serves as a cosubstrate for (9) glutathione 
S-transferases to form conjugates with electrophilic drugs or their metabolites 
and with other compounds, such as leukotrienes. 

gateS.43-45 Whether this transporter also transports reduced GSH as well is 
the subject of controversy.44,45 

Induction 
of Cellular Detoxification Processes 

The enzymes that utilize GSH as a cofactor are included among the 
Phase II drug metabolizing enzymes. Other Phase II enzymes include 
NADPH quinone reductase, glucuronyl transferases, and epoxide hydro-
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lases. Most of these enzymes have substrates that are electrophilic, some of 
which are metabolites formed by cytochrome P-450. Like many of the Phase 
I enzymes, such as cytochrome P-450, the activities of these enzymes may 
be induced by their substrates and by other compounds.46 The mechanism 
of induction is not completely understood, but does not appear to involve a 
receptor-mediated process. Some compounds will induce both Phase I and 
Phase II enzymes, whereas others selectively induce only Phase II en
zymes.47 It is of interest that chronic ethanol feeding induces not only cyto
chrome P-450, but also induces many of these Phase II drug metabolizing 
enzymes, as discussed later in this chapter. 

Although the structures of agents that induce Phase II enzymes are 
quite diverse, a common characteristic of these inducers is that the com
pounds themselves or their oxidative metabolites are electrophilic.46,47 The 
spectrum of inducing agents is broad and includes compounds with a, B
unsaturated ketone structures, such as quinones, phenolic antioxidants, and 
other electrophiles that are substrates for glutathione S-transferases. These 
inducing agents appear not only to induce the glutathione S-transferases and 
quinone reductase,46 but also to increase glutathione levels in cells.48,49 The 
induction of each of these enzymes may involve a common mechanism, 
rather than independent induction of each separately. Whether the genes 
encoding these enzymes share common regulatory sequences remains to 
be determined. Conceivably, the induction process may be initiated through 
a common signal transduction pathway. 

Acute Effects of Ethanol 
on Glutathione Levels and Metabolism 

The effects of acute or chronic ethanol exposure on biological pro
cesses often differ and in many instances are opposite. In this regard, many 
of the effects of chronic exposure to ethanol may be viewed as adaptive 
responses or as tolerance to the acute effects. The effects of ethanol on 
glutathione metabolism follow this general pattern, and thus will be dis
cussed separately. 

Effects of Ethanol 
on Hepatic GSH Levels 

The acute administration of large doses (3-5 glkg) of alcohol to ro
dents lowers hepatic levels of GSH by 25-50% over 3-5 hrS.50-62 Decreases 
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in GSH content of kidneys, heart, and brain have also been reported fol
lowing an ethanol challenge. 52-54 The decrease in glutathione levels is remi
niscent of that seen after administration of a variety of electrophiles or drugs 
that are metabolized to electrophiles, such as acetaminophen. Depletion of 
GSH following these agents results from the formation of GSH conjugates 
with these drugs. Based on this finding, some investigators have speculated 
that oxidation of ethanol to acetaldehyde would produce a more electro
philic compound that could react with GSH.53,55,64 However, the decrease 
observed after ethanol differs from that following administration of 
electrophiles in two ways. First, the degree of depletion of GSH after ad
ministration of ethanol is never as extensive as that which occurs after 
electrophiles. Second, the time course of depletion as a result of ethanol is 
not as rapid as that which is a result of an electrophile. These differences 
suggest that the effects of alcohol are not completely explained by the for
mation of a conjugate of acetaldehyde or ethanol with GSH. 

Interaction of Acetaldehyde with GSH 

There is some evidence that acetaldehyde can react with GSH in vitro, 
forming first a semimercaptal with the sulfhydryl group of the cysteine 
residue and later cyclizing to form a thiazolidine.65-67 Whether the reaction 
is quantitatively important is not clear. Based on rates of nonenzymatic 
conjugation at concentrations of acetaldehyde and GSH typically present 
in alcoholics (70 J..LM and 4 mM, respectively), Speisky and his colleagues 
calculated that this reaction could account for only 6% of the rate at which 
glutathione is depleted from the livers of rats given ethano1.59 The conju
gation of acetaldehyde with thiols proceeds much more rapidly with cys
teine67 or cysteinylglycine68 than with GSH. 

Further evidence for involvement of acetaldehyde in depletion of GSH 
was obtained in isolated hepatocytes. In this experimental model, ethanol 
lowered GSH levels within 3 h, an effect that was enhanced by the presence 
of disulfiram to inhibit oxidation of acetaldehyde.69 Direct administration 
of acetaldehyde (0.3 glkg) decreased hepatic GSH by 25%.70 Inhuman vol
unteers, administration of 0.2 glkg of ethanol transiently lowered plasma 
levels of GSH, but not cysteine.71 In subjects taking disulfiram, a similar 
dose of ethanol lowered both cysteine and GSH levels, with the decreases 
in cysteine preceding the decrease in plasma GSH, suggesting possible re
action of acetaldehyde with cysteine. Together, the results of these studies 
indicate that acetaldehyde can react with nonprotein thiols although direct 
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proof of the in vivo formation of a stable conjugate of acetaldehyde and 
GSH is lacking. In part, this lack of evidence may be attributed to the insta
bility of the adducts that are formed. Improvements in current analytical 
techniques will be required before this issue can be clarified. 

Effects of Ethanol 
on SynthesiS of GSH 

The rate of depletion of hepatic GSH following ethanol administra
tion is consistent with inhibition of glutathione synthesis by ethanol. 1\vo 
published studies indicate that the hepatic synthesis of GSH in rats is inhib
ited in vivo by a single large dose of ethanol. 58,59 Both studies monitored the 
incorporation of radiolabeled cysteine into GSH as an index of glutathione 
synthesis. Ethanol could interfere with synthesis of GSH by a direct effect 
on the enzymes involved in synthesis, by inhibition of uptake of the amino 
acid precursors, or by depletion of one of the precursors, such as cysteine. 
However, no effect of ethanol on hepatic levels of cysteine was observed. 58,59 
In isolated hepatocytes, the rate of recovery of GSH levels following 
depletion by the electrophile diethyl maleate was similar in the presence 
and absence of 80 roM of ethanol,61 although in vivo administration of 
ethanol decreased the rate of recovery of GSH in vitr061 and decreased ac
tivity of 'Y-glutamylcysteine synthetase.62 Recent unpublished studies from 
our laboratory have not found evidence of inhibition of glutathione synthesis 
by ethanol in cultured primary hepatocytes or hepatoma cells using either 
[35S]-cysteine or [35S]-methionine as precursors for GSH. The inconsisten
cies between the results of in vivo and in vitro studies suggest that the effects 
of ethanol on synthesis of glutathione may be mediated indirectly through 
the effects of hormones or other more complex processes that are not re
produced in isolated or cultured hepatocytes. 

Effects of Acute Administration 
of Ethanol on Hepatic Efflux of GSH 

Administration of single doses of ethanol to rats increased the con
centration of GSH in the hepatic veins.55,59,63 However, infusion of high 
concentrations (50-200 roM) of ethanol into the perfused rat liver or expo
sure of isolated rat hepatocytes to ethanol did not increase efflux of GSH in 
vitro.72 These observations are best explained by an indirect effect of etha
nol on GSH efflux, which may be mediated by the release of hormones, 



180 Mitchell, Raiford, and Mal/at 

such as catecholamines with (Xl-agonist properties, which have been shown 
to increase efflux of GSH.28 Furthermore, previous reports have indicated 
that ethanol can potentiate release of catecholamines from the adrenal 
glands.73 Several studies have suggested that ethanol decreases the biliary 
efflux of GSH both in vivo and from the perfused rat liver58,74,75 (M. C. 
Mitchell et al., unpublished observations). The mechanism and significance 
of this observation are both unclear, but suggest that ethanol may modulate 
hepatic transport processes either directly or indirectly. 

Effects of Ethanol on Lipid 
Peroxidation and Thiol Redox State 

Some studies have suggested that administration of single large doses 
of ethanol increases formation of lipid peroxides,50,54,56,57 which could re
sult in oxidation of GSH to GSSG during reduction by glutathione peroxi
dase. Once formed, GSSG is either reduced rapidly or exported from the 
cell.16 Under some circumstances the rate of reduction of peroxides may 
exceed that of the reduction of GSSG.36 However, it seems highly unlikely 
that the rate of lipid peroxidation following administration of ethanol in 
vivo would be sufficient to exceed the capacity of glutathione reductase to 
the extent necessary to deplete GSH. 

Chronic Effects of Ethanol 
on Glutathione Levels and Metabolism 

Effects of Chronic Administration 
of Ethanol on Heptatic GSH Levels 

Although all studies have reported decreases in GSH levels following 
acute administration of ethanol, the effects oflong-term ethanol feeding on 
hepatic GSH levels have been conflicting. Most studies have found similar 
or slightly increased levels of glutathione in the livers of rats fed liquid di
ets containing ethano1.33,75-87 GSH levels in other tissues are generally un
changed. A smaller number have observed lower levels of GSH in 
ethanol-fed rats compared to pair-fed controls.52,53,72,88 In some of these 
studies, levels of GSH were measured in hepatocytes freshly isolated from 
rats that were fasted overnight.88 The differences in methodology may ex
plain, in part, the discordant findings in reported studies. Although the steady
state levels of the GSH remain relatively unchanged by chronic ethanol 
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feeding, there is some evidence that such treatment may decrease the mito
chondrial pool to 40-50% of the levels in pair-fed control rats.88 Acute etha
nol administration can also lower mitochondrial aSH (M. C. Mitchell et 
al., unpublished observations). The implications of the decreases in mito
chondrial aSH remain to be eluciated. It is tempting to speculate that changes 
in this pool of glutathione may permit oxidant damage to the enzymes of 
the electron transport chain. The adverse effects of chronic ethanol feeding 
on mitochondrial function are well recognized. Interestingly, cysteine may 
prevent some of the ethanol-related damage to mitochondria.89 

Effects of Ethanol 
on Hepatic Turnover and Efflux of GSH 

Although steady-state levels of aSH are important in determining sus
ceptibility to drug-induced or oxidant injury to cells, they do not provide 
information about glutathione homeostasis. The hepatic turnover of gluta
thione was approximately twofold higher in rats fed ethanol for 6 wk com
pared with pair-fed controls, whereas steady-state levels were similar in 
both groupS.79 In addition, the rate of synthesis of glutathione in vitro was 
significantly higher in the liver homogenates from ethanol-fed rats com
pared to controls.79 Further studies indicated that the sinusoidal efflux of 
aSH was increased to a similar extent in the perfused livers of ethanol-fed 
rats, suggesting that the increase in turnover was related to the increased 
rate of hepatic efflux80 (Fig. 4). These findings were confirmed by other 
investigators not only for the perfused liver, but also for freshly isolated 
hepatocytes.72 

Indirect evidence for increased synthesis of aSH after ethanol feed
ing is provided by reported increases in the activities of S-adeno
sylmethionine synthetase and cystathionine synthetase.90 The activities of 
these enzymes are pivotal in regulating the flux of methionine through the 
transsulfuration pathway. Chronic ethanol feeding also increased hepatic 
production and plasma levels of a-amino-n-butyric acid (AANB), an amino 
acid that is in equilibrium with a-ketobutyrate, a byproduct of the trans
sulfuration pathway91 (Fig. 1). Together, these observations suggest increased 
requirements for and/or synthesis of glutathione in rats fed ethanol. 

The stimulus for increased hepatic synthesis and efflux of glutathione 
remains uncertain. Plasma levels of aSH and cysteine were higher whereas 
plasma clearance of aSH was similar in ethanol-fed rats compared with 
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Fig. 4. Effects of ethanol on glutathione turnover and efflux. The bars represent 
the turnover (kel) (ref. 79). sinusoidal efflux (ref. 80). and plasma GSH levels (ref. 
33) in rats fed ethanol for 6 wk expressed as a percent of the values for pair-fed 
controls. 

pair-fed controls33 (Fig. 4). Furthermore, the uptake of 35S by extrahepatic 
tissues was similar in both groupS.33 Since the extrahepatic utilization of 
glutathione is not altered by chronic ethanol feeding, these observations 
suggest that the increased sinusoidal efflux of GSH is a result of an ethanol
mediated effect on the liver. That this may be a direct effect is supported by 
unpublished studies from our laboratory that have confirmed that increased 
efflux of glutathione occurs in primary hepatocyte cultures following 7-10 
d of exposure to 100 mM ethanol. 

Effects of Ethanol 
on GSH-Dependent Detoxification Enzymes 

There are several reports that have shown that chronic ethanol feed
ing increases the activities of glutathione S_transferases33.78.82.86.92 and glu
tathione reductase.33 The increases in the activities of these enzymes and in 
the levels of GSH resemble the induction of Phase II drug metabolism in 
response to an electrophilic challenge. As noted earlier, the majority of in
ducing agents are substrates for the glutathione S-transferases. Recently 
published studies by Lange and his colleagues indicate that ethanol may be 
a substrate for an acidic glutathione S-transferase,93 which is identical to 
the previously described fatty acid ethyl ester synthetase.94 It is interesting 
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to speculate that the interaction of ethanol with the glutathione S-transferases 
is involved in the induction of these enzymes during chronic ethanol feed
ing. Although the activities of the GSH S-transferases are increased by 
chronic ethanol feeding, reported changes in the activity of glutathione per
oxidase are conflicting. Most studies have found similar values,85,86 whereas 
others have observed decreased79 or increased activity. 82 

Hepatic 'Y-glutamyltranspeptidase (GGT) is increased both in alco
holics95,96 and in rats chronically fed ethano1.97-IOO Despite the importance 
of GGT in catabolism of glutathione, I the significance of the increases in 
GGT after chronic ethanol feeding is unclear. Although hepatic efflux of 
GSH is believed to account for the turnover of GSH in the rat, there was a 
good correlation between the rate of hepatic turnover of GSH and the 
GGT activity after 6 wk of ethanol feeding.79 Additional evidence has been 
presented for a role for hepatic basolateral GGT in degradation of circulat
ing GSH particularly in the guinea pig. lOl After chronic ethanol feeding, 
the degradation of GSH infused into the perfused rat liver was enhanced 
along with basolateral and total homogenate activity of GGT. 102 Although 
it is conceivable that the enzyme may participate in the clearance of GSH 
from the circulation, there was no direct evidence of increased uptake 
of [35S]-GSH by the livers of ethanol-fed rats compared to controls.33 

Additional work will be needed to clarify the role of this enzyme in gluta
thione homeostasis. 

Effects of Alcohol on Glutathione Levels 
and Metabolism in Humans 

Relatively few studies have examined the effects of a single dose of 
alcohol on glutathione levels in human volunteers. In one study, 0.2 glkg of 
ethanol lowered plasma GSH levels in alcoholics and in healthy volunteers.7o 

Other studies have measured the levels of GSH and/or GSSG in liver biop
sies from alcoholics with clinical signs ofliver disease and compared them 
to levels in otherwise healthy individuals undergoing cholecystectomy. Most 
alcoholics with liver disease have hepatic levels of GSH that are 30-50% 
lower than those in healthy individuals.103--107 In those instances in which 
the severity of liver damage was quantitated, there was no correlation be
tween the severity of liver injury caused by alcohol and the levels of 
GSH.I05,106 Following 2 wk of abstinence from ethanol, GSH levels in
creased to a greater degree in those patients without hepatic necrosis.105 
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lhis observation suggests a degree of reversibility, although the mecha
nism underlying this effect is unclear. 

Interpreting the lower levels of hepatic GSH in alcoholics is difficult. 
There are many potentially confounding factors that are not easily assessed. 
Since alcoholism and alcoholic liver disease are often associated with 
generalized malnutrition or selective nutritional deficiencies,108 it is neces
sary to consider this variable. Duration of abstinence may also affect he
patic GSH levels. The effects of ethanol on GSH metabolism in animals do 
not persist indefinitely.78 Thus, some of the observed differences in alco
holics may reflect the effects of prior alcohol consumption followed by ab
stinence.10S Furthermore, it is difficult to separate the effects of ethanol 
from those of liver disease. Patients with nonalcoholic liver disease also 
have lower hepatic levels of glutathione.107 In rodents, which do not de
velop damage beyond the stage of fatty liver, it is easier to identify those 
effects that are caused by ethanol feeding itself. One explanation for 
the decrease in GSH levels in patients with cirrhosis is decreased 
transsulfuration of methionine to cysteine (and glutathione ).109 The defect 
in transsulfuration appears to be a consequence of cirrhosis, since in alco
holics without liver disease increases in plasma a-aminobutyric acid pro
vide evidence of increased flux through this pathway.ll0,111 There is 
additional evidence that the defect is at the level of S-adenosylmethionine 
(SAM) synthetase.112 Supplying SAM in the diet increased hepatic GSH 
levels in patients with both alcoholic and nonalcoholic cirrhosis and in 
baboons fed ethanol.113,114 Thus, although it is relatively easy to measure 
GSH levels in alcoholics with and without liver disease, interpretation of 
these finding requires caution. 

Consequences of Altered Glutathione 
Metabolism Caused by Alcohol 

In general, lower levels of hepatic GSH increase susceptibility to 
damage caused by free radicals, reactive oxygen species, electrophiles, and 
lipid peroxides.8 Although there is evidence that alcoholics are at increased 
risk of liver injury from acetaminophenl15-117 and presumably other drugs 
that have similar toxicologic properties,118 the mechanism underlying this 
enhanced risk is not completely clear. ll7 The increased risk can be repro-
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duced in rodents 119 and in primates fed ethanol for several weeks. 120 Under 
these conditions, there is an increased rate of oxidation of acetaminophen 
to an electrophilic metabolite that can deplete GSH, bind to cellular pro
teins, initiate oxidant stress, and damage hepatocytes. 119 Because this en
hanced susceptibility does not require prior lowering of GSH levels in 
response to ethanol feeding, many have assumed that increased activity of 
certain isozymes of cytochrome P450 was the predominant effect of etha
nol accounting for the enhanced toxicity. Under conditions resulting in in
creased oxidation of drugs, there is an increase in the requirements for GSH 
to provide detoxification of the electrophilic drug metabolites. For example, 
following administration of bromobenzene, a drug with a mechanism of 
toxicity similar to acetaminophen, the amount of oxidized metabolites ex
creted as derivatives of GSH may exceed the amount of GSH present at the 
time of administration indicating the importance of newly synthesized GSH 
in drug detoxification.121 As mentioned, chronic ethanol feeding increases 
the loss of GSH through nondetoxification pathways (sinusoidal efflux).72,80 
Under those circumstances in which there is an increased requirement for 
GSH in detoxification reactions, this loss and/or inability to increase further 
the rate of synthesis may prevent adequate replenishment of glutathione 
stores. In addition to increasing susceptibility to drug-induced injury, chronic 
ethanol feeding may also render the liver more susceptible to oxidant stress 
from other sources, including ischemia and reperfusion or even those normal 
metabolic processes that produce reactive oxygen species.122 

Whether changes in glutathione levels or metabolism increase etha
nol-related damage is a matter of speculation. Ethanol-induced injury to 
the liver and other organs occurs in fewer than half of all alcoholics. In this 
regard, the toxicity of ethanol resembles an idiosyncratic reaction more than 
a direct toxic reaction. Although it is conceivable that some of the toxicity 
of ethanol may involve a free radical-mediated mechanism or other source 
of oxidant stress, there is insufficient evidence to conclude that the adaptive 
changes in glutathione metabolism are central to this process. Although there 
is some evidence that GSH may have a role in the detoxification of ethanol 
or acetaldehyde, much remains to be learned about its significance in pre
venting organ damage caused by ethanol. The effects of chronic ethanol 
consumption on glutathione metabolism may provide a necessary, but not 
sufficient condition for the ultimate toxicity of ethanol within an otherwise 
predisposed individual. 
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Liver Cancer 
Role of Alcohol 

and Other Factors 

Siraj I. Mufti 

Introduction 

An association between long-term chronic alcohol consumption and 
increased risk of cancers in humans has long been suspected. Numerous 
epidemiological studies have related national or regional per capita alcohol 
consumption to age-adjusted cancer mortality.1-5 Prospective cohort stud
ies of groups of people who consume great quantities of alcoholic bever
ages, for example brewery workers who get drinks free of charge, have 
shown an increased cancer risk.6-9 These conclusions are supported by case
control studies where patients with malignant disease are examined for the 
relative risk of cancer. 10-16 Additional evidence for association is provided 
by studies among traditional abstainers, such as Seventh Day Adventists 
and Mormons.17•18 These studies indicate that the sites frequently associ
ated with increased cancer risk are the mouth, pharynx, larynx esophagus, 
and liver. Other sites associated with alcohol abuse are the pancreas,19 
breast,2o stomach,21-24 and colon.15.25-30 

This chapter will first discuss the main etiological factors for liver 
cancer, i.e., hepatitis virus infection and alcohol consumption and their 
possible interactions, and then focus on the mechanisms underlying alco
hol-related cancers. In addition to these, several other etiological factors 
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have been identified, for example, aflotoxin, a-I-antitrypsin deficiency, 
thorothrast administration, and the use of androgenic or anabolic steroids,31,32 
but their relative contributions are not clear. Infection by hepatitis B is gen
erally regarded to be the major causative factor.33 In the US and other low
risk areas of Western countries, alcohol appears to contribute significantly, 
although it may act in combination with other factors. 

Incidence of Liver Cancer 
There is a great deal of variation in incidence of primary liver cancer 

in different parts of the world. In the US and most Western countries it is 
relatively uncommon and has an incidence rate of about 4/100,000,34 
accounting for about 1 % of total cancer deaths. However, in sub-Saharan 
Africa and Southeast Asia the incidence ofliver cancer is high. Hepatocel
lular carcinoma (HCC) incidence is about 50 or more per 100,000 in Africa 
and the Far East; in Hong Kong and Taiwan it is the second most common 
malignant tumor.35-37 

Hepatocellular carcinoma (HCC) accounts for 70-90% of primary liver 
cancers (PLC) and is one of the ten most prevalent cancers in the world.3& 
HCC arises in parenchymal liver cells whereas cholangiocarcinoma (CC) 
arises in bile duct cells and accounts for only 10-15% of primary liver 
cancers. HCC is uncommon before the age of 40 and a peak incidence 
normally occurs in the fifth decade.39-46 The WHO reports a median 
male:female ratio of autopsy diagnosed cases ofHCC to be generally about 
5:1,3& whereas CC occurs almost equally in the two sexes. In a cohort study 
of 1100 patients in Birmingham, Great Britain between 1948 and 1971, 
Prior9 found that there was an eightfold increase of liver cancers in men 
with alcohol consumption. The differential incidence in sexes has stimu
lated interest for determining the underlying mechanism involved. The dif
ferences may simply be a result of low normal consumption of alcohol 
by women compared to men. Alternatively, the differences may reflect 
differences in metabolism between the two sexes. For example, Nagasue 
et al.47 suggested that HCC is testosterone-dependent and therefore, more 
frequent in males. Male alcoholics have also been shown to have lower 
levels of cytosolic acetaldehyde dehydrogenase4& or their pathways of etha
nol metabolism may differ.49 However, it is not clear whether these differ
ences precede or result from liver damage. Also, no differences in blood 
concentrations of acetaldehyde have been found between siblings of alco
holics and their matched controls. 50 
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Cirrhosis of almost any kind appears to favor the development of pri
mary liver cancer and cirrhotic lesions resulting from infection of hepatitis 
B virus appear to playa prominent role in such developments. For example, 
Geer et al.51 found that 90% of their PLC patients in a referral hospital in 
Hawaii tested positive for hepatitis antigen reaction. Gibson et al.52 in a 
postmortem study in Hong Kong found that 55% of 196 hepatitis B surface 
antigen-positive (HBsAg+) cirrhotics had HCC, but only 27% of 121 
HBsAg- had a liver tumor. Furthermore, it appears that there are racial and 
genetic differences in incidence of HBV infections, which could explain 
the differences in incidence of HCC. For example, Peters et al.,53 in an au
topsy study in Los Angeles, found that 46% of the Oriental patients with 
HBsAg+ cirrhosis had liver cancers, whereas only 10-25%, of patients from 
other races that were exposed to HBsAg had such cancers. In areas of South 
Africa, nonCaucasians developing some form of cirrhosis have a 40-50% 
risk of developing liver cancer,54 whereas for comparable incidence of cir
rhosis in Chicago the risk of liver cancer is only 5%.55 Lam et al.56 in Hong 
Kong observed that 18% of Chinese patients without liver cancer and 82% 
of patients with liver cancer had HBsAg+ reactions. Additional support for 
association ofHBV and HCC is provided by the observation that liver can
cer patients with hepatitis positive reactions in these studies were younger 
than those without positive reactions for hepatitis. 

There is a large amount of evidence indicating involvement of HBV 
in HCC. The areas in Asia and Africa with a high incidence of PLC also 
have a high incidence of HBV infection. Several case control and cohort 
studies from various parts of the world have indicated an association be
tween HCC and chronic HBV infection57-75 as shown by the presence of 
HBsAg. The most notable of these studies is a prospective study of 22,707 
Chinese men in Taiwan showing that the relative risk ofHCC in carriers of 
HBsAg was 223.57 However, the best estimates of relative risks in most 
studies are in the range of 20 or so. In general, it has been estimated that as 
much as 80% of HCC patients have HBsAg in their serum; others have 
antibodies to HBV antigens.16 There is evidence that HCC could occur in 
the absence of HBV or hepatitis A virus (HAV) infections and strong evi
dence for this comes from Japan. In Japan, the incidence of liver cancer 
and mortality associated with it has been increasing since 1975. Indeed, in 
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1985 liver cancer was the third most common cause of cancer deaths 
among males in Japan following gastric and lung cancers,76,77 and this de
spite the fact that prevalence of chronic HBV infection has been on a rapid 
decline.78-80 Tanaka et al.81 noted that whereas about 40% of HCC patients 
in 1968-1977 were HBsAg+, only 21 % were so in their current study, sug
gesting that factors other than chronic HBV infection are playing an in
creasingly important role in causation. Patients with a history of blood 
transfusion showed a significantly elevated relative risk of 3 to 4.9, and 
most of these were noncarriers of HBV as determined by HBsAg and anti
body to hepatitis B core antigen (anti-HBc) titers. Actually, the patients had 
received blood transfusions nearly 30 yr prior to interview. It is likely that 
infections with unknown viruses may have produced chronic carrier non-A 
non-B hepatitis state in these patients. Although several follow-up studies 
have shown development of chronic hepatitis and liver cirrhosis8Zr-84 but 
not of HCC,85-88 this is probably a result of the limited period of study. 
Tanaka et al.81 estimate that 15% of male HCC in Japan could be attributed 
to such non-A non-B hepatitis infections in blood transfusions. 

HBV genome has been detected both in the hepatic DNA of carriers 
and of patients with HCC88,89 further supporting the role of virus in the eti
ology of neoplasm. The child of a mother who is a chronic carrier carries 
an especially high risk of developing HCC and the risk is even higher if the 
father is negative for surface antibodies to the virus indicating that he is 
immunologically defective.90 

Association with Alcohol 

In most Western countries, the incidence of hepatitis infection is low 
and alcohol consumption is considered the major cause of cirrhosis (for 
example, see ref. 91), which may lead to the development of HCC. A few 
noteworthy examples of association of alcohol with cirrhosis are as follows. 
During prohibition in the US the number of deaths as a result of cirrhosis 
was substantially reduced. Similarly, in Paris with wine rationing during 
1942-1948, the number of deaths from cirrhosis decreased from 35 to 6 
per 100,000. Furthermore, deaths as a result of cirrhosis at these and other 
places have increased with rising alcohol consumption.92 However, not all 
alcoholics develop cirrhosis. Most of the available studies suggest that only 
about 20% of alcoholics develop cirrhosis and the incidence appears to de
pend on the duration and dose of drinking. For example, more than 50% of 
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the patients drinking 200 g of ethanol daily for 20 yr were found cirrhotic 
in a study by Christofferson and Nielson.93 

It is not clear whether alcohol causes cirrhosis and/or liver cancer by 
itself or by an indirect effect, such as through a nutritional deficiency that is 
caused by alcohol consumption. Nutritional deficiencies are common in al
coholics. In experimental dogs and rats, the development of cirrhosis has 
been found to depend not only on the dose and duration of alcohol admin
istration, but also on the nutritional composition of the diet.94 For example, 
diets low in choline, methionine, vitamin B12, folate, and protein favor cir
rhosis and it can be prevented by dietary supplementation. The proposition 
for a direct effect of ethanol is favored by the observation that ethanol is 
hepatotoxic. Since humans consume far larger quantities of alcohol and for 
very long durations of time, hepatotoxicity may be a major factor. How
ever, liver lesions are apparent in humans only after consuming large quan
tities, e.g., 160 g ethanol corresponding to 40% of total caloric intake for a 
period of 15 yrs. Effects of ethanol are not readily apparent in experimental 
animals because their life-span is short and because they are averse to 
drinking alcohol and can only be induced to consume relatively small 
quantities, but precirrhotic changes, e.g., increased collagen synthesis, have 
been observed.9s Furthermore, Lieber and DeCarli96 have shown that ba
boons, which can consume quantities of ethanol that are comparable to 
human drinking, develop cirrhosis. However, these studies have been criti
cized on the grounds that the diet was not nutritionally adequate and the 
results have not been reproduced by others.97,98 Therefore, the controversy 
regarding direct and indirect role of ethanol in cirrhosis still remains to be 
resolved. The difficulty of reproducing cirrhosis in rodents may be the reason 
for the failure to induce experimental liver cancers with alcohol adminis
tration, as discussed later. 

Several earlier case control studies in the US99,lOO and Japan10l,102 have 
suggested a positive association of drinking with HCC. Most cohort stud
ies have also shown a weak or moderately positive correlation with drink
ing.6,8,103,104 A study in Japan has shown a considerably high risk with 
Shochu or strong Japanese spirits. !Os Yu and Henderson99,lOO,106 and Austin 
et al. lOO in case control studies in Los Angeles and Hong Kong found that 
drinkers of more than 65 cumulative drinks per year exhibited twofold in
creased risk of primary hepatocellular carcinoma compared to nondrinkers. 
Drinkers of 80+ g ethanol per day had a relative risk of 3.3 after adjusting 
for cigaret smoking. Kono and his colleagues104 studying mortalities among 



200 Mufti 

5130 male Japanese physicians, starting in 1965 and followed for 19 yr, 
found that liver cancer was significantly related to alcohol consumption. 
Yu et al.104 have reviewed case control and prospective studies on the rela
tionship of chronic alcohol abuse and alcoholic cirrhosis as factors in 
pathogenesis of PLC observing that the relative risk estimates varied from 
2.0 to 8.0 for various studies in the US and Japan. In one study, Tanaka et 
al.81 found a relatively low risk of 2.0 with heavy drinking, but argued that 
although the relative risk does not appear to be great yet, it may present a 
substantial proportion of HCC, because drinking is very common among 
Japanese males. The positive correlation between alcohol consumption and 
HCC is particularly significant among HBsAg-negative subjects with no 
history of blood transfusion, but who had been drinking heavily in their 
younger years. The current upward trend of HCC among Japanese males, 
despite a reduction in HBV infection, could be explained as a result of in
creasing alcohol consumption. Additional support for association with al
cohol is provided in studies by Ohnishi and coworkers 108,109 indicating that 
the average age of HCC patients who drank moderately or heavily was 
significantly younger than those who did not drink regardless of the state 
of HBV seromarkers. The observation is justified since most of the patients 
died within 2 yr with only a small fraction surviving more than 5 yr. 

Yu et al.,107 in a case control study of 165 PLC cases and 465 matched 
controls from several US hospitals, found a significant dose response in 
elderly females and a similar, but somewhat weaker pattern was evident in 
males. Specifically, females over 50 who ingested more than one drink per 
day had approximately twofold increase in risk compared to those who 
consumed lesser quantities. 

In Scandinavian countries, including Finland and Sweden, the inci
dence of HBV infection is 10wllO and alcohol consumption is considered 
the most important predisposing factor for HCC.111 Similarly, in Italy, the 
incidence of HBV infection varies, but there is in general high daily alco
hol intake.1I2 Karhunen and Penttilall5 studied consecutive autopsy series 
of 95 males age 35-69 yr in Helsinki, Finland and found that parenchymal 
hyperplastic nodules of clear cells occurred in 11.6% and liver dysplasia 
in 7.4% of the subjects.1I3 Hyperplastic nodules of clear cells were found 
significantly associated with liver cirrhosis, liver enlargement, and heavy 
alcohol consumption. 

Although primary liver cancer is associated with cirrhotic liver, there 
are a few reports of occurrence of HCC in noncirrhotic liver. For example, 
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Lieber and his coworkers114 examined 48 autopsy cases of HCC in Bronx, 
New York from 1947 to 1978 and found that in 15 cases (or 31%) there was 
no evidence of cirrhosis. Furthermore, most estimates of cirrhotic liver de
veloping into cancer are low. The reports of the proportion of alcoholic 
cirrhotics developing cancer vary from 5 to 30%.115,116 The estimates may 
be low because many cirrhotic patients die before cancer could be clinically 
diagnosable. It may also be caused by misdiagnosis at necropsy since a few 
cancerous nodules, in a grossly distorted and nodular cirrhotic liver, could 
be easily missed. 

Interaction of Virus Infection and Alcohol 
(and of Other Factors) 

There is considerable variation in HCC occurrence, HBV infection, 
and alcohol consumption between countries and incidence data have been 
analyzed to provide clues to the etiology of HCC. For example, Qiao et 
al.m studied the relationship between prevalence of HBsAg, mean annual 
per capita alcohol consumption, and primary liver cancer (PLC) death rates 
in 30 countries. They observed that HBsAg prevalence was associated sig
nificantly with the logarithm of PLC death rate (simple correlation coeffi
cient = 0.44, p < 0.05). The correlation increased further following 
adjustment for a country's mean annual per capita alcohol consumption 
(partial correlation coefficient = 0.53, p < 0.01). A logarithmic linear rela
tionship was also found between per capita alcohol consumption and the 
PLC death rate after adjusting for prevalence of HBsAg (partial correlation 
coefficient = 0.38, p < 0.05). Both correlation and regression analyses 
showed a more significant association of prevalence of HBsAg than of 
alcohol consumption with PLC death rates. However, the two variables 
were independently correlated in a stepwise multiple regression model and 
an interaction between the two could not be demonstrated. Thus, these 
findings support the view that chronic hepatitis B infection is the major 
factor for the most common form of PLC and that alcohol contributes sig
nificantly and independently, although probably to a lesser extent than 
hepatitis B. 

In studies carried out by Ohnishi and his colleagues108,l09 it was ob
served that the average age ofHCC patients who drank moderately or heavily 
was significantly lower, regardless of HBV reactivity. Since it is generally 
thought that in Japan the HBV negative patients carry the chronic non-A 
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non-B hepatitis, a conclusion could be drawn that habitual alcohol inges
tion may promote development of HCC in people who contract infections 
by these agents. Ubakata et al. llS compared cancer incidence among mi
grant Koreans in Japan, native Koreans, and native Japanese and found that 
liver cancer was most prominent among Koreans in Japan, whereas the liver 
cancer risk among native Koreans and Japanese was similar. The preva
lence of HBsAg positives was higher among Koreans compared to Japa
nese, but alcohol consumption was higher among Korean migrants than 
among Japanese, which was higher than native Koreans. Therefore, the liver 
cancer risk among these populations paralleled the combination of alcohol 
consumption and prevalence of HBV carriers. Similarly, Villa et al.1l2 studied 
646 consecutive patients in Italy; 58 of these had chronic active hepatitis, 
428 had cirrhosis, and 160 had HCC. They found that although there was 
HBsAg, HBV DNA positivity in 23 to 41% of patients, alcohol consump
tion was equal in all categories and HCC was apparent in more than 90% 
of cirrhotics, suggesting that these factors may cooperate in the develop
ment of HCC probably through their potential for causing cirrhosis. 

Other examples of interaction of alcohol with infection by hepatitis B 
are as follows. Ohnishi et al.lOS observed that cirrhosis developed 8-10 yr 
earlier in both HBsAg positive and negative patients if they were habitual 
drinkers and there was a similar stimulation ofHCC with continued drink
ing, especially in those individuals who carried HBs antigens. These and 
similar other studies suggest that alcohol may act as a tumor promoter in 
chronic hepatitis B carriers.ll9.120 Support for the aforementioned is pro
vided by the observations of Brechot et al.,121 who found that there were 
integrated HBV sequences in the HCC DNA of alcoholics even though the 
HBV serum markers were not detected. 

A number of other studies indicate that the liver cancer incidence may 
be increased by a combination of other factors. For example, Geer et al.51 

observed that 60-65% of their patients were heavy users of alcohol and 
cigarets. Yu et al.99 found that, whereas for nonsmoking subjects consum
ing 80 g of ethanol per day the relative risk of developing hepatocellular 
carcinoma was 4.2, it increased to 14.0 for smokers drinking the same 
amount of ethanol. Hirayama122 analyzed results of a large cohort study 
carried out in Japan during 1966-1982 and found a close association of 
liver cancer with smoking and drinking. For liver cirrhosis, daily smoking 
was of a lesser importance compared to daily drinking with a relative risk 
of 1.17 and 1.82, respectively. However, for liver cancer, the risk from daily 
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smoking in this study was higher than from daily drinking with relative 
risks of 3.14 and 1.89. Results such as these are important in explaining the 
increase in liver cancer mortality that is limited to Japanese men despite a 
decrease in hepatitis B carriers. Other studies have attempted to relate other 
dietary factors, e.g., a study correlated consumption of pork and wine with 
increased incidence of hepatocellular carcinoma. 123 

However, it may be noted that cirrhosis associated with alcohol or 
nutrition is of hobnail or finely nodular type, whereas cirrhosis most asso
ciated with liver cancer risk is of postnecrotic or macronodular type. There 
is a good deal of evidence indicating that chronic carriers of HBV tend to 
develop macronodular cirrhosis, which may progress to HCC. Therefore, it 
appears that the risk of developing liver cancer with alcoholic or nutritional 
cirrhosis is not very high unless it occurs in association with other factors, 
particularly hepatitis B infection. Occurrence of cirrhosis and primary liver 
cancer in different social classes in England and Wales agrees with this 
conc1usion.124 However, Arrigoni et a1.125 observed that in Italy HCC 
occurred as commonly in patients with alcoholic cirrhosis who were not 
infected with HBV as in those who were. 

Alcohol-Related Experimental 
Hepatocarcinogenesis: 

The Underlying Mechanisms 
A large number of studies have been carried out to determine the direct 

and indirect effects of ethanol on carcinogenesis. However, ethanol, the major 
component of alcoholic beverages, has not been shown to be carcinogenic in 
any of the experimental animal models and there is little evidence of liver 
cancer induced by high or intermittent daily dose of ethanol. For example, 
Ketcham et al. l26 administered 20% ethanol to CDBA!2F 1 female mice for up 
to 15 mo and found no effect on longevity, primary tumor incidence at any 
site, or the growth or spread of tumor implants. Moderate, fatty infiltration 
of liver parenchymal cells was seen after 1 yr, but the change regressed in a 
subsequent alcohol-free period. Kurastune et al.127 observed no tumor in 108 
male and 42 female CF1 mice given intermittently 43% solution of ethanol 
and observed for up to 34 mo. Similar results were observed in 100 male 
ddN mice given intermittently a 19.5% ethanol solution for up to 22 mo. 
Gibel128 exposed 40 Sprague-Dawley rats to 0.5 mL of 50% ethanol once 
daily for up to 20 mo and found that apart from slight changes in 10% of 
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animals after 6 mo of treatment, no adverse effects on the liver were appar
ent. Similarly, Schmahl 129 maintained Sprague-Dawley rats on 30 mUkg of 
25% ethanol in drinking water for 5 d per wk for up to 780 d and found no 
evidence of hepatotoxicity or liver tumors. Recently, Tanaka and coworkers 130 

found that treating ACIIN rats with ethanol alone for 56 wk did not induce 
any tumors. Herrold131 administered 0.5 mL 50% ethanol twice a week to 
five each male and female hamsters for a period of 10-11 mo and then fol
lowed the animals for life without observing any adverse effect on the liver. 
Hollander and Higginson132 gave 10% ethanol to 19 male and 33 female 
mastomys for 2 mo and then increased the ethanol to 20% for the remainder 
of their life-spans (up to 30 mo) and found that incidence of malignant 
carcinoid stomach tumors, which this species is prone to, was not adversely 
affected by ethanol nor did the animals develop primary liver tumors. 

Since, as discussed earlier, ethanol by itself is not carcinogenic, etha
nol effects have been studied in association with known carcinogens. A large 
number of studies have been done using nitrosamines to induce tumors. 
N-nitrosamines are organ specific carcinogens and, therefore, are often used 
to induce tumors at sites that are associated with alcohol consumption in 
humans. The relevance of these studies is based on the evidence that con
siderable human exposure occurs to preformed nitrosamines or their pre
cursors from a variety of environmental sources, e.g., tobacco chewing and 
tobacco smoking. Also, nitrosamines could be synthesized endogenously 
from interaction of breakdown products of proteins with nitrate/nitrite con
taminants in foods. Since different coenzymes of the cytochrome P-450 
system metabolize different nitrosamines differently, the distribution of these 
coenzymes in different organs could be the major determinant of the differ
ences in organ specificity by nitrosamines.133-135 That ethanol could affect 
organ specificity of nitrosamines is evidenced by the observations of Swann 
and his colleagues.136-138 These investigators observed that ethanol inter
feres with first pass clearance and thus influences the pharmacokinetics of 
nitrosamines by affecting tht?ir distribution in extrahepatic tissues. Other 
organs that do not possess as adequate a DNA repair capability as liver and 
are more susceptible to carcinogens are thus exposed to the damaging effects 
of carcinogens. However, the aforementioned conclusions were drawn us
ing dimethylnitrosamine (NDMA) and first pass clearance of other nitros
amines, e.g., dimethylnitrosamine (NDEA), is not as efficient as that of 
NDMA.138.139 The results are further complicated by the observation that 
ethanol competes with nitrosamines for the active site on the demethylase 
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enzyme140,141 and that the extent of inhibition depends on the relative 
liphophilicity of the specific nitrosamine. 

A number of investigators, including ourselves, have reviewed the 
effect of ethanol on carcinogenesis. 114,142,143 In general, the results obtained 
depend on the carcinogen used, its dose and time of exposure, and on the 
amount of ethanol fed and its schedule of administration. Most studies of 
the concurrent feeding of ethanol did not indicate an increase. For example, 
Schmahl and his colleaguesl44,145 did not observe an increase in hepatic 
tumors when rats were fed commercial brandy with administration of 
nitrosodiethylamine (NDEA) or with methylphenylnitrosamine. Further, 
Habs and Schmahl 146 found that simultaneous administration of ethanol with 
a low dose of NDEA significantly reduced the incidence of liver tumors, 
but not of esophageal tumors. Teschke et al. 147 did not observe an increase 
in the number of tumors or a change in target organ when rats were fed an 
ethanol diet in 4 cycles of 3 wk followed by 2 wk of chow with doses of 
dimethylnitrOSamine given in the latter period. In contrast to the afore
mentioned, Schwarz et al. 148 found an increase in preneoplastic lesions in
dicated by y-glutamyltransferase-altered foci when NDEA was administered 
at the same time as 10% ethanol in drinking water. 

The carcinogenicity of substances other than nitrosamines may be af
fected variously by ethanol. For example, Radlike et al. 149 found that 
hepatocarcinogenicity of vinyl chloride is increased by concurrent ethanol 
administration. Yamamoto et al.150 did not find any increase in tumors in
duced by 2-fluorenyl-acetamide. Similarly, Yanagi et al. 151 did not find any 
significant difference in rat hepatic lesions initiated with 3-methyl-4-
dimethylaminoazobenzene that could be ascribed to 5, 10, or 15% of etha
nol in drinking water. Misslbeck et al. 152 investigating tumor promoting 
effect of ethanol after initiation by aflatoxin (AF) B 1 found that ethanol 
had no effect on the development of y-glutamyl transpeptidase (GGT)-posi
tive foci. However, recently, Tanaka et al.130 reported that AFBl induced 
altered foci and liver cell tumors were significantly increased by giving 
ACI/N male inbred rats 10% ethanol in drinking water as a tumor promoter. 

Similar are the results on effect of ethanol on tumor promotion, ethanol 
being administered following treatment by a carcinogen. Takada et al. 153 

observed that 20% ethanol in drinking water used as a promoter increased 
the number of GGT-altered foci induced by NDEA. However, Schwarz et 
al. 147 found no effect of 10% ethanol in drinking water on the promotion of 
GGT-altered foci. On the other hand in studies by Driver and McLean, 154 
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even 5% ethanol in drinking water starting 1 wk after a single dose of 30 mgt 
kg NDEA significantly increased hepatocellular carcinoma, equal in effect to 
1000 ~gtmL sodium phenobarbitone given for 15 mo. 

In recently completed studies where ethanol constituting 36% of total 
caloric intake as part of Lieber-DeCarli l55 isocaloric liquid diet was ad
ministered posttreatment with NDEA, we observed neither an increase in 
liver tumors nor in GGT-altered foci that could be attributed to tumor pro
moting effects of ethanol.156 These studies were prompted by our earlier 
studies that indicated an increase in esophageal tumors occurring only when 
ethanol was administered postinitiation by methylbenzylnitrosamine 
(NMBzA).157 Following these studies, we observed that whereas an increase 
in generation of lipid peroxidation products as measured by ethane exhala
tion, diene conjugates, and fluorescent lipid products that was observed with 
administration of ethanol was unaffected by NMBzA treatment, such an 
increase was obliterated with NDEA treatment. Also, with NDEA treatment 
there was a corresponding increase in hepatic glutathione, the peroxidation 
scavengers. Similarly, there was a drastic reduction in cytochrome P-450 
levels and a Significant decrease in concentration of cytochrome c reductase 
in NDEA-treated ethanol-fed rats indicating an absence of reactive oxygen 
intermediates that are normally generated by ethanol in microsomal ethanol 
oxidizing system. 156, 157-160 These studies implicate free radicals generated 
by ethanol in its tumor promoting effects, a finding that is in line with tu
mor promoting effects of a variety of tumor promoters.161 

At this point, some comments on experimentally induced vs naturally 
occurring liver cancer are relevant. First, it must be understood that compared 
to humans, liver cancer is a relatively common disease in rodents. Popper162 

has expounded upon these differences. The differences may be a result of 
longer lives of humans and their hepatocytes present an increase by a fac
tor of approx 30 compared to rodents.163 Since the number of mitotic cycles 
in the life of different species is almost the same, it means that far less 
mitoses occur in human than in rodent liver, decreased by the same factor 
of 30. Thus dividing DNA is exposed to carcinogens less often in humans 
than in rodents. Another possible reason for the difference in occurrence of 
liver cancer in rats and humans is that the larger size of human liver allows 
less hepatic oxygen production. The rate of metabolism of carcinogens, de
pending on the specific variant of cytochrome P-450, is higher in rodents 
than in humans. 164 Also, the larger liver size allows less amount of oxidiz-
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able material in humans than in rodents. 165 For these reasons, care must be 
taken when extrapolating from rodents to humans. 

Also, it is important to note differences in human vs chemically induced 
experimental liver tumors. Whereas human hepatic tumors are predomi
nantly HCC, chemically induced tumors are angiosarcomas, which are 
relatively uncommon in humans. The chemical induction is also character
ized by an absence of fibrosis or cirrhosis in the surrounding tissue. However, 
whereas rats and mice have no parallel viral hepatopathogenesis, woodchuck 
may present a suitable model since it can be infected with a closely resem
bling hepadna virus leading to the development of chronic viral hepatitis, 
which progresses to macronodular cirrhosis and eventually to hepatocellu
lar carcinoma.16S--174 

Conclusions 
There is plenty of evidence indicating an association of hepatitis vi

rus infection with HCC yet the causal relationship with liver cancer has 
still to be clearly demonstrated. For example, available evidence indicates 
that integration of HBV genome into host DNA occurs, but the transform
ing potential of HBV has yet to be shown. Similarly, the nature of non-A 
non-B hepatitis (or hepatitis C virus, HCV) infection and its mode of trans
mission must be clearly understood. A number of studies have implicated 
alcohol in causing HCC in countries where consumption of alcohol is high, 
but the role of alcohol without the confounding effects of other factors, 
nutrition in particular, remains to be clearly defined. Similarly, the role of 
nutrition and smoking must also be determined. Apparently liver cancer, 
like most other cancers, is the result of the interaction of a number of fac
tors, and the relative contribution of each factor and the interaction of these 
factors need be established. An experimental animal species like woodchuck 
that could be infected with a closely related hepatitis virus causing HCC 
provides a useful model for the study of underlying molecular mechanisms 
involved. It is antiCipated that with the availability of modem genetic, bio
chemical, and immunological techniques answers to some of these ques
tions will become apparent in the near future. 
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Alcohol and Hepatic 
Protein Modification 

Renee C. Lin and Lawrence Lumeng 

Alcohol Metabolism 

Although a small percentage of alcohol, after ingestion, can be ex
creted unchanged in breath and urine, most of its elimination is carried out 
by enzymatic oxidation. Studies with experimental animals have shown that 
the liver is the principal organ responsible for alcohol elimination. 1 Enzyme 
systems known to catalyze the oxidation of ethanol in vivo include: alcohol 
dehydrogenase (ADH), microsomal ethanol-oxidizing system (MEOS), and 
catalase. In individuals who do not abuse alcohol, ADH is quantitatively 
the most important enzyme responsible for the conversion of ethanol to 
acetaldehyde.2 But because MEOS is inducible by chronic alcohol con
sumption,3 it can contribute significantly to the elimination of alcohol in 
chronic alcoholics. The role of catalase in ethanol oxidation in vivo remains 
controversial. 

Acetaldehyde is the product of ADH-, MEOS-, and catalase-medi
ated reactions. Once formed during ethanol oxidation, acetaldehyde is very 
effectively removed by aldehyde dehydrogenase. Thus the acetaldehyde con
centration in tissues and in circulation is low during ethanol oxidation. Blood 
acetaldehyde concentrations are about 1-30 ~ in humans consuming al
cohol4 and may be higher in persons chrOnically abusing alcohol and pa
tients with liver disease.4,5 Since the liver is the major site of ethanol 
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oxidation, acetaldehyde concentration in hepatic tissue is likely to be higher 
than that in circulation.6 However, acetaldehyde is highly reactive; thus its 
accumulation in the body after alcohol drinking may produce many patho
physiological abnormalities.1 Biochemical studies in both humans and ex
perimental animals have provided evidences indicating that acetaldehyde 
might be directly or indirectly hepatotoxic. 

Binding of Acetaldehyde 
to Proteins In Vitro 

Stable vs Unstable 
Protein-Acetaldehyde Adducts 

When incubated in vitro at 37°C with [14C]acetaldehyde, many pro
teins have been found to form radioactive protein-acetaldehyde adducts 
(-AA). These proteins include: plasma proteins,s albumin,s,9 erythrocyte 
membrane proteins,10 tubulin,l1 hepatic proteins,12 a number of enzymes 
with critical lysine residues,13 and hemoglobin.S,14,15 Both stable and un
stable (Schiff's bases) protein-AAs are formed during in vitro incubation. 
Stable adducts are not reversible by treatment with trichloroacetic acid or 
gel filtration. Unstable protein-AAs can be stabilized by adding reducing 
agents, e.g., sodium borohydride or sodium cyanoborohydride, to the in
cubation mixture. A physiological reducing agent, L-ascorbic acid, has also 
been shown to be effective in inducing a slow but continuous formation of 
stable protein-acetaldehyde adducts in experiments in vitro.16 Using bo
vine serum albumin (BSA) as the model protein, Thma et al.16 have re
ported that, even in the absence of ascorbate, the proportion of stable 
BSA-AA increased in the incubation mixture as a function of time but the 
rate of stable adduct formation was slower than with the presence of ascorbic 
acid. Thus, it appears that unstable BSA-AA can be stabilized even in the 
absence of added reducing agents either through chemical rearrangements 
or by spontaneous reduction. Interestingly, Thma et al.17 have also pre
sented evidence showing that the chemical reactions that result in stable 
adduct formation in the presence ofNaCNBH3 or ascorbic acid are not iden
tical (see the following section). 

Another approach to study the in vitro formation of protein-AAs has 
been used by Medina et al.1S These investigators obtained radiolabeled 
proteins by incubating [14C]ethanol with rat liver slices in the presence 
of protein synthesis inhibitors. Radiolabeling of proteins decreased 
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when pyrazole, an inhibitor of ADH,I9-21 was added to the incubation 
mixture. On the other hand, adding cyanamide, an inhibitor of aldehyde 
dehydrogenase,22,23 increased the radiolabeling of proteins by [14C]ethano1. 
Their experiments thus demonstrate that the amount of acetaldehyde 
generated by hepatic ethanol oxidizing enzymes is sufficient to produce 
hepatic protein-AAs. 

Chemical Forms 
of Protein-Acetaldehyde Adducts 

Unstable protein-AAs formed in vitro have been identified to be 
Schiff's bases from the reaction between acetaldehyde and the e-amino group 
of lysine residues.9,15,16 Stevens et aJ.l5 incubated human globin with 
[14C]acetaldehyde in the presence of NaCNBH3. The radioactive globin-AA 
derived from this treatment was subjected to amino acid analysis. The 
chromatographic pattern was compared with synthesized standards of 
borohydride-reduced [l4C]acetaldehyde conjugated amino acids. In addi
tion to acetaldehyde-modified lysine, Stevens et al. 15 found two other ma
jor peaks with radioactivities corresponding to acetaldehyde modified valine 
and tyrosine. Thma et al. 17 also showed that lysine participates in the for
mation of stable protein-AA. The latter investigators further demonstrated 
that different lysine residues in protein were variably modified when high 
or low concentrations of acetaldehyde were used to modify BSA. Moreover, 
they found that although both NaCNBH3 and ascorbic acid increased stable 
acetaldehyde adduct formation by way of reacting with lysine residues, 
[l4C]acetaldehyde modified polylysine or [14C]acetaldehyde modified BSA 
mediated by ascorbic acid reduction produce an extra radioactive modified 
lysine residue that is chemically different from the N-ethylysine formed by 
NaCNBH3 reduction. These results indicate that several chemical modifi
cations can occur for the same amino acid residue in peptides under differ
ent in vitro reaction conditions. 

San George and Hoberman24 reported that when acetaldehyde was 
allowed to react with hemoglobin at neutral pH and 37°C, these compo
nents formed stable adducts that could not be reduced by sodium borohy
dride. These investigators24 delineated the sites of acetaldehyde attachment 
and found them to involve the free amino groups of the N-terminal valine 
residues of the a and ~ chains of hemoglobins. Reaction with ~ chains was 
preferred over a chains. These investigators performed 13C-NMR analysis 
of the adducts formed between hemoglobin and [1,2-13C] acetaldehyde. They 
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Table 1 
Protein-Acetaldehyde Adducts Detected In Vivo 

Target protein Detection method 

The 37-kDa rat liver protein Immunoblot 
Rat liver cytP450llE1 Immunoblot 
Human serum proteins ELISA, immunoblot 
Hemoglobin HPLC 

ELISA 
Rat liver plasma proteins HPLC 

Reference 

Lin et a1.31 
Behrens et a1.32 
Lin et a1.34 

Lumeng et a1.14 

Niemela et a1.30 

Barry et a1.35 

observed that acetaldehyde reacted with the amino tennini of hemoglobin 
to form stable cyclic imidazolidinone derivatives. On the other hand, Stevens 
et al. IS showed that, in addition to valine and lysine, tyrosine residues of 
hemoglobin were also sites that reacted with acetaldehyde to form stable 
adducts in vitro. The nature of interaction between acetaldehyde and ty
rosine residues of peptides remains unknown. 

Using equilibrium dialysis, Hernandez-Munoz et al.2S more recently 
showed that the binding of acetaldehyde to red blood cells was inhibited by 
pyridoxal phosphate and N-ethylmaleimide. These researchers suggested 
that both amino and thiol groups are involved in reaction with acetalde
hyde, probably by condensing acetaldehyde with cysteine residues to form 
thiazolidine.26,27 Earlier, U and Lumeng28 presented a body of evidences 
implicating competition between acetaldehyde and pyridoxal phosphate for 
protein binding and they postulated that this mechanism is important in 
mediating increased degradation of pyridoxal phosphate in alcohol-induced 
vitamin B-6 deficiency. 

Formation of Protein
Acetaldehyde Adducts In Vivo 

Formation of several protein-AAs in vivo has been detected recently 
by several laboratories using different approaches (Table 1). Using a HPLC 
system with a high resolution power, Lumeng and MinterI4 were able to 
separate human hemoglobin into as many as 13 peaks. After incubation 
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with acetaldehyde, hemoglobin exhibited 2 distinct fast-moving peaks when 
eluted with HPLC. The peak areas increased in a dose-dependent manner 
according to acetaldehyde concentrations in the incubation mixture. When 
blood samples collected from mice fed alcohol chronically were fraction
ated by the HPLC system, the fast moving peaks corresponding to those of 
hemoglobin-AA prepared in vitro were significantly elevated in the alco
hol-fed mice when compared with their pair-fed controls. These findings 
indicated for the first time the formation of hemoglobin-AA in vivo. How
ever, the HPLC method was not sensitive enough to detect the presence of 
hemoglobin-AA in human alcoholics. 

In 1986, Israel and his coworkers29 succeeded in raising antibodies that 
specifically recognized acetaldehyde-containing epitopes in protein-AAs. 
These investigators prepared their antigen by incubating keyhole limpet 
hemocyanin with acetaldehyde for I h and then incubating the mixture with 
the addition of NaCNBH3 for an additional 3 h. When the antigen was re
peatedly injected into rabbits, the animals produced antibodies against he
mocyanin-AA. These antihemocyanin-AA antibodies cross-reacted with 
both plasma protein-AAs and erythrocyte protein-AAs but did not cross
react with the respective unmodified carrier proteins. Thus, they are the 
first to demonstrate that a small hapten such as acetaldehyde can bind to 
proteins to form immunogenic epitopes. Using antibodies raised in this 
manner, Niemela and Israel30 reported higher activity in red blood cell lysate 
of human alcoholic patients than that of control subjects when tested with 
enzyme-linked immunosorbent assay (ELISA). Their findings suggest the 
presence ofhemoglobin-AA in alcoholic patients. 

Our group raised antiprotein-AA antibodies in rabbits using hemo
cyanin-AA and myoglobin-AA prepared according to the protocol ofIsrael 
et al.29 as antigens. Liver extracts were prepared from rats pair-fed the 
alcohol-containing and the alcohol-free liquid diets chronically. The liver 
extracts were then subjected to sodium dodecyl polyacrylamide gel electro
phoresis (SDS-PAGE). Protein bands in the gel were electrotransferred to a 
piece of nitrocellulose paper, which was subsequently immunoblotted with 
antiprotein-AA antibodies. Both antihemocyanin-AA IgG and antimyo
globin-AA IgG detected a protein-AA in the liver of rats that were fed al
cohol but not in those fed the control diet. The protein-AAhas an apparent 
mol wt of 37,000 (37 kDa).3! The adduct is stable and does not require 
borohydride reduction to stabilize it. Repeated acute administrations of etha-
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nol by ip injections over 24 h did not produce the 37-kDa protein-AA. 
Chronic administration of alcohol by forced feeding of ethanol in a liquid 
diet required approx 1 wk to produce this protein-AA in vivo. 

Later, Behrens et al.32 presented evidence that cytP450IIEI (or micro
somal ethanol oxidizing system, MEOS) can also form acetaldehyde ad
ducts in vivo. Although the detection methods (Le., immuoblotting) 
employed by our laboratory and by Behrens et al.32 were similar, antigens 
used to raise the antibodies for immunoblotting were prepared differently. 
Behrens et al.32 used a higher acetaldehyde concentration, a longer incuba
tion time and a lower concentration of NaCNBH3 than those used by Israel 
et al.29 or Lin et al.31 The different incubation conditions probably produce 
adducts of different chemical modifications. Antibodies raised with these 
antigens, in turn, may recognize different -AA epitopes. It is therefore not 
entirely too surprising to note that Behrens et al. could not detect any cy
tosolic protein-AA, e.g., the 37-kDa liver protein-AA, and that we failed to 
detect any protein-AAs in microsomes.33 This also leaves open the possi
bility that more hepatic protein-AAs with other different epitopes derived 
from reaction with acetaldehyde may exist. It is also likely that more pro
tein-AAs may form in the liver with prolonged alcohol consumption and 
with advanced liver disease. 

When measured with ELISA method, we were able to show that the 
serum samples of some alcoholic patients reacted more strongly with 
antiprotein-AA IgG than the samples of nondrinking control subjects.34 

Immunoblotting of serum samples from alcoholics revealed at least two 
serum protein-AAs with apparent mol wt of 50,000 and 103,000, respec
tively. Mol wt of these proteins do not correspond to that of serum albumin. 
Interestingly, although antihemocyanin-AA IgG reacts more strongly with 
the 37-kDa liver protein-AA when compared with antimyoglobin-AA IgG,31 
the reverse is true for serum protein-AAs.34 This, again, supports the notion 
that different carrier proteins can produce -AAs of different chemical forms 
with acetaldehyde under the identical reaction conditions. 

In another report,35 a seemingly unstable liver plasma membrane 
protein-AA from the alcohol-fed rat was detected when the liver cell mem
branes were prepared by a rapid (percoll) method and assessed by reversed 
phase liquid chromatography. However, the membrane proteins involved 
were not characterized, and their mol wt were not reported. The implication 
of this finding remains unclear and will need further confirmation. 
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Further Studies of the 37 -kDa 
Protein-Acetaldehyde Adduct 

Formation in the Liver of the Alcohol-Fed Rat 
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To study the formation of hepatic protein-AAs in vivo, male Wistar 
rats were pair-fed alcohol-containing and alcohol-free AIN'76 or the Ueber
DeCarli liquid diets for up to 7 wk. Both AIN'76 and the Ueber-DeCarli 
diets contain 1000 KCalIL. The major difference between these two diets is 
in the fat content. The Ueber-DeCarli diet contains 35% fat whereas the 
AIN'76 diet contains only 12% fat. The former also contains slightly lower 
protein (18%) compared to the AIN'76 diet (22%). Ethanol constitutes 35% 
of total calories in the alcohol-containing diets. The control diet is 
isocalorically substituted with maltose dextrins. At the end of the feeding 
periods, rats were sacrificed and liver extracts were prepared. Uver pro
teins were subjected to SDS-PAOE and electrotransferred to nitrocellulose 
paper. Protein-AA bands were revealed by enzyme-linked immunoblotting 
with antihemocyanin-AA IgO.33 As shown in Fig. 1, no protein-AA band 
was detected in the liver extract of a rat fed the control diet (lane C). On the 
other hand, liver extracts from rats fed either the alcohol-containing Ueber
DeCarli diet (lane A) or the alcohol-containing AIN'76 diet (lanes 9 and 
10) exhibited the same 37-kDa protein-AA band of approximately the same 
intensity. No other protein-AA band was found in either diet. The 37-kDa 
protein-AA band could be detected as early as 1 wk after feeding the alco
hol-containing diet. Therefore, the 37-kDa protein is highly susceptible to 
chemical modification during alcohol-feeding, and the formation of this 
protein-AA is not affected by higher fat and lower protein contents in the 
Ueber-DeCarli diet. The 37 -kDa protein-AA degraded in vivo when alco
hol was removed from the liquid diet. Only 50% of the initial band intensi
ties remained 4 d after rats were switched to the alcohol-free diet.33 The 
37-kDa protein is a liver cytosolic protein. When liver subcellular fractions 
from an alcohol-fed rat were prepared and blotted for protein-AA, the 37-
kDa protein-AA was found only in the crude homogenate (Fig. 2, lane 1) 
and the cytosol fraction (Fig. 2, lane 4). The mitochondrial fraction and the 
microsomal fraction (Fig. 2, lane 3 and lane 4, respectively) showed only 
nonspecific binding with the antihemocyanin-AA IgO (Fig. 2A) as well as 
the unimmunized rabbit IgO (Fig. 2B). 
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Fig. 1. Formation of the 37-kDa liver protein-AA in rats fed alcohol-containing 
liquid diet. Mle Wistar rats were pair-fed the alcohol-containing and the isocaloric 
alcohol-free (control) AIN'76 or lieber-DeCarli liquid diets for 7 wk. Soluble liver 
proteins were subjected to SDS-PAGE, electrotransferredto nitrocellulose paper, 
then detected for protein-AA by immunoblotting with antihemocyanin-AA IgG. Lane 
C was soluble liver proteins of a rat fed the control lieber-DeCarli diet, lane A was 
from a rat fed the alcohol-containing lieber-DeCarli diet, lanes 9 and 10 were 
from rats fed the alcohol-containing AIN'76 diet. The left panel was immunoblotted 
with antihemocyanin-AA IgG whereas the right panel was immunoblotted with 
unimmunized control rabbit IgG (from Lin and Lumeng,33 reprinted with 
permission). 

In order to further understand the mechanism of the formation of the 
liver 37-kDa protein-AA, cyanamide (inhibitor of aldehyde dehydrogenase) 
and pyrazole (inhibitor of alcohol dehydrogenase and a known inducer of 
the MEOS) were added to the liquid diet. After 3 wk on the alcohol-con
taining and the control AIN'76liquid diets supplemented with cyanamide 
(100 mgIL) or pyrazole (2 mM), blood samples were obtained from rats and 
measured for ethanol and acetaldehyde levels. Microsomal fraction was 
isolated from the fresh liver and immunoblotted for cytP450IIEl. The 
37 -kDa protein-AA band and the cytP450IIEl band obtained by immunoblot 
were quantitated by using a densitometer and expressed as arbitrary unit. 
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Fig. 2. Subcellular localization of the 37-kDa liver protein-AA. Subcellular 
fractions were prepared from the liver of a rat fed the alcohol-containing AIN'76 
diet for 7 wk. Protein-AA was detected by immunoblotting as described in Fig. 1. 
Lanes denoted by a were immunoblotted with antihemocyanin-AA IgG, whereas 
lanes denoted by b were immunoblotted with control rabbit IgG. S: mol wt 
standards, 1: crude homogenate, 2: mitochondria, 3: microsomes, 4: cytosol (from 
Lin and Lumeng,33 reprinted with permission). 

Results are summarized in Table 2. Cyanamide inhibits aldehyde dehydro
genase activity.22,23 Rats fed the cyanamide supplemented alcohol-contain
ing AIN'761iquid diet showed no change in blood alcohol levels but their 
blood acetaldehyde level were about 5 times higher than those fed alcohol 
only. When the diet was supplemented with pyrazole, an inhibitor of 
ADH,I9-21 the blood alcohol levels in rats were elevated but the blood acet
aldehyde levels fell below the detectable limit. The intensities of the 
37-kDa protein-AA band obtained from livers of rats fed these alcohol
containing diets with different supplements closely correlated with the blood 



230 Lin and Lumeng 

Table 2 
Effects of Cyanamide and Pyrazole on Blood Ethanol 

and Acetaldehyde Levels, the Hepatic Content of CytP450llE1 
and the Fonnation of the Uver 37-kOa Protein-AA in Rats 

Diets Blood ethanoiB Blood acetaidehydeB CytP450IIE1 B 37-kOa Protein-AAb 
levels levels contents contents 
(m~ (m~ (arbitrary unit) 

A. Control NOC NO 1.73 ± 0.08 NO 
B. Alcohol 6.7 ± 1.1 2.1 ± 0.8 3.17 ± O.33d 5.94 
C. Control NO NO 1.70 ± 0.20 NO 

+cyanamide 
O. Alcohol 6.1 ±O.8 

+cyanamide 
E. Control NO 

+pyrazole 
F.Alcohoi 11.2 ± 0.98 

+pyrazole 

a: Mean values ± SEM, n = 4. 
b: Average of two measurements. 
c: Not detectable. 

11.1 ±5.4 

NO 

NO 

d: p < 0.05; CytP450IIE1 contents, B vs A. 

3.20±0.07 

1.67 ± 0.17 

4.OS±0.17e 

e: p < 0.05; Blood alcohol concentrations and CytP450IIE1 contents, F vs B. 

26.52 

NO 

NO 

acetaldehyde levels observed. Whereas supplementing with cyanamide in
creased the band intensity four- to fivefold, supplementing with pyrazole 
completely abolished the formation of the 37-kDa protein-AA. Our data 
therefore provide evidence that the formation of the liver 37-kDa protein
AA is dependent on ADH activities and on acetaldehyde concentrations in 
plasma (most likely in liver also). Feeding alcohol to rats increased liver 
cytP450IIEI content nearly twofold. Feeding pyrazole or cyanamide to the 
rat had little effects on this microsomal protein. However, supplementing 
pyrazole to the alcohol-containing diet enhanced cytP460IIEI content more 
than with feeding alcohol alone, yet the formation of the 37-kDa protein
AA was blocked. On the other hand, supplementing cyanamide to the alco
hol-containing diet did not change cytP450IIEI content when the intensity 
of the 37-kDa protein-AA band was greatly increased. Thus, the extent of 
formation of the 37-kDa protein-AA was dissociated from MEOS activi
ties. We found undetectable blood acetaldehyde concentrations in pyrazole 
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supplemented alcohol-fed rat. We therefore concluded that acetaldehyde 
produced by MEOS is not used for the formation of the cytosolic 37-kDa 
protein-AA. 

The identity of the 37-kDa protein remains to be determined. We 
have, nevertheless, obtained evidences that rule out ADH and aldehyde 
dehydrogenase as the 37-kDa liver protein.33 Thus, the 37-kDa protein is 
not directly involved in the production and degradation of acetaldehyde 
in the liver. 

Formation in Cultured Rat 
Hepatocytes Treated with Ethanol 

To study the formation of protein-AA in cultured hepatocytes, liver 
cells were isolated from rats that had been fed regular laboratory rat chow 
and cultured as monolayers in hormone-defined36 and trace mineral en
riched37 serum-free Waymouth's medium. Hepatocytes cultured under the 
aforementioned condition maintained at least 70 and 40%, respectively, of 
the initial ADH and MEOS activities after 4 d.38 For treatment, ethanol was 
added to the culture medium, which was changed daily and incubated in an 
incubator humidified with a pan containing ethanol solution of the same 
concentration. Soluble proteins were extracted from cultured hepatocytes 
and immunotransblotted with antihemocyanin-AAlgG as described earlier. 
When cells were treated with 40 rnM ethanol, the 37-kDa protein-AA could 
be detected after 3 d ofincubation. The intensity of the 37-kDa protein-AA 
increased to near maximum on the fourth day and remained stable for at 
least two more days (Fig. 3). It is not understood why there was a time 
lapse (3 d) before the 37-kDa protein-AA could be detected in hepatocytes 
treated with ethanol. 38 We have found that the acetaldehyde concentrations 
that accumulated in the culture media were the same for l-d-old and 4-d
old cells. Therefore, the delay in the protein-AA formation must not be due 
to insufficient acetaldehyde in cells. Several possible explanations are un
der investigation. 

It was apparent that the intensities of the 37-kDa protein-AA bands 
formed in cells paralleled the medium acetaldehyde concentrations that re
sulted from ethanol treatment (Fig. 4). Ethanol concentration as low as 5 
rnM was effective and the maximal effect was at approximately 10 rnM. 
These blood ethanol concentrations are pharmacologically relevant during 
alcohol consumption. Adding cyanamide (50 ~ further increased the in-
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Fig. 3. Time-course for the formation of the 37-kDa protein-AA in cultured rat 
hepatocytes. Hepatocytes were cultured in serum-free Waymoutlh's medium 
containing 40 mM ethanol. Cells were harvested daily for up to 6 d to detect for 
the 37-kDa protein-AA. Half-tone photograph is the immunoblot using 
antihemocyanin-AA IgG. The intensities of the bands were determined by using a 
densitometer and were expressed as arbitrary units (from Lin et al.,38 reprinted with 
permission). 

tensity of the protein-AA band by more than twofold. Adding 4-methyl
pyrazole (10 ~ completely blocked the formation of the protein-AA in 
cultured liver cells, although cytP450IIEI increased by twofold when cells 
were treated by ethanol and 4-methylpyrazole simultaneously. Therefore, 
our results with cultured hepatocytes are in agreement with those obtained 
in vivo, i.e., formation of the 37-kDa protein-AA in hepatocytes is depen
dent on acetaldehyde concentrations and ADH activities but not MEOS. 
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Fig. 4. Correlation of the 37-kDa protein-A and acetaldehyde concentrations in 
the culture medium. Hepatocytes were cultured in serum-free Waymouth's medium 
containing various concentrations of ethanol as indicated. Intensities of the 37-
kDa protein-A bands were determined by densitometry as in Fig. 3. Acetaldehyde 
concentrations in the culture medium were determined by gas chromatography 
(from Lin et al.,38 reprinted with permission). 

Clinical Implications 
of the In Vivo Formation 

of Liver Protein-Acetaldehyde Adducts 

About 20% of alcoholic patients develop advanced liver disease. The 
pathogenesis of alcoholic liver injury remains mostly unknown. Chronic 
alcohol consumption often leads to liver enlargement, due to accumulation 
oflipids, proteins, and water in hepatocytes.39 The increase in liver proteins 
is mainly explained by induction of protein synthesis and by inhibiting ex
port of secretory proteins.4o It has been reported that when rat liver slices 
were incubated with 10 mM ethanol, the secretion of albumin and serum 
glycoproteins prelabeled with either [14C]leucine or [14C]fucose decreased.41 
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The inhibition of hepatic secretion of albumin and glycoproteins by acute 
and chronic alcohol administration has also been demonstrated in vivo.42-44 

Furthermore, the ethanol-induced impairment of hepatic protein secretion 
was prevented by ip injection of pyrazole prior to ethanol administration,43 
and was enhanced by pretreating animals with cyanamide.44 These results 
indicate that the effect of ethanol on the protein secretion is mediated by 
acetaldehyde, the metabolite of ethanol in the liver. One possible site of the 
protein export system in liver that is rendered defective by ethanol inges
tion is the microtubular system. Hepatic microtubules have been found 
to be decreased and morphologically altered after chronic alcohol feed
ing.45-47 Thma et al.48 and Jennett et al.49 reported that tubulin, covalently 
modified by acetaldehyde in vitro, exhibited decreased ability to form mi
crotubules. These investigators hypothesized that a similar interaction in 
vivo can lead to functional deficiency of the tubulinlmicrotubule system. 
However, the formation of tubulin-acetaldehyde adducts in vivo has yet to 
be demonstrated. A possible but yet unexplored cause for the impairment 
of hepatic protein secretion is the covalent modification of secretory pro
teins per se, e.g., chemical modification by acetaldehyde. If a protein des
tined for export forms an adduct with acetaldehyde prior to secretion, it 
may acquire an altered conformation that will prevent its normal process
ing through the cellular secretory mechanism. This disturbance may result 
in the retention of export proteins in hepatocytes. Another detrimental ef
fects of protein-acetaldehyde adducts may result from the binding of acet
aldehyde to proteins in amino acid residues essential for their biological 
functions. 13 In sum, the interference of either hepatic protein secretion 
and/or hepatic enzyme function mediated by protein-AA formation can 
potentially lead to liver damage in the long run. 

There is an almost universal increase in immunoglobulins in alcohol
ics50-56 even without evidence of liver disease. 57 The hypothesis that im
mune response plays a pathogenic role in the development of alcoholic liver 
disease has recently been proposed.58,59 Immune responses in alcoholic 
liver disease are now better characterized. 59 Israel et al.29 have demon
strated that proteins modified with haptens as small as acetaldehyde are 
immunogenic. They have further reported that mice fed alcohol chronically 
developed antibodies that recognized acetaldehyde-modified epitopes.29 
Using ELISA method and hemagglutination assay, respectively, Niemela 
et al.60 and Hoerner et al.61 have reported that the serum of alcoholic pa
tients showed significantly higher antibody titers against protein-AAs pre-
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pared in vitro than the serum of control subjects. The elevation of circulat
ing antiprotein-AA antibodies seems to correlate with severity of liver dis
ease with the highest titers being in patients with alcoholic hepatitis. It is 
uncertain, however, whether the appearance of these antibodies is the con
sequence or the cause of liver injury. It will be of great interest to identify 
which of the protein-AAs formed in vivo (hepatic as well as extrahepatic) 
can serve as neoantigens that trigger auto-antibody production. 
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Fatty Acid Ethyl Esters, 
Alcohol, and Liver Changes 

Puran S. Bora and Louis G. Lange 

Introduction 

More than 25 years ago the World Health Organization concluded that 
an important association existed between excessive drinking of alcohol and 
development of tumors of the pharynx, esophagus, stomach, and liver.l There 
are at least 10 million alcoholics in the US, costing the economy over $100 
billion annually,2 but no generally accepted mechanism has been proposed 
that accounts for the propensity of certain individuals to drink to excess or 
to develop alcohol-related damage to organs. 

Organs other than the liver develop alcohol-induced damage, espe
cially the heart, pancreas, and brain. Since these organs lack or show mini
mal oxidative metabolism to ethanol and therefore are free of substantial 
acetaldehyde production,3-5 the mechanism of this alcohol-related injury is 
unknown. Selectivity of organ damage, such as the occurrence of alcohol
induced cardiomyopathy in the absence of liver or pancreatic disease,6 to 
these extrahepatic organs occurs despite a common exposure to blood con
taining similar concentrations of acetaldehyde derived from the liver.7 Se
lective damage to organs that lack oxidative alcohol metabolism, therefore, 
suggests the existence of mechanisms of alcohol-induced organ injury that 
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are intrinsic to extrahepatic organs themselves. We have now documented 
over the past five years that ethanol is metabolized to fatty acid ethyl esters 
(FAEE) in many human organs.8-11 These esters, which are produced in 
situ, may be one candidate for mediating some of the noted alcohol-induced 
end organ disease. Recent observations on the relationship of fatty acid ethyl 
ester Synthase III (major) to hepatic glutathione S-transferase demonstrate 
that nonoxidative ethanol metabolism may also be important in the liver, 
where its interaction with oxidative alcohol metabolism drug detoxifica
tion and carcinogen inactivation may occur. 

Fatty Acid Ethyl Esters 
and End Organ Damage 

The observation that FAEEs are synthesized at high rates in the pan
creas, brain, heart, and other organs that lack oxidative ethanol metabo
lism 10,11 provided a plausible link between the observed tissue damage and 
the ingestion of alcohol.I2 FAEEs are formed in myocardium principally 
from nonesterified fatty acid.13 Since ethyl esters are bound less readily to 
protein than is nonesterified fatty acidl4 and because FAEEs synthesized in 
myocardium tissue slices bind substantially to mitochondria, FAEEs may 
act in a toxic fatty acid shuttle to induce mitochondrial dysfunction in vivo 
after prolonged alcohol abuse.14 

Several factors may modulate FAEEs induced mitochondrial damage. 
First, factors that regulate the equilibrium concentration of soluble fatty acid 
could be important. Second, the activity of intracellular enzyme(s) that 
catalyze the synthesis ofFAEEs may be influenced both by small molecu
lar effectors or potentially by isoenzymes with inherent differences in 
catalytic properties. Third, the amount of ethanol ingested and its rate of 
clearance, i.e., factors related to the type of hepatic alcohol dehydrogenase 
present, would modify the concentration of ethanol in myocardium avail
able for esterification. 

Recently, Mair et al. IS have shown that chronic FAEEs exposure can 
decrease hepatic protein secretion in vitro. They have suggested that the 
effects of ethanol on protein metabolism may be owing to disaggregation 
of membrane-bound ribosomes. Thus, the FAEEs may possibly mediate, at 
least in part, the decrease in hepatic protein secretion noted after chronic 
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ethanol exposure, possibly by interfering with the function of membrane
bound ribosomes. Furthermore, since alcohol abuse is chronic, synergystic 
metabolic insults to hepatic mitochondria may occur,14 resulting in impaired 
energy production as well as reductions in protein synthesis. Whether such 
potential cellular injury may occur in other organs, such as the brain, re
mains open to experimental scrutiny. 

Fatty Acid Ethyl Ester Synthase Assay 

Formation of FAEE from ethanol is enzymatically mediated and can 
be determined as described by Mogelson and Lange16 by incubating 
samples containing enzyme with 0.4 mM [14C]oleate (20,000 dpm/nmol) 
and 200 mM ethanol in 60 mM sodium phosphate buffer, pH 7.2, in a total 
volume of 0.17 mL in capped vials at 37°C. At the end of the incubation 
interval, the reaction is terminated by the addition of 2 mL of cold acetone 
containing a known amount of ethyl [3H]oleate and 0.6 Ilmol of carrier 
ethyl oleate. Volumes are reduced by evaporation under a stream of ni
trogen at 37°C, and residual lipids in acetone chromatographed on silica 
plates (Analabs, North Haven, CT) developed with petroleum ether/diethyl 
ether/acetic acid (75/5/1). After visualization of lipids with iodine vapor, 
fatty acid ethyl ester spots were scraped, and the lipid eluted with acetone 
and assayed for radioactivity. 14C Counts are adjusted for yield as deter
mined by recovery of 3H, and after subtraction of blanks, results are ex
pressed as nmol of fatty acid ethyl ester formed per mL per h. Assays for 
enzymatic synthesis of fatty acid ethyl esters were linear with respect to 
expended time (up to 45 min) and added enzyme (up to 0.02 mglmL).16-18 
Rates of synthase activity in various organ homogenates may vary from 
468 nmollg/h for pancreas to 7 nmollg/h for aorta.8 

Mogelson et al. 19 have shown that the rate of synthesis of FAEEs 
facilitated by FAEE synthase is caused by an augmentation of reaction rate 
that reflects a reduction in dG, attributable to a positive entropy change. 
Accumulation of product, FAEE, is a consequence of the thermodynami
cally favorable self-association of monomeric molecules into a hydrocar
bon phase to provide an overall favorable equilibrium constant for the 
formation of aggregated product from soluble reactants. Thus, the unusual 
reaction in which the lipid precursor is free fatty acid-not fatty acid CoA
is driven by positive entropic changes and lipid product self-association. 
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Fig. 1. DEAE-Cellulose Chromatography. Enzyme activity from human myo
cardium was fractionated at 40 mUh in 1 mM BME, 10 mM Tris, pH 8.0. The 
column was developed with a linear salt gradient running from buffer to 400 mM 
NaCI (.). Fractions (6 mL) were collected and monitored for protein (0) and syn
thase activity (e). (Reproduced from the Journal of Clinical Investigation, 1989, 
84, 1943 by copyright permission of the American Society for Clinical Investigation. ) 

Purification and Characterization 
of Fatty Acid Ethyl Ester Synthases 

All organs thus far examined in rabbit or humans have a typical set of 
synthases in the soluble fraction from homogenates. When fractionated on 
DEAE-cellulose (2 x 18 cm) in 1 mM ofBME, 10 mMTris, pH 8.0, these 
chromatograph as a minor and major synthase.14 In some organs, e.g., hu
man myocardium, a third peak of FAEE synthase activity is consistently 
and reproducibly observed, migrating ahead of the minor synthase (Fig. 1). 
The nomenclature of these species has now been designated as follows: 
when chromatography is carried out as just described, Synthase I, eluting 
at 5 mS; minor synthase (II) eluting at 7 mS; and the major synthase (III) 
eluting at 11 mS. 
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Fatty Acid Ethyl Ester Synthase I 

A typical purification scheme for the human myocardial Synthase I 
would be as follows. In order to concentrate the fatty acid ethyl ester Syn
thase I pool (45 mL) from the DEAE-cellulose column, solid ammonium 
sulfate was added to 70% of saturation. The precipitate was collected by 
centrifugation, dialyzed against 1 mM BME, 10 mM Tris, 50 mM phosphate, 
pH 7.0, and applied to a Sephadex G-1oo column (2.5 x 72 cm). The en
zyme was recovered in 75% yield as a single, broad peak. 

An octyl Sepharose column (1 x 7 cm) was equilibrated with 1 mM 
BME, 10 mM Tris, 50 mM phosphate, pH 7.0, and those Sephadex G-1oo 
fractions with activity greater than 2 nmollmLlh were applied at 20 mUh. 
After washing the resin with 0.10% sodium cholate in the same buffer, the 
column was developed further with a linear cholate gradient running from 
0.10 to 0.20% and the enzyme emerged at 0.13% cholate in 70% yield. 

Fractions containing enzyme activity greater than 2 nmoIlmLIh 
were pooled and applied to FPLC Superose-12, equilibrated with 1 mM 
BME, 10 mM Tris, 50 mM sodium phosphate, pH 7.0. Enzymatic activity 
emerged at an elution volume corresponding to a mol mass of 52 kDa. SDS
PAGE of this material (35 Jlg) showed a single band of mol mass 26 kDa 
when stained either with silver or Coomassie Blue. The enzyme therefore 
is a dimer, consisting of two 26 kDa subunits. Synthase I showed signifi
cant crossreactivity to antibody raised against homogeneous human heart 
fatty acid ethyl ester Synthase III, both by solid phase radioimmunoassay 
and immunoblot. 

An overall yield of 9% was obtained for the 1118-fold purified en
zyme when assayed in the presence of 0.2M ethanol and 0.91 mM oleic 
acid. Myocardium contains approx 20 Jlg of the fatty acid ethyl ester Syn
thase I per g of tissue. IS 

Several chromatography experiments were performed to confrrm that 
Synthase I is a GST. First, the DEAE-cellulose fractions (active as Synthase 
I, total activity 700 nmollmLlh) were assayed for GST activity with 1 mM 
l-chloro-2, 4-dinitrobenzene as substrate, and this activity cochromato
graphed with the Synthase I activity. Using this chromophoric substrate, 
the pooled fractions had a total activity of 40 mL/minimol enzyme. These 
fractions were concentrated by ammonium sulfate (70% saturation) and dia
lyzed against 1 mM BME, 10 mM Tris, and 50 mM sodium phosphate, pH 
7.0. The enzyme was applied to a Sephadex G-1oo and eluted with 1 mM 
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BME, 10 mM Tris, and 50 mM sodium phosphate, pH 7.0. A single peak of 
synthase activity (total pool activity, 434 nmoVmUh) was observed in 62% 
yield and a single peak of GST activity cochromatographed (total pool ac
tivity, 24 moVminlmol enzyme) in 60% yield. Finally, the pool from the 
Sephadex G-l00 column was dialyzed against phosphate-buffered saline, 
pH 7.4, and was applied to S-hexylglutathione agarose, previously equili
brated with phosphate-buffered saline, pH 7.4. After applying the sample, 
the column was washed with this buffer until the ef!luent was free of pro
tein. The enzyme was eluted by raising the pH to 9.6 (4°C) with 0.05MTris 
buffer containing 5 mM GSH. These fractions were active for both Syn
thase I (total activity 118 nmoVmUh, yield 17%) and GST (8 mollminlh 
enzyme) with 20% yield. SDS-PAGE of this material showed a single band 
at 26 kDa, further indicating that Synthase I may be one of the members of 
GSTs. Therefore, it is important to note that GST may play a role in the 
liver as an ethanol-detoxification enzyme. 

The substrate specificity of the fatty acid ethyl ester Synthase I was 
examined by measuring the rate of ethyl ester synthesis in the presence of 
fatty acids of different chain length and degree of saturation. The following 
14C-Iabeled fatty acids were used: palmitate, stearate, oleate, linoleate, and 
arachidonate. In all cases, linear Uneweaver-Burke plots were found and 
the maximum rates of synthesis (V max) were observed with linoleate and 
oleate, 222 nmoVmglh and 200 nmoVmglh, respectively. Saturated fatty acids 
had the lowest rates of ethyl ester synthesis, with rates of 36 and 32 nmoV 
mglh for stearate and palmitate, respectively. In contrast, binding affinities 
(Km) for these fatty acid substrates were all nearly the same, 0.40 mM to 0.59 
mM at a fixed oleate concentration of 0.91 mM; the Vmax and Km for etha
nol were 59 nmoVmglh and 0.30M, respectively. Importantly, the homoge
neous Synthase I was also active as a GST with the standard substrate 
l-chloro-2, 4-dinitrobenzene (1 mM) as substrate (8 moVminlmol enzyme) 
and 1,2-dichloro-4-nitrobenzene (5.93 moVminlmol enzyme). 

Fatty Acid Ethyl Ester Synthase II 

The second peak eluted at a conductivity of 7 mS and accounted for 
60% of recovered total activity. After DEAE-cellulose chromatography, the 
Synthase II pool (550 mL) was dialyzed against 5 mM sodium phosphate, pH 
7.2 and applied to hydroxylapatite (5 x 16 cm). All the synthase activity was 
bound. Elution with a linear phosphate gradient (5-250 mM) produced two 
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Fig. 2. CM-Cellulose Chromatography. Protein was applied at 36 mUh on CM
cellulose (5 ¥ 60 cm) equilibrated with 5 mM citrate buffer, pH 5.8. When the A280 
was less than 0.1, a pH gradient from pH 5.8 to pH 8.8 (_) was applied. Fractions 
(4 mL) were monitored for ~80 (O) and fatty acid ethyl ester synthase activity, 
+CaCI2 (5 mM) (e), and -CaCI2 (.&.). 

peaks of enzyme activity, but since the first peak contained less than 
10% of the applied activity, further studies were performed only on the 
second peak. 

The pooled activity (600 mL) was dialyzed against 5 mM citrate buffer, 
pH 5.8 and then applied to CM-cellulose (5 x 16 cm) equilibrated with the 
same buffer. All the activity was bound and the column was developed with 
a pH gradient running from 5 mM citrate, pH 5.8 to 10 mM Tris, pH 8.8. 
When the fractions were assayed, little or no activity was found; however, 
after addition of 5 mM CaCl2 to each fraction, synthase activity was re
stored, with an overall recovery of 60% (Fig. 2). 

Fractions from CM-cellulose chromatography with activity greater than 
1 nmollmLlh were pooled, dialyzed against 1 mMBME, IOmMTris, pH 8.0, 
and applied in 5-mL aliquots to FPLC Mono Q column. The resin was 
washed with a linear sodium chloride gradient (0-220 mM) and then with a 
steep gradient to 2M sodium chloride. Active enzyme was eluted at 1M NaCl. 
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Fig. 3. FPLC Mono Q Chromatography. Protein was applied at 1 mUmin to a 
Mono Q column equilibrated with 1 mM BME, 10 mM Tris, pH 8.0. Protein was 
first eluted with a shallow NaCI gradient, 0-220 mM (- - -) followed by a steep 
gradient running to 2.0M (- - -) NaCI. Fractions (1 mL) were monitored for ~oo (-) 
and fatty acid ethyl ester synthase activity in the presence of 5 mM CaCI2 (e). 

When assays were performed in the presence of 5 mM calcium chloride 
(Fig. 3), more than 63% of the activity initially applied to Mono Q was 
recovered, and again, little activity was detected if calcium was omitted 
from the assay. 

The purification of the fatty acid ethyl ester Synthase II from human 
myocardium is summarized in Table 1. The enzyme was purified 596-fold 
with an overall yield of 6%, and SDS-PAGE showed that the product from 
the Mono Q column contained two closely migrating polypeptides (Fig. 4), 
one with a mol mass of 67 kDa and the other of 65 kDa. These polypep
tides copurified during further attempts to separate them. Their relationship 
to cholesterol esterase, mol mass 67 kDa,13 is under investigation. 

Fatty Acid Ethyl Ester 
Synthase /I Calcium Requirement 

To investigate the effect of metals on synthase activity, the enzyme 
was incubated with EDTA and EGTA. One millimolar EGTA reduced the 
enzyme activity by 90%, and 5 mM EGTA totally inhibited the enzyme. 
Importantly, calcium ions (7 mM) are able to restore enzymatic activity fully. 
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Table 1 
Purification of Human Myocardial Fatty Acid Ethyl Ester Synthase II 

Total Total 
protein, activ., SA, Purif., Yield, 

Step mg nmollh nmoVrng'h X-fold % 

Cytosola 53,694 25,200 .5 1 100 
DEAE-cellulose 5162 13,718 2.7 5 54 
Hydroxylapatite 2522 18,925 7.5 15 75 
Carboxylrnethyl 

cellulose 602 8904 14.8 30 35 
MonoQ 4.95 1476 298.2 596 6 

aSynthase II activity in the cytosol was calculated from the proportions of Synthase III and Syn-
thase II activnies as determined after DEAE-cellulose chromatography. 

To determine the KA for calcium binding, synthase activity was measured 
in the presence of increasing concentrations of Ca2+. As the added calcium 
concentration increased from 0 to 5 mM, the activity increased eightfold with 
an apparent binding constant of3 mM. Above 5 mM Ca2+, less activation was 
observed so that at 20 mM Ca2+ the activity was only four times greater than 
the no-calcium control. Other divalent metal ions, such as Mg2+ and Zn2+, 
had no effect on enzyme activity. These results suggest that Synthase II 
contains a weak binding site for calcium that enhances enzymatic activity. 
In view of the documented alterations of intracellular calcium homeostasis 
that occur during alcohol abuse,2° pathophysiological significance of this 
finding cannot be ignored. 

Fatty Acid Ethyl Ester Synthase III 

Human myocardium FAEE Synthase III was purified to homogeneity 
by sequential DEAE-cellulose, gel permeation, hydrophobic interaction, and 
immunoaffinity chromatographies. In brief, human heart soluble fraction 
was applied to DEAE-cellulose (5 x 16 cm) in 1 mMBME, 10 mMTris, pH 
8.0. All the activity was bound, and after extensive washing, the column 
was developed further with a linear salt gradient running from starting buffer 
to 400 mM NaCI, 1 mM BME, 10 mM Tris, pH 8.0. The activity eluted at a 
conductivity of 11 mS, and this pool was precipitated with ammonium sul
fate (70% of saturation), dialyzed against 1 mM BME, 10 mM Tris, 50 mM 
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Fig. 4. SDS-PAGE of FAEE Synthase II Purification. Lane 1, hydroxylapatite 
chromatography; Lane 2, CM-cellulose chromatography; and Lane 3, Mono Q 
chromatography. This gel was stained with silver; similar results were noted after 
Coomassie brilliant blue staining. 

sodium phosphate, pH 7.0 and applied to a Sephadex G-100 column (2.5 x 
72 cm). Active enzyme from G-100 was applied at 20 mUh to octyl
Sepharose CL-4B (1.0 x 6.0 cm) equilibrated with 1 mM BME, 10 mM 
Tris, 50 mM sodium phosphate, pH 7.0. The resin was washed with 0.1 % 
cholate and was developed further with a linear sodium cholate gradient 
(0.1-0.25%). The enzyme emerged as a single peak (85% yield) at approx 
0.15% (w/v) sodium cholate. SDS-PAGE of this peak showed a single band 
of mol mass 26 kDa, containing only a trace amount of albumin. The frac
tions eluting from octyl Sepharose having synthase activity greater than 2 
nmollmLlh were then pooled and applied to an antihuman albumin affinity 
column (0.9 x 7 cm) equilibrated with 1 mM BME, 10 mM Tris, 50 mM so
dium phosphate, pH 7.0. Synthase activity washed through the column with 
full retention of enzyme activity, and SDS-PAGE of the preparation demon
strated the presence of a single polypeptide with a mol mass of 26 kDa.21- 25 
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Table 2 
Comparison of the N-Terminal 

Amino Acid Sequences of FAEE Synthase and GSTs 

Human heart FAEE Rat hepatocellular Human heart 
synthase carcinoma GST .pa acidic GSrt> 

A P p 
p p p 
y y y 
T T T 
V I V 
V V V 
Y Y Y 
F F F 
P P P 
V V V 
R R R 
G G G 
R R R 
X C X 
K E A 
A A A 
L T L 
R R R 
M M M 
L L L 
X L L 
A A A 
0 0 0 

a Ref. 26; b Ref. 27. 

Homology with Hepatic 
Glutathione S-Transferases 

251 

Homogeneous FAEE Synthase III from human myocardium was sub
jected to sequence analysis, and 23 amino acids from its N-terminus were 
determined without ambiguity, except for the 14th and 21st amino acids 
(Table 2). This sequence revealed greater than 80% identity with that of the 
N-terminal sequence for rat glutathione S-transferase (GST-P),26 with varia-
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tions at residues 1,5, 15, and 17, some of which may reflect species differ
ences (Table 2). It is also virtually identical to that of an acidic GST re
cently purified to homogeneity from human heart.27 

The amino acid compositions of FAEE Synthase III and two GSTh 
are quite similar. These structural studies thus show that the FAEE Synthase 
III from human myocardium is very similar to the GSTh, which constitute 
an important defense mechanism against numerous ingested xenobiotics 
and carcinogens (22). 

Common Catalytic Properties 
of FAEE Synthase III 

and Glutathione S-Transferase 

Using the standard FAEE synthase assay,16,18 GST was found to cata
lyze the formation of ethyl 14C-oleate with saturation kinetics when incu
bated with 0.2M ethanol and oleic acid, ranging in concentration from 0.1 
to 2 mM. The corresponding Lineweaver-Burke plot was linear, and Vmax 
and Km were 98 nmoI ethyl oleate formedlmg/h and 0.48 mM, respectively. 
These values are close to those previously found for human heart FAEE 
synthase: 105 nmol/mg/h and 0.23 mM. Similarly, the reaction was studied 
in the presence of a fixed concentration of oleic acid 0.91 mM, and increasing 
concentrations of ethanol from 25 mM to 2M. In this case, the enzyme is 
active at physiological concentrations of ethanol. Km for ethanol was 0.65M, 
and the Vmax was 56 nmollmglh. These values are nearly the same as those 
found when this reaction was catalyzed by human heart FAEE synthase.22 

FAEE synthase is also able to catalyze the formation of glutathione 
conjugates. Human myocardial FAEE synthase (26 kDa, single protein on 
SDS-PAGE) was incubated with 1 mM glutathione and increasing concen
trations of 1-chloro-2, 4-dinitrobenzene from 0.2 to 2 mM. Following the 
same assay conditions as those used for GST,28 the synthase demonstrated 
high transferase activity with saturation kinetics. The corresponding 
Lineweaver-Burke plot was linear, and Vmax and Km were found to be 67 
mol/min/mol enzyme and 5 mM, respectively. These results are similar to 
those reported for rat hepatic GST, given the different organs of origin and 
the known variation of GST activity reported during isolation.29,3o Inhibi
tion of human myocardial FAEE Synthase III catalyzed formation ofFAEE 
was also observed in the presence of l-chloro-2, 4-dinitrobenzene. This sub
strate for the standard GST assay inhibited the rate of synthesis of ethyl 
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oleate, with 50% and 90% inhibition occurring at 25 and 300 J.LM, respec
tively. Thus, the myocardial synthase recognizes a typical GST substrate as 
both an inhibitor and substrate, evidence cOnfirming the hypothesis that the 
Synthase III is a GST. 

Induction of Fatty Acid 
Ethyl Ester Synthase 

1\\10 male rabbits were placed on a liquid diet containing 36% of the 
calories as ethanol, and two other male rabbits were fed control diet with
out ethanol. At the end of a lO-d feeding period, the rabbits were sacrificed 
and the liver homogenates were assayed for FAEE synthase activity. Cystolic 
synthase activity of rabbits fed ethanol diet was sevenfold higher than 
synthase activity noted in the the control rabbit. 

When this cytosol was passed through DEAE-cellulose, the unbound 
activity was washed through by 10 mM1iis, pH 8.0, containing 1 mM BME, 
and the bound activity was eluted by a linear gradient of sodium chloride 
from 0 to O.4M. There was a threefold increase in the activity of Synthase 
III compared to the control group. Since we have shown that Synthase III is 
a member of the GS1S22 and it is also known that GSTs are induced by 
ethanol and phenobarbital,31 the induction ofFAEE synthase by ethanol is 
in keeping with past knowledge of the glutathione S-transferases and its 
newly identified biological substrate, ethanol. 22,31,32 Pickett et al.32 have dem
onstrated that a transcriptional activation of GST subunit genes (3 and 4) 
occurred after administration of phenobarbital to rat and was sufficient to 
account for the elevation of the mRNAs. Thus, ethanol is capable of modi
fying its own hepatic metabolism by activating specific GST genes through 
a presently unknown mechanism. 

Conclusion 
Previous investigations suggest that alcohol metabolism may be un

der genetic control, and related to the presence of different amounts or types 
of ethanol metabolizing enzymes.33,34 Since no other pathway for alcohol 
metabolism exists in the heart, fatty acid ethyl ester synthase may be one of 
the gene products underlying a genetic vulnerability to the effects of alco
hol in this and other organs, such as the brain.8,9,18 Recent genetic studies 
using peripheral human leukocytes have shown that this synthase activity 
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is heritable in an autosomal recessive pattern for high activity,35,36 a pattern 
expected for a gene controlling the production of a toxic agent. 

It will now be possible to examine this hypothesis in segregation studies 
using the cloned Synthase III to enable restriction fragment-length poly
morphism studies of families containing an alcoholic proband. Thus, the 
present results provide a foundation for subsequent protein sequence stud
ies, cloning, and genetic studies of the fatty acid ethyl ester synthase system 
in humans. Because it is present in those organs commonly injured by al
cohol, we may now evaluate a genetic link between alcohol consumption 
and specific end organ damage, which may have a monogenic etiology in 
some cases. 

Inclusion of an alcohol metabolizing enzyme within the group com
prising the GSTs also bears importantly on the long appreciated relation
ship between alcohol abuse and the propensity to develop tumors of the 
pharynx, esophagus, stomach, and liver.37,38 These organs are exposed to 
high concentrations of ethanol (100-500 mM), where excessive fatty acid 
ethyl ester generation may occur. Because GSTs are the major route for 
elimination of endogenous and ingested carcinogens, cometabolism of 
ethanol and carcinogens by these enzymes may affect end product concen
trations and biological half-lives of either or both. Thus, environmental and 
genetic influences on the rates of ethanol metabolism and xenobiotic trans
formation may be interrelated since numerous agents, such as ethanol, phe
nobarbital, and thyroid hormone, may induce the glutathione S-transferases. 

Abbreviations 
BME, 2-mercaptoethanol; EDTA, ethylenediamine tetraacetic acid; 

EGTA, ethyleneglycol-bis-(beta-arnino ethyl ether)-N,N,NI,NI tetraacetic 
acid; FAEE, fatty acid ethyl ester; GSH, glutathione; GST, glutathione 
S-transferases; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel elec
trophoresis; Tris, tris(hydroxymethyl) aminomethane. 
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Ethanol, Lipoprotein 
Metabolism, and Fatty Liver 

M. R. Lakshman, Stuart J. Chirtei, 
and Pradeep Ghosh 

Introduction 
Persistent excessive intake of ethanol can lead to liver cell injury and 

eventually to cirrhosis of the liver after prolonged abuse over many years. 
There are individual variations in susceptibility to alcohol toxicities. Hepa
tocellular necrosis results in a wide variety of clinical symptoms ranging 
from a relatively asymptomatic enlargement of the liver to massive fatty 
infiltration that ultimately leads to hepatic failure. 1,2 As the process of al
cohol-mediated injury progresses, liver fibrosis and eventually cirrhosis 
ensue, resulting in total failure of the liver functions. The pathogenesis of 
alcohol-induced toxicity generally begins with specific episodes ofhepato
cellular injury accompanied by varying degrees of fatty liver.3 As the alco
hol abuse continues, this degenerative process manifests itself into liver 
cell dysfunction, chronic inflammation, and structural distortion leading to 
the proliferation of fibrous tissue, which ultimately culminates into the cir
rhosis of the liver and death. 

Accumulation of fat in the liver is predominant in alcoholic hepatitis 
and alcoholic cirrhosis. Biochemically, the onset of steatosis and hyper
lipidemia represent the initial effects of ethanol on lipid metabolism. Pro
found changes in the concentration and composition of plasma lipids and 

From: Drug and Alcohol Abuse Reviews, Vol. 2: Liver Pathology and Alcohol 
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lipoproteins occur at each phase of alcohol-induced liver injury. Metabolic 
derangements in the liver and peripheral tissues resulting in the excessive 
accumulation oftriglycerides are among the leading pathological manifes
tations of chronic alcohol abuse. Some of the abnormalities in lipid and 
lipoprotein metabolism both in the liver and peripheral tissues associated 
with various stages of chronic alcohol abuse are (a) moderate to excessive 
increases in plasma triglycerides, (b) defective metabolism of triglyceride
rich (TGR) lipoproteins, and (c) defective regulation of hepatic de novo 
lipid synthesis. The exact mechanism(s) underlying the ethanol-induced fatty 
liver are not completely understood in spite of intensive work in this area 
(for review, see refs. 4,5). 

Plasma Lipoproteins 

The plasma lipoproteins are water soluble macromolecules formed 
by complexing various lipids, such as cholesterol, triglycerides, and phos
pholipids with specific apoproteins. They facilitate the transport of the hy
drophobic lipid molecules to various parts of the body in the aqueous 
environment of the blood. They are classified based on their particle size, 
hydrated density, and electrophoretic mobility. They are generally divided 
into five major classes, namely, chylomicrons, very low-density lipoproteins 
(VLDL), intermediate-density lipoproteins (IDL), low-density lipoproteins 
(LDL), and high-density lipoproteins (HDL). 

Chylomicrons are the largest of these lipoproteins (mol wt, 100 x 106; 

density, 0.95 g1mL; electrophoretic mobility, origin). They are synthesized 
by the intestine to transport dietary triglycerides and cholesterol via the lym
phatic route into systemic circulation. VLDL are the second largest (mol 
wt, 6 x 106; density, <1.006 g1mL; electrophoretic mobility, pre-Beta). They 
transport triglycerides and cholesterol of hepatic origin for redistribution to 
various tissues. IDL are generated from VLDL as a result of partial hy
drolysis of their triglycerides by the action of lipoprotein lipase (mol wt, 3-
4 X 106; density, 1.006-1.019 g1mL). Since triglycerides are the major 
component of chylomicrons, VLDL, and IDL, these lipoproteins are referred 
to as triglyceride-rich (TGR) lipoproteins. LDL are smaller than VLDL or 
IDL and are essentially the end products of VLDL catabolism at least in 
humans (mol wt, 2 x 106; density, 1.019-1.063 g1mL; electrophoretic mo
bility, Beta). High-density lipoproteins (HDL) are the smallest of the li
poproteins and are produced both by the liver and the intestine (mol wt, 
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Apoproteins 

A-I 
A-II 
8-100 
8-48 
C 
E2-4 

Table 1 
Major Plasma Apoproteins8 

Mol mass 
Density class kDa Origin 

HDL 28 Liver, intestine 
HDL 18 Liver 
CM, VLDL,IDL,LDL 500 Liver, intestine 
CM,VLDL,IDL 250 Intestine 
CM,VLDL,HDL 10 Liver 
CM,VLDL,HDL 34 Liver 
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Carbohydrate 
residues 

No? 
No? 
Yes 
Yes 
Yes 
Yes 

acM: Chylomicrons; VLDL: Very low-density lipoproteins; LDL: Low-dens~y lipoproteins; IDL: In
termediate-density lipoproteins; HDL: High-density lipoproteins. 

0.2-0.4 X 106; density, 1.063-1.21; electrophoretic mobility, Alpha). HDL 
are involved in the reverse cholesterol transport from the peripheral tissues 
to the liver for excretion. They also serve as a reservoir for the exchange of 
apoproteins E and C with chylomicrons and VLDL. The various lipoproteins 
are in a dynamic state of synthesis and degradation, and their plasma and 
tissue levels are regulated by the relative contributions of these two metabolic 
processes. Details of the characteristics, metabolism, and metabolic roles of 
various lipoproteins in health and disease are beyond the scope of this chap
ter. Furthermore, excellent review articles already exist in this area.6-8 None
theless, the present chapter will give an overview of the chemistry and 
metabolism of apolipoproteins, and then focus on the synthesis and me
tabolism of lipoproteins in relation to alcohol abuse. 

Apolipoproteins 

The major apolipoproteins of the various classes of lipoproteins and 
their origin and properties are listed in Table 1. Briefly, although intestinal 
chylomicrons, VLDL, and IDL contain both apo B-l00 and apo B-48, the 
hepatic VLDL exclusively consists of apo B-lOO. The major apoproteins of 
HDL are apo A-I and apo A-II. In addition, all of these lipoproteins contain 
apo-C and apo-E. In contrast, LDL has exclusively apo B-100. 

Apo B-l00 has 4536 amino acids, whereas apo B-48 has 2152, which 
are closely related in their structures. Apo B-100 is synthesized from 
14.1-kb mRNA, whereas apo B-48 is also synthesized from the same mRNA 
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with an in-frame stop codon UAA at the nucleotide residue #6666 instead 
of the normal codon CAA.9-12 This stop codon is not present in the genomic 
DNA, but is introduced by a novel RNA editing mechanism at the transla
tional level so that both proteins are synthesized from the same gene. Both 
are required structural constituents for the secretion of triglyceride-rich li
poproteins from both liver and intestine. Apo B-loo has been proven to be 
atherogenic, whereas the evidence for the atherogenic property of apo B-
48 is only indirect.13 

Apo A-I is an activator oflecithin-chdlesterol acyltransferase (LCAT) 
and apo A-II may be an activator of hepatic lipoprotein lipase.14 Apo C-II 
is an activator of extrahepatic lipoprotein lipase.15.16 Apo-E exists as three 
isoproteins, apo E2, apo ~, and apo E4. Apo E3 is considered as the normal 
isoprotein, apo E2 is formed by substitution of cysteine for arginine at posi
tion #158, and apo E4 is derived from apo ~ by substitution of arginine for 
cysteine at position #112.17 Human 1Ype ill hyperlipoproteinemia is char
acterized by increased plasma apo Ez, whereas apo E4 is increased in pa
tients with high LDL levels.13·18.19 

Both apo B and apo E are glycoproteins.6 Apo B-l00 is composed of 
multiple subunits of mol wt 10,000 and has 8-10% of its mass as carbohy
drate.20 It contains mannose chains as well as other complex oligosacchar
ides consisting of N-acetylglucosamine, galactose, fucose, and sialic acid 
residues. Apo E is a basic protein of mol wt 34,000 and is primarily syn
thesized by the liver, although a number of other tissues also synthesize it, 
albeit in smaller amounts. 21-25 It is synthesized with an 18 amino acid signal 
peptide, which is cotranslationally cleaved26 and then glycosylated.27 The 
protein is secreted in highly sial ylated form,26,28 but 80% of it exists in asialo 
form in the plasma, presumably because of postsecretory desialylation. This 
implies that glycosylation may playa significant role in cellular processing 
of apo E. Among the known functions of carbohydrate moieties of glyco
proteins are: (a) maintenance of physicochemical properties of the molecule; 
(b) proteolytic processing and stabilization against proteolysis; and (c) me
diation of biological activity.5 As a ligand for the LDL receptor, apo E di
rects the delivery oftriglycerides and cholesterol from lipoproteins to cells. 
As a component of BDL, apo E may also playa role in the efflux of cho
lesterol from cells (reverse cholesterol transport). ApoproteinA-I, the major 
protein of BDL, is synthesized by the liver and the intestine. It is a single 
polypeptide with a mol wt of 28,000 and does not have any carbohydrate 
residues. Besides being the structural backbone of HDL to carry the lipids 
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and possibly function in reverse cholesterol transport, the other major 
function of apo A-I is to serve as a cofactor in the activation of LCAT 
activity. Increased plasma apo A-I concentration correlates negatively with 
the incidence of heart disease. Apoprotein A-II is the second major 
apoprotein of HDL. It exists as a dimer with a mol wt of 17,400 and also 
lacks any carbohydrate residues. Apo A-II may playa role as a cofactor in 
the action of hepatic lipoprotein lipase. 

Current Trends in the Metabolism 
of TGR-Lipoproteins 

In view of the fact that TGR lipoproteins are significantly altered as a 
result of alcohol abuse, a summary of current trends in TGR lipoprotein 
metabolism is depicted in Fig. 1. Dietary triglycerides and cholesterol emerge 
as lymph chylomicrons after intestinal absorption. At this stage, they con
tain predominantly apoprotein (apo) B with some apo E and apo A. Once 
they enter the systemic circulation, lymph chylomicrons acquire a net transfer 
of apo E and apo C from the circulating HDL2 resulting in the formation of 
native chylomicrons and HDL3. The catabolism of circulating chylomicrons 
takes place in two phases.29-32 In the first phase, extrahepatic lipoprotein 
lipases (LPL) are activated by the apo C-II component of chylomicrons. 
The active LPL partially hydrolyze the triglyceride moiety of chylomicrons 
to yield chylomicron remnants. The remnants are depleted of triglyceride, 
phospholipids, and apo C, and enriched with cholesterol and apo E.32,33 At 
the same time, phospholipids and apo C are transferred back to HDL3 to 
regenerate HDL2.34 In the second phase, the remnants are rapidly taken up 
by the liver via a high affinity receptor mediated process.29,30,35-40 
Apoproteins E are involved in the recognition and uptake of the remnants 
by the liver, whereas apo C proteins are inhibitory to this process.41-46 
Subsequent metabolism of the remnants inside the liver leads to the feedback 
inhibition of hepatic lipid synthesis. The metabolism ofVLDL follows an 
identical pathway to that of chylomicrons. 

Receptor-Mediated Uptake 
of TGR-Lipoproteins by the Liver 

The classical work of Brown and Goldstein47,48 established the role 
ofLDL receptors in the uptake and regulation of cholesterol metabolism in 
the human fibroblast system. The apoprotein B-lOO, which is the major 
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Fig. 1. Schematic overview of the current concepts in lipoprotein metabolism, 
their regulatory roles, and possible causes of alcoholic fatty liver. In this figure, 
"bold arrows" represent the metabolic pathways that are known to be stimulated 
by ethanol; "broken arrows" represent the ones that are inhibited by ethanol; and 
''thin arrows" represent those that are unaffected by ethanol. Abbreviations used 
are: 8100, apo 8-100; 848, apo 8-48; AI, apo AI, All, apo All; CI, apo CI; CII, apo 
CII; E, apo E; LPL, lipoprotein lipase; ER, endoplasmic reticulum; TGN, trans 
Goigi Network; Cis, Medial, Trans, components of Goigi Apparatus; Gal, galactose; 
SA, sialic acid; Glc NAc, N-acetylglucosamine; Man, Mannose; P04ylation, 
Phosphorylation; FFA, Free-fatty acids; HMG-CoA, 3-hydroxy 3-methylglutaryl 
Coenzyme A; MVA, mevalonic acid. 
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component ofLDL and VLDL, is responsible for the interaction with these 
receptors, whereas apoprotein B-48, which is characteristic of chylomicrons 
does not interact.49•5o However, apo E containing proteins, such as choles
terol-rich HDL (HOLJ, interact with these receptors. Therefore they are 
designated as apo B,E-receptors (LDL-receptors). These receptors of the 
liver are markedly induced after cholestyramine51•52 or u-ethinyl estra
diol53 treatment. Apart from these LDL receptors, another class of high 
affinity receptors specific for apo E containing proteins has been described 
in the liver.51•52 These are very likely the chylomicron remnant receptors. 
Thus, the metabolic fate of chylomicron remnants depends on their apo E 
content, whereas that ofVLDL remnants depends on both apo B and apo E 
contents. The extent of remnant uptake and metabolism will also depend 
on the number and nature of apo Band apo E receptors on the hepato
cyte membrane. 

TGR-Lipoprotein Synthesis, 
Assembly, Transport, and Secretion 

The intestine and the liver are the major sites for the synthesis of vari-
0us apoproteins, the lipid components, and their assembly to form the TGR
lipoproteins. The enzymes responsible for the synthesis of triglycerides, 
cholesterol, and phospholipids are localized in the smooth endoplasmic 
reticulum (SER). Presumably, the newly synthesized lipid molecules are 
transported into the tubular channels of SER. Whether the assembly of the 
lipids and the newly synthesized apoproteins occurs at the junction of SER 
and the rough endoplasmic reticulum (RER) or in the Golgi is debatable. 
The N-glycosylation of the proteins occurs in the micro somes, whereas the 
O-glycosylation occurs in the Golgi apparatus. The smooth surfaced secre
tory vesicles containing the newly formed TGR-lipoprotein are secreted into 
the circulation by exocytosis. Excellent review articles54•55 exist for the 
details of the structure and function of Golgi complex. As summarized in 
Fig. 1, the Golgi complex is a series of membrane compartments through 
which proteins destined for plasma membrane, vesicles, and lysosomes 
move sequentially. The Golgi stack consists of three functionally and com
positionally distinct compartments that operate in succession to construct 
the oligosaccharide chains on the growing lipoprotein. The lipoproteins 
enter the Golgi stack at the cis (entry) face and exit at the trans (exit face). 
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The cis cisternae of the Golgi stack seems to be responsible for the phos
phorylation of certain proteins, such as the lysosomal enzymes, and also 
for the proteolytic processing of proteins whenever required. The addition 
of N-acetyl glucosamine and removal of some of the mannose residues take 
place at the medial cisternae. Finally, the addition of galactose and sialic 
acid residues occurs at the trans cisternae. These are then sorted into differ
ent vesicles in the last Golgi compartment called trans Golgi network 
(TGN). Since chronic ethanol abuse alters membrane structure and func
tion, it is possible that ethanol abuse could affect any of the aforementioned 
biosynthetic steps. 

Intestine 
Ethanol is known to produce pathological changes in intestinal struc

ture and function, and to cause disturbances, such as diarrhea and malab
sorption.56,57 During ethanol ingestion the upper gastrointestinal tract is 
exposed to ethanol concentrations several times higher than that attained in 
other tissues. Ethanol can be entero-toxic whether ingested acutely or after 
chronic intake. Lieber's group58,59 has shown that ethanol causes hemor
rhagic erosions of the small intestinal villi accompanied by biochemical 
alterations, such as decreases in several intestinal enzyme activities. Sev
eral investigators59-62 have shown that an acute dose of ethanol inhibits 
palmitate and acetate oxidation, whereas it increases esterification of avail
able fatty acids to triglycerides. In contrast, chronic ethanol treatment causes 
increased fatty acid oxidation and triglyceride synthesis. 

Liver 
Ethanol is known to stimulate hepatic VLDL production after acute63 

as well as chronic intake.64 However, ethanol markedly inhibits VLDL 
synthesis in the isolated hepatocyte system,63 indicating that its stimulatory 
effect found in vivo is a complex process. The mechanism of ethanol action 
has been claimed to be the result of one or more of the following causes: 
(a) increased mobilization of fatty acids from the adipose tissue to the 
liver,65-68 (b) decreased oxidation offatty acids in the liver,69,70 (c) increased 
esterification of the fatty acids in the liver,71,72 and (d) impaired release of 
triglycerides by the liver.73 There are conflicting reports regarding these 
various possibilities. Thus, ethanol has been shown to have no effect,74,75 
to increase 76 or to decrease 77 plasma free-fatty acids. Subsequent studies have 
shown an initial fall followed by a secondary rise in plasma free-fatty acids.78 
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Our recent studies 79 showed that the acute ethanol-mediated stimulation of 
hepatic VLDL synthesis is abolished in thyroidectomized rats. We further 
showed that thyroidectomy prevented the ethanol-mediated stimulation of 
(a) fatty acid mobilization from the adipose tissue and (b) hepatic esterifi
cation of free-fatty acids to neutral lipids. These results imply that thyroid 
hormones may playa permissive role in ethanol-mediated mobilization of 
fat. Thyroid hormones are known to amplify the catecholamine-mediated 
mobilization of depot fat. Subsequently, we also showed8o that although 
chronic ethanol did not significantly affect the hepatic protein synthetic rate, 
leucine incorporation into the secretory protein fraction of the liver perfusate 
was inhibited by 36% (p < 0.01) in the ethanol-fed group. Specifically, the 
secretory rates ofVLDL, apo A-I, apo E, and transferrin were inhibited by 
about 50%. In contrast, moderate ethanol feeding for 6 wk did not alter any 
of the aforementioned parameters. Thus, impaired secretion of VLDL and 
HDL could be the major cause for fatty liver after alcohol abuse. In order 
to explore whether this inhibitory effect of ethanol was owing to defective 
glycosylation of this glycoprotein, we have determined the effects of chronic 
ethanol on the synthesis, glycosylation, and secretion of apo E in vivo in 
the rat. The results showed a 45% decrease in mannose incorporation into 
hepatic apo E in the alcoholic group (p < 0.0005), whereas that of leucine 
was unaffected. A similar pattern was observed in the microsomal and Golgi 
fractions. Table 2 shows the mannose/leucine incorporation ratios of the 
precursors into the immunoprecipitable apo E in the liver, microsomes, and 
the Golgi fractions. The incorporation ratios also reflected the decreased 
glycosylation pattern (55%, p < 0.05) at the whole liver and microsomal 
level in the ethanol group. Thus, we conclude that it might be the under
glycosylation of apo E and not its synthesis that leads to its decreased 
hepatic secretion as a result of chronic ethanol feeding. Significantly, supple
mentation of fish oil (rich in ro-3 fatty acids) in the diet partially protected 
against these deleterious effects of ethanol. We have previously shown 
that the fish oil diet partially prevented the hyperlipidemic effects of 
chronic ethanol.81 

Based on all the aforementioned studies, the mechanism of action 
of ethanol on TGR-lipoprotein synthesis and secretion can be summarized 
as follows: 

1. Ethanol may increase the pool of incoming fatty acids to the liver by 
stimulating the mobilization of adipose fat possibly by promoting the re
lease of catecholamines and thyroid hormones. 
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Table 2 
Ratio of 3H Mannosef14C Leucine Incorporation into Apo E of Liver, Microsornes, 

and Goigi Apparatus of Rats Fed Chronic Ethanol and Fish Oil Diets 

3Hf14C Ratio of apo E 

Groups Liver Microsornes Golgi 

CN 10.88± 1278 10.62 ± 1.2911 9.12 ± 1.34a,b 

AN 5.05± O.93b 4.76± 025C 5.37± O.96b 

CF 10.49 ± 1.05a 9.12 ± 0.56a,b 11.1 0 ± 1.83a 

AF 7.54 ± 0.978·b 5.96 ± 0.4?·c 5.49 ± 1.11 a.b 

Each rat was intraportally injected with a single dose of [UJ 4C] leucine (0.2 JlCilg body wi) and/or 
[2-3H] mannose (1.0 JlCilg body wi) and killed after 30 min. The incorporation of the precursors into 
the immunoprecipitable apo E was measured in the liver, microsomes, and the Golgi fractions. Values 
are mean ± SE from six rats in each group except in AF, where the number of animals is four. The 
statistical signnicance of each value of ethanol group is compared with the values in corresponding 
control group and crosscompared with the values in fish oil fed rats, using Tukey Contrasts method. 
Groups differing in superscripts are signfficantly different at p < 0.05 level. 

2. As a result of hepatic mitochondrial injury, fatty acid oxidation is also 
inhibited. 

3. At the same time hepatic esterification of fatty acids to triglycerides is 
enhanced. 

4. Although acute ethanol stimulates the synthesis of apoprotein B for VLDL 
fOlTIlation and secretion, chronic ethanol abuse inhibits VLDL synthesis 
and secretion. It may also affect the glycosylation, subsequent packaging 
of nascent VLDL, and the fotmation of secretory vesicles. 

5. Finally, chronic ethanol abuse also disrupts the microtubular system, an 
obligatory step in the exocytosis of secretory proteins. 

Extrahepatic and Hepatic Metabolism 
of TGR-Lipoproteins and Their Regulatory Role 

Apart from its effects on the lipoprotein synthesis, alcohol abuse may 
also affect the subsequent metabolism and regulatory properties of the TOR
lipoproteins. In an attempt to resolve some of these issues, our laboratory 
has been elucidating the effects of chronic ethanol administration on the 
extrahepatic and hepatic metabolism of TOR-lipoproteins. Using lymph 
chylornicrons and VLDL labeled in their triglyceride, apoprotein, and cho
lesterol ester moieties we have looked at their catabolism both in vivo and 
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Fig. 2. Plasma turnover of [14C]triglyceride (A) and rH]cholesterol ester (8) 
moieties of rat lymph chylomicrons in control and chronic ethanol-fed rats. The 
results are expressed as the amount of the radioactivity of the respective 
components remaining in the plasma compartment as a function of time. Each 
value is the mean ± SE of three independent determinations ( ........ : Control and 
..... : Ethanol). The best fit lines were statistically computed by linear regression 
analysis (for details see ref. 82). 

in the perfused heart system.82,83 For example, based on the exponential 
decay curves for each moiety of lymph chylomicrons (Fig. 2), it has been 
found that chronic ethanol inhibited the catabolism of the triglyceride mOiety 
of chylomicrons by 30%, whereas that of the cholesterol moiety was in
hibited by 67%.82 Similar results were observed for the catabolism of 
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Table 3 
Effect of Chylomicron Remnants from Control and Chronic Ethanol-Fed Animals upon 

Cholesterol Synthetic Rate in Isolated Hepatocytes from Normal Meal-Fed Ratsa 

Concentration in Cholesterol 
incubation medium, synthetic rate, 

Remnant type ~ cholesterollmL % p 

Control 

Ethanol 

73±4.8 
145± 10.5 
85±7 

170±15 

80±3 
58±6 
95±4 
87±6 

<0.05 

<0.05 

aRat lymph chylomicron remnants were isolated from supradiaphragmatic control and chronic 
ethanol-fed animals and their effect on hepatic cholesterol synthetic rate was determined. The results 
are expressed as % of synthetic activity observed in the absence of the remnant fraction. Each value 
is the mean ± SE for four independent respective remnant preparations. 

VLDL.83 Since the catabolism of the triglyceride moiety takes place essen
tially in the extrahepatic tissues, whereas that of the cholesterol moiety oc
curs in the liver, it is concluded that chronic ethanol abuse has a greater 
inhibitory effect on the catabolism ofTGR-lipoproteins in the liver than in 
the extrahepatic tissues. Furthermore, we have found that chronic ethanol 
feeding leads to the plasma accumulation of abnormal remnants that are 
not as efficient as the normal remnants in the feedback regulation of de 
novo hepatic lipid synthesis (Table 3). In addition, the hepatocytes from 
chronic ethanol-fed animals exhibit defective feedback regulation of cho
lesterol synthesis by normal remnants (Table 4). We have extended these 
studies to show84 that chronic ethanol significantly decreases the specific 
binding affinity of the hepatocytes for the remnants by 29% (Fig. 3), whereas 
their internalization is inhibited by 19% Also, chronic ethanol inhibits the 
catabolism of both triglyceride and cholesterol moieties of the remnants by 
58 and 44%, respectively (Table 5). Thus, the net result of all these abnor
malities is a delayed clearance of TGR-lipoproteins from circulation and 
their impaired catabolism by the liver. 

Possible Mechanisms 
of Accumulation of Hepatic Lipids 

The development of fatty liver as a result of ethanol exposure may be 
a result of increased input into the liver of dietary lipids and depot fat as 
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Table 4 
Effect of Chylomicron Remnants on Cholesterol Synthetic Rate 

in Hepatocytes from Rats on Chronic Ethanol or Control Uquid Dief! 

Remnant concentration, Cholesterol synthetic rate, % 

Ilg cholesterol/mL Ethanol group Control group p 

0 100 100 
98 86±5 72±4 <0.1 

196 69±4 47±6 <0.05 

aHepatocytes were isolated from control and chronic ethanol-fed animals and their cholesterol 
synthetic rates determined in the presence of indicated concentrations of normal chylomicron rem
nants. Each value is the mean ± SE for four independent respective hepatocyte preparations. 

well as increased hepatic lipid synthesis. On the other hand, this may be the 
result of decreased disposal of the lipids from the liver because of defective 
(a) lipolysis, Oxidation, and/or ketogenesis and (b) export as lipoproteins. 
The possible sites of action of ethanol on lipid and lipoprotein metabolism 
are also illustrated in Fig. 1. 

Dietary Contribution 

The accumulation of fat in the liver as a result of acute or chronic 
ethanol consumption is exacerbated by dietary fat. This accumulation of fat 
occurs in spite oflesser gain in body weight in the alcohol group compared 
to the pair-fed control group. Significantly, the manifestation of fatty liver 
persists even when adequate amounts of essential fatty acids are provided 
in the diet. However, it was reported that the supplementation of arachidonic 
acid in the diet prevented to some extent the accumulation offat in the liver 
when the animals were fed ad libitum,85 but not when they were pair-fed.86 

Ethanol exposure is known to inhibit the hepatic desaturase system, result
ing in decreased formation of arachidonate from linoleate.87- 89 A more care
ful study90 revealed that arachidonic supplementation even in ad libitum 
fed rats failed to prevent the fatty liver induced by chronic ethanol feeding. 
Our own studies81 showed that a fish oil diet (rich in rn-3 fatty acids), but 
not a com oil diet (rich in rn-6 fatty acids), was able to prevent hepatic 
steatosis partially. Thus, dietary fat plays an important role in the pathogen
esis of ethanol-induced fatty liver. 
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Fig. 3. Scatchard analysis of the data on specific binding of chylomicron rem
nants to hepatocytes from control and chronic ethanol-fed rats. Specific binding 
of [3H]retinyl ester labeled chylomicron remnants to hepatocytes from control 
( ........ ) and chronic ethanol-fed (~) rats was determined and the best fit lines 
for Scatchard plots were statistically computed by linear regression analysis (for 
details see ref. 84). 
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TableS 
Catabolism of the Upid Moieties of Remnants 

by Hepatocytes from Control and Chronic Ethanol-Fed Ratsa 

14C02 Produced owing to specific interaction 

% Of label added % 

Remnants labeled with Control Ethanol Inhibition p 

Triacylglycerol[1 J4C]oIeate 15.2 ± 0.72 
Cholesterol[1 J4C]oIeate 0.98 ± 0.29 

6.3± 1.06 
0.55 ± 0.2 

58 
44 

<0.001 
<0.Q1 

aFive independent hepatocyte preparations (115 mg wet wt) from both chronic and control etha
nol-fed rats were incubated wtth -112 ~g cholesterol equivalent of chylomicron remnants labeled in 
the indicated lipid moieties (20,340 dpm in triacylglycerol[1-14(;]0Ieate or 122,065 dpm in cholesterol 
[1J4(;]0Ieate) in 2 mL final volume for 90 min at 37°e both in the absence and presence of excess 
cold remnants, and the liberated 14(;02 radioactivtty was measured. The 14e021iberated because of 
specffic interaction is expressed as % of the total labeled remnant added to the incubation mixture. 
Each value is the mean ± SE. 

Depot Fat 

Ethanol-mediated fatty liver is characterized by the appearance of liver 
fatty acids closely resembling the adipose tissue fatty acids after acute in
take,65 whereas they resemble the dietary fatty acids after chronic ethanol 
ingestion.91 However, a moderate single dose of ethanol (0.5-1.0 g/kg) tends 
to have an inhibitory effect on plasma free-fatty acid concentrations77,and 
their turnover,92 which presumably is mediated through acetate,93 the he
patic oxidation product of ethanol. 

Liver 

Ethanol also increases the uptake offatty acids by the liver.94 Hepatic 
de novo fatty acid synthesis has been shown to be unaffected by acute or 
chronic ethanol exposure.95--99 Hepatic esterification of fatty acids to trig
lycerides and phospholipids is markedly enhanced.1°,73 Because of the in
creased NADINADH ratio caused by ethanol oxidation a concomitant 
increase in hepatic a-glycerophosphate occurS.74 Furthermore, acyltrans
ferases including L-a glycerophosphate acyltransferase, involved in phos
pholipid synthesis, are stimulated.71-73 At the same time, hepatic fatty acid 
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oxidation is significantly inhibited by ethano1.69,70,lOl,102 Thus, increased 
flux of dietary and depot fatty acids coupled with their increased esterifi
cation and decreased oxidation accounts for the accumulation of fat in the 
liver. Acute or chronic ethanol exposure does not significantly affect the 
hepatic de novo cholesterol synthesis.103 However, hepatic degradation of 
cholesterol to bile acids is markedly depressed as a result of decreased ac
tivity of cholesterol 7a.-hydroxylase, the rate limiting enzyme of this path
way.103,l04 This would explain the accumulation of cholesterol in the liver. 

Alcoholic Fatty Liver and Fibrosis 

The amount and the type of fat seem to play important roles in the 
development of alcoholic liver disease. Thus, diets high in linoleic acid 
promote the pathogenesis of alcoholic liver disease. 105 More recent studies 
by French and his coworkers106 have shown that the greatest degree of fatty 
infiltration and subsequent development of necrosis, inflammation, and 
fibrosis was observed in the rats maintained on a high-fat, low-protein 
diet. In chronic alcoholic liver disease, the degree of fibrosis was inversely 
proportional to the amount of fat in the liver.107 Current concepts108 seem 
to support the view that the liver perisinusoidal cells, which are also known 
as stellate cells, become transformed into myofibroblasts as a result of 
alcohol abuse. These myofibroblasts actively synthesize collagen and pro
liferate into the adjoining parenchymal cells, and thereby lead to their 
necrosis. Thus, the fibrotic process continues until all the parenchymal 
cells are engulfed resulting in liver cirrhosis and total hepatic failure. 

Ethanol, HDL, 
and Coronary Heart Disease (CHD) 

Numerous cross-sectional and intervention studies have documented 
an increase in plasma high-density lipoprotein cholesterol (HDLJ concen
tration as a result of chronic moderate ethanol consumption.109-113 Correct
ing for smoking as another major risk factor, it has been found that a strong 
negative correlation still exists between moderate alcohol consumption and 
the incidence of CHD.l14-117 If it is true that the consumption of moderate 
amounts of ethanol protects against the development of CHD, then it would 
be very important to establish (a) which subfractions of HDL cholesterol 
are increased by alcohol consumption and (b) whether apo A-I and apo A-II, 
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the major protein components of HDL, are also increased by alcohol con
sumption. There are conflicting reports 118-120 with regard to whether HDL2 
or HDL3 cholesterol fraction is increased after alcohol intake. It is well 
known that it is HDL2 that is positively correlated with the protective ef
fects ofHDL against CHD. It seems that relatively moderate doses tend to 
increase the HDL3 subfraction, whereas large doses increased both the 
subfractions.121 However, in severe alcohol-induced liver diseases the HDL 
fraction is markedly decreased.122 On the other hand, plasma apo A-I and 
apo A-II increase in response to moderate alcohol consumption. Apo A-I is 
the activator of LCAT and, by virtue of increasing the cholesterol esterifi
cation, is beneficial in removing the cholesterol from peripheral tissues back 
to the liver for degradation and excretion. 

Summary 

Ethanol is a hepatotoxin. Total hepatic failure and death occur as a 
result of prolonged alcohol abuse. This pathogenic process manifests ini
tially as fatty liver, which then develops into alcoholic liver disease. At some 
point, because of unknown reasons, the fibrotic process sets in as a result 
of the activation and transformation of stellate cells of the liver sinusoids 
into myofibroblasts. This leads to the necrosis of the liver parenchymal cells 
and hepatic failure. Alcohol-induced fatty liver is characterized by abnormal 
increases in lipids and lipoproteins in the liver and plasma. By serving as a 
preferential energy source to the fat in the diet, ethanol promotes lipid ac
cumulation. Therefore the amount and the type of fat in the diet markedly 
affect the extent of fatty liver and hyperlipemia. Thus, diets rich in linoleic 
acid promote ethanol-induced fatty liver, whereas those rich in m-3 fatty 
acids partially counteract the hyperlipidemic effects of ethanol. Furthermore, 
ethanol inhibits the endogenous oxidation of the fatty acids while enhanc
ing their esterification. Part of the accumulated lipids is secreted out of the 
liver as lipoproteins leading to moderate hyperlipemia, which is accentuated 
in individuals with Type IV or lYpe V hyperlipidemia. Similarly, ethanol 
inhibits the hepatic degradation of cholesterol to bile acids without signifi
cantly affecting cholesterol synthesis. Our current work shows that one of 
the major effects of alcohol abuse is to cause an impaired hepatic secretion 
of triglyceride-rich lipoproteins. This seems to be caused by the defective 
glycosylation of apo E and possibly apo B. In addition, the extrahepatic 
and hepatic catabolism of these TGR lipoproteins is also impaired leading 
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to the persistence of abnormal TGR lipoprotein particles in circulation. The 
inverse correlation between alcohol consumption and coronary heart disease 
is questionable and further studies are necessary to delineate the mechanism 
of action of ethanol consumption in altering the HDL subclasses. 

Future Directions 
In spite of considerable information on alcohol abuse and liver dis

ease, many unresolved questions remain to be unraveled in order to delineate 
the mechanism of action of ethanol in causing abnormal lipoprotein me
tabolism and the subsequent transformation of the fatty liver to become 
fibrotic and cirrhotic. Some of these key questions are: 

1. What is the exact step that is responsible for the defective glycosylation 
of apoproteins B and E, the key apoproteins of TGR lipoproteins? 

2. Is this defect at the transcription or the posttranscriptionallevel? 
3. If the defect is at the posttranscriptionallevel, what are the roles of Golgi 

and microsomes in contributing to this defect? 
4. How does this defect affect the further metabolism and regulatory roles 

of these important apoproteins and their constituent lipid conjugates? 
5. Is the deposition of lipids into parenchymal cells a prerequisite for them 

to undergo necrosis as a result of invasion by myofibroblasts? 
6. What are the factors that trigger transformation of fat -storing stellate cells 

into myofibroblasts? 
7. Is there a link between the proliferation of stellate cells and the snscepti

bility of fatty parenchymal cells to this process of fibrogenesis? 

Intensive efforts from investigators around the world should see a burst 
of activities leading to our understanding of the pathogenesis of alcoholic 
fibrosis and cirrhosis. 
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Effect of Ethanol 
on Splanchnic Blood Flow 

Edward T. Knych 

Introduction 

The splanchnic circulation is composed of six dissimilar vascular beds, 
arranged in parallel and in series. It supplies blood to the digestive organs, 
including the stomach, small and large intestines, pancreas, spleen, and liver. 
The splanchnic organs receive approx 25% of the cardiac output, extract 
15-20% of the available oxygen in the blood stream, and contain 20-25% 
of the total blood volume. l In addition, splanchnic organs, such as the liver, 
are major regulators of metabolic homeostasis. It is not surprising that de
rangements in the hemodynamics of the splanchnic circulation lead to sig
nificant functional changes in individual organs of the splanchnic bed as 
well as to changes in overall cardiovascular and metabolic homeostasis. 

Abusive ethanol consumption adversely affects many body organs, 
and prominent among these are the splanchnic organs.2 Changes in blood 
flow playa critical role in the pathology induced by ethanol in these or
gans. For example, gastric mucosal injury induced by the instillation of 
ethanol into the stomach is characterized by stasis of gastric mucosal blood 
flow,3,4 congestion,s platelet aggregation,6 and endothelial damage.7 Within 
30 s of ethanol instillation, submucosal venoconstriction occurS.8,9 Muco
sal stasis follows during the first few minutes and histologic evidence of 
ischemic mucosal damage within 10 min.4 Several possible mediators of 
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this pathologic response to ethanol have been suggested One is leukotriene 
C4• Intragastric administration of ethanol induces the mucosal release of 
leukotriene C4,10 which is a potent submucosal venoconstrictor. ll However, 
although some inhibitors of leukotriene synthesis prevent ethanol-induced 
submucosal vasoconstriction and the development of mucosallesions,9,l0,12 
others do not. 12 A second possible mediator is suggested by the observation 
that ethanol-induced gastric injury can also be prevented by the adminis
tration of nitric oxide.13 Nitric oxide has been shown to have actions that 
are identical to the endothelium-derived relaxing factor, EDRF.I4-17 In ad
dition, EDRF and nitric oxide are both potent inhibitors of platelet aggre
gation and adhesion. IS These observations are interesting in light of the 
recent observations that endothelium-dependent vasodilation in the per
fused mesenteric bed is inhibited by the inhibitor of nitric oxide synthesis 
NJ-monomethyl-L-arginineI9 and also by ethano1.20 Thus, ethanol may pro
duce gastric injury by stimulating the release of the potent endogenous 
venoconstrictor leukotriene C4 and by inhibiting the action of the endo
genous vasodilator nitric oxide. 

The pathologic effects of ethanol on the liver have occupied much 
attention. Since all forms of liver disease are accompanied by alterations in 
hepatic hemodynamics,21 the remainder of this review will focus on the 
effect of ethanol on hepatic flow. 

The hepatic vascular bed differs significantly in structure and regula
tion from most other organs, including the splanchnic organs. Rappaport 
defined the acinus as the microvascular unit of the liver. 22U is composed of 
a group of hepatic parenchymal cells arranged in sinsusoidal array around 
a terminal hepatic arteriole, portal venule, and bile duct. Blood enters the 
center of the acinus by way of the hepatic arteriole and portal venule. Within 
this periportal zone (Rappaport Zone I) the oxygen-rich arteriolar blood is 
mixed well with the oxygen-poor blood of the portal venule. Blood then 
flows concurrently through adjacent sinusoids and exits through hepatic 
venules located at the periphery of the acinus (Rappaport Zone 3). This 
one-way flow produces a gradient for oxygen and other substances that are 
added to or removed from the blood as it flows through the acinus.23 The 
highest oxygen content is found in the periportal zone (Zone 1), and the 
lowest content is found in the perivenular zone (Zone 3). 

Portal blood accounts for approx two-thirds of the hepatic blood flow; 
the remainder is provided by flow through the hepatic artery. 1 Three factors 
can, potentially, regulate hepatic flow: the intrahepatic vascular resistance; 
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the vascular resistance of the intestines, which regulates inflow into the portal 
vein; and the hepatic arterial resistance, which regulates hepatic-artery blood 
flOW.21,24 Intrahepatic pressure is essentially equal to portal pressure in the 
normal state and appears to be regulated by resistance sites located in the 
hepatic veins.2s,26 The principal function of these resistance sites appears 
to be the maintenance of constant portal and intrahepatic pressure,zS,26 
Changes in intrahepatic resistance do not alter portal venous flOW.21 This 
flow fluctuates widely, depending on the metabolic activity of the splanch
nic organs that drain into the portal vein, and is regulated by the resistance 
of these splanchnic vascular beds, in particular the superior mesenteric 
bed.21,24 Therefore, hepatic control of flow through the liver is by way of 
the hepatic artery. 

Arterial beds within most organs of the body are capable of altering 
flow through the organ in response to metabolic demands. This metabolic 
hypothesis regards tissue oxygen as the regulated variable. However, this 
intrinsic regulatory mechanism does not appear to operate within the he
patic circulation. Reduction of oxygen supply by isovolemic hemodilution 
increases flow through the mesenteric bed, but does not produce a dilation 
of the hepatic artery.27 Administration of dinitrophenol increases the oxy
gen demand of both the intestines and the liver. However, although dinitro
phenol administration increased flow through the mesenteric bed, it slightly 
reduced hepatic-artery conductance.28 Lactic acidosis increases portal flow, 
but reduces hepatic arterial flow.29 The increased hepatic oxygen con
sumption induced by ethanol administration does not lead to a dilation of 
the hepatic artery (see discussion below). Therefore, hepatic blood flow 
appears to be independent of the metabolic activity of the liver. 

Other intrinsic regulatory mechanisms regulate flow through the he
patic circulation. The principal function of these mechanisms is to maintain 
a constant flow through the liver, rather than a constant oxygen supply. 1Wo 
mechanisms have been described. The more important has been termed the 
hepatic arterial buffer response;21,30,31 when portal blood flow increases, the 
hepatic artery constricts, and when portal blood flow decreases, the hepatic 
artery dilates. The buffer response has been observed in dogs, cats, rats, 
and humans.21 It is not reciprocal, since changes in hepatic arterial flow do 
not alter portal flow or resistance.26,32 The hepatic artery is maximally di
lated at low portal flow and nearly maximally constricted at high portal 
flow.33 It has been hypothesized that adenosine washout from the space of 
Mall, which surrounds the hepatic arterial resistance vessels and portal 
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venules, is responsible for the buffer response.31,34 When portal flow is re
duced, less adenosine washes out and dilation of the hepatic artery occurs. 
When portal flow is increased, adenosine concentrations are reduced and 
constriction of the hepatic artery occurs. Several observations support this 
hypothesis. Adenosine dilates the hepatic artery when administered 
intraarterially.34 Blockade of adenosine uptake with dipyridamole potenti
ates the effect of adenosine and the buffer response induced by reducing 
portal flow.34 The adenosine antagonists I-methyl-3-isobutyl xanthine and 
8-phenyltheophylline reduce the effect of adenosine and also the buffer re
Sponse.34,35 In addition, the buffer response is not altered by atropine, pro
pranolol, oubain, indomethacin, metiamide, or mepyramine.36 Further, it is 
not altered by complete hepatic denervation.32,37 The principal purpose of 
the hepatic arterial buffer system appears to be the maintenance of a con
stant flow through the liver, which ensures a steady portal and intrahepatic 
pressure, liver blood volume, and hepatic clearance of drugs and hormones. 

Hepatic arterial flow also exhibits autoregulation. An increase in mean 
arterial pressure produces a constriction of the hepatic artery, which increases 
resistance and maintains a constant flow. Autoregulation of the hepatic artery 
appears to be relatively weak and is considered to be myogenic in origin.38 

However, recent studies suggest that adenosine may also playa role in the 
autoregulatory control of the hepatic artery.39 

Extrinsic humoral control of the hepatic circulation is understood less 
well.40 The hepatic artery responds in the same way as any other artery 
when a variety of endogenous vasoactive substances are administered 
intraarterially. However, when these substances are administered intrave
nously, the hepatic arterial buffer response may modify the response in
duced in the hepatic artery. Both the hepatic artery and the superior 
mesenteric artery dilate in response to direct intraarterial administration of 
adenosine, isoproterenol, and glucagon.41 However, intravenous adminis
tration of these dilators produced dilation in the mesenteric bed, although 
the hepatic artery failed to dilate.41 If flow through the mesenteric bed was 
clamped at a control level, intravenous administration of adenosine, iso
proterenol, and glucagon produced dilation of the hepatic artery.41 Similar 
differences between the responses induced by intraarterial vs intravenous 
administration have been reported for prostacyclin,42 histamine,43,44 dopa
mine,45,46 and vasopressin.43,47 

Alterations in hepatocyte function and changes in hepatic hemody
namics leading to portal hypertension are two major factors leading to 
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mortality in ethanol-induced liver disease. Isreal and colleagues have pro
posed that liver-cell necrosis produced by abusive ethanol intake is attrib
utable to hypoxia in the peri venular zone (Zone 3) of the liver.4&-52 This 
hypermetabolic theory states that liver-cell necrosis in Zone 3 occurs when 
the primary effect of ethanol, an increase in oxygen consumption, exceeds 
oxygen supply to this relatively hypoxic zone of the hepatic acinus. The 
simultaneous occurrence of these events is hypothesized to occur at random 
and to be independent of alcohol consumption. 53 Acute administration of 
ethanol induces an increase in hepatic oxygen consumption in several spe
cies.54-62 The chronic consumption of alcohol increases oxygen consumption 
in isolated organs and tissues. Such an effect has been observed in several 
species, including humans.4&-50,53,63-70 In the rat chronically fed ethanol, 
the observed increase in hepatic oxygen consumption appears to be a func
tion of active ethanol ingestion and is not related to blood ethanollevels.61 

Oxygen consumption returns to normal levels as animals are withdrawn 
from ethanol. Similarly, after an overnight fast, the splanchnic oxygen con
sumption in the baboon chronically fed ethanol was not statistically differ
ent from that in a pair-fed control animal.54 However, a more recent study 
reported a significant increase in splanchnic oxygen consumption in the 
chronically ethanol-fed baboon fasted overnight.62 

Increased hepatic oxygen consumption appears to be a common 
effect of ethanol ingestion, but most animal models do not develop liver 
necrosis after chronic ethanol administration.71-74 Necrosis can be produced 
only when increased oxygen consumption is coupled with decreased oxy
gen availability.48,5O,74 Increased oxygen consumption is not sufficient, by 
itself, to produce necrosis. Two compensatory mechanisms might be ex
pected to occur as a result of increased hepatic oxygen demand. The first 
involves the ability of the liver to extract more oxygen from hepatic blood 
when hepatic oxygen consumption increases.3o The liver can effectively 
extract >90% of the oxygen delivered to it.75 Yet, in most studies, oxygen 
tensions in the hepatic vein either are not reduced54,57,58,61 or are in
creased54,62 after acute ethanol administration. These observations suggest 
that hepatic oxygen extraction is not increased during ethanol-induced in
creases in oxygen consumption. The second mechanism for increasing oxy
gen supply to the liver would require an increase in oxygen delivery. This 
is the compensatory mechanism that apparently occurs most frequently. In 
both acute and chronic studies, the increased hepatic oxygen consumption 
observed following ethanol administration is fully compensated for by an 
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increase in liver blood flow.57.61.76 Yet, as discussed above, mechanisms 
controlling hepatic blood flow are considered to be independent of oxygen 
demand. They exist primarily to maintain a constant flow.30 An understand
ing of the compensatory mechanism that operates following an ethanol
induced increase in hepatic oxygen consumption is important to our 
understanding of the ethanol-induced pathogenesis. 

Early studies reported conflicting results regarding the effect of etha
nol administration on hepatic blood flow. Castenfors et al.77 infused low 
doses of ethanol into humans, resulting in blood alcohol levels of 2-14 mM, 
and reported no effect on hepatic blood flow. Mendelhoff,18 on the other 
hand, reported an increase in hepatic blood flow after producing similar 
blood ethanol levels in sedated humans. Mendelhoff's subjects also all had 
peptic ulcers. Childset et al.79 and Stein et al.,80 using larger doses of etha
nol, also reported increased hepatic blood flow. Using dogs anesthetized 
with pentobarbital, Smythe et al.81 reported that the oral administration of 
0.8-1.9 g/kg of ethanol produced no change in hepatic blood flow 30 and 
60 min after ethanol administration. In contrast, an increase in hepatic blood 
flow was observed after the oral administration of2 g/kg of ethanol to con
scious, unrestrained dogs. 57 Similarly conflicting observations have been 
reported by others.54•82-85 These inconsistencies have been attributed to a 
number of factors, including dose, route of administration, and anesthetic. 
McKaigneyet al.86 demonstrated that anesthetics reduced the effect of etha
nol on hepatic blood flow. In the conscious, unrestrained rat, oral adminis
tration of 0.5 g/kg of ethanol induced a significant increase in hepatic blood 
flow, whereas 3.0 g/kg of ethanol, orally, was required to produce a similar 
increase in hepatic flow in an animal anesthetized with ketamine. Carmichael 
et al.76 extended these observations and reported significant attenuation of 
ethanol-induced increases in hepatic blood flow in rats anesthetized with 
ketamine, fentanyl, and thiopental when compared to conscious, unrestrained 
control animals. Ketamine had the shortest duration of action and was rec
ommended as the anesthetic of choice when the use of conscious animals 
was not practical. 

Another possible source of inconsistency is found in the methods used 
to estimate hepatic blood flow. Most early studies estimated hepatic blood 
flow by measuring the clearance of a substance that is cleared from the 
circulation exclusively by the liver. Such dyes as sulfobromophtalein and 
indocyanine green are commonly used. However, clearance of these dyes 
reflects not only hepatic blood flow, but also hepatocyte and extrahepatic 
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function. Hepatic extraction of indocyanine green decreases with liver 
disease in such a way that at low extraction rates small variations in mea
sured blood levels can lead to large variations in estimated hepatic blood 
flow.87 Sulfobromophtalein is cleared by extrahepatic phagocytes and other 
organs.88,89 In addition, these methods estimate total hepatic blood flow. 
They do not allow separate estimates to be made of portal venous or he
patic arterial flow. 

More recently, techniques that use radioactive microspheres90-93 or 
electronic flow probes to measure cardiac output and organ blood flow have 
been used to estimate changes in hepatic blood flow induced by ethanol 
administration. They have also been used to estimate ethanol-induced 
changes in portal venous and hepatic arterial flow. Consistently, studies using 
these techniques have reported that acute ethanol administration induces an 
increase in hepatic blood flOW61,76,86,94-100 after the oral or intravenous ad
ministration of ethanol. In these studies, it has generally been observed that 
the increase in hepatic flow is attributable to an increase in portal-vein flow 
with little or no change in flow through the hepatic artery. The increased 
portal flow is accounted for by changes in the mesenteric flow through the 
small and large intestine.61,95 McKaigney et al.86 reported that the ethanol
induced increase in portal flow was accompanied by a decrease in flow 
through the hepatic artery. In contrast, using dogs96 and cats 100 anesthetized 
with pentobarbital, increases in hepatic blood flow following acute ethanol 
administration were caused by increases in hepatic-artery flow with no 
change in portal-vein flow. The increase in hepatic flow produced by the 
acute administration of ethanol is also observed in animals chronically ad
ministered ethanol, suggesting that tolerance to this effect does not de
velop.61,95 The increase in portal blood flow induced by ethanol is not 
dose-dependent. Ethanol concentrations >3.4 mM produce changes in por
tal blood flow that are not altered by increasing the ethanol concentra
tion.86,101 The affinity constant (Km) of the hepatic alcohol dehydrogenase 
is 0.5-2.0 mM,102 suggesting an association between the ethanol-induced 
hemodynamic effects and ethanol metabolism. Supporting the hypothesis 
that changes in hepatic flow are the result of ethanol metabolism is the ob
servation that pretreatment with alcohol dehydrogenase inhibitor 4-methyl
pyrazole completely blocks the acute increase in blood flow induced by 
ethanol.86 Further, the effect of acute ethanol administration persists until 
blood ethanol concentrations decrease below 4 mM, the saturation level for 
alcohol dehydrogenase.101 The effects of ethanol do not appear to be caused 
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directly by ethanol; rather they appear to be mediated by the metabolism 
of ethanol. 

The effect of ethanol on hepatic flow could be caused by either of the 
principal metabolic products of ethanol metabolism, acetaldehyde or ac
etate. Early studies of the effect of acetaldehyde have been contradictory. 
Intravenous injection of acetaldehyde produced a pressor response. 103 

Administration of ethanol to animals pretreated with disulfiram or nitre
fazole produced vasodilation. 104,105 Altura et al. 106 demonstrated that acet
aldehyde inhibited spontaneous activity in isolated rat aorta and portal vein, 
and lowered resting tension. In addition, they observed that ethanol dose
dependently attenuated the contractions caused by epinephrine, angioten
sin, vasopressin, serotonin, potassium, and calcium. However, acetaldehyde 
applied locally, intravenously, or intraarterially caused dose-dependent 
contractions of mesenteric arterioles and venuoles.107,108 Pretreatment with 
the aldehyde dehydrogenase inhibitor cyanamide completely blocked the 
increase in portal flow induced by ethanol.95 Further, infusion of acetalde
hyde into the left ventricle or the portal vein did not alter the portal blood 
flow and did not alter ethanol-induced increase in portal flow.95 Carmichael95 

has argued that the ability of cyanamide to inhibit the ethanol-induced in
crease in portal flow is not the result of an inhibition of ethanol metabo
lism, but of a presently undetermined effect of cyanamide on splanchnic 
hemodynamics. 

The second metabolite of ethanol, acetate, has also been investigated 
as a possible mediator of ethanol-induced changes in portal blood flow. 
Altura and Gebrewoldl07 observed no change in the diameter of mesen
teric terminal arterioles and venules after the administration of acetate 
(0.025-250 mM) locally, intravenously, or intraarterially. More recently, the 
intravenous infusion of acetate (7-250 ~lkglmin) was observed to pro
duce a dose-dependent increase in portal blood flow. The infusion rates of 
acetate were chosen to mimic the rate of acetate release observed during 
the metabolism of ethanol. 82 The observed increase in hepatic flow follow
ing acetate infusion was primarily attributable to an increase in mesenteric 
flow and mimics the effect of ethanol administration.109 Since acetate can 
be metabolized to adenosine, the effect of adenosine was also studied. 
Adenosine dose-dependently increased portal flow by increasing mesen
teric flow.97 Furthermore, ethanol administration resulted in a fourfold 
increase in adenosine blood levels. The A2-adenosine receptor agonist 
5'-N-ethy1caboxamido adenosine (NECA) was capable of inducing an in-



Ethanol and Splanchnic Blood Flow 295 

crease in portal flow. However, the AI-adenosine receptor agonist 
N-6-cyclohexyl adenosine (CHA) had no effect.109 Therefore, the effects 
of adenosine appear to be mediated via A2-adenosine receptors, which 
mediate activation of adenyl ate cyclase and increase intracellular cAMP. 
The actions of acetate and adenosine are blocked by 8-phenyltheophylline, 
an AI- and A2-adenosine receptor antagonist.97,109 In addition, 8-phenyl
theophylline blocked the increase in portal blood flow induced by ethanol 
administration.97 These investigators have noted that adenosine concentra
tions produced by ethanol were only one-half of those required to produce 
an effect on the mesenteric circulation.110 Further, infusions of adenosine 
that increased the portal circulation also increased coronary- and hepatic
artery flow.97 However, increases in coronary- or hepatic-artery flow are 
not observed following ethanol administration. It therefore appears that an 
increase in circulating adenosine is not capable of explaining the effect of 
ethanol on hepatic flow. Alternatively, the effect of ethanol might be ac
counted for by the conversion of acetate to adenosine within a selective 
vascular bed. The activity of 5'-nucleotidase, which converts AMP to ad
enosine, is high in the small intestine. l1l Another possible mechanism 
is suggested by the recently reported inhibitory effect of ethanol on adeno
sine uptake. 112 Inhibition of the uptake mechanism for adenosine would 
lead to an increased extracellular level of adenosine. It remains to be estab
lished if the nucleoside transporter exhibits differential sensitivities to ethanol 
in various vascular beds. 

The results discussed above have tried to link the production of a he
patic ethanol metabolite with a selective effect on mesenteric blood flow, 
but little attention has been paid to the direct effect of ethanol or its me
tabolites on mesenteric flow. Altura and colleagues107,108 have reported that 
alcohol will induce an increase in the diameter of resistance vessels in the 
mesenteric bed. They have further reported the development of tolerance 
to this effect following 6 wk of ethanol feeding. 108 Thus ethanol adminis
tration may stimulate an increase in portal flow by directly altering flow 
through the mesenteric bed. This action would be independent of the stimu
lation of oxygen consumption or metabolite production by the liver. Fur
ther, flow through the mesentery is extremely sensitive to the oxygen 
demands of the tissue. Increased oxygen consumption is accompanied by 
an increased flow through the bed. Alcohol dehydrogenase activity is present 
in many tissues, including the gastrointestinal tract. Recently it has been 
demonstrated that a sex-related difference in gastric alcohol dehydrogenase 
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activity accounts for the higher blood alcohol observed in women com
pared to that observed in men after consumption of comparable amounts of 
alcohol. 113 It is therefore conceivable that ethanol metabolism could increase 
oxygen consumption by these splanchnic organs and thereby increase flow. 
It may not be necessary to invoke a hepatic mechanism to account for the 
increase in hepatic flow that appears to accompany increased oxygen con
sumption by the liver. 

The development of portal hypertension as a consequence of liver 
disease is a major factor in mortality in alcoholics.1l4 Increases in portal 
pressure could be in consequence of an increase in hepatic vascular resistance 
and/or an increase in portal blood flow. These two possibilities are incorpo
rated into two theories that have been proposed for the development and 
maintenance of portal hypertension. Whipple 11 5 proposed that an increased 
hepatic vascular resistance accounted for the development of portal hyper
tension. The "forward flow" theory, in contrast, states that the maintenance 
of the portal hypertension is the result of an increased portal flow. The ini
tiating factor in portal hypertension is an increased vascular resistance. The 
increased pressure results in the opening of portal venous collaterals, which 
reduce the elevated portal resistance. 

Groszmann and colleaguesl16-118 have developed a rat model in which 
chronic portal-vein stenosis produces a portal hypertension characterized 
by the development of portal-systemic shunts and an increase in portal
vein flow. In the cirrhotic rat with portal hypertension, a similar increase in 
portal flow has been described.1l6 Using this model it has been estimated 
that 60% of the increase in portal pressure is attributable to an increased 
vascular resistance and 40% is attributable to increased portal flow.l17 More 
importantly, the initiation of the portal hypertension is attributable to an 
increase in hepatic portal resistance. l17 Pressure decreased rapidly after re
moval of constriction; however, changes in splanchnic flow were main
tained.119 In the stenotic portal hypertensive rat, ethanol induces a further 
increase in portal flow; however, there is no increase in portal pressure.120 

Although 8-phenyltheophylline blocks the increase in portal flow induced 
by ethanol, it has no effect on the increase caused by constriction of the 
portal vein, nor does it alter the elevated portal pressure. Finally, in the ab
sence of circulating ethanol, hepatic blood flow is significantly decreased 
in alcoholic cirrhosis 121 and unchanged in the cirrhotic baboon.99 It appears 
that portal hypertension may in part be sustained by an increase in splanch-
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nic flow, but it does not appear to be the major factor initiating or maintain
ing the hypertension. 

Changes in vascular resistance playa major role in initiating and main
taining portal hypertension. The site of this increased hepatic resistance is 
of some controversy. In the normal animal, the major site of hepatic resis
tance appears to be in the postsinusoidal veins.122,123 In the cat, hepatic re
sistance is localized to a small segment of the hepatic vein, and in the dog it 
is localized to a segment of the hepatic vein just proximal to its entry into 
the vena cava. In the alcohol-fed baboon, fibrous tissue deposition around 
the terminal hepatic venules and adjacent sinusoids increases, and the degree 
of fibrosis correlates to the degree of portal hypertension.25 Animals with 
fatty livers, but no thickening of the peri venular rims, did not exhibit portal 
hypertension. Hepatic-cell size increased significantly and to a similar degree 
in animals with and without portal hypertension when compared to control 
animals. Thus, in this model, portal hypertension appears to develop along 
with the appearance of fibrosis in the peri venular portion of the acinus. 

A second anatomical site, the intrahepatic portal vein and sinusoids, 
has been postulated as the site of increased hepatic resistance producing 
portal hypertension. Direct measurement of pressure at various sites in he
patic vasculature of the normal and cirrhotic rat suggested that the intrahe
patic portal vein and sinusoids were the sight of increased resistance in 
cirrhosis.26 This hypothesis is also supported by the prevalence of hepato
megaly in alcoholic liver disease.123,124 The hepatomegaly is the result of 
an increased hepatocyte size, rather than an increase in number of hepato
CyteS.125-127 A major factor in the increased size is the osmotic effect exerted 
by an increased intracellular potassium concentration.128 There is a strong 
correlation between hepatocyte size and the magnitude of portal hyperten
sion.129 A critical expansion in the size of the hepatocyte, approx 40%, ap
pears to be required before portal pressure increases.131 Expansion beyond 
this limit exceeds the capacity of the liver capsule to expand, and any further 
increase in hepatocyte size begins to decrease the extravascular space, 
causing an increased resistance. Infusion of hypotonic solutions produces 
an increased perfusion pressure, which is correlated to the expansion of 
hepatocytes.130 The increased pressure and the increased hepatocyte size 
are rapidly reversed by perfusion with isotonic solutions. 

In summary, the acute administration of ethanol leads to an increase 
in hepatic oxygen consumption. An increased flow from the portal vein to 
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the liver compensates for the increase in oxygen demand. Chronic treat
ment with ethanol, in the absence of liver injury, does not alter this acute 
response, nor does it appear to alter hepatic flow. The increased portal flow 
is accounted for by a decreased vascular resistance and increased flow in 
the mesenteric bed perfusing the small intestine. This increased flow is de
pendent on the metabolism of ethanol, and recent evidence suggests that it 
is attributable to the production of adenosine formed within the splanchnic 
bed from acetate released by the liver. Peri venular hepatic necrosis is pos
tulated to occur when the delivery of oxygen does not meet the demand. In 
the presence of hepatocyte injury, increased hepatic resistance occurs and 
initiates portal hypertension. This portal hypertension is maintained by both 
an increase in hepatic resistance and an increased portal flow. The site of 
this increased resistance has been suggested to be pre- and postsinusoidal, 
and may depend on the species under investigation. 
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Interaction of Ethanol 
and the Glucocorticoids 

Effects on Hepatic Gene Expression 

Rolf F. Kletzien 

Introduction 

The liver is the central warehouse and processing center for nutrients 
and, as such, is subject to control by a variety of hormones. In addition, it is 
the organ that fIrst encounters drugs carried in by the portal blood. For these 
reasons, ingestion of alcohol can result in changes in hepatic metabolism 
leading to alcohol-induced liver disorders. Prominent among these is that 
of alcoholic fatty liver, a syndrome seen in 90-100% of heavy drinkers! 
and to some extent in others following modest intake of ethanol. This syn
drome, which may result from increased synthesis of fatty acids or a defect 
in packaging or secretion of lipoproteins, represents a change in the pheno
type of the hepatocyte. Underlying this phenotypic change is an alteration 
of gene expression. It has been the goal of our research program to attempt 
to understand at a molecular level how alcohol causes these changes in gene 
expression. 

We have employed adult rat liver parenchymal cells in primary cul
ture as the model cell system to carry out our studies. In this system, the 
cells exhibit the terminally differentiated phenotype and are maintained in 
a serum-free, chemically defIned medium.2,3 Thus, it is possible to defIne 
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precisely effects of nutrients, hormones, or drugs (ethanol), individually or 
in combination, on metabolism and gene expression. Using this system, we 
have demonstrated that ethanol enhances the expression of a lipogenic en
zyme, glucose-6-phosphate dehydrogenase (G6PDH; ECl.1.1.49) during 
induction of hepatic lipogenesis by the glucocorticoids and insulin. We have 
demonstrated that ethanol, in combination with the glucocorticoids and in
sulin, induced G6PDH activity,4 relative rate of G6PDH protein synthesis,5 
functional mRNA encoding G6PDH,5.6 and hybridizable mRNA encoding 
G6PDH.7.8 

Ethanol is a commonly ingested drug that has numerous metabolic 
consequences, some of which are dependent on diet and nutritional status.9 

In addition, ethanol consumption can affect the secretion of several hor
mones including the glucocorticoids,10.11 which then secondarily alter hepatic 
metabolism. The synthesis of fatty acids in liver is known to be regulated 
by the glucocorticoids in addition to insulinl2,13 and the development of 
alcoholic fatty liver appears to depend to some extent on the glucocorti
coids.14.15 Therefore, understanding the mechanism by which ethanol and 
the glucocorticoids regulate G6PDH may illuminate some of the underly
ing, fundamental molecular mechanisms by which ethanol can alter hepatic 
gene expression and influence the development of alcoholic fatty liver. 

It is clear from the literature12 and our studies on G6PDH that the 
ethanol-mediated increase in glucocorticoid secretion coupled with direct 
effects of ethanol on liver, results in inappropriate enhancement of insu
lin action in liver, specifically, exaggeration of insulin-stimulated lipogen
esis. I will first review what is known about how ethanol causes increased 
glucocorticoid secretion and, subsequently, lipogenesis. Second, I will re
view what is known about metabolite regulation of hepatic metabolism 
at the level of gene expression, since it is likely that ethanol or a metabolite 
of ethanol is exerting influence at this level. The final sections of this 
review will deal with our model cell system and the results we have 
obtained with it. 

Ethanol and the 
Hypothalamic-Pituitary-Adrenal Axis 

Ethanol consumption elicits corticotropin releasing factor (CRF) se
cretion in humans and experimental animals, which ultimately results in 
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secretion of the adrenal glucocorticoids. 11,16-18 Clinical studies have estab
lished that acute or chronic consumption of ethanol causes hypercorti
solemia,ll·16 occasionally to the extent that pseudo-Cushing's syndrome is 
apparent. 18.19 In rats, acute administration of ethanol results in dose-related 
increases in corticosterone levels17 and this effect can be blocked by re
moval of the pituitary gland. 10 

Increased glucocorticoid concentrations in humans and experimental 
animals have been shown to be associated with elevated rates of hepatic 
lipogenesis and increased concentrations of hepatic and plasma lipids. 13.20-
22 Physiological concentrations of the glucocorticoids in conjunction with 
insulin are required to observe the enhanced lipogenesis associated with 
refeeding rats a high carbohydrate diet following a 24-h fast. 23.24 Studies 
employing primary cultures ofhepatocytes in a chemically defined medium 
have shown that the glucocorticoids amplified the effect of insulin on he
patic lipogenesis.12 Thus, the hepatic stearatosis and hyperlipidemia ob
served in situations of glucocorticoid excess, seem to be the result of 
glucocorticoid enhancement of insulin-stimulated lipogenesis. 

Considering that ethanol consumption increases glucocorticoid 
secretion and that the glucocorticoids enhance insulin-stimulated hepatic 
lipogenesis, it is likely that the glucocorticoids are involved in the develop
ment of alcoholic fatty liver. Indeed, early studies revealed that adrenal
ectomy in rats blocked the appearance of fat accumulation in liver caused 
by ethanol.14 Additionally, it was shown that the degree of hepatic fat 
accumulation was a function of the ethanol dose and that chronic ethanol 
consumption caused hypertrophy of the adrenals.14 This study has been 
confirmed under somewhat different experimental conditions15 and 
strongly suggests involvement of the glucocorticoids in the development 
of alcoholic fatty liver. 

Metabolite Regulation 
of Hepatic Gene Expression: 

The Metabolite Response System 

Recent studies have shown that nutrients, such as D-glucose, D-fruc
tose, fatty acids, and sterols, can affect the expression of hepatic genes. 
Earlier studies had revealed that feeding animals high levels of either car
bohydrates or lipid23.25 could affect the levels of certain enzymes. The 
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problem with results from intact animals was that one could not be certain 
that the effect was directly that of the nutrient or that of some hormone or 
other factor that could not be appropriately controlled. With the advent of 
defined culture systems it has been possible to demonstrate with a high 
degree of precision that nutrients or their metabolites inhibit or activate the 
expression of hepatic genes. We have called this control mechanism the 
metabolite response system and suggest that ethanol effects on gene ex
pression are, to some extent, mediated through this system. 

Carbohydrate regulation of Type L pyruvate kinase has been explored 
in detail. Kahn et al. have demonstrated that carbohydrate refeeding tran
siently increases transcription of the pyruvate kinase gene in liver.26,27 

Differences were apparent in the kinetics of the increase depending on 
whether the carbohydrate was glucose or fructose. Earlier work from our 
laboratory demonstrated that the level of n-glucose in the culture medium 
could affect the level of G6PDH expression.4 We have subsequently dem
onstrated in animals that transcription of the gene is transiently activated 
following carbohydrate refeeding.28 Other examples of carbohydrate regu
lation of gene expression are known29 and there is likely some unifying 
theme in terms of molecular mechanism. 

Lipid metabolites or nutrients are also known to regulate gene ex
pression. For example, expression of several enzymes that are involved in 
lipid metabolism appear to be repressed by feeding animals a high fat diet 
or by incubating ceUs in tissue culture with high levels of fatty acids.25,30-32 

In some cases, this appears to be the result of inhibition of transcription.32 

Indeed, genes that encode enzymes involved in cholesterol metabolism can 
be repressed by the presence of the end product of the pathway. The cis
elements (sterol response elements) that mediate this regulation have been 
cloned and their activity in chimeric plasmid constructs characterized.33 

The molecular details of a metabolite response system for regulation 
of hepatic gene expression are not known. However, it is clear that this 
system in combination with hormonal regulation modulates the flow of 
carbon through the pathways of lipid and carbohydrate metabolism. Etha
nol could potentially influence both aspects of metabolic control since it 
increases glucocorticoid levelsll,16-18 and, secondly, we will demonstrate 
here that ethanol influences the metabolite response system. We speculate 
that it is the sum of these two effects that cause metabolic abnormalities to 
occur in liver following alcohol ingestion. 
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Primary Cultures of Hepatocytes: 
A Model for Ethanol Studies 

The study of ethanollnutrientlhormonal regulation of hepatic metabo
lism is facilitated by the use of a system in which the effects of ethanol and 
hormones added singly, simultaneously, or sequentially can be studied on 
the target cell. Studies involving hormonal regulation of liver cell metabo
lism have employed several different liver preparations. The parenchymal 
cells constitute less than 80% of the cells present in liver and, therefore, it 
is difficult to relate data specifically to the parenchymal cell when studying 
the intact liver in vivo or in vitro as perfused liver or liver slices. In addition, 
the effects of the endogenous substrates present during the experiment or 
immediately prior to the time the liver was excised have to be considered. 
This is particularly important with the glucocorticoids since they generally 
produce responses of long duration. Although hormonal regulation can be 
conveniently studied in tissue culture, established lines of liver cells have 
lost certain differentiated functions, such as the ability to carry out glu
coneogenesis, glycogenesis, and glycogenolysis. Therefore, the established 
liver cell lines are often inadequate for carrying out studies involving hor
monal or metabolite control of metabolism. 

For short-term studies, suspensions of liver parenchymal cells isolated 
by the Berry and Friend technique34 and freed of nonparenchymal cells by 
centrifugation, are adequate when incubation times are not longer than a 
few hours. However, this system has two shortcomings. First, the cells are 
in suspension and evidence does exist to show that cells that are normally in 
an attached matrix must be attached to a substrate to carry out complex 
functions.35 Second, treatments that require several hours to elicit a response 
are impossible since the cells do not remain viable during this time frame. 
Prior treatment of animals is an option, but one is left with the uncertainty 
of precisely which factor is responsible for the effect on the cells. 

The aforementioned problems are overcome by plating the parechymal 
cells onto a collagen coated dish or into a three-dimensional mesh of collagen 
and connective tissue fibers. Inoculation of the freshly isolated hepatocytes 
onto collagen coated dishes results in attachment of cells within 2-4 h.2,3 

The cells are then stable as nonreplicating, monolayer cultures for up to 2 
wk and much longer times are possible if cells are in a three-dimensional 
network.36 The cells can be maintained in serum-free chemically defined 
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medium or in medium containing fetal calf or calf serum. For longer term 
maintenance in the serum-free medium, one must supplement the medium 
with factors to preserve viability and differentiated function. In our hands 
the most important factor is epidermal growth factor (EGF), but we do not 
add nicotinic acid, which is often added with EGF. 37 When the cells are 
maintained in the EGF containing medium, they are not exposed to many 
of the hormones, growth factors, and nutrients present in serum-containing 
culture medium or in vivo. Furthermore, any compensatory changes that 
might occur in vivo after hormone injection or surgical treatment (e.g., adre
nalectomy) that affect liver function are avoided. This approach allows cells 
time to repair injuries incurred during isolation. Experiments lasting sev
eral days can be carried out in a medium that is completely defined as to 
what hormones/nutrients are present. This method was initially developed 
for rat hepatocytes but has been adapted for use with primate hepatocytes 
including humans.38 Hormonal responsiveness of primate hepatocytes ap
pears to be similar to rat when maintained in culture under the aforemen
tioned conditions.39 

The accumulation of fat in the liver is one of the earliest and most 
common disturbances of lipid metabolism that is observed resulting from 
ethanol intake.! The mechanisms by which ethanol causes the accumula
tion of fat in liver are undoubtedly multifocal and involve an interplay of 
hormones, nutrients, and ethanol. Dissecting complex interactions such as 
this in an experimental animal is difficult since one cannot be certain that a 
specific experimental manipulation results in direct effects on liver vs indirect 
effects owing to the action of another organ or metabolic process in re
sponse to the experimental manipulation. Thus, use of the primary cultures 
of hepatocytes maintained in a well-controlled, chemically defined envi
ronment presents an experimental stage for understanding how the combi
nations of ethanol with nutrients and hormones can elicit changes in hepatic 
gene expression. 

Ethanol Regulation 
of Glucose-6-Phosphate Dehydrogenase: 
Experimental Studies in Rat Hepatocytes 

Glucose-6-phosphate dehydrogenase (G6PDH) is the key rate-limit
ing enzyme in the pentose phosphate pathway. This hepatic enzyme is at 
the interface of carbohydrate and lipid metabolism in that the enzyme obvi-
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ously metabolizes carbohydrate, but it is induced at a time when the liver 
is synthesizing fatty acids from excess dietary carbohydrate. The NADPH 
produced in the pentose phosphate pathway is utilized for the biosynthesis 
of fatty acids and cholesterol. It is considered to be in the constellation 
oflipogenic enzymes, since it is induced during times of elevated lipogen
esis. Indeed, studies with livers from intact animals have shown that the 
four key, lipogenic enzymes (acetyl CoA carboxylase, fatty acid synthase, 
malic enzyme, G6PDH) are induced by insulin and the glucocorticoids 
during normal hepatic lipogenesis,23·24.4o although only G6PDH exhibits 
the large "overshoot" induction after refeeding fasted animals a high car
bohydrate diet. 24 

Regulation of Enzyme Activity 
and Relative Rate of Synthesis 

Our initial interest in G6PDH regulation in primary cultures of hepa
tocytes was to determine how the glucocorticoids and insulin interacted to 
regulate the expression of the enzyme. As noted earlier,23.24.4o it had been 
known for some time from studies with intact animals that both insulin and 
the glucocorticoids were involved in regulation of hepatic lipogenesis and 
induction of the lipogenic enzymes. Our goal was to ascertain whether the 
effect of the glucocorticoids and insulin was a direct effect on liver or an 
indirect effect involving other factors. The primary culture of rat hepatocytes 
is a system ideally suited to use in answering this type of question. 

Our initial results demonstrated that the glucocorticoids by themselves 
did not influence G6PDH activity. They did, however, enhance the induc
tion of the enzyme by insulin.4 The maximum effect of the glucocorticoids 
was observed at 100 nM, but no effect on the enzyme was observed at con
centrations above this unless insulin was also present. During the course of 
these studies we found that the level of D-glucose in the culture medium 
influenced the level ofG6PDH activity observed in the presence or absence 
of the hormones.4 Thus, one could incubate the cells in a culture medium, 
such as S-77, which contains 5 mM glucose, and supplement it with higher 
glucose concentrations to obtain higher levels of activity. This was our first 
indication that a metabolite response system participated in the regulation 
ofG6PDH. 

While the preceding studies were in progress, we tested several glu
cocorticoid analogs for their ability to enhance insulin's induction of G6PDH. 
Some of the analogs were dissolved in DMSO and others in ethanol. We 
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Table 1 
Regulation of G6PDH Activity and mRNA in Primary Cultures 

of Hepatocytes Treated with Hormones, Glucose, and Ethanola 

Condition Activity, mU/mg mRNA, relative U 

Control 7.25 ± 0.35 2.9±0.15 
Ethanol (eth) 7.45±0.22 3.1 ±0.10 
High glucose (HG) 12.10 ± 0.91 5.2 ± 0.35 
Eth±HG 17.35± 1.05 7.5 ± 0.55 
Dex,ins, HG 24.70± 1.33 10.1 ±0.67 
Dex, ins, HG, eth 32.65±1.10 13.4 ± 0.78 

aprimary cuKures of rat hepatocytes were incubated for 48 h in S-77 medium containing enher 5.5 
mM rrglucose or 27.5 mM (designated high glucose). Ethanol (30 mM), dexamethasone (1 JlM), and 
Insulin (45 mU/mL) when present were incubated wnh the cuKures for 48 h. G6PDH activity and 
G6PDH mRNA were assayed as described previously.4.5 Each value represents the mean ± SE for 
four (activity) or five (mRNA) determinations. 

realized that the large degree of variability that we were observing in these 
studies was the result of ethanol enhancing the effect of the glucocorticoids, 
whereas the solvent DMSO did not exhibit this effect. We then carried out 
studies on the time course and ethanol dose response of this effect. 4 We found 
that the maximum effect of ethanol was observed at a dose of 30 mM (liver 
would be expected actually to see higher doses during alcohol ingestion) 
and that the effect of ethanol required several hours of incubation to be 
observed, a result consistent with a requirement for induction of G6PDH 
gene expression. Thus, none of the effects that we examined were the result 
of post-translational activation of the enzyme; rather, these were increases 
mediated by changes in either transcription or translation. 

The first indication that the ethanol enhancement of G6PDH activity 
was related to the metabolite response system came in experiments pub
lished earlier. We reported that no effect of ethanol on G6PDH was noted if 
cells were incubated in medium containing 5 mM glucose.4 In the experi
ments shown in Table 1, ethanol did not enhance G6PDH activity unless 
elevated glucose concentration was present in the medium. Thus, ethanol 
and glucose directly affect the expression of G6PDH, but the precise details 
of how this occurs is not understood. Ethanol can also be considered to 
enhance G6PDH activity indirectly since ethanol would cause glucocorti
coid levels to increase, which then enhances insulin induction of G6PDH. 
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To establish that the increased enzyme activity was in fact the result 
of increased enzyme protein and not activation of preexisting enzyme, we 
carried out a series of studies on the relative rate of G6PDH synthesis. 5 

Using a monospecific G6PDH antibody, we demonstrated that increased 
synthesis of G6PDH followed increased G6PDH activity.5 Thus, the inter
action of ethanol, D-glucose, insulin, and the glucocorticoids resulted in in
creased synthesis of G6PDH. Ethanol and high glucose were sufficient to 
elevate synthesis 1.8-fold, whereas simultaneous incubation of ethanol, in
sulin, and glucocorticoid increased it 5.5-fold. Our next goal was to deter
mine if these hormones, nutrients, and ethanol increased the amount of 
mRNA encoding G6PDH or if they increased the rate of translation of a 
constant amount of mRNA. 

Molecular Studies on G6PDH mRNA 
Our early studies on G6PDH mRNA employed in vitro translation 

systems and utilized a G6PDH antibody to identify nascent G6PDH syn
thesized from mRNA added to the system. These studies demonstrated that 
insulin and the glucocorticoids elevated G6PDH mRNA, but insulin ap
peared to be required for translation.5,41 Ethanol also elevated mRNA en
coding G6PDH,5,6 and the effect was additive with that of the glucocorticoids 
and insulin. In order to explore these issues in greater depth we needed to 
utilize molecular probes for G6PDH. However, only one laboratory had 
reported the successful cloning of G6PDH from any source,42 and this was 
later retracted.43 Therefore, we had to carry out the molecular cloning of 
G6PDH mRNA from liver. 

We utilized the G6PDH antibody to immuno-enrich polysomes with 
nascent G6PDH from livers of rats fed a high carbohydrate diet. Several 
cDNA clones were obtained and were used to demonstrate that G6PDH 
mRNA in livers of intact animals could be regulated by diet.7 This was 
the first reported cloned G6PDH cDNA from any source.? The major 
portions of the rat G6PDH gene and pseudogene have also been isolated 
using these probes.28,44 

The effect of insulin and the glucocorticoids on G6PDH mRNA has 
been studied in primary cultures of rat hepatocytes using the molecular 
probes. We demonstrated that G6PDH mRNA levels were increased by 
both hormones and that simultaneous incubation caused an additive in
crease.8 A result that confirmed earlier findings was that the glucocorti
coids increased G6PDH mRNA but not the relative rate of synthesis or 
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enzyme activity.5 Thus, insulin appears to be required for increased trans
lation and can increase the level of G6PDH mRNA as well. The glucocor
ticoids elevate the level of mRNA, but that is not sufficient for expression 
of G6PDH at the level of the protein. We have recently extended this work 
to demonstrate that ethanol and D-glucose also exert effects on G6PDH 
mRNA (Table I). There is the suggestion that both are working through the 
same system (metabolite response system) and that ethanol can directly af
fect the level of mRNA for this enzyme if the cells are in a medium con
taining high glucose concentrations. 

The aforementioned studies demonstrated that mRNA levels encod
ing G6PDH can be elevated within the cell following ethan01lnutrientlhor
mone treatment. The increased mRNA could be the result of increased 
transcription or a change in the stability of the mRNA. Therefore, a series 
of studies were carried out to look at transcriptional activity of the gene and 
stability of the G6PDH mRNA. A prerequisite of these studies was to isolate 
a genomic G6PDH fragment that would contain enough sequence such that 
sufficient amounts of the nascent G6PDH would hybridize to it and detec
tion would be carried out in a reliable fashion.28 Initial studies were carried 
out in intact animals subjected to a high carbohydrate diet. We found that 
refeeding previously fasted animals a high carbohydrate diet resulted in a 
transient activation of the G6PDH gene.28 This increased transcription oc
curred approx 5-10 h after refeeding, and the level decreased back to nearly 
control levels after 48-72 h. However, increased transcription did not ac
count for all of the increase in mRNA. The G6PDH mRNA stability clearly 
increased also during this time frame (2 h vs 9-11 h).28 Thus, both increased 
transcription and increased mRNA stability accounted for the increase in 
the livers of intact animals fed a high carbohydrate diet. 

We have recently carried out a similar study in primary cultures of 
hepatocytes (Table 2). Our results demonstrate that both insulin and the 
glucocorticoids are responsible for transcriptional increases in the 
G6PDH gene and appear to do very little with respect to mRNA stability, 
although insulin displays a modest effect. Ethanol and D-glucose exhibit 
quite a different effect. Neither causes any increase in the transcription 
assay, but both influence the stability of G6PDH mRNA. Note that the 
ethanol effect is really dependent on the presence of glucose (higher than 
5 mM). Thus, ethanol and glucose appear to exert influence through the 
metabolite response system, whereas the primary effect of the hormones is 
at transcription. 
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Table 2 
Regulation of G6PDH Transcription and mRNA Stability 

in Primary Cultures of Hepatocytesa 
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Condition Transcription, ppm mRNA half-life, h 

Control 5.5 ± 0.45 14.0 
Ethanol (eth) 5.3±0.50 14.2 
High glucose (HG) 5.5±0.37 26.4 
Eth, HG 5.7±0.42 38.9 
Ins 7.7±0.65 18.3 
Dex 8.9±0.71 14.4 
Dex, ins 13.9 ± 0.96 14.4 
Dex, ins, eth 14.1 ± 1.10 14.6 
Dex, ins, eth, HG 13.7±0.76 37.5 

aprimary cuttures of rat hepatocytes were incubated for 48 h in S-77 medium containing 5.5 mM 
o-glucose or 27.5 mM (designated high glucose). Also included in the 48 h incubation where indicated 
were ethanol (30 m~, dexamethasone (1 Il~, and insulin (45 mU/mL). G6PDH "run off' transcrip
tion rate and G6PDH mRNA half-Iffe were determined as described previously.28 Each value for the 
transcription rate represents the mean ± SE for six determinations. Each mRNA half-Iffe value was 
determined from five time points w~h duplicate cutture dishes per point. 

Future Molecular Studies 
The goal of our future studies will be to identify the sequences in the 

G6PDH gene and mRNA responsible for regulation of G6PDH mRNA 
production. With respect to hormone regulation, transcription appears to be 
the primary site of control. Plasmid constructs utilizing the G6PDH pro
moter fused to a reporter will be transfected into cells and the transcriptional 
activity analyzed. With respect to the direct effects of ethanol regulation of 
G6PDH, there are two facets to the problem. First, the interaction of ethanol 
and glucose in the metabolite response system is not understood. Experi
ments will need to be carried out to define this system and to dissect its 
components. Second, the sequences in the G6PDH mRNA that are important 
for stability will need to be identified. In this regard, recent work has sug
gested that the 3' flank of mRNA contains important sequence elements 
that are involved in mRNA stability.45,46 Thus, we have replaced the 3' flank 
of the pSV2CAT construct with the 3' flank of the G6PDH gene and have 
successfully expressed this construct in primary cultures of rat hepatocytes. 
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Preliminary indications are that this construct contains sufficient informa
tion to increase mRNA levels. Work is in progress to define more precisely 
the sequences involved. 

Conclusions 
Our studies employing adult rat liver parenchymal cells in primary 

culture have demonstrated that ethanol can regulate the level of expression 
of a key lipogenic enzyme. Ethanol has both direct and indirect effects in 
this system. The direct effect is mediated through the metabolite response 
system and results in increasing the stability of the mRNA encoding G6PDH. 
The indirect effect is mediated through the ethanol-induced release of CRF, 
which results in elevated glucocorticoid levels. Our studies have demon
strated that the glucocorticoids enhance the action of insulin. This causes 
an increase in G6PDH transcription. We speculate that other key lipogenic 
enzymes are similarly increased and that alcoholic fatty liver development 
is related to these changes in gene expression. 
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Genetic and Dietary Control 
of Alcohol Degradation 

in Drosophila 
Role in Cell Damage 

Billy W. Geer, Robert R. Miller, Jr., 
and Pieter W. H. Heinstra 

Introduction 

Because of the consumption of ethanol-containing beverages by hu
mans, information about the metabolism of ethanol is important. To be an 
alcoholic, a person need only consume enough ethanol to interfere with one 
of his or her important activities within our society. The decrease in effi
ciency of workers, the loss of life in alcohol-related accidents, and the per
sonal grief are the result of the physiological and biochemical effects of 
ethanol. Chronic alcoholism is a health hazard to many individuals and, as 
such, poses a variety of social and economic problems. 

Ethanol is detoxified in humans mainly by alcohol dehydrogenase 
(ADH, EC 1.1.1.1) in the liver, but secondary ethanol-degrading (MEOS) 
pathways involving catalase and the microsomal ethanol-oxidizing system 
have been speculated to be of varied importance. 1 Chronic alcohol con
sumption can lead to defects in lipid metabolism and transport in the human 

From: Drug and Alcohol Abuse Reviews, Vol. 2: Liver Pathology and Alcohol 
Ed: R. R. Watson ©1991 The Humana Press Inc. 
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liver.2 The elucidation of the genetic and dietary factors that control alcohol 
degradation is of prime importance to understanding the biochemical basis 
of alcohol toxicity and alcohol-abuse-related pharmacological consequences. 

Drosophila melanogaster is a logical experimental subject for studies 
of the biochemical basis of ethanol tolerance. D. melanogaster is an estab
lished laboratory organism and can be subjected to controlled and defined 
conditions over many generations, and there is a wealth of information on 
its genetics, biochemistry, physiology, and ecology. D. melanogaster feeds 
on fermenting plant materials, in which ethanol is the most abundant of 
several short-chain alcohols in the natural environment.3-5 D. melanogaster 
is quite tolerant to the toxic effects of ethanol and efficiently uses ethanol 
as a food.6-9 

We have chosen D. melanogaster as a model system in which to study 
the metabolic adaptations to ethanol. Consequently, the purpose of this 
chapter is to review the information about the dietary and genetic control of 
alcohol degradation in D. melanogaster and to relate it to cell damage. 

The Metabolic Role 
of the Larval Fat Body 

During its life cycle, D. melanogaster undergoes complete metamor
phosis (see Fig. 1 for some examples). Embryonic development is com
pleted within 24 h after the egg is oviposited, and the larva emerges to begin 
a period of feeding and rapid growth. Under optimal environmental condi
tions, the larva increases in size and completes its growth in about 6 d. The 
larval fat body is a key to the metabolism of this growth period. The fat 
body is located between the viscera and the musculature of the body wall 
and extends bilaterally from the anterior region of the body to the most 
posterior segment. lO Because it is the center of metabolism, the insect fat 
body has been compared to the vertebrate liver. Protein, lipid, and glycogen 
stores are deposited in the fat body during the larval period and are used 
during pupal development. When growth is completed, the larva attaches 
to a firm, dry substrate and forms a pupal case around its body. During the 
next 6 d, almost all the larval tissues are replaced by adult tissues. When 
pupal development is complete, the adult ecloses and becomes sexually 
mature within 12 h. Most of the activities of the adult flies are devoted 
to reproduction. 
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A B c 

Fig. 1. Some life stages of the fruit fly D. melanogaster are shown. A is a third
instar larva, B is a pupa, and C is an adult male. 

The eggs of D. melanogaster are typically deposited on fermenting 
plant materials. As a result, the capacity of the relatively immobile larva to 
detoxify and utilize environmental alcohols is crucial for survival and growth. 
To this end, ADH, the initial enzyme of the major pathway for ethanol deg
radation, is concentrated in the larval gut and fat body. Consequently, etha
nol is efficiently converted into lipid in the larval fat body. 11,12 

The Genetics, Evolution, 
and Biochemistry of the Drosophila 

ADH Gene-Enzyme System 

Since ADH plays a prominent role in alcohol degradation, a concise 
overview of the regulation of Adh expression, ADH properties, and a pos
sible evolutionary history follow. For detailed information, one is referred 
to two recent reviews.13,14 
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TheAdh Gene 

The ADH protein in D. melanogaster is encoded by a single structural 
gene located on the second chromosome at 50.1 U,15 which is cytogeneti
cally found within bands 35B2-3.16 The Adh gene includes three exons, 
which are separated by two introns of 65 bp and 70 bp in length (Fig. 2). 
The three exons are 96 bp, 405 bp, and 264 bp in length, respectively.17-19 
Adh is transcribed through the use of two promoters, which are separated by 
708 bp. The proximal promoter is active during the three larval instars, and 
the distal promoter is active during the late, third larval instar and the adult 
stage.20,21 Sequences from -5000 to +2510 relative to the transcription start 
site of the distal promoter are necessary to produce wild-type expression in 
all developmental stages.22 The proximal promoter is repressed in third-in
star larvae and in adults by transcriptional interference of the distal pro
moter.23 The distal promoter is regulated by stage-specific transcription 
factors that bind to the distal promoter and to the adult enhancer.24 The 
temporal expression of the Adh gene is regulated in a complex manner. 1Wo 
upstream enhancer modules,22,23,25 as well as stage-specific protein factors 
that bind to specific DNA sequence motifs, are upstream from the promot
ers. 1Wo of these protein factors have been identified: Adf-l, a 34 kDa pro
tein, and Adf_213,24,26-28 (see Fig. 2). 

A variety of putative 5' regulatory transcriptional activation sites was 
also identified by means of footprinting methods in which certain DNA 
sequences are protected upon torsional stress.29 In short, cis- and trans
acting regulatory elements functioning on short-genetic distance are 
involved in the temporal and tissue-specific expression of the Adh gene. 
Transposable genetic elements with sizes up to 5.2 kilobases inserted 
400 bp or 3 kilobases 5' of the distal promoter have been suggested to 
affect the stage-specific expression of the Adh gene.30,31 Long-distance 
modifiers were localized on the X- and third chromosome by conventional 
genetic methods.32-35 However, their mode of action on the expression 
remains unknown. 

The Evolution 
of Drosophila Alcohol Dehydrogenase 

Although the evolutionary history of Drosophila ADH is still not well 
understood, some novel aspects have recently emerged. Through analysis 
of primary sequences, it has become apparent that Drosophila ADH bears 
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little homology with its yeast and mammalian counterparts.36 However, 
within the NAD-binding region, small similarities exist. This suggests a 
common ancestor for several dehydrogenases and kinases.37-39 Drosophila 
ADH specifically belongs to the "shortchain" type of dehydrogenases that 
are not dependent on metals as cofactors. As a result, Drosophila ADH is 
distantly related to bacterial sugar dehydrogenases4o and to mammalian 
steroid/prostaglandin dehydrogenases.41 The frrst 140 N-terminal residues 
within Drosophila ADH may be involved in coenzyme binding and exhibit 
some homology with corresponding C-terminal regions of ADH isolated 
from other sources.19 

Residues 140-185 of Drosophila ADH show strong similarity to the 
actIII gene product from several Streptomyces species.42 In Streptomyces, 
the actIII product is known to be involved in polyketide biosynthesis and is 
related to the ~-ketoacyl reductase portion of the multifunctional enzyme 
complex, fatty acid synthetase.43,44 C-terminal residues 231-255 show ho
mology with rabbit phosphorylase residues 344-368.19 Although the func
tional relationship of these regions is not yet known, the primary sequence 
similarities between these proteins are intriguing and certainly deserve further 
biochemical exploration. 

Natural populations of D. melanogaster are polymorphic for two 
common alleloenzymes, ADH-F and ADH-S. These two ADHs differ 
by a single amino acid, and ADH-F is thought to be the most recently 
evolved protein.14 

The Biochemistry 
of Drosophila Alcohol Dehydrogenase 

The 255 total amino acid residues of the Drosophila ADH protein form 
a homodimer that has a mol wt of approx 54,800 daltons.45 Exon 1 codes for 
the residues 1-32, exon 2 codes for residues 33-167, and exon 3 codes for 
residues 168-255.19 Drosophila ADH requires NAD+, but enzymatic ac
tivity is not dependent on metal ions.46,47 Site-directed mutagenesis has re
cently shown that mutation of the N-terminal glycine at position 14 strongly 
affects coenzyme binding,39 whereas the cysteine residue at position 218 is 
close to the catalytic domain. Mutation of lysine-192 affects the dissocia
tion of the ADH:NADH binary complex.48-50 N- and C-terminal amino ac
ids at positions 1,82, 192, and 214 are distinguishing residues for some 
naturally occurring genetic variants of Drosophila ADH. Replacements at 
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these residues have dramatic effects on the inhibition constants toward NADH 
and/or acetaldehyde,51.52 so the whole tertiary structure seems to be quite 
important for catalysis. 

The ADH of D. melanogaster displays different catalytic mechanisms 
when different substrates are used. There is a large kinetic isotope effect in 
vitro that has been noted when deuterated ethanol was compared to proto
nated ethanol at pH 9.550 and at pH 7.4.51 This indicates that there is a rate
limiting conversion of ternary complexes when primary alcohols are used 
as substrates and that the mechanism is "rapid equilibrium." Product-inhi
bition patterns at pH 7.4 when NADH and acetaldehyde were employed 
under varying NAD+ and ethanol concentrations suggested a "rapid-equi
librium random" mechanism concurrent with multiple dead-end inhibition 
and/or allosteric effects by acetaldehyde.51.52 The prevalence of a "rapid
eqUilibrium ordered" mechanism at pH 9.5 was suggested mainly by inhibi
tion studies with trifluoroethanol as an alternate inhibitor. 53 The dissociation 
of the ADH:NADH binary complex is then also rate-limiting. The reason 
for the discrepancy in the deduction of the mechanism remains unknown 
and cannot be explained by the effect of different pHs. 53 However, it should 
be borne in mind that Drosophila ADH is able to dehydrogenate acetalde
hyde into acetate in vitro ll•47.54-56 as well as in vivo (ref. 56; see also be
low), and this makes it difficult to infer the catalytic mechanism reliably. 
With secondary alcohols, a Theorell-Chance type of mechanism predomi
nates because the dissociation of the binary ADH:NADH complex solely is 
rate-limiting.4&-50 

At pH 7, the activity of Drosophila ADH is approximately eight times 
higher with secondary alcohols as substrates than with primary alcohols.53.55 

Ketones produced from secondary-alcohol oxidation form abortive 
ADH:NAD-ketone ternary complexes.57-60 Each subunit of Drosophila 
ADH contains a coenzyme binding site and a catalytic region.48.49 When one 
subunit of Drosophila ADH is occupied with the NAn-ketone complex, 
the ADH is identified as isoenzyme ADH-3. When associated with two 
complexed subunits, the ADH is identified as isozyme ADH-I. Uncomplexed 
ADH is referred to as the ADH-5 isoenzyme.55.59 ADH-I is the least active, 
but most stable, form, whereas ADH-5 is the most active isoenzyme, but is 
the least stable. 59 When moderate amounts of ethanol are consumed, the 
relative concentrations of ADH-3 and ADH-5 increase in Wild-type D. 
melanogaster larvae. 8 These changes may constitute a relatively rapid mode 
for the adaptation of larvae to environmental ethanol. 
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Whether Drosophila ADH catalyzes the second step of ethanol degra
dation has been debated. According to one viewpoint, aldehyde dehydroge
nase (ALDH, EC 1.2.1.3.) is responsible for the conversion of acetaldehyde 
to acetate.61,62 Meanwhile, others claim that Drosophila ADH catalyzes the 
conversion of acetaldehyde into acetate. 11,47,54,63,64 This putative dual 
function of Drosophila ADH was recently analyzed by means of in vivo 
tracer studies. 56 The ALDH-enzyme activity was almost completely inhib
ited in vivo by prefeeding larvae cyanamide, whereas the ADH activity was 
only mildly affected. Under these conditions the in vivo flux from ethanol 
into lipid was only mildly decreased, indicating thatADH catalyzes the first 
two steps of ethanol degradation. 

Control of the Ethanol-Degrading 
Pathway in Drosophila 

Several lines of evidence indicate that wild-type D. melanogaster lar
vae metabolize approx 90% of ingested ethanol by the ADH pathway. In 
vivo studies supporting this stance include the incorponition of 14C-ethano1 
into lipid,11,56,65 alcohol accumulation patterns as analyzed by gas-liquid 
chromatography,12,55,6O,66,67 and l3C nuclear magnetic resonance spectro
scopy studies.68 In situ studies indicate that the larval fat body handles approx 
60% of ADH-mediated metabolism, whereas the alimentary tract handles 
approx 30%.56,69,70 

Other studies suggest that the ADH system exerts major control over 
the ethanol catabolic pathways, at least in third-instar larvae. Kapoun et 
al.67 observed in vivo a kinetic isotope effect of about a factor of three in 
wild-type third-instar larvae. This suggests that a similar "rapid equilib
rium" mechanism prevails in vivo, and that the pro-S transfer of hydrogen 
from ethanol to NAD+ 14 represents a significant rate-determining step. 
Through the use of six different wild-type strains of D. melanogaster, ADH 
activity in larvae was correlated to the in vivo flux oflabel from 14C-ethanol 
into lipid, and a correlation coefficient of 0.92 was observed.71 Other tracer 
studies, using cyanamide-treated wild-type larvae of D. melanogaster and 
D. simulans, have correlated ADH activity and aldehyde dehydrogenase 
activity (ALDH, EC 1.2.1.3.) to the flux oflabel from 14C-ethanol into lipid. 
These studies produced a "flux control coefficient" (as defined in ref. 65) of 
0.86 ± 0.12 when comparing ADH activity, and of 0.02 ± 0.07 when com
paring ALDH activity, to lipid flux (see Fig. 3, ref. 72). However, similar 
studies performed with adult D. melanogaster of different strains produced 
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Fig. 3. Relationships between 14C-ethanol-into-lipid fluxes and (A) alcohol 
dehydrogenase (ADH) and (8) aldehyde dehydrogenase (ALDH) activities. The 
slope of the plots determines the '1lux control coefficient" as defined in ref. 65. 

conflicting results. When ADH activity was correlated to the flux of label 
from 14C-ethanol into lipid and carbon dioxide, a flux control coefficient 
of only 0.04 ± 0.10 was found.65 It can be anticipated that the general 
metabolic physiology in larvae is different from that of the adult, pro
viding a plausible explanation for the aforementioned differences in 
metabolic control. 

Dietary Modulation of the ADH Pathway 
Ethanol, methanol, n-propanol, isopropanol, and n-butanol all are com

monly found in areas in which D. melanogaster larvae are present.4 ADH 
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activity increases in mid-third instar larvae of D. melanogaster within 5 h 
after exposure to ethanols, and the larval (proximal) Adh transcript increases 
within 2 hP Presumably, this represents a mode of adaptation of larvae to 
environmental ethanol, because the flux from ethanol to lipid is also in
creased when ADH is induced by ethanol.73 This may also explain why 
adults who, as larvae, have been administered relatively low concentrations 
of ethanol in a defined diet are heavier than adults who were fed an ethanol
free diet as larvae.71 Consequently, the conversion of ethanol to nontoxic 
products, such as lipid, appears to be an important means of detoxifying 
ethanol for larvae. 

McKechnie and GeerS found that ADH activity was increased in both 
the fat body and the gut of wild-type larvae that were fed a moderate con
centration (2.5% v/v) of ethanol. Wild-type larvae can survive up to 6% 
dietary ethanol. ADH was induced by ethanol in cultured larval fat body 
and larval gut, establishing thatADH induction occurs in isolated organs.74 

The observation that the proximal Adh transcript increased in <2 h in iso
lated fat body after the initial ethanol exposure, whereas the amplification 
of ADH activity occurred in <3 h was expected. The in vitro penetration of 
ethanol into intact cells is most likely more rapid than the in vivo entrance 
of ethanol into cells of larvae that are fed alcohol. In either case, the induc
tion of ADH activity is relatively rapid and may be important when the 
alcohol content of the environment changes. 

In order to determine which DNA sequences are required for the in
duction of Adh, P-element-transformed strains of D. melanogaster, which 
possess deletions 5' to the Adh gene, have been tested.67 A sequence be
tween -110 and -187 of the proximal promoter start site (PI in Fig. 2) was 
found to be essential for the induction of Adh by ethanol. A DNA sequence 
between -660 and about -5000 of the distal transcript start site was also 
found to be important for the down-regulation of the induction response. It 
is likely that these sequences bind regulatory proteins that function as "sec
ond messengers." 

Trivinos and Geer74 noted that all primary alcohols of four carbons or 
less were effective inducers of ADH. Although the capacities of different 
alcohols for induction appeared to differ in isolated larval fat body and lar
val gut, the spectrum of alcohols that exerted an inducing action on the Adh 
of the two tissues were the same. 

Dietary alcohols exert at least three biochemical effects on D. melano
gaster larvae. First, elevated concentrations of alcohols are toxic and inhibit 
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growth. Second, alcohols may be substrates for the ADH pathway and may 
be converted to beneficial end products. II Third, alcohols may be inducers 
of ADH and increase the capacity of the ADH pathway for alcohol degrada
tion. The mechanism for tolerance to the toxic effects of alcohols seems to 
be relatively specific. That is, D. melanogaster larvae can tolerate a much 
higher level of dietary ethanol than the other shortchain, primary alcohols. 
This may be the product of a selective process that is based on the fact that 
ethanol is usually the most concentrated alcohol in the environment.4 

The capacities of alcohols to serve as substrates for ADH or as induc
ers of ADH are similar, but possess some marked differences. An inducer of 
ADH does not have to be a substrate. Although methanol is an in vivo Adh 
inducer, it is not a substrate. Nonetheless, methanol is a competitive inhibi
tor of ADH in vitro. 14 On the other hand, isopropanol is a substrate for ADH 
and is converted into acetone, a compound that inactivates ADH.55 Fur
thermore, isopropanol induces the proximal (larval) Adh transcript. 

Most likely, it is beneficial for D. melanogaster to be subject to a broad 
spectrum of ADH inducers. Drosophila encounters a number of alcohols in 
its environment and must be capable of adapting. The species accomplishes 
this by degrading the alcohols to nontoxic substrates. The presence of a 
variety ofinducing alcohols allows ADH, with its broad substrate specificity, 
to amplify in order to degrade the alcohols that are in the environment. 

The Metabolic Profile 
of Ethanol Degradation 

As in humans,75 the metabolism of ethanol in D. melanogaster 
occurs mainly through oxidative pathways.66 In order to understand the 
general dietary and genetic control of alcohol degradation, the routes of 
carbon flow of ethanol to products must be established. 1Wo methods have 
been employed for D. melanogaster. These include 14C-ethanol tracer stud
ies.II,65 and studies utilizing l3C nuclear magnetic resonance (NMR).68 The 
14C-ethanol tracer studies indicate that dietary ethanol is an excellent sub
strate for the de novo synthesis of lipid in both third-instar larvae and adults. 
In the l3C NMR studies, the following enrichment patterns were observed 
when [2-13C]-ethanol was fed to wild-type D. melanogaster larvae: citrate
C(2),4; succinate-C2,3; glutamate-C2,3,4; glutamine-C2,3,4; proline-C2,3,4; 
lactate-C2,3; alanine-C2,3; and all six carbon atoms of trehalose (Fig. 4). 
This indicates significant carbon flow from ethanol into these compounds. 
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From these l3C NMR studies, we have postulated a scheme for the 
intermediary metabolism of ethanol degradation in larvae (Fig. 5). During 
the first hours after ethanol ingestion, most of the ethanol enters the tricar
boxylic acid (TCA) cycle as 2-l3C-acetyl-CoA. In the TCAcycle, a branch
point exists; a-ketoglutarate may be converted either to glutamate or to 
succinyl-CoA. Glutamate may serve as a precursor for the biosynthesis of 
glutamine and proline. Since the two glutamine synthetase (EC 6.3.1.2.) 
isoenzymes present in Drosophila are located in different subcellular frac
tions,16 it is not known whether glutamine is synthesized in the cytoplasm 
and/or in the mitochondrion. If Drosophila proline dehydrogenase is lo
cated in the cytoplasm,17,78 then a novel NADH reoxidation system may be 
present. Such a system would provide cells with NAD+ and drive the ADH 
pathway. The succinyl-CoA can be converted into malate in the TCA cycle. 
Malate may then cross the mitochondrial membranes to enter the cytoplasm 
(Fig. 5). There the malate may fuel the synthesis of alanine and lactate, or it 
may be used for the synthesis of trehalose. 

Lactate is prevalent in D. melanogaster larvae (Fig. 4) and lactate de
hydrogenase (LDH, EC 1.1.1.27.) may provide another cytosolic mecha
nism for the reoxidation ofNADH into NAD+. Such a system may also help 
drive the ADH-mediated reaction(s). In trehalogenesis, malic enzyme (EC 
1.1.1.40) may function and provide NADPH for lipid synthesis.79 That the 
pentose phosphate shunt pathway was operating during ethanol degradation 
was evidenced by a loss of C2 into Cs-enriched trehalose (Fig. 4; ref. 68). 
This pathway may also provide NADPH for fatty acid biosynthesis. De 
novo synthesis of saturated fatty acids was also observed after a lag period 
of initial exposure to [2-l3C]-ethanol. The enrichment of label into mono
unsaturated fatty acids was approximately three times slower than the in
corporation of label into saturated fatty acids. 

Minor Metabolic Pathways 
Minor systems for the degradation of alcohols exist in D. melano

gaster larvae.8o These presumably include MEOS, the glutathione trans
ferase (EC 2.5.1.18) system, and the catalase system (EC 1.11.1.6). 
Knowledge of these minor pathways may be important to understanding the 
mechanisms that underlie alcohol-induced cellular damage, for alcohol tol
erance in Drosophila may not only be attributed to an active ADH pathway, 
but may also be a result of selection pressure that operates against the minor 
metabolic pathways. 
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Fig. 5. A simplified scheme of the intermediary metabolism of ethanol 
degradation as based on NMR data (see Fig. 4; from ref. 68, and A. Freriksen and 
P. Heinstra, unpublished). Enzymes: 1, Alcohol dehydrogenase; 2, glutamate 
dehydrogenase and/or glutamate-oxaloacate transaminase; 3, glutamine 
synthetase; 4, proline dehydrogenase; 5, malic enzyme; 6, alanine dehydrogenase 
and/or glutamate-pyruvate transaminase; 7, cytosolic malate dehydrogenase; and 
8, lactate dehydrogenase. 
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The Catalase System In Drosophila 

Degradation of ethanol by the catalase system in D. melanogaster was 
originally proposed.81 The Drosophila catalase system has been found to 
metabolize only methanol and ethanol. 80 In the catalase system, ethanol is 
degraded in a two-step fashion that is dependent on hydrogen peroxide. 
These reactions are outlined below. 

catalase + H20 2 ---.:.. catalase - H20 2 (compOlmd 1) (1) 

Although ADH activity in Drosophila is largely restricted to the larval 
gut, Malpighian tubules, and fat body,56,69,70 catalase activity has a more 
widespread tissue distribution.82 Despite the wide tissue-distribution pattern 
in Drosophila larvae, catalase does not have a major invol vement in ethanol 
degradation. Through observations of Adhn2 larvae that were fed the cata
lase inhibitor 3-amino-l,2,4-triazole, it was determined that only 3-5% of 
the label from 14C-ethanol was incorporated into lipids.83 

There may be a price to pay at the cellular level for the use of the ADH 
and catalase pathways to provide protection from methanol and ethanol. 
Formaldehyde and acetaldehyde are produced. In vertebrates, hepatotoxic
ity has been linked to alterations of cell membranes84,85 and has been at
tributed to an accumulation of acetaldehyde.86 Acetaldehyde is capable of 
covalently bonding to a wide variety of hepatic macromolecules87 and he
patic cell membranes,88 as well as bonding to hemoglobin,89 erythrocyte 
membranes,90 human serum albumen,91 and tubulin.92 In chronic cases of 
alcohol abuse, the covalent bonding of acetaldehyde to macromolecules ap
parently generates autoimmune responses in mice93 and humans.94 In both 
studies,93,94 antibodies directed at acetaldehyde adducts were found. 

Cytochrome P-450 
Although it is unclear whether or not Drosophila undergo acetalde

hyde-directed autoimmune responses, membrane alteration may result from 
the peroxidation of membrane lipids as the result of cytochrome P-450. The 
bonding of acetaldehyde to hepatic microsomes correlates to increased 
MEOS activity.84,86 Therefore, the ethanol induction of cytochrome P-450 
in vertebrates may be the result of the complexing of acetaldehyde to micro
somal membranes.84,86 In turn, elevated MEOS activity may be quite im-
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portant in cell damage. In humans who abuse alcohol, ADH activity may be 
normal95 while cytochrome P-450 activity is elevated.96 The ethanol-in
ducible protein that is associated with increased MEOS activity has been 
identified as cytochrome 450IIEI. 97 However, Nebert and Gonzalez98 indicate 
that two ethanol-inducible cytochromes reside within the P-450IIE family. 
The genes of the ethanol-inducible P-450s that are found in humans, rat,99 
and rabbit1OO,101 have been sequenced. 

Though ethanol-inducible forms of cytochrome P-450 have not yet 
been isolated in Drosophila, a number of cytochrome P-450s have been 
reported and reviewed. 102,103 In Drosophila, cytochrome P-450 activity in 
the metabolism of carcinogenic or precarcinogenic products104-109 and for 
the metabolism of insecticides 110,111 has been detected. At present our labo
ratory is attempting to establish whether an ethanol-inducible form of cy
tochrome P-450 exists within Drosophila larvae. The existence of 
alcohol-inducible forms of cytochrome P-450 may provide Drosophila larvae 
with a source of hydrogen peroxide. Such a source may not only drive the 
catalase system, but also lead to the peroxidation of membrane lipids. 

Glutathione Transferase 
It has been demonstrated in vertebrates that increased intercellular 

levels of acetaldehyde stimulate the peroxidation of lipids.112 Elevated 
levels of peroxidation can be caused by two different mechanisms. In the 
first mechanism, increased levels of oxygen radicals can be generated by 
low levels of catalase activity,113 coupled with high activities for aldehyde 
oxidase114 and xanthine oxidase.115,116 In the second mechanism, H20 2 
may accumulate within tissue as a result of a loss of reduced glutathione 
(GSH).l17,118 In this mechanism, the reduction of H20 2 along with lipid 
peroxides is catalyzed by glutathione transferase (GSH peroxidase sys
tem).1l9,120 Lipid peroxides and H20 2 are converted by this pathway to 
less-reactive lipid alcohols (hydroxylated fatty acids) and water by the oxi
dation of GSH (reduced glutathione) to GSSH (oxidized glutathione). Any 
depletion of the GSH pool would slow down the GSH peroxidase system 
and the repair of peroxidated lipids. The exhibition of abnormally high 
levels of serum and hepatic lipid peroxides in alcohol abusers is consistent 
with this viewpoint. 121,122 

Besides catalyzing the repair oflipid peroxides, 121,122 glutathione trans
ferases have also been shown to possess fatty acid esterase activity. 123 In the 
presence of ethanol, glutathione transferase can catalyze the formation of 
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fatty acid ethyl esters while converting GSH to GSSH.123 In acutely intoxi
cated subjects, high levels of fatty acid ethyl esters have been found in adi
pose, pancreatic, liver, and heart tissue.l24 

Although the formation of ethanOl-lipid conjugates have been dem
onstrated in vertebrates, ethanol-lipid conjugates have yet to be demon
strated in Drosophila. However, our laboratory has recently discovered that 
wild-type Canton-S and Adhn2 larvae possess glutathione transferase activ
ity that is enhanced by dietary ethanol.125 Since the less toierantAdhn2 strain 
possessed higher levels of glutathione transferase activity than Canton-S, 
glutathione transferase activity appears to correlate to alcohol toxicity in 
Drosophila. We are currently focusing our attentions on whether or not glu
tathione transferase is an ethanol-inducible enzyme and whether or not fatty 
acid ethyl esters can be detected within Drosophila larval tissues. 

Lipid Metabolism and Cell Damage 

In D. melanogaster larvae, one of the major routes of carbon flow from 
ethanol is into lipids. The effects of ethanol on lipid metabolism have re
cently been reviewed,125-127 but these articles deal almost exclusively with 
lipid metabolism in vertebrates. Alcohol-related effects on lipid metabolism 
and, subsequently, on cell structure in Drosophila and vertebrates are dealt 
with in the remainder of this chapter. 

Although the genetic regulation of ADH is well documented,13,14 very 
little information exists concerning the cellular damage inflicted on Dros
ophila by alcohols. Cell damage may occur when the capacities of the ADH 
system and the secondary routes for ethanol metabolism are exceeded. like 
anesthetics, ethanol and other alcohols can influence cell membranes. 
Alcohols penetrate into membranes and cause the membranes to swell. 128-131 
In vertebrate systems, alcohols have been demonstrated to alter the activity 
of a number of membrane-bound enzymes, presumably by altering lipid
protein relationships within hydrophobic domains. 128-131 Sun and Sun129 

reported that chronic ethanol exposure is known to alter voltage-sensitive 
sodium channels, calcium uptake, and adenyl ate cyclase as well as impair 
receptors for 'Y-amino butyric acid (GABA), glutamate, opiates, dopamine, 
muscarine cholinergic compounds, and <x-adrenergic compounds. 129 

Exposure to ethanol has been shown to destabilize membrane order in 
vertebrate cells, which in turn promotes increased fluidity within mem
branes.130-133 This phenomenon has been demonstrated in rat and mouse 
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synaptic membranes; 132--135 rat mitochondrial membranes; 135.136 rat liver 
microsomal membranes;135-138 rat liver plasma membranes; 139, 140 and rat, 
mouse, and quail erythrocyte membranes.133,136,141 In these systems, etha
nol causes an immediate increase in membrane disorder in animals not tol
erant of alcohol. Nonetheless, membranes isolated from alcohol-tolerant 
animals resist the membrane-disordering effects of ethanol. 133-141 

We suspect that Drosophila may also exhibit ethanol-induced alter
ations in membrane fluidity. A comparison of alcohol-induced damage in 
Drosophila and vertebrate cells follows. 

The Effect of Alcohol 
on Vertebrate Organ and Tissue Damage 

Several recent reviews have dealt with organ pathogenesis in verte
brates142--147 and may be consulted for a more complete view of alcohol
related pathogenesis. The earliest and most common response to ethanol in 
vertebrates is fatty infiltration of the liver. 148-151 Chronic ingestion of etha
nol in humans has been reported to increase triacylglycerollevels in biopsied 
liver cells four- to 1O_fold.152--155 In extreme cases of prolonged ethanol in
gestion, as much as 50% of the wet weight of the liver is attributed to 
triacylglycerol. l52,156 This response is not considered to be a dangerous re
sponse and is reversible.157 Despite the potential for reversibility, the ap
pearance of lipogranulomas, necrosis of hepatocytes, and resulting 
immunological responses during acute fatty infiltration of the liver are thought 
to be a prerequisite for alcoholic hepatitis 158,159 and alcoholic cirrhosis of the 
liver. 160 Alcoholic hepatitis in turn precedes the development of cirrhosis in 
humans158 and baboons.159 Fatty infiltration of the liver is an almost-im
mediate response to drinking. 160-162 As a result, some investigators indicated 
that fatty infiltration of the liver is a causal prerequisite to alcoholic cir
rhosis,158 whereas others have argued against this stance.163-166 

Although 90-100% of all heavy drinkers develop fatty infiltration of 
the liver, only 10-35% develop alcoholic hepatitis and 8-20% develop al
coholic cirrhosis. 167-169 Based on these statistics, it is questionable whether 
or not fatty infiltration of the liver predisposes the liver for ensuing hepatitis 
or cirrhosis.163-166 This stance is supported by several observations. First, 
few humans actually die from fatty infiltration of the liver as a result of 
chronic alcohol abuse.162 Second, the functional capabilities of the liver 
remain essentially normal during fatty infiltration, and the morphological 
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signs of fatty infiltration of the liver reverse during a few days of absti
nence.160,161,170 Third, human and animal studies suggest that alcohol
induced cirrhosis may develop in the absence of hepatitis.84,l7l-173 Thus, 
liver damage may not be caused by fatty infiltration of the liver in verte
brates. Necrosis appears to correlate best to alterations in cell membranes, 
alterations of the mitochondria, and the inducement of flbrinogenesis. 

The origin of the fatty acids of the triacylglycerol that accumulates in 
the liver is subject to debate. As shown in perfused liver, freshly isolated 
hepatocytes, aultured hepatocytes, and in vivo studies,174-178 the ingestion 
of ethanol does not stimulate an immediate round of fatty acid synthesis 
within liver tissue. Thus, the ethanol-induced accumulation of triacylglycerol 
within hepatocytes is either caused by a decrease in fatty acid degradation 
or the stimulation of fatty acid synthesis in peripheral tissues accompanied 
by increased fatty acid uptake by hepatocytes. 

When ethanol is consumed chronically, the ~-oxidation of fatty acids 
in liver is low because of the limited oxygen supply179,180,181 and limited 
NAD+ pool.171,182,183 Also, the elevated levels of acetyl-CoA may inhibit 
~-oxidation by allosterically inhibiting acyl CoA thiolase. l84 Such inhibi
tion would increase the concentration of 3-oxyacyl CoA intermediates, 
which are known to inhibit longchain acyl CoA dehydrogenase. 185 Because 
fatty acid levels increase in the form of triacylglycerol when ~-oxidation 
is inhibited in perfused rat liver,186,187 an inhibition of ~-oxidation could 
partially explain the accumulation of triacylglycerol. 

The increased lipid content of the liver could also be attributed to the 
enhancement offatty acid uptake by liver cells by ethanol. In rats, injections 
of ethanol were found to increase the hepatic uptake of fatty acids.188,189 
Kondrup et al.190 reported that ethanol exposure increased the uptake of fatty 
acids into perfused rat liver by 15% and reduced the secretion oflow-density 
lipoprotein (VLDL).191 This effect was not inhibited by 4-methylpyrazole 
in hepatocytes, 191,192 indicating that ethanol, not a derivative, stimulates fatty 
acid uptake in hepatocytes. 

Finally, the fatty acids that accumulate in the liver in response to etha
nol may be derived from the diet rather than from de novo synthesis. Lieber 
and Spritz150 reported that the fatty acid composition of triacylglycerol iso
lated from human hepatocytes was closely related to the fatty acid composi
tion of ingested food. Also, in rats, approx 90% of the fatty acids found in 
the triacylglycerol ofhepatocytes were derived from the diet. 193 
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The Effect of Alcohol 
on Fat Body Cell Morphology in Drosophila 

Like vertebrates, wild-type D. melanogaster larvae use etllanol as a 
substrate for lipid syntllesis.56 It has been demonstrated tllat tlle activities of 
ADH, fatty acid syntlletase, and sn-glycerol-3-phosphate dehydrogenase (EC 
1.l.1.8) all positively correlate to dietary concentrations of etllanol. 8,194 

Besides increasing fatty acid syntlletase activity, dietary etllanol also stimu
lates tlle syntllesis of triacylglycerols of third-instar D. melanogaster lar
vae.8,194 The major site for diacylglycerol, triacylglycerol, and phospholipid 
syntllesis in insects is tlle fat body; 195-197 consequently, the etllanol-induced 
lipid-filled vacuoles of third-instar fat-body cells12 are tllought to be pri
marily triacylglyceroL This is reminiscent of fatty infiltration of tlle vertebrate 
liver. As in fatty infiltration of tlle liver, fatty infiltration of fat body cells 
may not necessarily be detrimental. Lipids are stored during tlle larval pe
riod and provide energy for pupal development.198 Thus, differences in tlle 
ability oflarvae to convert etllanol into lipids may be of adaptive significance.80 

Dietary fatty acids and tlle newly syntllesized fatty acids are trans
ported through tlle hemolymph to tlle fat body of tlle larva via fatty acid 
binding proteins. As in vertebrates, etllanol may stimulate tlle uptake of 
fatty acids into fat body cells, which in turn stimulates tlle syntllesis of 
diacylglycerol, triacylglycerol, and phospholipid. To test this model in 
Drosophila, in situ hybridization studies must be performed on larval tis
sues, utilizing probes and/or antibodies for fatty acid syntlletase and fatty 
acid binding proteins. 

The effects of etllanol and isopropanol on morphology of fat body cell 
in third-instar D. melanogaster larvae have been examined by feeding third
instar larvae of tlle Canton-S and Adhn2 strains low-sucrose diets witll and 
without alcohol supplements.12,80 Then fat bodies were removed and pro
cessed for light and transmission electron microscopy. Larvae of tlle Adhn2 

strain have <5% of normal ADH-protein; larvae oftlle Canton-S wild-type 
strain are homozygous for tlle AdhF allele.199 Wild-type Canton-S larvae 
can tolerate up to 6% etllanol; ADW2larvae 2% etllanoL 

In Adhn2 larvae, high intracellular concentrations of etllanol caused a 
decrease in lipid droplets and glycogen deposits (Fig. 6A,C, and E) and 
promoted a decrease in cell-membrane infoldings of fat body cells (Fig. 6B 
and D), indicating that tlle ability to absorb and release molecules may be 
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Fig. 6. Micrographs that show some of the effects of alcohols on the structure 
of fat body cells of D. melanogaster. 12 A is a light-micrograph overview of fat-
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impaired.12 Ethanol-stimulated alterations to the mitochondria and endo
plasmic reticulum were also found (Fig. 6E and F). Mitochondria appeared 
swollen and often possessed bizarre shapes, whereas the rough endoplas
mic reticulum appeared dilated. Numerous autophagosomes were also evi
dent in the fat body cells of Adhn2 larvae that were fed ethanol (Fig. 6F), 
suggesting that protein granules were being degraded. Large lipid droplets 
were common throughout the cytoplasm. The large lipid droplets seen in 
the fat body cells of D. melanogaster larvae 12,80 are reminiscent of fat drop
lets seen in fatty infiltrated liver cellS.142,157,160 

The enlargement of mitochondria in vertebrate cells in response to 
ethanol has been noted.200-202 Cells of human liver biopsies of chronic al
coholics also had abnormally shaped mitochondria.200--202 French203 indicated 

body cells of a 7-d-old Adff12larva cultured on the alcohol-free control diet. The 
fat body cells have a high concentration of lipid droplets. Semithin section, toluidine 
blue stain x120. B is an electron micrograph that depicts a region beneath the 
basement membrane of a 7-d-old Adlf121arva cultured on the alcohol-free control 
diet. The alternating cytoplasmic strands and hemolymph spaces (arrow) are 
evident. Organelles, such as the mitochondria (M), rough endoplasmic reticulum 
(ER), lipid droplets (L), and glycogen (G), are evident, x 18,000. C is a light
micrograph overview of fat body cells of a 7 -d-old Adhn2 larva fed a diet 
supplemented with 1.25% ethanol. Compared to the fat body cells of the larva fed 
the ethanol-free control diet (shown in A), the fat-body cells are smaller and there 
are fewer lipid droplets. Semithin section, toluidine blue stain, x 115. 0 is an 
electron micrograph of a fat body cell of a 7 -d-old Adlf121arva fed a diet containing 
1.25% ethanol. There is a marked reduction in the amount of alternating 
interdigitating cytoplasmic strands and hemolymph spaces compared to the 
cell periphery of Adhn2 larvae fed the ethanol-free diet (shown in B). E is an 
electron micrograph of a fat body cell of a 7-d-old Adhn2 larva fed a diet 
supplemented with 1.25% ethanol. Mitochondria with abnormal shapes and an 
absence of glycogen deposits are evident, x 25,000. F is an electron micrograph 
of a fat body cell of a 7-d-old Adlf121arva fed a diet containing 1.25% ethanol. 
Numerous autophagosomes (arrows) were observed along with mitochondria with 
abnormal shapes, x 18,300. G is a light micrograph of fat body cells of a 6-d-old 
Canton-S larva cultured on a diet supplemented with 1.5% isopropanol (v/v). 
The number of lipid droplets is less than that observed in larvae fed a control, 
alcohol-free diet. Semithin section, toluidine blue stain, x 110. H is an electron 
micrograph of a fat body cell of a 7-d-old Canton-S larva cultured on a diet 
containing 1.5% isopropanol. Myelin figures, such as depicted here, were frequently 
observed, x 55,000. 
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that in vertebrates the exposure to ethanol increased the permeability of the 
mitochondrial membrane, which increased the uptake and storage of Ca2+. In 
rats chronically fed ethanol, disrupted mitochondrial cristae were observed, 
along with a dilation of the sarcoplasmic reticulum.204 These mitochondrial 
alterations were correlated to decreased activities of cytochrome ~, 
cytochrome b, and cytochrome oxidase,205-207 and a reduction in ATP 
synthesis was reported.204 The uncoupling of oxidative phosphorylation by 
increased Ca2+ influx may, presumably, be caused by increased phospho
lipase activity.208 At the present, it is uncertain whether ethanol treatments 
alter mitochondrial membrane fluidity and uncouple the respiratory chain 
of D. melanogaster. 

Quantification of the inclusions of fat body cells of D. melanogaster 
by cytometric analysis l 2,80 revealed ethanol-stimulated reductions in gly
cogen, lipid, and protein stores in Adhn2 larvae. In the Canton-S wild-type 
strain, which is more tolerant of alcohol, ethanol consumption decreased 
glycogen and protein deposits and increased lipid deposits. Consequently, 
the fatty infiltration of fat body cells in larvae was associated with the deg
radation of ethanol by ADH. When fed ethanol as larvae, the Canton-S indi
viduals that eclose had greater adult body weights than individuals fed an 
ethanol-free diet. This suggests that Canton-S larvae use the ADH pathway 
to degrade ethanol into acetate for triacylglycerol synthesis. The stored 
triacylglycerols may act as energy reserves in fat body cells.12 This view 
was further supported by the observation that isopropanol exposure failed 
to increase cytoplasmic lipid reserves (ref. 12, Fig. 60) and caused the for
mation of myelin figures (Fig. 6H). This alcohol also decreased membrane 
infoldings and depleted glycogen reserves within the fat body cells of 
Canton-S larvae. 12 Thus, as in vertebrates, alcohol toxicity causes alterations 
of membranes. 

Fatty infiltration of fat body cells may be a beneficial response to 
ethanol ingestion. The triacylglycerol that is synthesized from ethanol 
may be used as an energy source during pupal development. The lipids that 
are stored during the larval period serve as the primary energy source for 
developing pupa.209 

Alcohol-Induced Alterations 
in Drosophila Fatty Acids 

The reasons why we suspect that the membranes of fat body cells of 
D. melanogaster are altered by ethanol are (1) alcohol exposure alters the 
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relative concentration of phospholipids and (2) exposure to alcohol induces 
alterations within fatty acids, ostensibly altering membrane fluidity. Unsat
urated, shortchain fatty acids disorganize membranes and increase mem
brane fluidity, whereas longchain, saturated fatty acids stabilize membrane 
bilayers and decrease membrane fluidity.209 

In wild-type third-instar D. melanogaster larvae, a moderate concen
tration of dietary ethanol (2.5% v/v) reduced the chain length of total fatty 
acids and increased the desaturation of shortchain fatty acids.210 The 
reduction in fatty acid chain length by ethanol was ADH-dependent, 
whereas the effect on desaturation was not.210 Since the ethanol-induced 
reduction in chain length of desaturated fatty acids was blocked by exog
enous supplies of linoleic acid (18:3) in D. melanogaster,210 the ethanol 
stimulation of desaturation was thought to involve the Ll9-desaturase 
system. However, Keith236 reported that there is a Ll3-desaturase in 
D. melanogaster that has a preference for shorter-chained fatty acids and 
proposed the following pathways: 

Regardless of which desaturase is involved, the induction of shortchain, 
unsaturated fatty acids by ethanol would decrease membrane organization 
and, thus, increase the membrane fluidity of fat body cells. Other alcohols 
were found to affect the total fatty acid composition of Canton-S larvae in 
our laboratory.237 Shortchain, unsaturated fatty acids were more prevalent 
when 1.5% (v/v) isopropanol, n-propanol, or n-butanol was fed. 

Alcohol-Induced Changes 
in Fatty Acid Composition in Other Systems 

Studies on the effect of ethanol on membrane fatty acid composition 
in primarily vertebrate systems are reviewed elsewhere I 29, 130 and provide a 
body of conflicting literature. To add clarity, the results of other studies are 
presented in Tables 1 and 2. These tables attempt to classify studies on the 
following basis: studies that demonstrate that ethanol promotes an increase 
in shortchain and/or unsaturated fatty acids (Table 1) and studies that dem
onstrate that ethanol stimulates an increase in longchain and/or saturated 
fatty acids (Table 2). The rationale for this classification is that Table 1 
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Table 1 
Studies Indicating that Ethanol Promotes 

the Emergence of Shortchain and/or Unsaturated Fatty Acids 

Ref. System Data summary 

211 E coli More unsaturated fatty acids 
212 Clostridium thermocellum More unsaturated fatty acids 
213,214 Saccharomyces cerivisiae More unsaturated fatty acids 
210 Drosophila melanogaster Shorter, more unsaturated 

fatty acids. 

Increase Decrease 

215 Mouse fiver mitochondria 16:1 16:0 
and microsomes 

216 Rat liver mitochondria and 18:1 16:0 
microsomal PE and PC fractions 

215 Mouse liver 18:2 20:4 and 20:6 
217 Rat liver 18:2 20:4 and 20:6 
218 Rat liver mitochondria 18:2 20:4 and 20:6 
219 Rat hepatocytes 18:2 20:4 and 20:6 
220 Rat liver plasma membrane 22:6 
221 Mouse synaptosomal membranes 18:0 20:4 
222 Guinea pig synaptosomal 22:4 and 22:6, 

membranes in PE fraction 
223 Guinea pig adrenal gland 18:2 20:4,inPC 

mitochondria and PE fractions 
224 Rat heart 18:2 20:4 
225 Monkey myocardial mitochondria 18:2 20:4 
226 Mouse myocardial phospholipids 18:1 and 18:2 22:6 
227 Rat erythrocyte phospholipids 18:2 20:4 

supports the view that ethanol promotes a disordering of membranes that 
increases membrane fluidity. The observations reported in Table 2 provide 
evidence that chronic alcohol exposure promotes a reorganization of the 
membrane, which may in turn increase resistance to the disordering effects 
of ethanol. 

As one can see, some studies fit both categories. These discrepancies 
may in part be explained by varied periods of exposure to different quanti
ties of ethanol. These differences, along with variable rates of metabolism, 
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Table 2 
Studies Indicating that Ethanol Promotes the Emergence 

of Longer-Chain and/or More Saturated Fatty Acids 

Ref. System Data summary 

Increase Decrease 

216 Rat liver mitochondria and 18:1 16:0 
microsomal PE and PC fractions 

215 Mouse liver 18:2,20:4 and 20:6 
217 Rat liver 18:2 20:4 and 20:6 
218 Rat liver mitochondria 18:2 20:4 and 20:6 
219 Rat hepatocytes 18:2 20:4 and 20:6 
228 Rat liver phospholipids 20:4 
229 Rat liver mitochondrial 20:4 

phospholipids 
216 Rat liver cardiolipin 18:2 
220 Rat liver plasma membrane 22:6 
230 Human liver 18:2,20:4 
221 Mouse synaptosomal membranes 18:0 20:4 
231 Mouse synaptosome membranes 22:6 in PS fractions 
222 Guinea pig synaptosomal 22:4, 22:6 in 

membranes PE fraction 
223 Guinea pig adrenal gland 18:2 20:4 in PC 

mitochondria and PE fractions 
224 Rat heart 18:2 20:4 
225 Monkey myocardial mitochondria 18:2 20:4 
221 Mouse myocardial phospholipids 18:1, 18:2 22:6 
232,233 Human serum 18:2 and/or 

polyunsaturated 
fatty acids 

234 Pig serum 18:2, PC 
227 Rat erythrocyte phospholipids 18:2 20:4 
235 Mouse erythrocyte membranes 18:2, PC 

may provide evidence that some organisms make the transition from mem
brane damage to membrane repair more rapidly than other organisms. Early 
exposure to ethanol may stimulate a disorganization of membranes by in
creasing the quantities of shortchain and/or unsaturated fatty acids. Mean
while, chronic exposure to ethanol may promote the synthesis of longer 
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fatty acid chains and/or more-saturated fatty acids that restabilize and reor
ganize membranes. The studies reported in Tables 1 and 2 may simply indi
cate that the organisms are in transition from damage to repair and tolerance. 

The observations of Tables 1 and 2 may also reflect differences in the 
induction of fatty acid synthesis by ethanol. The fatty acid profile seen dur
ing fatty infiltration of the liver in vertebrates closely resembles the fatty 
acid composition of the diet.151.193 As a result, vertebrates may, at first, uti
lize dietary fatty acids before they are induced by ethanol to synthesize fatty 
acids.126 This problem would be less pronounced in studies conducted on 
lower organisms, such as Drosophila, because these organisms may be cul
tured on sterile, defined media without a source of fatty acids. Since the 
modified Sang's media210 used in our laboratory do not contain fatty acids, 
larvae are dependent on de novo fatty acid synthesis to form membranes. 
Consequently, the effects of ethanol on fatty acid profiles are clearly evident. 

Ethanol-Induced Alterations 
in Vertebrate Phospholipids 

Ethanol-induced changes within fatty acid profiles may in part ex
plain ethanol-induced alterations in membrane organization, but other 
mechanisms also appear to be at work. One such mechanism acts through 
alterations in phospholipid profiles. The effects of phospholipid composi
tion on membrane organization have been reviewed previously 129. 130 and 
will only be summarized here. Membranes that are rich in phosphatidylcho
line (PC), phosphatidylserine (PS), and phosphatidylglycerol exist in highly 
organized bilayers that exhibit low fluidity. Conversely, membranes rich in 
lysophospholipids, cardiolipin, phosphatidic acid, and/or unsaturated phos
phatidylethanolamine (PE) easily fallout of their bilayer configurations and 
adopt either micellar or hexagonal (HIT) configurations (Fig. 7). Such mem
branes are less organized and more fluid. 

Ethanol-induced membrane damage associated with a decrease in PC 
levels is evident in vertebrates. In the study by Alling et al.,238 80% of all 
alcoholics studied possessed abnormally low levels of PC. This observation 
was also made in a number of vertebrate systems. Decreases in the levels of 
PC and linoleic acid (18:2) have also been observed in human serum,233.235 
pig serum,234 and the membranes of mouse erythrocytes.235 Such losses in 
PC could disorganize membranes129.209 and contribute to the necrosis seen 
within the vertebrate liver and insect fat body. 
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Fig. 7. The effects of phospholipid composition on membrane structure. 

Although ethanol-induced decreases in PC can be correlated to the 
disorganization effects of ethanol on membranes, other phospholipids may 
also be affected. In rat liver microsomes, Taraschi et al. 136 demonstrated that 
membrane tolerance is correlated to changes in phosphatidylinositol (PI) 
content. Although PI-conveyed tolerance is rapidly lost after ethanol with
drawal,239 Hoek and Taraschi240 have reported a model whereby membrane 
tolerance may be associated with the effects of ethanol on G proteins. 

PI-conveyed tolerance may not be caused by inositol. Since resistance 
to the disorganizing effects of ethanol was observed in reconstructed lipo
somes only when PI was isolated from chronically exposed rats, the 
PI-conveyed tolerance reported by Taraschi et al. 138 may be dependent 
on ethanol-induced alterations within PI residues. Reconstructed liposomes 
that contained PI that was isolated from control animals failed to resist 
ethanol-induced membrane disorganization.241 Therefore, it appears that 
PI-conveyed tolerance is not conveyed by the inositol head group, but rather 
by the fatty acid tails. 

The Effects of Alcohols 
on Drosophila PhosphOlipid Composition 

Because D. melanogaster has a strict dietary requirement for cho
line,241,242 the relative amount of PE is greater than that of PC.243,244 By 
tracing [U-14C]_glucose into phospholipids when third-instar D. melano-
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Fig. 8. The effects of alcohols on PC/PE ratios in third-instar Canton-S larvae. 
All experimental groups {III} differ from the control group {_} in statistically significant 
manners (p < 0.001). 

gaster were fed various concentrations of dietary ethanol, Geer et al.210 ob
served an increased incorporation of label into PE and a decrease in the 
amount of label incorporated into PC. To investigate whether the enhanced 
incorporation of label into PE was a result of the stimulation of PE synthe
sis, our laboratory recently exposed third-instar Canton-S larvae to various 
concentrations of dietary ethanol andlor isopropanol for a limited feeding 
period. By measuring the phosphorus content of phospholipids, ethanol 
(2.5% v/v) was found to promote nearly a fourfold increase in PE levels, 
whereas PC levels dropped by nearly threefold (Fig. 8).237 Since ethanol, 
as well as other, more toxic alcohols, caused increases in PE,237 the 
change in the PEIPC ratio may be a result of alcohol-induced damage of 
Drosophila membranes. 
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Fig. 9. The pathways for phosphatidylcholine and phosphatidylethanolamine 
synthesis.197 

The observation that PE increases and PC decreases in response to 
alcohols is consistent with the concept that alcohols disorganize Drosophila 
membranes and make the membranes more fluid. Drosophila cells may 
compensate for the loss of PC from membranes by incorporating other phos
pholipids. Because of the inability to synthesize choline for phospholipid 
synthesis, D. melanogaster may form from ethanolamine more PE for mem
brane synthesis (Fig. 9), resulting in membranes with a diminished bilayer 
organization and greater fluidity. 

Wild-type D. melanogaster larvae that contained only 10% of the nor
mal level of PC because of a dietary deficiency of choline were much less 
tolerant to the toxic influence of ethanol than larvae fed an optimum con
centration of choline.245 Susceptibility to the toxic effects of ethanol also 
has a strong genetic basis in D. melanogaster.71 In a recent study, a number 
of biochemical traits of seven isochromosomal lines of D. melanogaster 
with different second chromosomes were compared. Each line had a heri
table level of ethanol tolerance, and differences could be attributed to the 
differences in genes carried by the second chromosomes. The lines with the 
greatest tolerance to ethanol as larvae had the largest proportion oflongchain 
(I8-carbons) and unsaturated fatty acids.71 Since Drosophila phospholipids 
contain more longchain fatty acids than triacylglycerols246 and since phos-
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pholipids are concentrated in membranes, the observations suggest that the 
fatty acid compositions of cell membranes may be important to the determi
nation of the degree of ethanol tolerance for D. melanogaster. Membranes 
with longchain, unsaturated fatty acids may be less subject to the damaging 
effects of ethanol. Therefore, the impact of the toxic effects of alcohols on 
D. melanogaster larvae may be a function of the phospholipid content of 
the cell membranes. 

Retrospective 

Although some differences exist, many of the consequences of etha
nol exposure in vertebrates are also seen in the larvae of D. melanogaster. 
Since it can be readily manipulated by nutritional and genetic means, one 
can use D. melanogaster to study whether alcohol effects on cell structure 
are dependent on the ADH pathway or on one of the minor pathways. Fur
thermore, the genetic and dietary mechanisms that underlie the regulation 
of alcohol degradation can be established more easily in D. melanogaster. 
From the use of Drosophila, it should be possible to verify which mecha
nisms are also operating in vertebrates. In this way, D. melanogaster may 
provide shortcuts to important information about the metabolic and genetic 
bases ofliver damage. 
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Alcohol Dehydrogenases 
in Human Liver and Other Tissues 

Multiple Genes Encode Alcohol Dehydrogenase 

Alcohol dehydrogenase (ADH; alcohol:NAD+ oxidoreductase, EC 
1.1.1.1) is a well-characterized enzyme present in all organisms analyzed, 
which catalyzes numerous alcohoValdehyde interconversions. Human and 
rodent ADH exists as a heterogeneous group of isozymes that can be placed 
into three classes based on structural and functional distinctions.1,2 All 
isozymes are dimeric, each monomer having a mol wt of about 4(),OOO.3 
The human class I ADH isozymes include homodimers and heterodimers of 
the closely related a,~, and yprotein chains, which are encoded by ADH1, 
ADH2, and ADH3, respectively.4 Human class II ADH is composed of 
homodimers of the 1t protein chain encoded by ADH4,5 and human class III 
ADH is composed ofhomodimers of the X protein chain encoded by ADH5.6 
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The structures of the human class I ADH protein chains have been 
determined from amino acid sequencing of the purified homodimeric 
isoenzymes and from nucleotide sequencing of cDNA clones encoding 
ADH1, ADH2, andADH3.7- 10 From these studies it was learned that the a, 
~, and 'Y ADH isozymes share 93-94% amino acid sequence identity. In ad
dition to their high degree of structural similarity, these isozymes also have 
very similar substrate specificities. 11 Thus, the existence of three genes for 
class I ADH in humans, instead of one, as in rodents,I2,13 may not be simply 
to catalyze different reactions, but to "fine tune" the expression of ADH in 
the developing human. Indeed, the three human class I ADH genes differ 
markedly in their patterns of expression, as discussed below. 

Structures for human class II and III ADH have also been determined, 
and comparisons of the amino acid sequences of all three ADH classes indi
cate that they share about 58-62% sequence identity.14 The extensive se
quence homology indicates that the three ADH classes evolved from a 
common ancestor. Further studies on the function of ADH and the patterns 
of ADH gene expression may determine why mammals have selected and 
maintained three classes of ADH. 

Function of ADH 

Human class I ADH catalyzes the reversible oxidation/reduction of a 
wide variety of alcohols and aldehydes, 11,15,16 including the rate-limiting step 
in ethanol metabolism.3,l7 HumanADH classes II and III are very inefficient 
in oxidizing ethanol, and appear to have substrate specificities that are sig
nificantly different than that of class 1.18 For all human ADH classes, long
chain aliphatic and aromatic alcohols or aldehydes are much better substrates 
than ethanol or acetaldehyde.ll Human class I ADH catalyzes the 
interconversion of alcohols and aldehydes in bile acid synthesis,19 norepi
nephrine and dopamine metabolism,20,21 and retinol metabolism.22 The 
'Y subunit of class I ADH has been shown to catalyze the oxidation of 
3~-hydroxy-5~-steroids in testosterone metabolism.23 Human class IIADH 
reduces an aldehyde intermediate in norepinephrine metabolism.24 Mouse 
and rat class II ADH has been shown to function in retinol oxidation.25,26 

Human class III ADH catalyzes an co-oxidation step in leukotriene B4 
synthesis in neutrophils.27 Also, class III ADH has been identified as the 
glutathione-dependent formaldehyde dehydrogenase that is involved in elimi-
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nation of formaldehyde produced as a byproduct of some metabolic reac
tions.28 Thus, the ethanol/acetaldehyde interconversion is not the main func
tion of ADH in mammals as it is for ADH in bacteria,29 yeast,30 Drosophila,31 
and maize.32 During anaerobic fermentation in bacteria, yeast, and plant 
roots, ADH uses the reducing power of NADH to catalyze the reduction 
of acetaldehyde to form the byproduct ethanol, thus regenerating NAD+ 
from NADH in the absence of respiration. In Drosophila, ethanol is used as 
a food source, since eggs are often laid in rotting fruit that is undergoing 
alcoholic fermentation by microbes; in this case, ADH catalyzes the 
oxidation of ethanol to form acetaldehyde that can subsequently be con
verted into acetyl-CoA and lipids. ADH in higher animals can certainly 
oxidize ethanol, but this compound is not a normal food source. As 
suggested by Krebs and Perkinsp the ethanol-oxidizing ability of mam
malian ADH may facilitate the elimination of ethanol produced by alco
holic fermentation of normal intestinal microbes. Thus, ADH may playa 
physiologically significant role in eliminating endogenous ethanol from 
the body, but it certainly has several additional functions that are unique 
to higher animals. 

Tissue and Developmental Regulation 
of ADH Gene Expression 

All classes of ADH are expressed in the human liver, where the high
est amount of ADH is seen. ADH accounts for about 2-3% of the soluble 
protein in adult human liver, most of this being class I ADH.33,34 Differen
tial regulation of the class I genes ADH1, ADH2, and ADH3 is observed in 
liver. Starch gel analysis of human liver extracts from several stages of de
velopment indicates that a low level of a-ADH is produced during early fetal 
development, with additional low-level production of ~-ADH during late 
fetal development and of 'Y-ADH several months postnatally.4,35 The total 
amount of a, ~, and 'Y ADH activity in the human liver increases by more 
than an order of magnitude postnatally between birth and five years of age, 
when adult levels of all three are achieved.4,36,37 Hepatomas in human adults 
often revert to production of primarily a-ADH,38 suggesting that there is a 
reversion to the type of ADH gene expression seen in early fetuses. AcDNA 
encoding human ADH27 was used as a hybridization probe in RNA blot 
experiments, and it was observed that there is a 50-fold increase in the level 
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of human liver class I ADH mRNA between the 20-wk fetal stage and adult
hood.39 Also, gene-specific oligonucleotide probes have been used to show 
that the mRNAs for all three ADH species (a, ~, and 'Y) undergo develop
mental increases in liver.4o This suggests that there is increased transcrip
tion of the class I ADH genes as development proceeds, or increased mRNA 
stability, or both. The single class I ADH present in the mouse41 and the 
rat42 is also subject to a large increase in production during postnatal liver 
development. 

Human class I ADH is also produced in other tissues, such as intes
tine, stomach, kidney, lung, and skin, at a level that is at least an order of 
magnitude less than that observed in liver.4.35.38 In intestine, stomach, and 
kidney, 'Y-ADH is produced prenatally and postnatally, with additional pro
duction of ~-ADH postnatally in kidney, and an absence of a-ADH.4 In lung 
and skin, only ~-ADH has been detected.4.38 Thus, the tissue and develop
mental regulation of the three class I ADH genes is quite different in liver 
compared to other tissues. In rodents, class I ADH is expressed in intestine, 
kidney, lung, and skin, but is noticeably absent from stomach.43.44 

The nucleotide sequences for the human ADH1, ADH2, and ADH3 
promoters, as well as their transcription start points, have been determined.45.46 

Also, the promoters for the mouse class I gene, Adh-l, 12,13 and the rat class 
I ADH gene47 have been characterized.9.10 These promoters are now being 
analyzed to dissect the transcriptional mechanisms controlling class I ADH 
gene expression in liver and other tissues. 

Regulation of human class II and III ADH production differs from that 
of class I. Human class II ADH has been dectected only in adult liver,34 
whereas class III ADH is detected in almost all tissues analyzed.48 In mice and 
rats, the class III enzyme is widely distributed in much the same tissues as 
in humans.43.44 However, the rodent class II ADH enzyme is distributed 
much differently than its human counterpart, being absent in liver and present 
in stomach and sexual organs of the mouse,43 and in stomach, intestine, lungs, 
skin, and sexual organs of the rat. 44 The different tissue distribution of class 
II ADH in rodents and humans may be a result of the presence of only one 
class I ADH gene in rodents, instead of three. Thus, rodent class II ADH 
may be present in some tissues to perform functions that class I ADH per
forms in homologous human tissues. For instance, since class II ADH is the 
major stomach isozyme in rodents, it may be the functional homolog of 
class I 'Y-ADH, which is the major stomach isozyme in humans. 
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Role of Alcohol Dehydrogenase 
in Retinoic Acid Homeostasis 

Metabolism of Retinol to Form Retinoic Acid 

379 

One of the most interesting features of ADH is that it participates in 
the conversion of retinol (vitamin A) into retinoic acid, a known control 
molecule (morphogen) for vertebrate growth and development.49.5o Retinol 
is reversibly oxidized to retinal by a cytosolic retinol dehydrogenase that is 
identical to liver class I ADH derived from the horse, 51 rat,52---54 deermouse,55 
and human.22 Rat testes have also been reported to contain a retinol dehy
drogenase activity that is very similar to class I ADH, exhibiting a Km for 
ethanol of about 1.0 mM and inhibition by low levels of 4-methyl
pyrazole.56.57 Also, class II ADH has been reported to convert retinol to 
retinal in mouse epidermis25 and rat ocular tissues.26 Retinal is irreversibly 
oxidized to retinoic acid by an aldehyde dehydrogenase,5&-61 but the revers
ible retinoVretinal interconversion is the rate-limiting step in retinoic acid 
synthesis under most conditions.6o.61 Retinoic acid synthesis must occur in 
many tissues during embryonic and fetal development to program pattern 
formation,49.5o and retinoic acid synthesis must be maintained in the adult 
for differentiation of epithelial tissues in liver, kidney, lung, intestine, stom
ach, skin, and reproductive organs.62 Interestingly, these adult epithelial tis
sues are the locations where the highest class I and/or II ADH activity is 
found in humans and rodents.4.35.43.44 

In addition to class I ADH, retinol dehydrogenase activities distinct 
from class I ADH exist in cytosol52,55 and microsomes54 of rodents. It has been 
difficult to determine the relative importance of the various enzymes in retinol 
metabolism and retinoic acid synthesis. A mutant deermouse exists that 
completely lacks class I ADH activity or immunologically crossreactive 
material63 because of a deletion of the gene (M. Felder, personal communi
cation). Compared to the wild-type deermouse, the ADH- deermouse has 
retinoic acid synthetic activity that is greatly reduced in liver and kidney, 
but maintains most or all of its retinoic acid synthetic activity in testes, lung, 
and intestine. 55 Since the mutant deermouse appears to develop and repro
duce normally, this indicates that this non-class-I ADH cytosolic retinol 
dehydrogenase provides enough retinol oxidation to maintain retinoic acid 
synthesis in the deermouse. It has been reported that the ADH activity miss-
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ing in the ADH- deermouse is equivalent to ethanol dehydrogenase or class 
I ADH, but it was not made clear whether the deermouse contains class II or 
III ADH.55 This is important, since class II ADH from the laboratory mouse 
and rat has been reported to oxidize retino1.25,26 ADH-inhibitor studies us
ing 4-methylpyrazole were performed on the remaining retinol dehydroge
nase activity present in the ADH- deermouse, and it was concluded that the 
activity was fairly insensitive to the inhibitor at 10 mM.55 Rat and mouse class 
II ADHs are sensitive to the inhibitor 4-methylpyrazole with Ki values in 
the 0.5-1.5 mM range when assayed at pH 10, but this sensitivity has a large 
pH dependence, since at pH 7.5 rat class II ADH has a much lower sensitiv
ity with a Ki value of 33 mM.44 Since the ADH- deermouse studies de
scribed above were performed at pH 7 with 10 mM 4-methylpyrazole, 55 it is 
unlikely that these conditions would have led to a significant inhibition of 
any potential class II ADH activity. Recent studies have indicated that the 
ADH- deermouse does indeed have ADH species that correspond to labora
tory mouse class II and III ADHs according to starch gel mobility assays 
and differential utilization of various types of alcohols (M. Felder, personal 
communication). Thus, the mutant deermouse should formally be termed 
the class I ADH- deermouse to indicate clearly that it is not totally devoid of 
all ADH species. Furthermore, class II ADH in the deermouse (or other 
rodent species) should not be ruled out as a source of retinol dehydrogenase 
activity, especially in extrahepatic tissues, such as stomach, lung, skin, and 
some reproductive organs, in which class II ADH activity exceeds class I 
ADH activity.43,44 

In humans, class II ADH is unlikely to playa role in extrahepatic reti
nol oxidation, since it has only been detected in adult liver.34 However, since 
the human class I 'Y ADH isozyme has been detected in many extrahepatic 
tissues,35 it may serve as the primary retinol dehydrogenase in humans. This 
difference between rodents and humans may be a consequence of human 
class I ADH being encoded by three genes (encoding a, ~, and 'Y ADH) 
whereas rodent class I ADH being encoded by a single gene. Evolutionary 
divergence of the three class I ADH genes in humans may have led to the 
differential tissue distribution of human class I ADH isozymes that we see 
today, and may have allowed the divergence of human and rodent class II 
ADH genes to produce forms expressed in totally different tissues. Recent 
studies performed in our laboratory indicate that the human class I 'Y ADH 
isozyme encoded by the ADH3 gene is likely to playa major physiological 
role in the control of human retinoic acid synthesis. Our studies indicate 
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thatADH3 is regulated transcriptionally by retinoic acid,64 suggesting that a 
feedback-induction mechanism controls the level of retinol dehydrogenase 
(Le., 'Y ADH) in humans (see below). 

Retinoic Acid Controls Vertebrate 
Morphogenesis at the Transcriptional Level 

Retinoic acid has profound effects on vertebrate limb65 and nervous 
system66 morphogenesis, as well as epithelial cell differentiation.62 The ef
fects of retinoic acid are transduced by binding to a nuclear retinoic acid 
receptor (RAR), which, in the presence ofligand, is transformed into a tran
scription factor.67--69 Recently, an RAR gene family (RARa, p, and 'Y) has 
been discovered,70,71 and differential expression of these receptors is un
doubtedly important for correct transduction of the retinoic acid signal in 
various target tissues.72 Also, another nuclear receptor has been uncovered, 
termed the retinoid X receptor (RXRa), which responds to retinoic acid as 
well as other retinoids, and which is expressed highly in the liver, unlike the 
RAR family.73 Retinoic acid probably initiates a cascade of events that 
regulate the transcription of many key genes. Retinoic acid has been shown 
to induce several genes encoding homeobox-containing proteins that 
probably regulate transcription of the next set of genes in a morphogenetic 
cascade.74-78 Genes encoding structural proteins needed for differentiation 
of many cells, such as laminin B I and collagen IV (al), are also induced by 
retinoic acid.79,80 The RARP gene (but not the RARa or 'Y genes) is induced 
by retinoic acid in teratocarcinoma and hepatoma celllines,81,82 suggesting 
that the selective induction of this RAR species is crucial to differentiation. 
Another indication of the major impact of retinoic acid on differentiation 
has come from the finding that this compound induces expression of the 
transcription factor AP-2 in a human teratocarcinoma cellline.83 

The signal that dictates the release of retinoic acid is not yet known. In 
the developing limb bud, retinoic acid is produced by the zone of polarizing 
activity located in a posterior location, and diffuses out to forma local con
centration gradient of between 20 and 50 nM, with the highest concentra
tion being in the posterior tissue.49,65 Studies proving that the limb-bud tissue 
can itself synthesize retinoic acid from retinol have been reported, 84,85 but the 
enzymatic activity responsible has not been elucidated. It is intriguing to 
speculate that this activity may be produced by ADH in the zone of polarizing 
activity. Since the substrate retinol is evenly distributed throughout the entire 
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limb bud at 600 nM,84 selective expression of ADH in the posterior tissue 
could possibly establish such a gradient of retinoic acid. 

It has been noted that the shallowness of the retinoic acid concentra
tion gradient in the limb bud may make differential gene expression in 
the anteroposterior axis unlikely. However, recent studies on cytoplasmic 
retinoic acid binding protein (CRABP) have made this issue more clear. 
CRABP avidly binds retinoic acid in the cytoplasm, thus modulating bind
ing of retinoic acid to the nuclear RAR.50,86 In situ studies of developing 
limb-bud tissue indicate that CRABP is also present in an anteroposterior 
concentration gradient, but with the high end being on the anterior side.87 It 
has been proposed that by selectively binding retinoic acid, which is diffus
ing out to the anterior tissue from its site of synthesis in the posterior tissue, 
CRABP steepens the gradient of free retinoic acid across the anteroposte
rior axis.86-88 Thus, even though there is 20 nM retinoic acid on the anterior 
side, much of it may be complexed with CRABP and unable to reach the 
nucleus to effect transcription. According to this model, a level of free retinoic 
acid appropriate for the differential regulation of transcription in the antero
posterior axis is established, resulting in the appropriate development of the 
tissues destined to form a limb. 

A similar scenario appears to occur in the developing nervous system. 
Retinoic acid transforms developing anterior neural tissue into a posterior 
specification,66 suggesting that this molecule helps to determine the antero
posterior positioning of neural cells. Also, CRABP is produced in a dorsal
ventral concentration gradient in the developing nervous system, with the 
high end being on the dorsal side.89 This suggests that in the nervous system, 
as in the limb bud, CRABP selectively sequesters retinoic acid during de
velopment to produce a steepened retinoic acid gradient and, thus, differen
tial regulation of gene expression. 

Regulation of Retinoic Acid Synthesis 
by Feedback Induction of Alcohol Dehydrogenase 
Understanding the mechanism that regulates synthesis of retinoic acid 

from retinol (vitamin A) is the key to understanding the physiological pro
cess whereby retinoic acid regulates morphogenesis. The controlled synthesis 
of retinoic acid in the correct embryonic location at the correct time is what 
triggers the morphogenetic cascade. A hypothesis is presented that suggests 
that class I ADH plays a major role in regulating the synthesis of retinoic 
acid needed for correct morphogenesis. 
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In support of this hypothesis, recent experiments in this laboratory 
have indicated that expression of the human ADH3 gene is regulated tran
scriptionally by retinoic acid.64 Various lengths of ADH3 promoter DNA have 
been fused to the E. coli gene encoding chloramphenicol acetyltransferase 
(cat). The ADH3-cat fusions were individually introduced into hepatoma 
and teratocarcinoma cell lines by transfection, and cat expression was 
monitored in the presence and absence of added retinoic acid. These deletion
mapping experiments have identified a retinoic acid response element in 
the ADH3 promoter located between -328 and -272 bp (relative to the tran
scription start point, designated + 1) that functions in transfected Hep3B 
human hepatoma and F9 mouse teratocarcinoma cell lines (M. L. Shean and 
G. Duester, unpublished results). The 51-flanking nucleotide sequence of 
the ADH3 gene contains two copies of the sequence 51-TGACC-31

, previ
ously noticed as an essential sequence for the retinoic acid response ele
ments present in the control regions for the laminin B 179 and RAR~&2 genes. 
In human ADH3, these sequences are located at -318 and -289 bp, both 
within the DNA fragment shown to impart retinoic acid responsiveness on 
cat expression.64 

Since human class I ADH is known to function as a retinol dehydroge
nase in retinoic acid synthesis,22 this new finding indicates that retinoic acid 
can potentially stimulate its own synthesis via a positive-feedback loop ef
fecting ADH3 transcription in liver and nonllver cells. The very existence of 
such a feedback loop argues strongly that class I ADH activity plays a 
physiologically significant role in retinoic acid synthesis. 

To achieve homeostasis of retinoic acid levels using a positive-feed
back mechanism for stimulating synthesis, it would be necessary to couple 
this to a mechanism for degrading excess retinoic acid. Indeed, liver and 
other tissues possess an enzymatic activity, induced by retinoic acid, that 
oxidizes retinoic acid (Km = 1O-6M) to the inactive 4-oxo-derivati ve. 90 Thus, 
retinoic acid feedback induces its degradation as well as its synthesis. A 
scheme for achieving retinoic acid homeostasis is presented in Fig. 1. The 
scheme combines previous knowledge of retinoid metabolism22,53,58--60,90-92 

with recent findings from this laboratory concerning positive feedback 
regulation of ADH gene expression.64 

It is important to note that retinoic acid is likely to function as an 
intracrine hormone to self-regulate retinoic acid levels in liver and other 
tissues. Intracrine regulation is defined as a mechanism whereby hormones 
are synthesized and act within a cell without the need for exit and reentry, as 
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Fig.1. Retinoic acid homeostasis. ~-Carotene, the ultimate source of vitamin A 
from plants, is oxidized to form retinal in the intestine and liver by ~-carotene-
15,15'-oxygenase. Intestinal retinaldehyde reductase efficiently converts retinal 
to retinol. Retinol is transported to the liver for storage as retinyl esters, and the 
liver releases retinol to the serum in a controlled fashion to keep the concentration 
constant. Retinol in the liver, or retinol taken up by many other tissues, can be 
converted to retinoic acid via a two-step oxidation in which ADH produces retinal 
and aldehyde dehydrogenase (ALDH) produces retinoic acid. Since the equilibrium 
of the ADH step is in the opposite direction, it is the high NAD+/NADH ratio that 
pulls the retinol towards retinoic acid. Retinoic acid can be further oxidized to 
4-oxo-retinoic acid as part of a degradation pathway for excretion, and the enzyme 
catalyzing this reaction is induced by retinoic acid. Our studies now indicate that 
retinoic acid can also feedback-induce ADH gene expression, indicating that 
retinoic acid synthesis is autoregulated. The effect of ethanol as a competitive 
inhibitor of ADH retinol oxidation is also indicated. 

is the case for hormones that act by endocrine, paracrine, or autocrine 
mechanisms.93 !tis likely thatretinoic acid also functions in a paracrine fashion 
(affecting cells closely neighboring the ceUs that synthesize the hormone), 
as predicted by the model in which a gradient of retinoic acid acts as a 
morphogen specifying the anteroposterior axis of the developing limb bud.49 

In this model, the zone of polarizing activity located in the posterior portion 
of the limb bud acts as the paracrine supplier of retinoic acid, which then 
diffuses to anterior tissues as a result of its ability to pass easily through cell 
membranes. A prediction that can be made from our findings is that the 
zone of polarizing activity may possess more ADH activity than tissue in 
the anterior portion of the limb bud, thus enabling it to serve as the paracrine 
supplier of retinoic acid. 
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As mentioned above, the limb bud has been shown to convert retinol 
to retinoic acid.84 Also, F9 teratocarcinoma cells, which are analogous to 
cells in early embryonic tissue, can convert retinol to retinoic aCid,94 thus 
explaining why many of the well-known effects of retinoic acid can also be 
accomplished by retinol treatment.95 Since our studies indicate that mouse 
F9 cells can support retinoic acid-induced transcription of a transfected hu
man ADH3 promoter, we suggest that these cells may be expressing an en
dogenous mouse ADH gene (either class I or II ADH), which is the source 
of the retinol dehydrogenase activity previously seen in F9 cells.94 

Retinol and Ethanol Metabolism: 
Connection with Fetal Alcohol Syndrome 

We propose that class I ADH is a very good candidate for the enzyme 
that regulates retinoic acid synthesis during embryonic development, as well 
as during adult life in many target tissues. The positive-feedback mecha
nism proposed for ADH expression would provide a very efficient method 
for creating localized synthesis ofretinoic acid, thus establishing the mor
phogenetic gradient known to be necessary for correct development. 
Studies on the pathogenesis of fetal alcohol syndrome, as well as studies on 
the effects of ethanol on retinol metabolism, lend further support to the hy
pothesis that class I ADH is a major regulator of retinoic acid synthesis. 

Ethanol acts as a competitive inhibitor of the retinol dehydrogenase 
activity attributed to human class I ADH,22 but not other retinol dehydroge
nase activities.54,55 Ethanol also acts as a teratogen, causing brain, craniofa
cial, and limb abnormalities in those suffering from fetal alcohol 
syndrome.96,97 Interestingly, these tissues are very sensitive to retinoic acid 
levels during fetal development.65,66 Thus, many of the abnormalities ob
served in fetal alcohol syndrome could be caused by high levels of ethanol 
acting as a competitive inhibitor of class I ADH retinol oxidation, resulting 
in a reduction of retinoic acid synthesis in tissues that require critical levels 
of this molecule to specify spatial patterns. One would predict that, by low
ering the rate 'of retinoic acid synthesis, chronic ethanol ingestion would 
also cause a decrease in the feedback induction of ADH expression that we 
have described.64 In short, excess ethanol would be predicted to upset fetal 
retinoic acid homeostasis severely. 

The connection between ethanol and retinoid metabolism is made even 
more apparent when one reviews the teratogenic effects that either com
pound exhibits when taken in excess. There are many similarities between 
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the birth defects that occur in those suffering from fetal alcohol syndrome 
and those suffering from retinoid overdose. The latter problem often leads to 
teratogenesis and has been seen in some individuals who have taken the 
anti acne medicine Accutane (Roche, Basel, Switzerland; isotretinoin; 13-
cis-retinoic acid) or other retinoids during pregnancy.98,99 Retinol (vitamin 
A) ingested in large amounts leads to hypervitaminosis A, which has also 
been linked to birth defects.99 In teratogenesis induced by hypervitaminosis 
A, it is believed that excessive retinoic acid derived from the excess retinol 
is at blame. Retinoic acid has been shown to be transported in the serum 
bound to albumin,l00 and both all-trans-retinoic acid and l3-cis-retinoic acid 
can be delivered to the fetus via placental transfer. 101 Malformations of 
human and animal offspring induced by retinoic acid occur to an extent that 
depends on the concentration and the stage of gestation at exposure. The 
major damages can be classified as defects of the neural tube, the facial 
cranium, and the bones of the spinal column, and include such abnormalities 
as microcephaly, hydrocephaly, spina bifida, club foot, and other limb de
fects.99 This list of abnormalities makes sense, because it is now realized 
that there is an optimum concentration of retinoic acid needed to direct mor
phogenesis of the central nervous system and the limb bud. Presumably, 
retinoic acid present at high levels in the serum enters cells and upsets the 
delicate balance of retinoic acid homeostasis in target tissues, thus leading 
to birth defects. Perhaps many target tissues of retinoic acid normally respond 
only to the retinoic acid that they synthesize locally from retinol, and not to 
retinoic acid that they receive from the serum, which normally has low levels 
(i.e., 1.32ngfmL [4.7nM] all-trans-retinoicacidand 1.63ngfmL [5.8 nM] 13-
cis-retinoic acid in human serum102). 

Ethanol taken during pregnancy is delivered to the fetus, and exces
sive ethanol ingestion can be teratogenic. The birth defects noticed in fetal 
alcohol syndrome are very similar to those described above for retinoid 
toxicity. Defects include abnormalities of the central nervous system, such 
as microcephaly, mental retardation, cleft palate, spinal stenosis, polydac
tyly, and many other limb abnormalities.96,97 The defects vary in severity, 
depending on the amount of ethanol ingested and the stage of gestation. 
When enough ethanol is ingested to reach a blood-alcohol level of 0.1 %, at 
which level one is designated legally intoxicated, the blood contains about 
17 mM ethanol. Human liver class I ADH isozymes exhibit a range of Km 
values for ethanol of 0.16-1.1 mM,2o and ethanol inhibits human liver reti
nol oxidation with a K j of 0.36 mM.22 Thus, most of the class I ADH activity 
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will be tied up in ethanol oxidation during alcohol intoxication and will not 
be available for retinol oxidation, even though the Km for retinol (0.028 
mM) is much lower than that for ethano1.22 

Fetal alcohol syndrome has recently been recognized as a major pub
lic health problem and is one of the leading causes of mental retardation.97 

A single molecular mechanism that helps explain the multiple defects 
noticed in fetal alcohol syndrome has not been described.103 Based on the 
information presented above concerning the role of ADH in the metabolism 
of retinol and ethanol, and the role of retinoic acid in fetal development, it 
seems reasonable to propose that fetal alcohol syndrome is primarily a dis
ease caused by an imbalance in retinoic acid homeostasis. As opposed to 
retinoid teratogenesis, however, it appears that fetal alcohol syndrome 
may be the result of too little retinoic acid produced during critical stages 
of fetal development. This may not explain all of the defects seen in cases 
of fetal alcohol syndrome, but should be considered as playing a major 
role in its pathogenesis. 

Developmental Control 
of Alcohol Dehydrogenase Gene Expression 

Developmental Regulation of Liver ADH 
by CCAATIEnhancer Binding Protein 

Since ADH production is subject to developmental regulation, a par
ticular interest of our laboratory is the question of why it is important to 
increase the level ofliver ADH postnatally. The abundance of ADH corre
lates with the knowledge that it catalyzes not only ethanol oxidation, but the 
reversible oxidation/reduction of numerous alcohols and aldehydes, includ
ing the retin01lretinal interconversion discussed above. A postnatal devel
opmental increase in liver ADH production may complete the establishment 
of retinoic acid metabolism in the neonate who can no longer rely on maternal 
retinoid metabolism. Since expression of the three closely related members 
of the human class I ADH gene family increases during liver develop
ment,4,36,37,104 it is informative to determine the mechanism of this induc
tion and how this relates to liver development as well as to metabolism of 
alcohol and retinol in the fetus and adult. 

Previous studies have shown that liver-specific gene expression is con
trolled primarily at the level of transcription. lOS The study of liver-specific 



388 Duester 

gene expression is now focusing on the transcription factors that make 
possible this tissue specificity. A protein that has been implicated in liver
specific transcriptional regulation is CCAAT/enhancer binding protein 
(CIEBP).I06.107 CIEBP binds the promoter and/or enhancer regions of sev
eral genes expressed highly in liver, such as those encoding albumin and 
a,I-antitrypsin,108 and has been proven to function as a positively acting 
transcription factor in cultured hepatoma cells.109 Expression of CIEBP is 
noticed in liver, fat, intestine, and lung tissue; in liver and intestine from 
either rat or mouse, CIEBP levels increase severalfold a few days before 
birth, and then return to the baseline level a few days after birth. HO It has 
been suggested that the increase in liver CIEBP at birth stimulates the post
natal expression of other genes in liver, thus acting as a major regulator of 
liver development. Studies in this laboratory indicate that class I ADH falls 
into this category of genes. 

Initial studies on the human ADH2 promoter indicated that purified 
CIEBP could bind at several locations, in particular at two sites (-40 and 
-15 bp relative to the transcription start point) that flank a DNA sequence 
called the TATA box, located at -30 bp.46 Since the TATA box normally 
plays a major role in assembly of RNA polymerase II into a transcription 
complex,111 the presence of CIEBP molecules bound in such close proxim
ity hint that they may be playing a significant role in regulation of the ADH2 
transcription initiation process. Transfection studies on human hepatoma 
cells have indicated that CIEBP does have a major positive effect on ADH2 
transcription and smaller effects on ADHI and ADH3 transcription. H2 

Mutations of either CIEBP binding site flanking the ADH2 TATA box elimi
nates both binding and transcriptional activation. H2 The major conclusion 
from these studies is that CIEBP provides a liver-specific cue for human 
class I ADH gene expression, and facilitates differential regulation of the 
ADHI ,ADH2, andADH3 genes during liver development. Also, the mecha
nism by which CIEBP acts on the ADH2 promoter may be novel in that it 
requires binding sites on both sides of the TATA box to function. 

Hormone-Induced and Basal-Level 
Expression of ADH Genes 

In addition to CIEBP regulation, class I ADH gene expression is regu
lated by glucocorticoids, androgens, and retinoic acid. Each of these hor-
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mones functions via a specific member of a family of evolutionarily related 
transcription factors referred to as the nuclear receptors. 113 Glucocorticoids 
have been shown to regulate transcription via a hormone-dependent inter
action of the glucocorticoid receptor with a discrete DNA sequence, termed 
a glucocorticoid response element, that acts as an enhancer for a nearby 
gene promoter. 114 All steroid hormones, as well as thyroid hormone, vita
min D, and vitamin A (retinoic acid), are now known to exert their effects 
via binding to specific nuclear receptors. Upon binding a particular ligand, 
the receptor is transformed into an active nuclear transcription factor that 
seeks out and binds to genes containing a specific hormone-response ele
ment. 113.115 

It has been observed that ADH activity and mRNA levels are induced 
by glucocorticoid treatment of rat hepatoma cells.116.1l7 Also, liver ADH 
induction has been demonstrated by feeding rodents excessive ethanol, and 
glucocorticoids playa permissive role in this induction. 118 When the human 
ADH2 gene was cloned and sequenced, it was noticed that the promoter 
region contained two sequences (at -215 and -180 bp) that have homology 
to previously characterized glucocorticoid response elements.45 Further 
analysis of the ADH2 gene revealed that these putative elements were 
functional in transfected hepatoma and nonhepatoma cells, and DNA-bind
ing studies with purified glucocorticoid receptor indicated that there are 
three (instead of two) tandem binding sites that compose the ADH2 glu
cocorticoid response element. 119 This indicates that human ADH2, like the 
rodent class I ADH gene, is regulated by glucocorticoids. Preliminary studies 
on human ADH 1 and ADH3 genes have not revealed a significant effect of 
glucocorticoids on transcriptional activity (M. L. Shean and G. Duester, 
unpublished results). Several liver enzymes, such as tyrosine aminotransferase 
and tryptophan oxygenase, undergo postnatal inductions in which 
glucocorticoids playa major role.120.121 Perhaps liver ADH2 is subject to 
glucocorticoid control during its postnatal induction. The further induction 
of adult liver ADH by excessive ethanol ingestion may be considered a 
nonphysiological anomaly that operates via the glucocorticoid pathway. 

ADH in mouse kidney, but not in liver, is inducible by androgens.122 

The mechanism of this induction appears to involve a combination of tran
scriptional and posttranscriptional events. 123. 124 This response is part of a 
major effect that androgens exert on kidney tissue, involving the induction 
of several enzymes, such as ~-glucuronidase, ADH, and ornithine decar-
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boxylase.125 The DNA sequences responsible for androgen induction of class 
I ADH have not been elucidated, but one can speculate that they may be 
similar or identical to those that compose the glucocorticoid response ele
ment. This is because recent findings have indicated that the androgen re
ceptor can bind the mouse mammary tumor virus glucocorticoid response 
element and activate transcription.126 

As mentioned above, this laboratory has recently provided evidence 
for regulation of human ADH3 by retinoic acid,64 another member of the 
class of hormones that operate through nuclear receptors. Unlike receptors 
for glucocorticoid and androgen hormones, the retinoic acid receptor binds 
a much different type of hormone response element, i.e., the retinoic acid 
response element. 113,115 Our studies have concentrated on two sequences 
in the ADH3 gene (5'-TGACC-3') that resemble other known retinoic acid 
response elements. Studies on the ADH 1 and ADH2 genes indicate that 
retinoic acid has no effect on transcription, contrary to what is observed for 
ADH3.64 Thus, retinoic acid may be providing a signal to ADH3 specifi
cally, perhaps helping to determine its unique pattern of tissue and develop
mental expression. 

Transfection studies on cultured cells, as discussed above, have al
lowed the elucidation of human ADH gene regulatory factors, such as 
CIEBP, glucocorticoids, and retinoic acid. In vitro transcription studies 
on the human ADH2 gene have provided additional information. Two 
DNA sequences critical for in vitro transcription of the ADH2 gene have 
been located between -94 and -84 bp, and between -72 and -64 bp.127 
These sequences correspond to two sites that exhibit binding (in a DNA 
footprinting assay) to protein factors present in a rat-liver nuclear ex
tract.46,112 The homologous DNA sites in the mouse Adh-l gene also bind 
proteins derived from a liver nuclear extract.128 The site at -94 to -84 bp 
appears to have homology with the binding site for a common transcription 
factor called Sp 1, or stimulatory protein 1.129 Competition studies indicate 
that Sp 1 is likely to be involved in ADH2 transcription.127 The other site 
important for in vitro transcription, located at -72 to -64 bp, has homology 
to the binding site for yet another common transcription factor, called 
USF, or upstream stimulatory factor. 13o Since Spl and USF are involved 
in the basal-level transcription of many genes in many types of cells, it is 
possible that they help regulate the basal-level expression of ADH2 observed 
in many tissues. 
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Fig. 2. ADH transcription factors. Structural and functional studies performed 
on the human ADH1, ADH2, and ADH3 genes have identified several binding 
sites for potential regulatory proteins. Shown is a composite of binding sites for 
the three genes. The numbering is in base pairs upstream of the transcription 
start points for the three genes, which are in approximately equivalent positions 
relative to the structural genes.46 All three genes possess six regions (designated 
A through F) that bind proteins present in a rat liver nuclear extract.46•112 Sites A, 
D, and E in ADH1, ADH2, and ADH3 have been confirmed to be C/EBP binding 
sites through the use of purified C/EBP in a DNA footprinting assay.112 Site C is 
implied to bind Sp1 based on competition experiments using a synthetic Sp1-
binding site oligonucleotide.127 Site B has homology to USF binding sites,130 and 
site F has homology to HNF-1 (hepatocyte nuclear factor 1) binding sites, the 
latter being a transcription factor present at high levels in liver and kidney.133 
Even though all three genes possess DNA sequences that resemble putative 
glucocorticoid receptor (GR) binding sites between -240 and -170 bp, only ADH2 
has been demonstrated to both bind purified GR and respond to the hormone.119 

The DNA sequences of the three genes diverge greatly upstream of -250 bp, and 
the ADH3 gene possesses two putative RAR binding sites at -289 and -318 bp.64 
DNA sequences upstream of -350 bp in ADH1, ADH2, or ADH3 have not been 
closely analyzed for the presence of transcription-factor binding sites. 

Model for Transcriptional Regulation 
of Human Class I ADH Genes 

A model summarizing the transcriptional regulation of human class I 
ADH is presented in Fig. 2. The various transcription factors that bind the 
ADH genes are presumed to operate by facilitating the formation of an ac
tive RNA polymerase II transcription initiation complex. Eukaryotic RNA 
polymerase is a relati vely weak DNA-binding protein compared to bacterial 
RNA polymerase, and relatively nonspecific as to what DNA sequence it 



392 Duester 

requires for binding. The tight binding and sequence specificity of many 
eukaryotic transcription factors allows them to assemble first onto the pro
moter at specific locations and then to await a random collision with the 
polymerase. It is believed that protein-protein interactions between eukary
otic RNA polymerase and various transcription factors, rather than the 
DNA itself, actually directs binding of the polymerase to the site of tran
scription initiation.131,132 Possibly, the more transcription factors that can 
bind to the promoter, the better, since this will increase the chances for 
productive polymerase binding. 

Undoubtedly, the large number of factors regulating class I ADH 
gene expression is a result of the need for several mechanisms to establish 
the levels of expression seen in many different tissues and at many differ
ent times during development. Since there is now good evidence that 
class I ADH is a major regulator of retinoic acid synthesis, this provides 
another reason for the complexity of regulation of ADH gene expression. 
Hopefully, future studies will shed further light on the connections among 
ADH gene expression, retinoic acid homeostasis, and vertebrate growth 
and development. 
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Introduction 
The functional disturbances induced in skeletal muscle in response to 

chronic alcoholism are well known. 1-8 There is marked muscle weakness, 
tenderness, and muscle atrophy, which may be accompanied by muscle ne
crosis, edema, hemorrhage, and acute inflammation of affected tissues. Al
though the incidence and severity of muscle disease vary widely in chronic 
alcoholics, it is estimated that at least 50% of these individuals suffer from 
some type of myopathy.9 Since skeletal muscle comprises approx 40% of 
body weight, alterations in the metabolic function of this tissue are likely to 
have profound implications on the health and well-being of the individual 
and may be indicative of pathological changes that occur in other tissues 
with alcohol abuse. 
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Fig. 1. (A) Schematic diagram of the mechanics of skeletal muscle contraction. 
(1) The action potential travels along the transverse tubule system and depolarizes 
the membrane resulting in increased Na+ conductance, (2) membrane depolar
ization releases Ca2+ from the longitudinal tubules and terminal cisterns of the 
sarcoplasmic reticulum, and (3) free intracellular calcium facilitates the interaction 
between actin and myosin filaments. 

Although the specific mechanisms responsible for the decline in muscle 
mass and strength in response to ethanol are unknown, a cursory review of 
skeletal muscle contraction clearly indicates that ethanol has the potential 
of interacting at a number of levels, including neurotransmitter release, re
ceptor binding, ion transport, calcium storage and release, protein synthe
sis, metabolism, and conformation.10 For example, during a normal 
contraction cycle (Fig. 1), acetylcholine is released from neurons into the 
myoneural junction and binds to receptors on the membrane of the sarco
lemma, resulting in increased conductance and the generation of an end 
plate potential. The current spreads along the transverse tubule (1) system, 
depolarizes the membrane, and releases calcium from the terminal cisterns 
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B 

Fig. 1. (8) Magnification of the interactions between actin (A) and myosin (M) 
filaments in response to Ca2+. Calcium binds to the troponin molecule (TM), which 
alters the configuration of the protein allowing myosin to bind actin. The hydrolysis 
of ATP with the release of Pi results in movement of the myosin head along the 
actin filament. The contraction cycle continues as long as Ca2+ is present and 
energy is available for production of ATP. 

and longitudinal tubules of the sarcoplasmic reticulum. The free intracellu
lar calcium binds to troponin-C resulting in the removal of tropomyosin 
inhibition, and the exposure of binding sites between actin and myosin. 
Energy is released from ATP and the myosin head contracts. The contrac
tion cycle continues as long as ATP is present or until the free calcium is 
pumped back into the sarcoplasmic reticulum resulting in muscle relaxation. 
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In addition, to the mechanical properties that govern skeletal muscle con
traction, anabolic hormones, such as testosterone, and insulin-like growth 
factors also contribute to skeletal muscle function by increasing the rate of 
protein synthesis. Since ethanol induced alterations at any level of skeletal 
muscle function would have important implications for this tissue, it is prob
able that a single mechanism alone would not be adequate to account for 
the actions of the drug. 

The current chapter does not attempt to be all-inclusive in an ap
proach to understanding the specific mechanisms for the decline in skel
etal muscle mass and function in response to alcoholism. Rather, an 
attempt has been made to provide a broad background to develop an under
standing of the range of factors that impact skeletal muscle and to delineate 
potential interactions between ethanol induced myopathies and skeletal 
muscle metabolism. 

Morphological Changes 
in Skeletal Muscle After Ethanol 

Several studies have indicated that ethanol has a wide range of effects 
on skeletal muscle morphology. For example, in the adult, alterations in the 
morphological characteristics of muscle have been observed after chronic 
ingestion of alcohol for as brief a time as 4 Wk. 11,12 These investigators 
observed intracellular edema, dilation of sarcoplasmic reticulum, increases 
in cytoplasmic lipid and glycogen granules, and swollen and irregular 
mitochondria. 11,13 Although ethanol induced changes occur to varying 
degrees in all muscle types, type II muscle fibers appear to be most sensi
tive to the chronic effects of ethanol. 11,13,14 These fibers exhibit a decrease 
in fiber area and weight after chronic ethanol, whereas type I fibers are 
relatively unaffected. Although the specific mechanisms for the changes 
are unknown, type II fibers exhibit faster myosin isozyme A1Pase activity 
and higher calcium pumping activity as compared with type I fibers.IO,IS 
Limited information is available to date, but it is possible that ethanol 
may specifically inhibit the synthesis or activity of one type of myosin 
A1Pase or hinder calcium pumping capacity leading to a deterioration of 
type II fibers. 
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Various investigators, including our laboratory, have identified at least 
four areas where acute or chronic ethanol consumption can impact skeletal 
muscle function. These areas include, but are not limited to: 

1. Membrane fluidity; 
2. Muscle contractility; 
3. Protein synthesis; and 
4. Hormonal influences. 

Although there is evidence that suggests that ethanol influences each of 
these areas, there is a high degree of interaction among these processes and 
it is not immediately clear which effects are directly related to ethanol and 
which effects are secondary to changes in other systems. Further research 
will be needed to confrrm many of these studies and identify the specific 
intracellular changes induced by acute and chronic ethanol. In addition, it 
is clear that ethanol affects neural activity, which influences both muscle 
activity and function. This area has recently been reviewed in detail 16 and, 
therefore, is not included in this chapter. 

Membrane Fluidity 

The cell membrane is critical to virtually all aspects of cell function. 
The actions of the cell membrane include maintaining active and passive 
transport of compounds into the cell, providing a matrix for the binding of 
extracellular compounds to specific receptors, transducing signals via 
second messenger systems, and maintaining osmotic gradients. The char
acteristics of the membrane together with the activity of various ion 
pumps result in the establishment of electrical properties that are essential 
to the function of these cells and regulate the response of these cells to 
extracellular signals. iO 

Recent studies suggest that ethanol may alter the structure and lipid 
composition of membranes. Analysis of the fluidity of membranes using 
spin labeling of 5-doxylstearic acid followed by spin resonance have indi
cated an increase in membrane fluidity after administration of ethanol in 



408 Sonntag et al. 

vitrO.17-21 However. other studies indicate that chronic ethanol administra
tion results in the formation of a more rigid structure. which is resistant to 
the fluidizing effect of the drug. 18,19,21,22 These effects are correlated with 
decreases in the proportion of linoleic acid in the membrane. whereas oleic. 
stearic. and palmitic acids increase.23 Such alterations in response to 
chronic ethanol treatment have led to the concept that the maintenance of 
membrane fluidity is an actively regulated process that compensates for 
increased fluidity induced by ethanol. creating a more rigid cell structure. 
After chronic exposure to the drug. the membrane becomes rigid in the 
absence of ethanol. Because of the adaptations of the membrane to the ef
fects of ethanol. some investigators have considered these changes a mani
festation of tolerance at the membrane level. 18,19,21-23 

There are several functional changes within the cell that are associ
ated with increased rigidity induced by ethanol. Some studies have described 
a decrease in amino acid uptake through the cell membrane.24 whereas 
other studies suggest that there is greater sensitivity to the toxic effects of 
various agents owing to impaired ability to regulate ion flux through a com
promised cell membrane. 19 Although the disruption of specific ion fluxes is 
difficult to assess. ion movements have been measured indirectly by fol
lowing changes in the membrane potential of muscle tissue. Acute ethanol 
has been shown to cause membrane depolarization25 and influence the ac
tivity of sodium/potassium ATPase. an enzyme responsible for the regu
lation of the gradients for sodium and potassium ions across the cell 
membrane.26-28 Recent studies using cultured skeletal myotubes from fetal 
rats confirmed that acute ethanol caused a dose-dependent depolarization 
of these cells.27 However. after suppression of the sodium/potassium pump 
with ouabain. ethanol had little effect on the membrane potential. These 
results suggested that the effects of ethanol are mediated by a specific inhi
bition of the sodium/potassium pump. This conclusion was confirmed by 
measurement of 86Rb uptake (via the sodium/potassium pump) in the pres
ence of ethanol. Chronic treatment with ethanol in vitro over a 9-d period. 
however. resulted in a compensatory increase in sodium/potassium ATPase 
activity and a "normalization" of the membrane potential.28 These results 
are consistent with the hypothesis that ethanol induces changes in mem
brane fluidity and suggest that alterations in fluidity can induce functional 
changes in membrane proteins responsible for the maintenance of the inter
nal milieu of the cell. 
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Muscle Contractility 

Early studies on the actions of acute ethanol administration indicated 
that 200 mM ethyl alcohol inhibited contractility of both diaphragm and 
sartorius muscle.29- 35 Although acute studies have produced consistent 
results, chronic studies have been more controversial. At least one investi
gator has reported that administration of 20% ethanol in drinking water for 
27 wk had no effect on contractility of the rectus abdominis muscle in mice.36 

However, this study used a tissue with a high proportion of Type I fibers 
and control animals were both malnourished and dehydrated. It is possible 
that alterations in nutrition may have masked the effects of ethanol in this 
study. More recent investigations, in which nutrition was more carefully 
controlled, have observed reduced twitch and tetanic tension in gastrocne
mius muscle of rats after chronic ethano1.33 

Studies of the in vitro actions of ethanol on the activity of actin and 
myosin in muscle have been complex and, in some instances, mislead
ing. In one study, it was reported that ethanol diminished actinomycin 
precipitation (used as an index of association of these proteins) and 
delayed the increased precipitation in response to Mg-ATP or ADP.3.37 

Similar results were found with acetaldehyde suggesting that ethanol and 
its metabolites interfered with the native contractile response of these 
proteins. However, later studies suggested that ethanol can directly inhibit 
the ATP-induced nucleation that is necessary for the in vitro precipitation 
of the actinomycin complex.38 Since nucleation of actin and myosin 
appears to be the response specifically inhibited by ethanol in vitro, but is 
not required for normal muscle function in vivo, the results of this study 
raised concerns about the adequacy of the in vitro model for the actions of 
ethanol on muscle contraction. 

In skeletal muscle, it is well-known that the crucial events in contrac
tion and relaxation of muscle are coupled to the release and reuptake of 
calcium by the sarcoplasmic reticulum. 10 Earlier studies had confirmed that 
ethanol had little or no effect on the ability of troponin to bind calcium. 
However, concentrations of 0.1-1 % ethanol appeared to enhance calcium 
release from sarcoplasmic reticulum.39 This effect did not appear to be 
mediated by alterations in calcium pump activity since independentexperi
ments confirmed that ethanol in this dose range had little effect on the activity 
of the pump. However, at low concentrations of ethanol, it was observed 
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that the sarcoplasmic reticulum was more permeable to calcium - this was 
especially true of the heavy sarcoplasmic reticulum, which included the 
terminal cisternae and transverse tubules. The authors suggested that 
ethanol may interact with a subunit of the gated calcium channel either by 
increasing the size of the channel or by altering conformation (possibly 
via changes in membrane fluidity). Therefore, the result of ethanol expo
sure may be a loss of calcium storage in the sarcoplasmic reticulum, a 
decrease in calcium release after depolarization, and reduced muscle con
tractility. This hypothesis is consistent with experiments demonstrating that 
calcium partially reverses the ethanol-induced decrease in contraction of 
the longitudinal muscle. 

Protein Synthesis 

Many recent studies have indicated that relative rates of protein 
synthesis are decreased in skeletal muscle of ethanol as compared to 
pair-fed control animals. In response to acute alcohol administration, pro
tein synthesis in the gastrocnemius muscle was reduced by approx 30% 
after correction for the specific activity of the amino acid in the intracellu
lar pool.40,41 In another study, fractional rates of protein synthesis were 
reduced by 15-35% in soleus, plantaris, gastrocnemius, diaphragm, and 
stomach.42 Within the gastrocnemius muscle, separation of proteins into 
sarcoplasmic, stromal, and myofibrillar components revealed equivalent 
reductions in all protein typeS.43,44 These studies also revealed that protein 
synthesis in type n (anaerobic, fast twitch) muscle fibers was inhibited more 
than type I fibers by ethanol suggesting that the increased damage in these 
muscle fibers was closely correlated with the reduced protein synthesis 
induced by ethanol. 

Longer feeding regimens of ethanol to rats using the pair-feeding model 
(Fig. 2) demonstrated similar effects of ethanol on protein synthetic mecha
nisms.45-49 In immature rats, ethanol decreased bone, liver, skin, and skel
etal mass by 7-21 % compared to pair-fed animals.44 Fractional and absolute 
rates of protein synthesis were similarly reduced (13-30%) in both imma
ture and mature animals. Similar to the results of the acute studies, analysis 
of stromal, soluble, and myofibrillar protein fractions of gastrocnemius 
muscle indicated an equivalent decrease in each area in response to chronic 
ethanol feeding. Analysis also revealed that the changes in protein synthe
sis were not a result of diminished insulin levels45 or increased protein 
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Fig. 2. Relative protein in diaphragm muscle from ethanol and pair-fed control 
rats. Diaphragms were removed and incubated in medium with 3H-phenylalanine. 
Protein synthesis was calculated as a ratio of phenylalanine specific activity in 
protein to phenylalanine specific activity in the free amino acid pool. Data are 
expressed as mean ± SEM and indicate a 27% reduction in relative protein 
synthesis after ethanol (Sonntag, unpublished observations). 

catabolism (catabolism decreased by 13 and 19% in immature and ma
ture rats, respectively).5o Therefore, the results of these studies provide 
convincing evidence that ethanol inhibits protein synthesis in skeletal 
muscle and that the decline is not reversed with continued ethanol treat
ment as was observed for other effects of ethanol (Le., sodium potassium 
ATPase activity). 

The mechanisms responsible for the inhibition of protein synthesis 
are unclear. Ethanol may have direct effects on gene transcription, RNA 
processing and transport, or on translational processes. Alternatively, the 
effects of ethanol on gene expression may be secondary to perturbations in 
cellular processes, such as mitochondrial or membrane activity. Recent stud
ies using high concentrations of ethanol (O.21-D.84M) in cell free systems 
have suggested additional actions of ethanol on the regulation of protein 
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synthesis.51 Ethanol was shown to inhibit ternary complex formation 
between initiation factor (eIF-2), GTP, and initiator methionine t-RNA. 
The authors also found evidence that ethanol may activate a specific 
translational inhibitor to suppress protein synthesis. This conclusion was 
reached since 

1. Ethanol inhibited protein synthesis after a 6O-min incubation period; 
2. A peak that suppressed protein synthesis was resolved by chromat

ography; and 
3. The inhibitor eluted in the same poSition as heme-controlled repressor. 

These results indicated that ethanol may inhibit polypeptide synthesis by 
both activation of an inhibitory compound within the cell and by suppres
sion of ternary complex formation. 

Hormonal RegulaUon 
Insulin-like Growth Factors 

Somatomedins or insulin-like growth factors (IGFs) are a family of 
peptides structurally related to insulin that induce mitogenic activity in 
cultured fibroblasts, anabolic activity in cartilage, and DNA and protein 
synthesis in many other tissues.52 IGFs are produced by a number of tis
sues (90% of which is produced by the liver) and circulate in high concen
trations in blood. Recent studies have indicated that these hormones have 
an autocrine/paracrine role in tissue growth and hypertrophy. For example, 
IGF-I has been shown to have a role in the differentiation of muscle in the 
newborn mouse,53 the regeneration of muscle after damage induced by 
hypoxia or the snake venom, taipoxin,54 and renal hypertrophy after unilat
eral nephrectomy. 55 IGF-II concentrations are elevated in many tissues of 
fetal animals, but in adults are usually found in high concentrations only in 
the brain and anterior pituitary. The IGFs generally circulate in plasma bound 
to specific carrier proteins that have been hypothesized to regulate IGF ac
tivity and recent studies have demonstrated that IGF-l activity is enhanced 
when the protein is bound to specific carrier proteins. 56 Because of their 
important anabolic effects on tissue, we and others have proposed that a 
decline in plasma levels of these hormones may contribute to the reduction 
in muscle protein synthesis in response to ethanol. 
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Fig. 3. Effects of ethanol on plasma levels of IGF-1 in male rats. Left: Effects of 
a low fat (12%) Lieber-DiCarli diet for either 12 d or 4.5 mo on IGF-1 levels. Animals 
were pair-fed a 5% ethanol diet or an isocaloric maltose-dextrin (control) diet. 
Additional animals received the control diet ad libitum. Right: Effects of a high fat 
(35%) Lieber-DiCarli diet for 4.5 mo on IGF-1 levels. Groups were the same as 
previously described. Values represent mean ± SEM. hSl = ethanol; ~ = pair-fed; !83 
= ad libitum. (Data summarized from Sonntag et aI., ref. 57.) 

Although there are few studies on the effects of ethanol on IGF-l 
activity, recent experiments have suggested that plasma levels ofIGF-l may 
decrease in both animals and humans in response to chronic ethanol. In our 
own laboratory (Fig. 3), for example, short-term ethanol feeding has little 
or no effect on plasma IGF-l concentrations. However, continued ethanol 
feeding for 4.5 mo resulted in a decline in plasma IGF-l concentrations 
compared to either ad libitum or pair-fed animals. 54 These changes occurred 
despite relatively low levels of alcohol over the course of the experiment. 
Several earlier investigations have also reported a decline in plasma levels 
ofIGF-l in patients diagnosed with alcohol-induced liver cirrhosis. 58 How
ever, because of the nutritional alterations that normally accompany alco-
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holism, these reports were unable to conclude that alcohol specifically 
influenced the secretion of this hormone. In our studies, moderate dietary 
restriction, which is characteristic of chronic alcoholics, was shown to 
inhibit plasma levels of IGF-l. However, we found that the effects of 
dietary restriction were clearly separable from the effects of ethanol since 
the dietary effects on IGF-l had a rapid onset (12 d) and remained rela
tively constant thereafter. The effects of ethanol on IGF-l were observed 
after chronic feeding and the magnitude of inhibition was greater than 
that observed with dietary restriction alone. Therefore, the data indicate 
that ethanol has a direct effect on plasma levels of IGF-l. 

More recent data from our laboratory indicate that the effects of 
chronic ethanol treatment on plasma IGF-I are mediated by alterations in 
IGF-l gene expression. 59 Comparison of male rats fed alcohol for 12 d or 
4.5 mo revealed a significant reduction in IGF-l mRNA at 4.5 mo com
pared to pair-fed animals. No significant differences between the ethanol 
and pair-fed animals were observed at 12 d. These results are in close agree
ment with IGF-l concentrations in plasma and suggest that ethanol 
suppresses hepatic IGF-l gene expression. Studies currently in progress 
should reveal whether the effects of ethanol are mediated by alterations in 
the number of IGF-l secretory cells or are related to an inhibition of IGF-l 
gene transcription. 

Growth Hormone 
The secretion of IGF-l is regulated by the release of growth hormone 

from the anterior pituitary gland Growth hormone secretion occurs in high 
amplitude secretory bursts at 3-4 h intervals in male rats, but is limited to a 
single episode occurring approx 2 h after the onset of sleep in humans.6O 

The pulses are regulated by two hypothalamic hormones: somatostatin 
(which inhibits growth hormone release)61 and growth hormone releasing 
hormone (GRF, which stimulates growth hormone release).62 Somatostatin 
is a tetradecapeptide, but has a higher mol wt form (somatostatin-28), which 
is more potent in inhibiting growth hormone release than somatostatin-14. 
The interactions between these neuropeptides are responsible for the normal 
high amplitude secretion of growth hormone.63 

Several previous studies have reported that ethanol administration re
duces plasma growth hormone levels. Redmond, for example, reported that 
3 or 4 g/kg intravenous ethanol significantly diminished the amplitude of 
growth hormone pulses when administered acutely to male rats.64,65 Similar 



Ethanol Effects on Skeletal Muscle 415 

findings have been reported after intragastric infusion of 4 glkg ethanol 
into prepubertal and adult female rats.66 However, no differences were ob
served in response to hypothalamic growth hormone releasing hormone 
indicating that these decreases were not a result of ethanol-induced alter
ations in pituitary sensitivity. Therefore, the authors concluded that the 
actions of ethanol on growth hormone pulse amplitude are mediated by a 
hypothalamic mechanism (i.e., release of GRF or somatostatin). 

In humans, ethanol administration reduces growth hormone pulse 
amplitude and inhibits the response to insulin-induced hypoglycemia or 
propranolol glucagon.68-71 The changes in growth hormone are assumed to 
be responsible for the decrease in IGF-l levels that has been observed in 
these subjects. However, the doses of ethanol used in the acute animal studies 
are high and there appear to be few long-term studies of the effects of etha
nol administration on plasma growth hormone secretory dynamics. Recent 
results from our own laboratory72 demonstrate that when ethanol is fed 
chronically (5% of liquid diet for 4.5 mo), blood concentrations are not 
sufficiently elevated in animals to influence the hypothalamic neurons re
sponsible for regulating growth hormone secretion and, therefore, no major 
alterations in growth hormone secretory dynamics are observed. Rather, 
the effects of chronic ethanol exposure appear to be manifest on IGF-l se
cretion by hepatic tissue owing to locally high ethanol levels before me
tabolism by hepatic enzymes. Alternatively, IGF-l secretory cells may be 
more sensitive to the damaging effects of ethanol resulting in a reduction in 
this cell type. During chronic alcoholism in humans, high blood ethanol 
concentrations most likely affect both growth hormone secretory bursts and 
hepatic IGF-l gene expression. 

Testosterone 

It is well known that testosterone stimulates the formation of muscle 
mass in skeletal muscle and is responsible for the maintenance of many 
secondary sexual characteristics of the male. Products of testosterone me
tabolism, such as dihydrotestosterone are also important for maintaining 
secondary sexual characteristics and organs. Because of the close interre
lationship between steroid hormones, interference in the synthesis of either 
androgens or estrogens has a wide range of effects on the synthesis, blood 
concentrations, and metabolism of a multitude of other steroid hormones 
as well as the function of many organs. 
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There is a substantial volume of literature that indicates that plasma 
levels of testosterone decline in response to acute or chronic ethanol ad
ministration in both animal and human subjects.73-76 Many of the effects of 
testosterone appear to be related to the direct effects of ethanol on steroid 
biosynthesis. Alcohol, for example, has been shown to inhibit the conver
sion of pregnenolone to progesterone in vivo and other investigators have 
reported that ethanol and acetaldehyde inhibit the conversion of andro
stenedione to testosterone in vitrO.81,82 In addition, hCG stimulation oftes
tosterone release from the testis is reduced after alcohol administration.77- 79 
Levels ofluteinizing hormone release from the pituitary gland also decrease 
after acute or chronic ethanol and these changes appear to be associated 
with decreased gonadotropin hormone releasing hormone (GnRH) release 
from hypothalamic neurons.83 Therefore, the decrease in testosterone is 
the result of a direct action on the testis as well as indirect effects via the 
hypothalamus. 

In addition to changes in testosterone steroidogenesis, there appear 
to be marked changes in the metabolism of the steroid. In hepatic tissue, 
S-reductase activity is enhanced after alcohol administration, which re
sults in a decrease in serum testosterone levels. However, in response to 
alcohol administration over long periods of time, 5-reductase activity de
creased - resulting in lower dihydrotestosterone levels in secondary or
gans. ~8 Concomitant with these changes in testosterone is an increase in 
circulating levels of estrogens owing to an increase in hepatic aromatase 
activity.88,89 To our knowledge, there have been no studies of the effects of 
alcohol on testosterone binding protein or studies of the effects of ethanol 
on androgen receptors in target tissues - specifically skeletal muscle. 

Summary 
Several studies have clearly suggested that ethanol has profound ef

fects on skeletal muscle function although the specific mechanisms for the 
effects of ethanol remain unclear. At least part of the difficulty in assessing 
the actions of alcohol results from variations between studies in the time, 
method, and dose of ethanol administration, the types of diets utilized, and 
the adequacy of control groups. These differences result in a wide range of 
blood alcohol levels, different stages of liver disease, and variations in nu
tritional status both within and between studies. The resulting data create 
difficulties in interpretation of results and comparison of results between 
laboratories. 
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Despite the limitations of the animal model, several changes consis
tently occur in skeletal muscle in response to ethanol. These alterations in
clude, but are not limited to, a decrease in membrane fluidity, muscle 
contractility, and protein synthesis. In addition to the direct effects, several 
hormones that regulate skeletal muscle metabolic activity, such as insulin
like growth factor-1 and testosterone, decline after ethanol administration 
and may contribute to the decline in protein synthesis. Alterations in mito
chondrial function are also possible although to our knowledge this has not 
been studied specifically in skeletal muscle. A decrease in mitochondrial 
function (as has been observed in hepatic tissue) would contribute to the 
decline in skeletal muscle function. Therefore, alcohol abuse appears to in
fluence skeletal muscle function at many levels. Further research will be 
necessary to elucidate which processes are most sensitive to alcohol and 
lead to a decline in skeletal muscle function. 

Acknowledgment 

This work was supported in part by grant AA 08536 to WES. 

References 

1 E. Rubin (1979) Alcohol myopathy in heart and skeletal muscle. N. Engl. J. Med. 
301,28-33. 

2 S. K. Song and E. Rubin (1972) Ethanol produced muscle damage in human 
volunteers. Science 175, 327,328. 

3 E. Rubin, A. M. Katz, C. S. Lieber, E. P. Stein, and S. Puszkin (1976) Muscle 
damage produced by chronic alcohol consumption. Am. J. Pathoi. 83,499-516. 

4 F. Martin, K. Ward, G. Slavin, J. Levi, and T. J. Peters (1985) Alcoholic skeletal 
myopathy, a clinical and pathological study. Q. 1. Med. 55,233-251. 

5 P. D. Saville and C. S. Lieber (1965) Increases in skeletal calcium and femur 
cortex thickness produced by undernutrition. J. Nutr. 99, 141-144. 

6 C. Hed, C. Lunkmark, and H. Fahlgren (1962) Acute muscular syndrome in 
chronic alcoholism. Acta Med. Scand. 171,585-599. 

7 G. T. Perkoff, P. Hardy, and E. Velez-Garcia (1966) Reversible acute muscular 
syndrome in chronic alcoholism. N. Engl. J. Med. 274, 1277-1285. 

8 G. T. Perkoff, M. M. Dioso, V. Bleisch, and G. Klinkerfuss (1967) A spectrum 
of myopathy associated with alcoholism. I. Clinical and laboratory features. Ann. 
Intern. Med. 67,481-492. 

9 R. E. Worden (1976) Pattern of muscle and nerve pathology in alcoholism. 
Ann. NY Acad. Sci. 273, 351-359. 



418 Sonntag et al. 

10 W. R Ganong (1989) Review of Medical Physiology, 14th Ed. Appleton & 
Lange, Norwalk, CT. 

11 A. Hanid, G.Slavin, W.Mair, C. Sowter,P. Ward,J. Webb, andJ.Levi(1981) 
Fiber type changes in striated muscle of alcoholics. J. Clin. Pathol. 34,991-995. 

12 K. H. Kiessling, L. Pilstrom, A. C. Bylund, K. Piehl, and B. Saltin (1975) 
Effects of chronic ethanol abuse on structure and enzyme activities of skeletal 
muscle in man. Scand. J. Glin. Lab. Invest. 35,601-607. 

13 G. Slavin, R Martin, P. Ward, J. Levi, and T. Peters (1983) Chronic alcohol 
excess is associated with selective but reversible injury to type 2B muscle fibers. J. 
Glin. Pathol. 36, 772-777. 

14 F. C. Martin, K. Ward, G. Slavin, A. J. Levi, and T. J. Peters (1985) Alcohol 
skeletal myopathy, a clinical and pathological study. Q. 1. Med. 55, 233-251. 

15 A. G. Guyton (1986) Textbook of Medical Physiology. W.B. Saunders, 
Philadelphia. 

16 L. A. Pohorecky (1982) Influence of alcohol on peripheral neurotransmitter 
function.Fed.Pro~41,2452-2455. 

17 P. Seeman (1972) The membrane actions of anesthetics and tranquilizers. 
Pharmacol. Rev. 24,583-.Q55. 

18 J. H. Chin and D. B. Goldstein (1977) Drug tolerance in biomembranes: A 
spin label study of the effects of ethanol. Science 196, 684,685. 

19 E. Rubin and H. Rottenberg (1982) Ethanol-induced injury and adaptation in 
biological membranes. Fed. Proc. 41,2465-2471. 

20 J. M. Vanderkooi (1979) Effects of ethanol on membranes: A fluorescent 
probe study. Alcohol. Glin. Exp. Res. 3,60-63. 

21 J. H. Chin and D. P. Goldstein (1977) Effects oflow concentrations of ethanol 
on the fluidity of spin-labelled erythrocyte and brain membranes. Mol. Pharmacol. 
13,435-441. 

22 A. Waring, H. Rottenberg, T. Ohnishi, and E. Rubin (1981) Membranes and 
phospholipids of liver mitochondria from chronic alcoholic rats are resistant to 
membrane disordering by alcohol. Proc. Natl. Acad. Sci. USA 78, 2582-2586. 

23 J. M. Littleton, S. J. Grieve, P. J. Griffiths, and G. R. John (1980) Ethanol
induced alteration in membrane phospholipid composition: Possible relationship 
to development of cellular tolerance to ethanol. Adv. Exp. Med. BioI. 126,7-19. 

24 J. Rosa and E. Rubin (1980) Effects of ethanol on amino acid uptake by rat 
liver cells. Lab. Invest. 43, 366-372. 

25 E. Knutsson (1961) Effects of ethanol on the membrane potential and 
membrane resistance of frog muscle fibre. Acta Physiol. Scand. 52,242-253. 

26 K. Haraand M. Kasai (1977) The mechanism of increase in the ATPase activity 
of sarcoplasmic reticulum vesicles treated with n-alcohols. 1. Biochem. (Tokyo) 
82,1005-1017. 

27 C. Brodie and S. R. Sampson (1987) Effects of ethanol on electrophysiological 



Ethanol Effects on Skeletal Muscle 419 

properties of rat skeletal myotubes in culture. J. Pharmacol. Exp. Ther. 242, 
1098-1103. 

28 C. Brodie and S. R. Sampson (1987) Effects of chronic ethanol treatment on 
membrane potential, its electrogenic pump component and Na-K pump activity of 
cultured rat skeletal myotubes. J. Pharmacol. Exp. Ther. 242, 1104-1108. 

29 P. W. Gage (1965) The effects of n-ethyl, ethyl, and n-propyl alcohol on 
neuromuscular transmission in the rat J. Pharmacol. Exp. Ther. 150,236-243. 

30 A. R. Khan (1981) Influence of ethanol and acetaldehyde on electro-mechanical 
coupling of skeletal muscle fibres. Acta Physiol. Scand. m,425-430. 

31 S. A. Cooper and K. L. Dretchen (1975) Biphasic action of ethanol on 
contraction of skeletal muscle. Eur. 1. Pharmacol. 31, 232-236. 

32 F. Inour and G. B. Frank (1967) Effects of ethyl alcohol on excitability and 
on neuromuscular transmission in frog skeletal muscle. Br. J. Pharmacol. 30, 
186-189. 

33 D. A. Martyn and T. L. Munsat (1980) The effects of acute and chronic ethanol 
administration on twitch and tetanic force production by rat gastrocnemius muscle 
in situ. Neurology 30,139-143. 

34 L. C. Mendoza, K. Hellberg, A. Rickart, G. Tillich, and R. J. Bing (1971) 
Alcohol influences muscle contractility in vitro. J. Clin. Pharmacol. 11, 165-176. 

35 T. J. Regan, G. Koroxenidis, C. B. Moscos, H. A. Oldewartel, P. H. Lehan, 
and H. K. Hellems (1966) Effects of acute ethanol on skeletal muscle ion transport 
and contractility. J. Clin. Invest. 45, 270-280. 

36 S. L. Berk, P. J. Block, P. A. Toselli, and W. C. Ullrick (1975) The effects of 
chronic alcohol ingestion in mice on contractile properties of cardiac and skeletal 
muscle: A comparison with normal and dehydrated-malnourished controls. 
Experientia 31,1302,1303. 

37 S. Puszkin and E. Rubin (1975) Adenosine diphosphate effect on contractility 
of human muscle actomyosin: Inhibition by ethanol and acetaldehyde. Science 188, 
1319,1320. 

38 Y. Ishii, S. T. Ohnishi, and E. Rubin (1985) Action of ADP and ethanol on 
muscle proteins in vitro. Biochem. Pharmacol. 34,203-210. 

39 S. T. Ohnishi, J. L. Flick, and E. Rubin (1984) Ethanol increases calcium 
permeability of heavy sarcoplasmic reticulum in skeletal muscle. Arch. Biochem. 
Biophys.233,588-594. 

40 J. M. Tiernan and L. C. Ward (1986) Acute effects of ethanol on protein 
synthesis in the rat. Alcohol Alcohol. 21, 171-178. 

41 V. R. Preedy, P. Duane, and T. J. Peters (1988) Comparison of the acute effects 
of ethanol on liver and skeletal muscle protein synthesis in the rat. Alcohol 
Alcohol. 23, 155-161. 

42 V. R. Preedy and T. J. Peters (1988) Acute effects of ethanol on protein synthesis 
in different muscles and muscle protein fractions of the rat. Clin. Sci. 74, 461-466. 



420 Sonntag et a/. 

43 V. R. Preedy, C. J. Bateman, A. B. Price, and T. J. Peters (1987) Changes in 
Type I and Type II fibre-rich muscles following chronic ethanol ingestion in the 
young rat Clin. Sci. 74 (SuppI.18), 19P. 

44 V. R. Preedy and T. J. Peters (1989) The effect of chronic ethanol ingestion on 
synthesis and degradation of soluble, contractile and stromal protein fractions of 
skeletal muscles from immature and mature rats. Biochem. J. 259, 261-266. 

45 V. R. Preedy and T. J. Peters (1988) The effect of chronic ethanol feeding on 
body and plasma composition and rates of skeletal muscle protein turnover in the 
rat Alcohol Alcohol. 23, 217-226. 

46 V. R. Preedy, S. Venkatesan, T. J. Peters, D. M. Nott, J. Yates, and S. A. 
Jenkins (1989) Effect of chronic ethanol ingestion on tissue RNA and blood flow 
in skeletal muscle with comparative reference to bone and tissues of the 
gastrointestinal tract of the rat. Clin. Sci. 76,243-247. 

47 V. R. Preedy, P. Duane, and T. J. Peters (1988) Biological effects of chronic 
ethanol consumption. A reappraisal of the Lieber-De Carli liquid-diet model with 
reference to skeletal muscle. Alcohol Alcohol. 23,151-160. 

48 V. R. Preedy and T. J. Peters (1987) The young rat as a model for alcohol
induced skeletal muscle myopathy. Biochem. Soc. Trans. 15, 1166,1167. 

;49 P. Duane and T. J. Peters (1988) Nutritional status in alcoholics with and 
without muscle myopathy. Alcohol Alcohol. 23,271-276. 

50 F. C. Martin and T. 1. Peters (1985) Assessment in vitro and in vivo of muscle 
degradation in chronic skeletal muscle myopathy of alcoholism. Clin. Sci. 68, 
693-700. 

51 J. M. Wu (1981) Control of protein synthesis in rabbitreticulocytes: Inhibition 
of polypeptide synthesis by ethanol. J. BioL Chem. 256,4164-4167. 

52 W. H. Daughaday and P. Rotwein (1989) Insulin like growth factors I and II. 
Peptide, messenger ribonucleic aci9 and gene structures, serum and tissue 
concentrations. Endocr. Rev. 10,68-81. 

53 E. Jennische and H. A. Hanssen (1987) Transient expression of insulin-like 
growth factor-1 immunoreactivity in skeletal muscle cells during post-natal 
development in the rat Acta PhysioL Scand. 131,619-622. 

54 E. Jennische, A. Skottner, and H. A. Hansson (1987) Satellite cells express 
the trophic factor IGF-1 in regenerating skeletal muscle. Acta Physiol. Scand. 
129,9-16. 

55 A. D. Stiles, I. R. S. Sosenko, A. J. O'Ercole, and B. T. Smith (1985) Relation 
of kidney tissue somatomedin C/insulin-like growth factor-1 to post-nephrectomy 
renal growth in the rat Endocrinology 117, 2397-24Ol. 

56 R. G. Elgin, W. H. Busby, and D. R. Clemmons (1987) An insulin-like growth 
factor binding protein enhances the biological response to IGF-l. Proc. Nat. Acad. 
Sci. USA 84, 3254-3258. 



Ethanol Effects on Skeletal Muscle 421 

57 W. E. Sonntag and Boyd R.L (1988) Chronic ethanol inhibits plasma levels 
of insulin-like growth factor-I. Life Sci. 43, 1325-1330. 

58 F. Salerno, V. Locatelli, and E. E. Muller (1987) Growth hormone hyper
responsiveness to growth hormone releasing hormone in patients with severe liver 
cirrhosis. Clin. Endocrinol. 27, 183-190. 

59 W. E. Sonntag and R. L. Boyd Reduced insulin-like growth factor-l gene 
expression in liver of chronically alcohol fed rats (submitted for publication). 

60 RN. Prinz,E. D. Weitzmann, G. R Cunningham, and I. Karacan (1983) Plasma 
growth hormone during sleep in young and aged men. J. Gerontol. 38,519-524. 

61 Y. C. Patel and C. B. Srikant (1986) Somatostatin mediation of adenohypo
physial secretion. Ann. Rev. Physiol. 48, 551-567. 

62 M. C. Gelato and G. R. Merriam (1986) Growth hormone releasing hormone. 
Ann. Rev. Physiol. 48, 569-591. 

63 G. S. Tannenbaum, N. Ling, and P. Brazeau (1976) Somatostatin-28 is longer 
acting and more selective than somatostatin-14 on pituitary and pancreatic hormone 
release. Endocrinology 98, 562-570. 

64 G. P. Redmond (1980) Effect of ethanol on endogenous rhythms of growth 
hormone secretion. Alcohol. Clin. Exper. Res. 4,50-58. 

65 G. P. Redmond (1981) Effect of ethanol on spontaneous and stimulated growth 
hormone secretion. Prog. Biochem. Pharmacol. 18,58-74. 

66 W. L. Dees, C. W. Skelley, V. Rettori, M. S. Kentroti, and S. M. McCann 
(1988) Influence of ethanol on growth hormone secretion in adult and prepubertal 
female rats. Neuroendocrinology 48,495-499. 

67 P. N. Prinz, T. A. Roehrs, P. P. VitaIiano, M. Linnoila, and E. D. Weitzman 
(1980) Effect of alcohol on sleep and nighttime plasma growth hormone and cortisol 
concentrations. J. Clin. Endocrinol. Metab. 51,759-764. 

68 D. Aodreani, G. Tamburrano, and M. Javicoli (1976) Alcohol hypoglycemia: 
Hormonal changes. Horm. Metab. Res. 6 (Suppl), 99-102. 

69 H. A. Priem, B. C. Shanley, and C. Malan (1976) Effect of alcohol adminis
tration on plasma growth hormone response to insulin-induced hypoglycemia. 
Metabolism 25, 397-403. 

70 R. J. Chalmers, E. H. Bennie, R H. Johnson, and H. B. Kinnell (1977) The 
growth hormone response to insulin induced hypoglycemia in alcoholics. Psycho I. 
Med. 7, 607-611. 

71 R J. Chalmers, E. H. Bennie, R H. Johnson, and G. Masterton (1978) Growth 
hormone, prolactin, and corticosteroid responses to insulin hypoglycemia in 
alcoholics. Br. Med. J. 1, 745-748. 

72 W. E. Sonntag and R. L. Boyd (1989) Diminished insulin-like growth factor-
1 levels after chronic ethanol: Relationship to pulsatile growth hormone release. 
Alcohol. Clin. Exp. Res., 13,3-11. 



422 Sonntag et a/. 

73 T. J. Cicero (1980) Common mechanisms underlying the effects of ethanol 
and narcotics on neuroendocrine function, in Advances in Substance Abuse. N. K. 
Mello, ed. JAI, Greenwich, CT, p.201. 

74 T. J. Cicero, D. Bernstein, and T. M. Badger (1978) Effects of acute alcohol 
administration on reproductive endocrinology in the male rat Alcohol. Clin. Exp. 
Res. 2, 249-257. 

75 G. G. Gordon, A. L. Southern, and C. S. Lieber (1979) Hypogonadism 
and feminization in the male: A triple effect of alcohol. Alcohol. Clin. Exp. Res. 
3,210. 

76 T. J. Cicero (1981) Neuroendocrinological effects of alcohol. Ann. Rev. Med. 
32, 123-142. 

77 J. Ellingboe and C. C. Varanelli (1979) Ethanol inhibits testosterone bio
synthesis by direct action on leydig cells. Res. Commun. Chern. Pathol. Pharmacol. 
24, 87-102. 

78 T. J. Cicero, E. R. Meyer, and R. D. Bell (1978) Effects of ethanol on the 
hypothalamic-pituitary-Iuteinizing hOlIDone axis and testicular steroidogenesis. J. 
Pharmacol. Exp. Ther. 208,210-215. 

79 E. P. Murono, T. Lin, J. Osterman, and H. R. Nankin (1980) Direct inhibition 
of testosterone synthesis in rat testis interstitial cells by ethanol: Possible sites of 
action. Steroids 36, 619-631. 

80 F. M. Badr, A. Bartke, S. Dalterio, and W. Bulger (1977) Suppression of 
testosterone production by ethyl alcohol. Possible mode of action. Steroids 30, 
647-655. 

81 J. Ellingboe and C. C. Varanelli (1979) Ethanol inhibits testosterone 
biosynthesis by direct action on Leydig cells. Res. Cornrnun. Chern. Pathol. 
Pharmacol. 24, 87-102. 

82 T. J. Cicero, E. R. Meyer, and R. D. Bell (1979) Effects of ethanol on the 
hypothalamic-pituitary-Iuteinizing hOlIDone axis and testicular steroidogenesis. J. 
Pharmacol. Exp. Ther. 208,210-215. 

83 T. J. Cicero and T. M. Badger (1977) Effects of alcohol on the hypothalamic
pituitary-gonadal axis in the male rat J. Pharmacol. Exp. Ther. 201,427-433. 

84 C. Bode, G. A. Martini, and J. C. Bode (1978) Effect of alcohol on microsomal 
cortisol 4 en-5-a-reductase in the liver of rats fed on a standard or low protein diet. 
Harm. Metab. Res. 10,62-64. 

85 G. G. Gordon, A. L. Southern, and C. S. Lieber (1978) The effects of alcoholic 
liver disease and alcohol ingestion on sex hOlIDone levels. Alcohol. Clin. Exp. Res. 
2,259-266. 

86 A. L. Southern and G. G. Gordon (1976) Effects of alcohol and alcoholic 
cirrhosis on sex hOlIDone metabolism. Fertil. SteriZ. 27,202-205. 



Ethanol Effects on Skeletal Muscle 423 

87 E. Rubin, C. S. Lieber, K. Altman, G. G. Gordon, and A. L. Southern (1976) 
Prolonged ethanol consumption increases testosterone metabolism in the liver. 
Science 191, 563,564. 

88 G. G. Gordon, J. Olivo, F. Rafii, and A. L. Southern (1975) Conversion of 
androgens to estrogens in cirrhosis of the liver. J. Clin. Endocrinol. Metab. 40, 
1018-1026. 

89 G. G. Gordon, A. L. Southern, J. Vittek, and C. S. Lieber (1979) The effect of 
alcohol ingestion on hepatic aromatase actij'ity and plasma steroid hormone in the 
rat Metabolism 28, 20-24. 



Alcohol 
and Liver Damage 

Xanthine Oxidase 

Thomas M. Soranno 
and Lester G. Su/tatos 

Introduction 

Damage to cellular constituents by oxygen-derived free radicals has 
been implicated in many human disease states. 1.2 Among the various cells, 
organelles, and enzymes capable of generating biologically reactive oxy
gen metabolites is the enzyme xanthine oxidase (XO) (EC 1.1.3.22), which 
oxidizes hypoxanthine and xanthine.3•4 This enzyme has received consid
erable attention regarding ischemia-reperfusion injury of heart, intestine, 
kidney, and liver.4•5 In healthy tissue, oxidation of hypoxanthine and xan
thine is thought to occur primarily (80-90%) through a xanthine dehydro
genase (XD) (EC 1.1.1.204) form,5.6 which unlike XO does not produce free 
radicals. Numerous animal studies have suggested that during an ischemic 
event XD is converted to XO.5,7-10 Therefore, subsequent reperfusion of the 
ischemic tissue can result in the generation of superoxide radicals (02-) 

and/or hydrogen peroxide (H20z) by XO. In tum, through transition metal-
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catalyzed reactions, these fairly reactive oxygen metabolites can give rise 
to the highly reactive hydroxyl radical (OHe). The favored hypothesis sur
rounding the toxic effects of oxygen-derived free radicals is that they ini
tiate cell injury through mechanisms, such as lipid peroxidation and/or 
protein and nucleic acid damage. ll 

In 1975, Israel et al.12 proposed that ethanol-induced liver necrosis 
may result from hypoxia caused by an increase in hepatic oxygen consump
tion. Several studies have supported this hypoxia-theory as playing a role 
in the hepatotoxic effects of ethanoJ.l3,14 Based on these observations, 
Thurman and coworkers suggested that "alcoholic liver injury needs to be 
considered in the same light as ischemic heart disease.,,14 In view of the 
potential involvement of the XDIXO enzyme system in ischemia-reperfusion 
injury, XD to XO conversion and the consequential XO-induced oxidative 
stress are currently being investigated as a possible mechanism in the patho
genesis of alcohol-induced liver disease (ALD). 

In the US there are an estimated 18 million adults, 18 years or older, 
experiencing problems related to alcohol consumption. IS ALD is perhaps the 
most prevalent medical disorder associated with alcohol abuse.16 Hepato
toxic effects of alcohol range from reversible fatty liver to end stage alcoholic 
cirrhosisl7,18 which is the eighth leading cause of death in the US.19 

Despite years of considerable progress toward understanding the mo
lecular mechanism(s) involved in the hepatotoxic effects of alcohol, the 
pathogenesis of ALD has remained relatively elusive. Identification of the 
direct pathway(s) leading to cell injury after alcohol consumption has been 
hampered by the enormous range and extreme complexity by which etha
nol and its metabolites interact with hepatocellular components. These 
complex interactions have been well documented in several recent re
views.20-22 Moreover, the initiating event(s) of ALD is (are) difficult to 
distinguish from subsequent or coincidental changes that may occur within 
hepatocytes. The vast amount of information available concerning the cel
lular effects of ethanol seems to have culminated in the rationalization that 
multiple mechanisms are most likely involved in the genesis of ethanol
induced hepatocellular injury.23 

The purpose of this chapter is to summarize evidence regarding the 
possible involvement of XO in the development of ALD. In this effort, 
biochemical and physiological features of XO and its precursor XD are 
also reviewed. 
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The end product of purine nucleotide degradation in humans is the 
urinary metabolite uric acid. In this pathway under normal conditions the 
XDIXO enzyme system, with XD most likely accounting for the majority 
of total activity5,6 catalyzes the sequential oxidations of hypoxanthine to 
xanthine and then to uric acid. This activity occurs in most tissues with the 
highest levels found in liver and intestine. 

One of the most perplexing characteristic features of this enzyme sys
tem is its seeming ability to exist in several interconvertible forms, the 
aforementioned XD and XO (reversible and irreversible) as well as a tran
sient intermediate dehydrogenase/oxidase (D/0).6,7 The functional differ
ence between XO and its native XD form is its specificity for an electron 
acceptor. XD preferentially reduces nicotinamide adenine dinucleotide 
(oxidized form) (NAD+) to NADH (reduced form), whereas, XO transfers 
electrons to molecular oxygen (0:0 forming the potentially toxic °2" and/or 
H20 2, as shown in the following. 

XDform 
Hypoxanthine + H20 + NAD+ ~ Xanthine + NADH + W (1) 

XOform 

Hypoxanthine + H20 + 202 ~ Xanthine + O2- + H20 2 (2) 

Similarly, both forms of the enzyme oxidize xanthine to uric acid. 
These molybdenum flavoproteins consist of two dissociable subunits. 

A molybdenum atom, one flavin adenine dinucleotide (FAD) molecule, and 
two iron-sulfur (Fe.jSz) complexes are integral parts of each subunit. 4 

Conversion of the NAD+ -utilizing dehydrogenase to the Oz-dependent 
oxidase has been well established in vitro to occur reversibly by sulfhydryl 
oxidation or irreversibly by proteolytic action. 7 ,24,25 As free sulfhydryl groups 
are oxidized to disulfides, enzyme conformation is altered and the electron 
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acceptor binding site, FAD, acquires an increased affinity for O2, whereas the 
attraction for NAD+ decreases. Hence, reactive oxygen intermediates 
can be produced. Before the transformation to reversible XO is complete, a 
transient intermediate D/O may exist that can use either NAD+ or O2 as a 
cosubstrate. Conversion through sulfhydryl oxidation can be reversed by 
thiol reagents, such as dithiotreitol, which reduce the disulfide bonds and 
restore XD conformation and NAD+ utilization. Proteolytic or irreversible 
conversion to XO occurs through cleavage of a polypeptide fragment 
from a subunit of either XD or reversible XO. Loss of this fragment results 
in an irreversible conformational change to the free radical producer 
XO. Calcium-dependent proteases, most notably calpain thiol-proteases,26 
have been postulated to facilitate this irreversibility.5 On the contrary, 
Stack et al.26 have reported that calpains are most likely not involved and 
suggested a calcium-dependent metalloprotease to be responsible for the 
irrevocable conversion. 

Physiological Functions 

Xanthinuria is a rare genetic disorder resulting from a deficiency of 
XDIXO activity. Besides having hypouricemia and an increased urinary 
excretion of hypoxanthine and xanthine, these patients are otherwise 
asymptomatic and lead normal lives. This suggests that XDIXO activity is 
not physiologically vital. Nevertheless, many interesting and potentially 
important biological functions have been proposed for this enzyme system.4 

Of course, XDIXO has long been recognized as the terminal oxidase in 
purine degradation. Several proposed functions potentially relevant to XO's 
suspected role in the development of ALD include: 

1. Regulation of purine metabolism by directing purine flux between cata
bolic and salvage pathways; 

2. Involvement in iron homeostasis by contributing to the intestinal mucosal 
processing of absorbed iron and catalyzing the release of iron from fer
ritin;and 

3. Production of uric acid, which may act as an antioxidant. 

Although a true role of XDIXO activity in humans and other species 
remains to be clarified, this enzyme most likely has varied functions. 
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Regulation of Purine Metabolism 
In 1981, Kaminski and Jezewska27 proposed that XD and its conver

sion to XO playa regulatory role in purine intermediary metabolism. They 
proposed that XD activity determines whether hypoxanthine is oxidized to 
xanthine through the XD catabolic route (see Reaction 1) or recycled through 
the purine salvage pathway. Purine salvage is simpler and much less costly 
than purine de novo biosynthesis. In a study by Della Corte and Stripe28 
they found that NADH inhibits XD but not XO. This led Kaminski and 
lezewska to speculate that the overall controlling factor in their proposed 
XD regulatory function was cellular NADHlNAD+ ratios. As a result, 
conditions, such as hypoxia, that increase this ratio may inhibit the XD 
catabolic route and therefore increase the availability of hypoxanthine to 
enter the salvage pathway. Furthermore, since XO is not inhibited by 
NADH, XD to XO conversion in vivo could eliminate the NADHlNAD+ 
controlling factor and therefore decrease the availability of hypoxanthine 
for use in the salvage pathway by oxidizing it through the XO catabolic 
route (see Reaction 2). 

Hepatic biotransformations of ethanol and its metabolite acetaldehyde 
by alcohol dehydrogenase (ADH) (EC 1.1.1.1) and aldehyde dehydroge
nase (ALDH) (EC 1.2.1.3), respectively, have clearly been shown to gener
ate an excess ofNADH.20-22 Interestingly, and detailed further in the section 
on "Ethanol-Induced Lipid Peroxidation," Kato et al.29 recently suggested 
that an ethanol-induced increase of NADH may inhibit XD activity and 
shift the metabolism of hypoxanthine and xanthine to constituent XO. This 
increased flow through XO may subsequently produce free radicals con
tributing to ethanol-induced hepatotoxicity. 

Iron Homeostasis Involvement 
Dietary iron is absorbed through the small intestine and incorporated 

into transferrin. The uptake of iron by transferrin, for transport to various 
tissues, has been shown to be mediated by XO.30 Bolann and Ulvik31 and 
Biemond et al.32 have shown in vitro that XO, largely through O2- genera
tion, can function as a catalyst in the release of ferrous ion (Fe2+) from the 
principal iron-storage protein ferritin. Regardless of the exact physiologi
cal purpose for XO to interact with iron, mobilization of Fe2+ from ferritin 
can, however, have serious consequences regarding cellular injury caused 
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by reactive oxygen molecules. In vitro and in vivo, an excess of unbound 
iron has clearly been associated with lipid peroxidative damage.33 This 
nonprotein-bound iron can complex directly with oxygen to yield reactive 
perferryl (Fe2+0z) and ferryl (Fe4+0) ions or reduce H20 2 through a Fenton
type reaction to form the highly toxic OH- as shown in the following: 

(3) 

Furthermore, the ferric ion (Fe3+) produced can be reduced back to Fe2+ 
by 02.: 

(4) 

As outlined by Nordman et al.,34 these two reactions can be added to 
obtain the Haber-Weiss reaction: 

Iron catalysis 

H20 2 + O2- ~ OH- + OH- + O2 (5) 

Taken together, iron mobilization and 02-1H202 generation by XO 
could significantly enhance tissue damage through production of OH
and/or other reactive species. 

Uric Acid Production 
There are many intracellular defense mechanisms available to protect 

cells against oxidative stress. Major enzymatic defense systems include 
superoxide dismutase (SOD) (EC 1.15.1.1), catalase (CAT) (EC 1.11.1.6), 
and glutathione peroxidase (GSH-Px) (EC 1.11.1.9). For the most part, SOD 
and CAT activity can "clean up" O2- and H20 2, respectively, and decrease 
their availability to enter the Haber-Weiss reaction. GSH-Px utilizes reduced 
glutathione (GSH) to detoxify peroxides through reduction mechanisms. 
Nonenzymatic defense mechanisms include ascorbic acid, reduced GSH, 
selenium, and vitamin E. Ames et al.35 have provided evidence that uric acid 
in vitro can function to scavenge reactive oxygen metabolites. Using per
fused rat liver to study reperfusion injury, Zhong et al.36 recently reported that 
infusion of uric acid, in a dose-dependent manner, protected against isch
emic-reperfusion damage. These studies suggest that XDIXO generated uric 
acid may function to protect cells against oxidative stress. 
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The antioxidant forces function to eliminate or at least minimize 
oxidative cell injury from toxic foreign chemicals and normal oxidants 
formed during regular aerobic metabolic events. However, compromiselloss 
of these antioxidant resources and/or an increase in oxidative stress be
yond the protective threshold of these antioxidants may result in cellular 
oxidative damage. 

Ethanol-Induced Lipid Peroxidation: 
Does Xanthine Oxidase Playa Role? 

Lipid Peroxidation and Oxidative Stress 

Cellular oxidative stress commonly refers to the presence of strong 
oxidizing agents that may cause cell injury or undergo detoxification by 
antioxidant defenses. In the liver, these oxidants can be 02-derived free 
radicals37 or metabolically activated products of exogenous chemicals, such 
as carbon tetrachloride.38 The cellular damage most commonly associated 
with oxidative stress is the lipid peroxidation of polyunsaturated fatty 
acids, which are major structural components of biological membranes. 
However, proteins, nucleic acids, and carbohydrates can be damaged through 
oxidative stress,l1 but the contribution of such processes to tissue injury 
is relatively unexplored. 

The lipid peroxidative process is initiated when fatty acids undergo 
attack by reactive electrophilic molecules abstracting hydrogen atoms from 
methylene carbons of the long hydrocarbon chains. Addition of 02 to these 
sites form lipid peroxy radicals, which are also capable of removing hydro
gen atoms from adjacent fatty acids. This leads to autooxidationreactions 
termed chain propagation. One initiation event has been estimated to con
vert, through propagation, hundreds of fatty acid side chains into lipid hy
droperoxides.39 Lipid peroxy radicals and hydroperoxides can degenerate, 
upsetting membrane integrity, into a variety of products, such as ketones, 
esters, aldehydes, and alkanes. Propagation is terminated when the free 
radicals involved are depleted. 

The numerous functions carried out by structurally sound membranes 
are essential for tissue viability. This vital role of membranes, in conjunc
tion with the peroxidative loss of membrane integrity as described earlier 
led to the development of widespread hypotheses suggesting lipid per-
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oxidation as the basis of tissue injury resulting from ischemia-reperfusion 
or chemically induced oxidative stress.33,37-39 Caution must be taken, how
ever, when interpreting data in support of these hypotheses since lipid 
peroxidation could be an effect rather than a cause of tissue injury.33 Tribble 
et al.33 point out that a causal role for lipid peroxidation in pathological 
processes has not been firmly established. Reviews that describe lipid 
peroxidation and its biological consequences in detail are available.37-39 

Despite a few conflicting reports,40,41 many investigators, utilizing a 
wide variety of techniques, have detected enhanced hepatic lipid peroxidation 
in animals following acute29,42-45 or chronic46-49 ethanol intake. Moreover, 
lipid peroxidation has been demonstrated in the serum and livers of alco
holics.50-52 Although far from being conclusive, these studies support the 
theory that lipid peroxidation resulting from ethanol-induced oxidative stress 
may be an important pathogenic mechanism of ALD in humans.53,54 

Proposed Mechanisms for the Promotion 
of Oxidative Stress by Ethanol 

Cederbaum23 has compiled a list of possible mechanisms by which 
ethanol exposure may induce hepatic oxidative stress and lipid peroxidation. 
Ethanol can: 

1. Decrease the levels of antioxidants, such as GSH, vitamin E, and 
selenium; 

2. Directly disturb membrane fluidity thereby increasing membrane sus
ceptibility to peroxidative damage; 

3. Generate oxidants through the metabolism of acetaldehyde; 
4. Cause mitochondrial damage thereby disrupting respiratory chain function, 

which can result in oxyradical formation; 
5. Increase hepatic levels of iron; 
6. Promote hepatic infiltration and activation of polymorphonuclear 

leukocytes; 
7. Increase the activities of cytochromes P450, aldehyde oxidase (EC 1.2.3.1), 

and XO yielding an excess of °2- and H20 2• 

Despite such a list, the mechanism(s) responsible, either alone or in com
bination with other factors, for ethanol-induced oxidative stress and lipid 
peroxidation remains unclear. Furthermore, this list, which is not fully 
comprehensive, signifies what has plagued ALD research for years, that is, 
the multitude of hepatic effects caused by ethanol. 
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Proposed Mechanisms for the Increase 
of Hepatic Xanthine Oxidase Activity by Ethanol 

The proposed involvement of XO in ethanol-induced oxidative stress 
leading to lipid peroxidation and the development of ALD seems to have 
grown out of studies4-6 originally implicating this enzyme in ischemia
reperfusion injury of the intestine and heart. Since a few reports55-57 suggest 
that there is no contribution of XO activity to ischemia-reperfusion injury, 
it is fitting that any potential involvement of XO in ethanol hepatotoxicity 
be viewed with caution. 

Within liver lobules, blood enters the periportal region (zone 1) and 
flows through sinusoids to the perivenular region (zone 3) draining into the 
central vein. Since 02 diffuses from blood into hepatocytes lining the sinu
soids, a normal decreasing O2 gradient exists between periportal cells and 
cells of the perivenular region.14,58 

With the support of several studies,I2-14,58 ethanol has been proposed 
to steepen this O2 gradient through a mechanism(s) involving an increased 
rate of O2 uptake by the liver. Israel et al. 12 proposed that ethanol steepens 
the normal O2 gradient to such a degree that the perivenular region lacks an 
adequate supply of 02' These investigators observed that brief exposure to 
hypoxia produced greater perivenular necrosis in ethanol-treated than in 
control rats. In the same study the antithyroid drug propylthiouracil, which 
decreases tissue metabolic rates, decreased the perivenular damage. More
over, using propylthiouracil, Ji et al.58 prevented this ethanol-enhanced 02 
gradient in perfused rat liver. Based on the foregoing considerations, ethanol
induced perivenular hypoxia has therefore been implicated in the patho
genesis of ethanol hepatotoxicity. In support of this implication, a distinct 
histological feature of ALD is a predominance of perivenular damage.22 

Interestingly, zonal distribution ofXO in rat liver has been reported to prevail 
in the perivenular region.29,53 This distribution ofXO, however, needs fur
ther conformation. 

A model proposed by McCord5 has suggested that since ATP levels 
in hypoxic tissues are rapidly depleted, proper cation gradients across cel
lular membranes cannot be maintained and cytosolic calcium concentra
tions may rise. In turn, calcium-dependent proteases could become activated 
and convert XD to XO. Moreover, ATP catabolism in hypoxic tissue results 
in the accumulation of the XO substrate hypoxanthine and other correspond
ing metabolites. Under these conditions, XO activity could be elevated pro
ducing an excess of 0i- and H20 2. 
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Six and twelve hours after a single dose of ethanol (5 g1kg) in rats, 
Oei et al.59 and Sultatos,60 respectively, have demonstrated a significant 
conversion of hepatic XD to XO. In agreement with Sultatos,60 but in con
trast with Oei et al.,59 Kato et al.29 did not detect conversion in rat liver 6 h 
after ethanol treatment Although Abbandanza et al.61 did not find conver
sion 4 h after ethanol treatment (5 g1kg), they did observe XD to XO con
version in rat liver following daily doses of ethanol (6 g/kg) over 9 d. 
Similarly, proteolytic XD to XO conversion in the ischemic liver seems to 
occur at slow rates.10•29 Such low rates suggest that XD to XO conversion 
may not playa role in the early stages of ischemia and/or ethanol-induced 
liver damage. However, as discussed later, Kato et al.29 speculate that XD 
to XO conversion may not be necessary for the XDIXO system to be in
volved in ethanol hepatotoxicity. Although the ethanol-dependent conver
sions reported earlier could have occurred through a mechanism similar to 
McCord's hypoxia model, acetaldehyde was also implicated as a potential 
causative agent through interaction with a sulfhydryl group(s) on XD.59.60 

Frequently, an XDIXO inhibitor, allopurinol, is utilized to discrimi
nate between XO-dependent tissue injury and injury resulting from other 
potential sources of oxidative stress. Kera et al.62 reported that rats pre
treated with allopurinol (loo mg/kg) were not protected from ethanol
induced lipid peroxidation. In another study, similar results were obtained 
with perfused livers and isolated hepatocytes.54 Conversely, Kato et al.29 

demonstrated that allopurinol pretreatment (40 mglkg) significantly de
creased ethanol-induced hepatic lipid peroxidative damage in rat as measured 
by malondialdehyde levels. Similarly, other groupS13·59 observed allopuri
nol to be protective against ethanol hepatotoxicity. In addition to differ
ences in methodology, two factors that may be contributing to these apparent 
discrepancies are: (a) since allopurinol and its metabolite oxypurinol have 
an intrinsic ability to act as powerful scavengers of free radicals from any 
source,63 these agents may not discriminate XO-induced injury from other 
free radical sources of injury and (b) since uric acid has been proposed to 
function as an antioxidant35.36 and protect tissues from oxidative damage, 
the extent to which XO is inhibited by allopurinol may be critical to whether 
or not XO activity causes tissue injury. These factors have questioned the 
dependability of allopurinol in XO research.63 

As previously mentioned, recent evidence suggests that the conver
sion of hepatic XD to XO may not be required for the XDIXO system to be 
involved in ethanol toxicity.29 Kato and coworkers29 treated rats with a 
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single dose of ethanol (5 g/kg) and 6 h later did not detect conversion of 
hepatic XD to XO. Despite this lack of conversion, hepatic lipid peroxidation 
was observed and was significantly decreased following pretreatment with 
allopurinol. In addition, the levels of hepatic NADH, AMP, hypoxanthine, 
and xanthine were significantly increased over control values. Recall that 
hypoxic conditions also result in the hepatic accwnulation of ATP metabo
lites, such as AMP and hypoxanthine.5 The concentration of hepatic NADH 
corresponding to that measured in vivo after ethanol treatment inhibited 
60--70% of XD activity in vitro. Based on these findings and, as discussed 
earlier, the proposed regulatory role ofXDIXO in purine metabolism,21 Kato 
et al.29 speculated that after ethanol intake, the observed increase in hepatic 
NADH inhibits XD and results in a shift of substrate flux through constituent 
XO. This shift in activity to XO may contribute, without actual XD to XO 
conversion, to ethanol-induced lipid peroxidative damage in the liver. 

Regardless of the mechanism, excess XO activity resulting from 
ethanol exposure could lead to production of °2- and H20 2, which in turn 
could form OH· through the iron-catalyzed Haber-Weiss reaction.34 This 
XO-induced oxidative stress may contribute to the enhancement of hepatic 
lipid peroxidation observed after ethanol exposure 53 and hence the devel
opment of ALD. 

Conclusions and Summary 
Since the molecular events responsible for the cellular damage to ALD 

are not known with certainty, specific therapeutic intervention remains a 
problem. There are many promising hypotheses regarding the development 
of liver injury following excess ethanol intake. This indicates that multiple 
mechanisms are most likely responsible for the pathogenesis of ALD. The 
present chapter has summarized one theory that an ethanol-induced increase 
in the activity ofXO may contribute, through cellular oxidative damage, to 
the hepatotoxicity of ethanol. Although far from being conclusive, lipid 
peroxidation is the oxidative damage that has been associated with an excess 
of XO activity and ethanol-induced liver damage. It must be emphasized 
that before XO can be regarded as a significant factor in ALD, the role of 
lipid peroxidation in cell injury and death must be more completely under
stood. Lipid peroxidation could be a consequence rather than a cause of 
cell death. Until a direct molecular pathway(s) leading to ethanol hepato
toxicity can be identified, the best prevention and treatment of ALD is per
haps alcohol abstinence. 
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Polymorphisms 
of Alcohol and Aldehyde 

Dehydrogenases 
and Their Significance 

for Alcohol Liver Diseases 

Akira Yoshida and Akitaka Shibuya 

Introduction 

Family pedigree studies and adoption studies have now demonstrated 
significant hereditary contributions in alcoholism. 1,2 Genetic differences in 
alcohol-seeking behavior, sensitivity of the central nervous system, and tissue 
susceptibility to alcohol and its metabolites, would affect the development 
of alcoholism and other alcohol-related problems. These multiple genetic 
factors and their interactions with environmental, social, and psychological 
factors have not yet been well understood. 

More than 80% of ethanol ingested at a moderate level is oxidized by 
alcohol dehydrogenase, and acetaldehyde thus produced is further oxidized 
to nontoxic acetate by aldehyde dehydrogenase. Differences in the alcohol
metabolizing system would affect alcohol sensitivity and indirectly influ
ence the development of alcohol-related diseases. Large numbers of alcohol 
dehydrogenase isozymes and aldehyde dehydrogenase isozymes have been 
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Ed: R. R. Watson ©1991 The Humana Press Inc. 

441 



442 Yoshida and Shibuya 

found in humans and other mammals. In recent several years, genetic varia
tions and polymorphisms of some of these enzymes have been elucidated 
at the gene level. In this chapter, we will summarize characteristics of alco
hol dehydrogenase and aldehyde dehydrogenase isozymes and discuss pos
sible relationships between the genetic variations of these enzymes, alcohol 
sensitivity, and alcoholic liver diseases. 

Alcohol Dehydrogenase 

Isozymes and Their Physiological Roles 

Alcohol dehydrogenase (alcohol: NAD+ oxidoreductase, EC 1.1.1.1, 
abbreviation ADH) is a group of enzymes catalyzing the oxidation of vari
eties of alcohols to the corresponding aldehydes. ADH isozymes of humans 
and other mammals are grouped in three distinctive "classes" based on their 
enzymatic characteristics. The isozymes that exhibit high catalytic activity 
for oxidation of shortchain aliphatic alcohol, such as ethanol, and are strongly 
inactivated by pyrazole, are grouped as class I ADH.3 Another type (class II) 
of ADH isozymes, exhibits a high activity for oxidation of longchain ali
phatic alcohols and aromatic alcohols, and is less sensitive to pyrazole.4 

Other ADH isozymes, which have virtually no activity for ethanol oxida
tion, but exhibit high activity for oxidation of longchain alcohols, and are 
completely insensitive to pyrazole, are classified as class III ADH.s 

The human class I ADH isozymes include homo- and heterodimers 
consisting of three types of subunit (Ct, ~, and 'Y), which are controlled by 
three nonallelic structural loci, ADHl , ADH2, and ADH3 (Table 1). The hu
man class IT ADH is a homodimer of 1t subunit which is controlled by ADH4 
gene, and the class TIl ADH is a homodimer of X subunit controlled by 
ADHs gene. The three class I ADH genes are clustered on chromosome 
4q21-23 within about 80 kilo base pairs.6,7 Other ADH genes are also on 
chromosome 4q21-25.8,9 

The class I ADHs are most abundant in the liver, and exist also in 
other tissues including the intestine, lung, and kidney, but are not detectable 
in the brain, skin fibroblasts, and red blood cells. 10 The class II ADH (1t1t) 
is primarily found in the liver.ll Similar isozyme(s) is also detected in the 
gastrointestinal tract. l2 However, it remains to be elucidated whether the 
stomach isozyme is identical to the liver 1t1t ADH or stomach contains other 
ADH isozyme(s) (see later discussion). The class TIl ADH is found in all 
tissues examined, including the brain, testis, and red blood cellS.13,14 
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Ethanol ingested is mainly oxidized by the class I isozymes in the 
liver, particularly by that consisting of ~ subunit, which is predominant in 
the adult liver. The class II ADH (1t1t enzyme), which has a higher Km for 
ethanol than the class I ADHs, may also participate in ethanol oxidation, 
when tissue ethanol level exceeds 20 mM.4 There are two other systems for 
ethanol metabolism, i.e., catalase located in the peroxisomes and the 
NADPH+ -dependent microsomal ethanol oxidizing systems (MEOS) lo
cated in the endoplasmic reticulum.I5-17 The MEOS system may play a 
significant role in alcoholics and habitual heavy drinkers with high blood 
alcohol levels. However, in general, it is considered that ethanol is mainly 
oxidized by the ADH system. IS 

It has been known that females are more susceptible to developing 
alcoholic liver injury than males. Recently it was reported that a significant 
portion of orally administered ethanol was metabolized in the stomach of 
males, but not in females, and that ADH activity of stomach mucous mem
brane is substantially higher in males than females. 19 We recently cloned a 
new human ADH gene (designated as ADH6), which does not belong to 
any known ADH class.2o The ADH6 gene is far more strongly expressed in 
the stomach than in the liver (unpublished observation). Whether or not the 
ADH6 encodes sex-dependent ADH in the stomach mucous membrane re
mains to be elucidated. 

The class I ADHs metabolize dopamine and serotonin,11,21 and the 
class II ADH also oxidize serotonin and norepinephrine,13,21 suggesting re
lationships between alcoholism and metabolism of neurotransmitters. The 
class I ADH isozymes containing 'Y-subunit exhibit 3~-hydroxy-5~-steroid 
dehydrogenase activity, and testosterone was found to be an allosteric regu
lator.22 The class I ADHs can efficiently oxidize 16-hydroxyhexa-decanoic 
acid, hence the enzymes may take part in fatty acid metabolism.23 The rat 
liver class I ADH, and presumably also human ADHs, can convert the en
dogenously generated toxic aldehyde, 4-hydroxynonenal, to the less toxic 
alcohol form.24 Exogenously ingested ethanol would compete with the en
dogenous substrates and disturb the physiological detoxification, resulting 
in tissue damage. 

The molecular identity of rat class III ADH and glutathione-depen
dent formaldehyde dehydrogenase (EC 1.2.1.1) was recently demonstrated.25 

The human class III ADH may also exhibit similar aldehyde dehydroge
nase activity (i.e., oxidation of S-hydroxymethyl-glutathione to S-formyl
glutathione in the presence ofNAD+). Rat retina and hamster testis contain 
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ADH, which converts transretinol to retinaldehyde.z6.z7 This ADH isozyme 
may playa role in activation of vitamin A in respective organs. Analogous 
ADH isozyme may also exist in humans. Genetic abnormalities, and con
sequent alterations of activity and kinetic properties of anyone of these 
ADH isozymes, would affect ethanol oxidation, and/or metabolism of neu
rotransmitters, fatty acids, and biogenic toxic metabolites, and could change 
one's vulnerability in developing alcohol-related diseases. 

Genetic Variants and Polymorphisms 
Three common alleles, i.e., ADHzl for ~ 1, ADHl for ~2, and ADHz3 

for ~3, have been recognized in the ADHz locus. The wild type ADHi is 
predominant in Caucasians (gene frequency >90%), whereas the atypical 
ADHl is prevalent (-70%) among Orientals,27 and the ADHl is fairly com
mon (-16%) in American Blacks. Z8 Two common alleles, i.e., ADH31 for 11 

and ADHl for 1z, are found in Caucasians, but not in Orientals.1Z•Z9 

The molecular differences, at both the protein level and the gene level, 
of these variant genes and gene products (i.e., variant enzymes) have been 
elucidated. 

The difference between the wild type ~1 and the Oriental atypical ~z 
subunit is a single amino acid substitution Arg~His at the 47th position 
generated by the G/C~Aff base transition on exon 3 (Fig. 1).30-33 The 
isozyme consisting of atypical ~z subunit exhibits about 100 times higher 
catalytic activity for ethanol oxidation than the usual ~1~1 isozyme at the 
physiological pH.30 

The amino acid substitution between the wild type ~1 and the variant 
~3 (~ Indianapolis) was reported to be Arg~Cys at the 369th position.34 
Deducing from the nucleotide sequence of the ADHzl gene, this substitu
tion was generated by the C/G~ TI A base transition in exon 9. The catalytic 
activity of isozyme consisting of variant ~3 subunit is two orders of mag
nitude higher than that of the usual ~1~1 isozyme.35 

From the nucleotide sequences of cDNAs for 11 and 1z subunits, two 
amino acid differences, i.e., Arg~Glu at the 271st position, and ne~ Val at 
the 349th position, were detected.36 The 276th position of 1 subunit as 
originally reported as Val based on protein sequencing.37 From the cDNA 
sequence, this position should be Met.38 The difference is apparently an 
error in protein sequencing and is not due to genetic polymorphism. 

Discrepancies were found between the amino acid sequences of the 1t 
subunit and the nucleotide sequence of 1tcDNA, i.e., the position 303 is 
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Arg in cDNA but Lys in protein, and the position 312 is Val in cDNA but 
TIe in protein.39 1\vo or more common alleles might exist in the ADH410-
cus. cDNA for the 1t subunit can encode 391 amino acid residues, instead 
of 379 residues determined by protein sequencing.39 The size difference 
could be owing to posttranslational cleavage of the COOH-terminal region, 
not to genetic polymorphism. 

A cDNA clone for the X subunit can encode 373 amino acid residues 
matched with the amino acid sequence data,40 whereas another cDNA dif
fered by one residue (Tyr~Asp at 166) and could encode additional 19 
amino acid residues starting from an upstream initiation codon.41 It re
mains to be further examined whether or not polymorphisms exist in the 
ADHs locus, and posttranslational cleavage of the NHz-terminal occurred 
in the X subunit. 

Restriction fragment length polymorphisms (RFLP) have been ob
served in the ADH loci. Because of the high degree of similarity (-95% 
identity in coding exons) in the three class I ADH loci, restriction frag
ment patterns are very complex, when Southern blot hybridization is car
ried out using cDNA or exon probes. Using a ~cDNA as a probe, Pvull 
polymorphism was found in the ADH cluster locus.42 Using less homolo
gous intron sequences, one from the ADH2 (~) gene, and two from the ADH 3 
(y) gene as probes, RsaI polymorphism was found in the ADH2 locus, and 
XbaI, MspI, and StuI polymorphisms were found in the ADH3 locus.43 

Frequencies of these RFLP differ widely between Caucasians and Orien
tals. The mutation, G/C~Aff on exon 3 of the ADH2 locus, occurring in 
the Oriental atypical ADHl allele, generates a MaeIII cleavage site in 
the atypical allele, creating RFLP in Orientals.44 Sac! haplotype was found 
to be polymorphic in the ADHs locus.4s RFLP of the ADH4 locus has not 
yet been reported. 

Aldehyde Dehydrogenase 

Isozymes and Their Physiological Roles 

Aldehyde dehydrogenases (Aldehyde: NAD+ oxidoreductase, EC 
1.2.1.3, ALDH) are a group of enzymes catalyzing the conversion of alde
hydes to corresponding acids via a NAD+ -dependent irreversible reaction. 
Many human ALDH isozymes are distinguished based on the separation by 
physicochemical methods, tissue and subcellular distributions, and enzy
matic properties (Table 2). The cytosolic liver ALDHI and the mitochon-
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drial ALDH2, which exhibit high catalytic activity for oxidation of acetal
dehyde, are considered to playa major role in acetaldehyde detoxification 
in the liver. The cytosolic ALDHI has a higher Km for acetaldehyde (ap
parent Km = 22JlM at pH 7.5) and a lower Km for NAD (5JlM) than the 
mitochondrial ALDH2 (3.5JlM for acetaldehyde and 16JlM for NAD).46 Al
though the mitochondrial ALDH2 is generally considered to playa major 
role, the relative importance of these two isozymes in aldehyde detoxification 
in vivo is controversial. The ALDH3 exhibits optimal activity for oxidation 
ofbenzaldehyde.47 ALDH4 is most active for glutamic-y-semialdehyde as 
substrate, and thus the enzyme is classified as glutamic-y-semialdehyde 
dehydrogenase.48 A unique ALDH (y-ABDH) has low Km for acetalde
hyde, but it is most active for oxidation of y-aminobutyraldehyde (y-AB) at 
the physiological pH, and thus is classified as y-ABDH.49 

Human brain ALDH isozymes have attracted attention because of their 
role in metabolism of neurotransmitters, besides the acetaldehyde oxida
tion. The brain cytosolic ALDHl corresponds to, and most likely is identi
cal to, the liver ALDHl. The brain contains two mitochondrial ALDH 
isozymes, ALDH2a and ALDH2b, which are active for acetaldehyde oxida
tion. SO,51 These two isozymes may be different from the liver ALDH2 and can 
oxidize DOPAL (3,4-dihydroxyphenyl-acetaldehyde).51 Cerebellum, cor
pus striatum, and pons show a high activity for DOPAL oxidation. 52 Brain 
ALDH isozymes with activity for DOPAL oxidation remain to be further 
characterized. Human saliva contains ALDH isozyme which can oxidize 
acetaldehyde (Km l00JlM for acetaldehyde).53 The biochemical and immu
nological data suggest that the salivaALDH is different from liver ALDH} 
and ALDH2, not a product of secondary modification. 

Genomic and cDNA clones for a new ALDH (tentatively designated 
as ALDHx) were recently obtained.2o Judging from the deduced amino acid 
sequence, the gene is for a unique ALDH isozyme.2o The enzyme produced 
by AWHx gene oxidizes propionaldehyde but not benzaldehyde (unpub
lished observation). 

The characteristics of the nine known human ALDH isozymes dis
cussed previously are summarized in Table 2. The oligomeric forms of sa
liva ALDH and ALDHx isozyme are unknown. ALDH3 and ALDH4 are 
dimeric and the rest of the isozymes are tetrameric. The subunit mol wt of 
ALDH4 is 70,600, that of salivaALDH is 48,000, and the rest of the isozymes 
are approx 54,000. 
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Activities of ALDHz, ALDH3, and ALDH4 isozymes were reported 
to be very low or absent in various fetal tissues, whereasALDHI was found 
to be expressed in early developmental stages.54,55 However, a recent study 
indicated that ALDH1, ALDHz, and ALDH4 all existed in fetal livers that 
were obtained quickly after abortion or death and carefully preserved. 56 Thus, 
the fetus is capable of detoxifying acetaldehyde transferred from the mother. 

Genetic Variants and Polymorphisms 

Approximately 50% of Orientals lack ALDHz activity in their livers, 
but virtually none of the Caucasians exhibits ALDHz deficiency. 57 An en
zymatically inactive but immunologically crossreactive material (CRM) 
corresponding to ALDHz was found in ALDH-deficient Japanese livers.58 

Thus, the ALDHz deficiency in Orientals is a result of a structural mutation 
in the AWHz gene, and not deletion of the gene. The molecular difference 
between the active ALDHzl enzyme and the catalytically inactive 
ALDHl enzyme is a single amino acid substitution Glu~Lys at 
the 14th position from the COOH-terminal (or at the 487th position from 
the NHz-terminal), originated by G/C~Aff base transition in exon 12 
of the ALDHzlocus (Fig. 2).59-61 

In contrast to the high frequency of AWHl variant observed in the 
Orientals, ALDHI variants were found to be less common. A variant, with 
severely diminished catalytic activity but strong immunological crossreac
tivity, was found in one out of ten Japanese livers.6z Apparently, the same 
variant was also found in two out of 60 Japanese livers.63 Another ALDHI 
variant associated with different electrophoretic mobility was found in two 
Oriental subjects.64 

Recently, two ALDHI kinetic variants, ALDHcColumbo and ALDHc 
Harrow, were found in Caucasian alcohol flushers65 (see next section). 

Polymorphism at the AWH3 locus was proposed based on the ob
served multiplicity of ALDH3 bands in stomach samples.66 It was argued that 
the variation could be due to secondary modification, and not due to genetic 
polymorphism.67 However, later studies supported the existence of genetic 
polymorphism.68,69 It was proposed that the two common alleles, i.e., 
AWH3b 

1 and AWH3b z, exist in the AWH3b locus, based on the variations 
in isoelectric focusing patterns of ALDH3 isozymes in Chinese stomach 
samples.7o In the model proposed, AWH3a locus is expressed in the liver 
as well as in the stomach and lung, whereas AWH3b locus is not expressed 
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3' ... GTC . CGT . ATG.TGA . CTT . CAC .TTT . TGJ\ ... 5' 

Kb) 

3' C. CGT.ATG.TGA . CTT.CAC.TTT.TG 5' 
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3' ... GTC . CGT . ATG .TGA.TTT . CAC . TTT . TGA ... 5' 

5' CAG.GCA . TAC . ACT . AAA.GTG . AAA.ACT 3 ' 

451 

Fig. 2. Mutation site of the ALDH2 locus. Nucleotide sequences and amino 
acid sequences of the mutation region are shown. The sequences of allele specific 
probes are also shown. Data were obtained from references.Bl •B6 The mutation 
position is shown in shadowed boxes. Detailed genomic structure and restriction 
sites were described in references.60•61 

in the liver.7o The frequencies of AWH 3b 1 andAWH3b 
2 are estimated to be 

0.14 and 0.86, respectively, in Chinese. 
The nucleotide sequences determined from the genomic DNA clone 

(G) and testis cDNA clone (C) of ALDHx revealed discrepancies at three 
positions resulting in two amino acid exchanges, Val~ Ala at position 69 and 
Arg~Leu at position 90.20 When the genomic DNA samples from unrelated 
individuals were subjected to polymerase chain reaction of the targeted re
gion followed by nucleotide sequence analysis, seven were found to be (C) 
~~~~~~~~~~~~~~~~ 
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nucleotide changes. Therefore, the AWHx locus is polymorphic. Differ
ence in enzyme activity and electrophoretic mobility was observed when 
(G) and (C) types of DNA were expressed in the CHO-20 cells (unpub
lished observation). 

Saliva ALDH deficiency was found in about 30% of Japanese.53 It 
remains to be clarified whether or not the deficiency is really due to genetic 
polymorphism in the salivaALDH locus. Polymorphisms of known ALDH 
loci are summarized in Table 3. 

In the study of restriction fragment length polymorphisms, TaqI 
haplotype of the AWH! locus was found to be polymorphic in Orientals 
but not in Caucasians.71 MspI haplotype of the AWH! locus is polymor
phic in both populations, but the frequencies are different. In the AWH2 
locus, MspI haplotype is polymorphic in both populations, and the frequen
cies are the same.71 Thus far, no polymorphism was found in EcoRI and 
Pst! haplotypes. 

Genetic Polymorph isms of ADH 
and ALDH, and Alcohol-Related Problems 

Individual and racial differences in alcohol sensitivity have been rec
ognized for a long time. "Alcohol sensitive" persons ("alcohol flusher") 
exhibit rapid facial flushing, elevation of skin temperature, increase in pulse 
rate, and hypertension, when they drink a moderate amount (0.3-0.5 mL 
ethanol per 1 kg body wt) of alcohol. The first systematic study on racial 
differences of alcohol sensitivity was reported by Wolff, who observed al
cohol flushing in about 80% of Mongoloids but only in about 5% of 
Caucasoids.72 The difference could not be due to acquired habit, since the 
racial differences were clearly observed also in young infants. Several other 
investigators confirmed Wolff's observation, although figures differ among 
the reports, i.e., the frequency of alcohol flusher in Orientals is 71 % in the 
study of Ewing et al.P 50-60% in the studies by Wilson et al.,74 and Zeiner 
etal.75 Only about 5-8% of Caucasians were found to be alcohol sensitive 
in these studies. 

Stamatoyannopoulos et al. observed that nearly 90% of Orientals ex
hibit much higher ADH activity in their livers than Caucasians, and sug
gested that a high incidence of alcohol sensitivity in Orientals could be 
caused by the rapid acetaldehyde formation by the more active ADH2 
variant.76 On the other hand, Goedde et al. found that approximately 50% 
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of Orientals lack mitochondrial ALDH2 activity in their livers, and pro
posed that the alcohol sensitivity is a consequence of an accumulation of 
acetaldehyde due to ALDH2 deficiency.57,77 The high incidence of alcohol 
sensitivity could result from a combination of these two polymorphisms in 
Orientals. The alcohol sensitivity might discourage individuals from 
drinking, thus decreasing the risk of alcohol-related problems in the subjects 
with the abnormalities. 

In order to verify these possibilities, genotypes of ADH2 locus and 
AWH2 locus of control subjects, alcohol-sensitive and nonsensitive sub
jects, and patients with alcoholic diseases have to be determined. 

It was reported that most of Japanese alcoholics and those with alco
holic liver disease had the active ALDH2 isozyme in their livers.63,78,79 
However, neither the phenotypes and genotypes of the ADH210cus, nor the 
genotypes of the AWH210cus were examined in these studies. It was sug
gested that Japanese alcohol flushers might be homozygous atypical 
AWHlIAWHl, but not heterozygous AWH2

1IAWHl, at the AWH2 
locus.8o The findings are questionable since the genotyping method used 
does not seem to be reliable. 

Genotypes oftheADH2locus and theAWH2locus can be determined 
by the hybridization of endonuclease-digested genomic DNA samples;44,81 
or polymerase chain reaction (PCR) amplified DNA,82-84 with allele spe
cific oligonucleotide probes (Figs. 1 and 2). The ADH31 and ADH 32 alleles 
can also be distinguished by the same procedure.84 

In 49 unrelated control Japanese individuals examined, the frequency 
of atypical ADHl allele is 0.71 and that of usual ADHi is 0.29, and the 
frequencies of genotypes determined were compatible to the Hardy
Weinberg expectation.44 The frequencies of ADH21 and ADHl alleles were 
previously estimated from the isozyme patterns of liver samples observed 
in electrophoresis or isoelectric focusing. Since the atypical ~2 subunit, which 
is a product of the atypical ADHl allele, is overwhelmed in the isozyme 
activity stain, the distinction of heterozygous atypical ADH211ADHl and 
homozygous atypical ADHlIADH22 is ambiguous in electrophoretic ex
amination. The distinction of the homozygous atypical and heterozygous 
atypical is more clear in the isoelectric focusing. The frequency of the atypi
cal ADH22 allele estimated from isoelectric focusing patterns ranged from 
0.62 to 0.74 in Japanese.85,86 

In the same 49 control subjects, the frequency of atypical AWH22 
allele is 0.35 and that of the usual AWH21 is 0.65.87 None of the Cauca-
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sians examined had the atypical AWHl gene. The frequencies of geno
types determined were compatible to the Hardy-Weinberg expectation, in
dicating the reliability of the genotyping method. 

Since about 50% of Japanese lack ALDH2 activity, the data imply that 
the heterozygous atypicalAWHilAWHl subjects as well as the homozy
gous atypical AWHllAWHl subjects lack liver ALDH2 activity, i.e., the 
atypical ALDHl gene is dominant in expression of enzyme activity.87 The 
notion was supported by other investigators.83 

The severe ALDH2 deficiency in heterozygous AWHiIALDHlsta
tus (Le., dominant expression of the variantAWHl) is not readily compat
ible to the commonly accepted assumption (and observation on other loci) 
that both usual and variant genes would be expressed in heterozygous sta
tus and hybrid oligomeric enzymes would exhibit catalytic activity. In con
junction with this problem, the following points should be considered. The 
direct genotyping method only examines the targeted nucleotide region, 
which includes the AWHl mutation site (Fig. 2). Therefore, the possibil
ity of the existence of other variant allele(s) is not excluded. Another com
mon variant allele, ALDH23, which produces a defective subunit could exist 
in Japanese. Assuming that 

1. The frequencies of AlDH21 = 0.3, AlDHl = 0.35, and AlDH2
3 = 0.35; 

2. Subjects with AlDH2
1/AlDH2

1, AlDH2
1/AlDHl, and AlDH21 exhibit 

the enzyme activity; and 
3. Subjects with AlDHlIAlDHl, AlDHlIAlDHl, and AlDHlIAlDHl 

lack the activity, the observed frequency of AWH2 deficiency (about 50%) 
can be explained by the three allele model. 

The model predicts that approx 40% of Japanese with the enzyme 
activity are heterozygous ALDH21IALDHl. However, none of the Japa
nese livers with ALDH2 activity thus far examined had the atypical 
AWHl gene;56.82,86 thus the three allele model is rejected. Formation of 
catalytically inactive and/or very labile heterotetramers may account 
for the dominant expression of the defective ALDH2 gene at the hetero
zygous status.87 

Genotypes of Japanese alcohol fiushers, nonfiushers, and patients with 
alcoholic liver diseases are summarized in Table 4. All patients (23 unre
lated subjects) were habitual heavy drinkers over a period of more than 5 
yrs, and, based on histological criteria, were diagnosed as alcoholic fatty 
liver (2 subjects), alcoholic fibrosis (5 subjects), alcoholic liver cirrhosis 
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Table 4 
Genotypes of ADH2 and ALDH2 Loci in Japanese 

Genotypes Gene frequency 

ADH2 10cus 1-1 1·2 2·2 ADH21 ADHi 

Control (n= 49) 4 20 25 0.29 0.71 
Patients with alcoholic 3 6 14 0.26 0.74 

liver disease (n = 23) 
Alcohol flusher (n= 8) 0 1 7 0.06 0.94 
Nonflusher (n = 6) 0 3 3 0.25 0.75 

Genotypes Gene frequency 

ALDH2 10cus 1-1 1·2 2·2 ALDH21 ALDH2 2 

Control (n = 49) 21 22 6 0.65 0.35 
Patients with alcoholic 20 3 0 0.93 0.07 

liver disease (n= 23) 
Alcohol flusher (n= 9) 0 7 2 0.39 0.61 
Nonflusher (n = 6) 5 1 0 0.92 0.08 

Data were obtained from references.44,87,89 Difference in frequencies of the ALD~ 1 and ALDHl 
between the controls and alcoholic liver patients is statistically significant (p < 0.005). Difference in 
frequencies of the ALDHIl and ALDHIl between the alcohol flushers and nonflushers is statistically 
different (p< 0.01). 

(15 subjects), and alcoholic liver cirrhosis accompanied by hepatocellular 
carcinoma (1 subject).88 

No difference was found between the subjects with alcoholic liver 
diseases and controls in the frequency of the atypical ADHl88 The fre
quency of the ADHl was found to be higher in alcohol flushers than in 
nonfiushers, but the statistical significance was not established in the sample 
size analyzed.88 More cases have to be examined to settle the correlation 
between ADH2 genotypes and alcohol flushing. 

The genotype analysis indicates that all Japanese alcohol flushers 
are either heterozygous ALDH211ALDH22 or homozygous atypical 
ALDHlIALDHl, and conversely, most of Japanese with alcoholic liver dis
eases are homozygous usual AWH2

11AWH21.88,89 One can conclude that 
Japanese with genotypes AWHilAWHl or AWH2

21AWHl are alcohol 
sensitive, and thus they are at low risk in developing alcoholic liver dis
eases and presumably other alcohol-related diseases. 
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The frequency of the atypical AWHl allele is high also in other Ori
entals, i.e., 0.15 in South Koreans and 0.20 in Chinese.90 Atypical subjects, 
either homozygous or heterozygous at the AWH22 loci in these popula
tions are likely to be alcohol sensitive and less vulnerable in developing 
alcohol-related diseases. 

The fetal alcohol syndrome is characterized by physical and mental 
anomalies that occur in children whose mothers drank alcohol during preg
nancy. As described earlier, AWH2 is expressed in early embryos,56 hence, 
the Oriental atypical AWHl gene, which is a preventive factor against 
alcohol-related diseases in adult life, could be a risk factor in developing 
the fetal alcohol syndrome. The possibility can be tested by genotyping af
fected Oriental families. 

The ALDH genotyping of American Indians has been a subject of in
terest Both American Indians and Orientals are of Mongoloid origin. A 
high frequency (50-70%) of alcohol flushing was observed in a North 
American Indian tribe.91 However, unlike Orientals, American Indians have 
higher frequencies of the alcohol-related problems. North American Indi
ans (Sioux, Navajo, Pueblo, Oklahoma) showed a low (or no) frequency of 
ALDH2 deficiency, whereas appro x 40% of South American Indians 
(Atacamefios, Mapuche, Shuara) lackALDH2 activity.92-95 Recently, ALDHz 
genotypes of28 South American (Mapuche) Indians were determined and 
it was found that none of them has the atypical AWH22 gene (Le., frequency 
of AWH22 is less than 2%).96 

Should about 40% of the Mapuche Indians lack ALDH2 activity, an
other defective mutant ALDH2 gene, which is different from the atypical 
Oriental type AWHl gene, might exist at a high frequency in this popula
tion. Further confirmation on the ALDH2 deficiency in South American 
Indians is necessary, since the previous phenotyping of South American 
Indians was performed using hair root extracts, but not using the more reli
able liver samples. Systematic studies of the reliable ALDH2 phenotyping 
and genotyping, together with characterization of their alcohol-flushing 
characters and other alcohol-related problems may elucidate the relationship 
between the ALDH2 types and physiological manifestations found in 
American Indians. 

Approximately 5-8% of Caucasians exhibit alcohol-flushing charac
ter.72-74 In addition, about 6-10% of Caucasians are reported to be chlor
propamide-induced alcohol flushers and exhibit alcohol flushing when they 
take chlorpropamide, a commonly used drug for diabetics.97 The character 
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seems to be a dominantly inherited trait. By contrast to Oriental alcohol 
flushers, no significant elevation in blood acetaldehyde levels nor hyper
tension were observed in these Caucasian alcohol flushers (personal com
munication from R. 1. Ward and T. 1. Peters). However, a significant elevation 
of blood acetaldehyde level and slower rate of acetaldehyde oxidation were 
observed in chlorpropamide-induced alcohol flushers.98 Thus, physiologi
cal background differs between alcohol flushers and chlorpropamide-induced 
alcohol flushers in Orientals and Caucasians. 

By examining properties of ALDHI existing in blood samples from 
nine unrelated Caucasian alcohol flushers, two types of ALDH 1 variants were 
found.65 One variant (Harrow variant) exhibited very low activity (10-20% 
of control) and altered electrophoretic mobility. The enzyme deficiency and 
alcohol-flushing character are inherited in relatives of the propositus. From 
the pedigree data, it is evident that the ALDHI deficiency and alcohol
flushing character are expressed in heterozygous variant status,65 (also, 
unpublished observation). Another ALDHI variant (Columbo variant) found 
in a Caucasian alcohol flusher exhibited moderately reduced activity and 
altered kinetic properties.65 The frequencies of these two variants among 
Caucasians have not yet been determined. 

Relationships between the RFLPs of these ADH and AWH loci and 
alcohol-related problems have not been systematically examined. 

In the recent study, no association was found between the MspI RFLP 
at the ADH310cus and alcoholism.99 

Concluding Remarks 

The intimate positive correlation between the Oriental atypical AWH22 
gene with alcohol sensitivity and the negative correlation with development 
of alcoholic liver diseases have been proven. Caucasians with the variant 
AWH 1 genes, even at heterozygous status, are also alcohol sensitive; hence, 
they are at low risk of developing alcoholic diseases. 

Similar genetic studies have not yet been carried out in the ADHl 
gene (for ~3 subunit), which is common in Blacks, ADHl (for "(2 subunit) 
which is common in Caucasians, the locus, which may be polymorphic, the 
AWH3b locus, which may be polymorphic in Chinese and other popula
tions, and the polymorphic ALDHx locus. As reviewed earlier, alcohol de
hydrogenases and aldehyde dehydrogenases not only participate in ethanol 
detoxification, but also play roles in metabolism of neurotransmitters, fatty 
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acid oxidation, and detoxification of biogenic metabolites. Recent techno
logical development of molecular genetics allows us to determine these 
mutation sites and determine genotypes using readily available genomic 
DNA samples. Possible significance of genetic variations of these loci in 
alcohol-related problems may be elucidated through this approach. 

A strong association of RFLP at the dopamine D2 receptor locus with 
alcoholism was recently reported.98 Genetic abnormalities and polymor
phisms of ADHs and ALDHs involved in neurotransmitters may affect al
cohol-seeking behavior and in developing alcohol-related diseases. Our 
knowledge on brain ADH and ALDH isozymes with such activity is very 
limited, at both the enzyme and the gene levels, and needs to be extended. 
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and Liver Damage 
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Introduction 

It has been known for several years that the abuse of drugs such as 
alcohol (ethanol) and cocaine disrupt hepatic structure and functions. The 
mechanisms of these drug-induced hepatotoxicities are now thought to be 
intricately related to changes in the functional activities of inherent enzyme 
antioxidant systems (e.g., superoxide dismutase, catalase, glutathione per
oxidases, and the selenoenzymes). These systems and the dietary antioxi
dant status l -4 of tocopherols, ascorbate, and beta-carotene protect the 
biological system against oxidative damage.5-8 The ability of the hepatic 
cells to maintain their viability and integrity against insults from xenobiotics, 
including commonly used drugs of abuse, is in part dependent on these anti
oxidant defense mechanisms. The role of xenobiotics generating free radi-
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cals and their conversion to reactive electrophiles generating species dur
ing their intracellular metabolic and detoxification process and their role in 
cellular damage is fully elucidatedY'lO The generation and role of free radi
cals in liver damage is reviewed in another chapter of this volume. 

Alcohol and cocaine are commonly abused drugs. l1 This review will 
discuss the metabolism and hepatotoxicity of these two drugs. Another 
recently recognized aspect of liver damage reviewed in this section is the 
liver antioxidant system, including dietary nutrients that confer some pro
tection against the drug-induced hepatotoxicity. In addition, since nutritional 
status of the drug abuser affects the extent of damages commonly observed, 
this review, therefore, will discuss some of the nutritional deficiencies 
associated with cocaine and alcohol abuse. 

Metabolism and Related 
Hepatotoxicity of Alcohol Abuse 

Metabolism of Alcohol 

Alcohol is oxidized almost exclusively in the liver by three main path
ways, each located in a different subcellular compartment of the hepato
cyte: the alcohol dehydrogenase pathway of the cytosol; the microsomal 
ethanol-oxidizing system (MEOS) in the endoplasmic reticulum; and 
catalase of the peroxisomes.12 The activation of each of these pathways 
may be associated with the generation of reactive electrophiles, resulting 
in hepatic damage. 

Alcohol Dehydrogenase Pathway 
Alcohol dehydrogenase (ADH) catalyzes the conversion of ethanol 

to acetaldehyde in a series of reactions that requires nicotinamide adenine 
dinucleotide (NAD) as a cofactor. The overall result of ethanol oxidation is 
the generation of excess reducing equivalents as free NADH in hepatic cyto
sol, mainly because the metabolic systems involved in NADH removal are 
not able to fully affect the accumulation of NADH. The acetaldehyde pro
duced in the reaction is further converted to acetate ADH in the mitochon
dria.13•14 Also in the oxidation step, NAD functions as a coenzyme and 
NADH is formed. The increased NADWNAD ratio results in a major change 
in liver metabolism oflipids15 and protein,16 and consequent liver damages 
associated with alcohol abuse. The net result of ethanol oxidation by the 
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hepatic ADH is acetate, which is released into the bloodstream to be further 
oxidized to carbon dioxide and water in the peripheral tissues.17,18 

It is commonly accepted that hepatic ADH activity is the only rate
limiting step of ethanol metabolism, although numerous studies have re
ported the lack of correlation between the rates of ethanol oxidation and 
ADH activity.19-21 Although chronic ethanol administration to rats decreases 
ADH activity in perivenous and periportal hepatocytes, the rate of ethanol 
elimination nevertheless increases.22,23 Even in human subjects who have 
the atypical ADH with a higher activity than normal, the rate of alcohol 
metabolism is not higher than observed in normal subjects.24 Theorell and 
coworkers calculated that when the amount ofNADH produced in the ADH 
reaction goes beyond the immediate metabolic needs, its concentration 
increases with subsequent inhibition of the ADH reaction.25 Other factors 
may also affect the rate of alcohol oxidation by ADH: the intracellular acet
aldehyde concentrations, the activity of the shuttle mechanisms transport
ing reducing equivalents into the mitochondria, and the activity of the 
mitochondrial respiratory chain.26 

Microsomal Ethanol 
Oxidizing System and Catalase 

The cytochrome P-450 microsomal ethanol oxidizing system (MEOS) 
and the catalase system in various cell fractions, including peroxisomes and 
microsomes, provide alternate pathways for ethanol oxidation. 27,28 The quan
titative roles of these alternate pathways for ethanol metabolism is less than 
20% in normal conditions.29 However, the contribution of the MEOS to 
metabolic oxidation of ethanol increases during chronic alcohol consump
tion. The MEOS is localized in the endoplasmic reticulum using reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen. It 
increases in activity after chronic ethanol consumption, which is associated 
with rapid growth of the smooth endothelial reticulum.30 Compared to ADH, 
the MEOS requires higher ethanol levels for full saturation and maximal 
velocity. Therefore, at high blood ethanol concentrations, the contribution 
of this non-ADH pathway is markedly increased.31 

Catalase 
Catalase is also capable of oxidizing ethanol in vivo in the presence 

of H20 2-generating system. The H20 2-mediated ethanol peroxidation by 
catalase is limited by the rate of H20 2 generated. Since the physiological 
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rate of H20 2 production is low, the contribution of catalase to in vivo etha
nol elimination is not of great importance.32 

Hepatotoxicity Associated with Alcohol Abuse 
The mechanisms whereby alcohol produce hepatic injury remain 

a central concern in the toxicology of ethanol. This problem has been 
pursued largely by following the intracellular fate of alcohol. The results 
have led to two major conclusions: First, some of the effects are caused 
by a direct action of ethanol or its reactive metabolites, acetaldehyde and 
acetate; and part of its effects are mediated by hormonal changes that ac
company alcohol abuse.33 Other changes are dependent on the nutritional 
status of the abuser,34 the level of ethanol administered,35 and the duration 
of ethanol intake.36 Changes in immune functions may also playa role in 
the ultimate liver pathology. 

The pathogenic mechanisms of alcohol hepatotoxicity resulting in 
alcoholic liver disease (ALD) is accompanied by a multitude of biological 
factors, including reduced nutritional intake, improper digestion and 
absorption, and increased requirement for some nutrients. The complex 
interrelated cascade of changes result in vicious cycles leading to increas
ing severity of alcoholic hepatotoxicity. Alcohol abuse causes a broad 
spectrum of pathologic, morphologic, histologic, and biochemical changes 
in the liver. Some of these changes are the subjects of recent reviews,37-41 
and other sections of this volume. Although alcohol has many effects on 
the liver, all of these effects, except cirrhosis, are partially reversible on 
cessation of alcohol ingestion. Cirrhosis is irreversible and ultimately fatal. 
The pathological features of ALD can be divided into three broad catego
ries - fatty liver changes, alcoholic hepatitis with or without fibrosis, and 
cirrhosis. This division is artificial for three major reasons. First, the cat
egories represent a continuum of disease; second, at any given time, one or 
more combinations may be present in the liver; and third, if a liver biopsy 
is performed after a period of abstinence from alcohol, the alcohol-related 
changes may not be seen. 

The role of alcohol in the pathogenesis of fatty liver is well docu
mented4O-44 and the consensus of available evidence is that fatty changes 
alone probably have no role in the development of cirrhosis, outside of other 
nutritional factors.45 The hepatic fatty changes induced by alcohol include 
fat cysts, lipogranuloma, megamitochondria, hepatocyte swelling, and 
Mallory bodies that appear after excessive alcohol ingestion, usually vis-
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ible within 3-7 d.46 On cessation of drinking, the changes may disappear 
within a few days but in severe cases, it takes 4--6 wks for these changes to 
clear.47 Some of these changes are not specific to ALD and are seen in many 
other conditions including alimentary disorders, abetalipoprotenemia, and 
in prolonged steroid use.48 Although it may appear that these nonspecific 
changes are unimportant, their presence in association with other more spe
cific changes often lead to a correct diagnosis of ALD. 

Alcoholic hepatitis is characterized by the presence of Mallory bod
ies in hepatocyte, with a surrounding neutrophil and mononuclear cellular 
infiltrate. Mallory bodies are discrete collections of eosinophilic hyaline 
intracytoplasmic materials commonly situated around the nucleus causing 
the hepatocyte to be swollen. 

In cirrhotic livers, hepatocytes containing Mallory bodies are most 
frequently found at the interphase between regenerating nodules and fibrous 
septa. Alcoholic hepatitis is often accompanied by or results in fibrosis. 
The fibrosis typically occurs as fine strands surrounding individual hepato
cytes seen in pericellular fibrosis. Individual hepatocytes gradually disap
pear and larger foci of fibrosis are formed, eventually resulting in solid, 
often stellate, septa of fibrosis, radiating from the central vein. A late com
plication of cirrhosis, immunosuppression, and dietary deficiencies is hepa
tocellular cancer.49 Although it is clear that ethanol consumption is 
hepatotoxic, some of the other mechanisms of damage include alterations 
in hepatic plasma membrane fluidityso,51 and increased lipid peroxidation52,53 
are yet to be fully elaborated. 

Another hepatotoxic effect of alcohol is the increased susceptibility 
of the alcoholic to the adverse effects of various drugs. Ethanol is an in
ducer not only of its own metabolism but also those of a number of other 
drugs. The administration of ethanol results in inhibition or acceleration of 
drug detoxification depending on the dosage and the time interval between 
the administration of ethanol and the drug. Ethanol, in vitro, is a competi
tive inhibitor of anilase, pentobarbital hydroxylases, and a mixed inhibitor 
of the de methylation of aminopyrine and ethylmorphine.54 It also alters the 
metabolism of drugs such as 4-hydroxyphenazon and 4-aminoantipyrine 
from the major oxidative to the minor conjugative pathways55 and inhibits 
the rates of disappearance of phenobarbital and meprobamate from the blood 
of humans 54 and animals.55 The concomitant administration of ethanol and 
drugs such as barbiturates and chloral hydrate result in the enhanced de
pressant effect of these drugs on the central nervous system. The effect of 



472 Ode/eye and Watson 

ethanol and chloral hydrate given in combination is greater than the simple 
summation of the effects obtained when either drug is given alone. This 
potentiation of effect appears to be owing to the mutual inhibition of the 
metabolism of drugs. 56 Commonly used Hz-receptor antagonists, such as 
cimetidine, decrease ADH activity and enhance periportal blood levels of 
ethanol, precipitating liver damage.57,58 Ethanol also interacts with narcot
ics to potentiate hepatotoxicity. In humans, the combined use of morphine 
and alcohol potentiates the effects of both drugs and increases chronic he
patic damages and the probability of death. 59 Similarly, the combined treat
ment of ethanol and cocaine to adult male mice potentiated cocaine-induced 
toxicity characterized by elevated serum transaminase activity and frank 
intralobular necrosis,6oa,60b reduced hepatic glutathione,61 and increased 
hepatic lipoperoxidation.60b,6z Chronic ethanol consumption also increased 
chemically induced tumors63,64 by inhibiting repair of alkylated DNA,65 and 
served as a promoter of hepatocellular carcinoma.66 

The mechanisms of increased susceptibility of alcohol abusers to the 
adverse effects of various drugs has been recently reviewed.67 These in
clude the effect of ethanol on rate of drug uptake, increasing drug-plasma 
protein binding thus increasing toxicity of the drug, increasing hepatic blood 
flow and hepatic uptake of drug and alcohol, the binding of ethanol to the 
cytochrome P-450 system and the subsequent spectrum modification, and 
the alteration of the ADH system by ethano1.66 

Metabolism and Related 
Hepatotoxicity of Cocaine Abuse 

Cocaine is an alkaloid that causes powerful and rapid stimulation of 
the central nervous and cardiovascular systems. The abuse of this drug has 
increased greatly over the last several years, and has spread to all ages and 
socioeconomic groups, and has nearly doubled in the adolescent popula
tion.68 This widespread use has resulted in the increased incidence of acute 
cocaine poiSOning cases seen in emergency clinics and sudden death of 
chronic abusers.69 

Metabolism of Cocaine 

The metabolism of cocaine occurs by two separate pathways: The 
major pathway involves the hydrolysis of cocaine to ecogonine methyl 
esters and benzoic acid by serum cholinesterase and esterases.70,71 Other 
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hydrolytic metabolite of cocaine, benzoyl ecogonine, is produced by hy
drolysis of the methyl ester group formed by spontaneous hydrolysis of 
cocaine. More recent studies have confirmed this enzymatic reaction and 
have shown that liver esterases also catalyze this biotransformation.7o The 
second route of cocaine metabolism involves a hepatic cytochrome P-450 
and FAD-containing monooxygenase pathway. 72, 73 Although the FAD-con
taining monooxygenase pathway is of minor importance in humans under 
very light usage, it is responsible for the production of the hepatotoxic me
tabolites of cocaine metabolism in heavy users.74 

Hepatotoxicity of Cocaine Abuse 
The first evidence of hepatic damage following cocaine use was 

demonstrated in a group of human cocaine and heroin users that exhibited 
elevated serum transaminase levels.75 Animal models have also shown that 
acute or chronic cocaine use precipitated severe liver damage in the form 
of fatty infiltration, mitozonal and periportal necrosis, and elevated serum 
transaminases.60b,76 This cocaine-mediated hepatic injury has been demon
strated in both induced61 and noninduced77 mice. Studies by Thompson 
et al.74 showed that the cytochrome P-450 system is responsible for all the 
detoxification of the metabolites of cocaine, norcocaine, N-hydroxy
cocaine, and norcocaine nitroxide, and the liver damage associated with 
cocaine abuse. However, recent studies also ascribe cocaine-induced liver 
damage to the observed depletion of hepatic glutathione61 and to increased 
hepatic lipid peroxidation.78 

Enzymes and Nonenzyme System 
Involved in Alcohol 

and Cocaine Hepatotoxicity 
The morbidity and mortality associated with alcohol and cocaine abuse 

relates to its pervasive effects on all major organ systems and particularly 
so in the liver. Because the liver is the major site of the metabolism of cocaine 
and alcohol, the increased oxidative stress and increased formation of free 
radicals and enhanced lipid peroxidation occurring in this organ profoundly 
affect hepatic antioxidants defense systems, which are designed to protect 
against this oxidative injury. 

The antioxidant system may be divided into two major groups: the 
endogenous enzymic antioxidants, which include superoxide dismutase 
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(SOD), glutathione peroxidase (GSH-peroxidase), catalase, uric acid, and 
others; and the dietary supplied antioxidants, such as vitamins E and C, the 
carotenoids and some vitamin A related compounds, and selenium. These 
antioxidant systems detoxify the hepatotoxic free radicals, reactive 
electrophiles and lipid peroxides formed by the interaction of O2 species 
with unsaturated lipids of the cell. 

Endogenous Antioxidant Enzyme System 

Glutathione Peroxidase 
Glutathione peroxidase (GSH) is made up of four protein subunits, 

each of which contain one atom of the element selenium at its active site. 79 
Deficiency of this element causes a fall in the activity of this enzyme to 
very low levels, often to less than 5% of control activity.8o The enzyme is 
found at high activity in the livers of those who do not abuse drugs.81 

The role of GSH-enzymes against lipid peroxidation is controversial. 
An early report by McCay et al.82 suggested that GSH-peroxidase prevented 
lipid peroxidation. Later reports proposed that the lipoperoxidative actions 
of GSH-peroxidase was due to other proteins and not selenium-<iependent. 83 
However, recent studies by Mercurio et aI.84 and Takahashi et aI.85 support 
an antioxidant defense role for selenium-dependent GSH. 

The depletion of GSH, one of the major defenses against oxidative 
stress, renders the cell more susceptible to the development of peroxidation, 
cell damage, and lysis.86 Ethanol enhances GSH depletion and potentiates 
acute hepatotoxicity.87 Videla and coworkers demonstrated that the admin
istration of a single dose of 5.8 of ethanol/kg body wt to rats fasted over
night induced a drastic decrease in liver GSH after 6 h of intoxication.88,89 
In humans90 and rats,91 acute ethanol consumption leads to an increase in 
plasma malondialdehyde and plasma GSH, reflecting increased utilization 
and loss of the enzyme from the liver. The mechanism by which ethanol 
exerts this effect include 

1. An inhibition of hepatic GSH synthesis;92 
2. Binding of GSH to acetaldehyde produced in the degradation of etha

nol;93 
3. Oxidation of GSH by lipid peroxides produced by ethanol;94 and 
4. Binding of acetaldehyde to cystine, a precursor of GSH95 to fOIm the 

2-mTCA derivative.96 
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Similarly, the in vivo depletion of hepatic GSH after cocaine admin
istration,97 and the importance ofGSH in protecting against cocaine-medi
ated cellular injury98,99 have been demonstrated. 

Catalase 
In animals, catalase is present in all major organs, being especially 

concentrated in liver and erythrocytes. lOO Purified catalases consist of four 
protein subunits, each unit containing a heme (Fe [llIJ-protoporphyrin) group 
bound to its active site. Each subunit also usually contains one molecule of 
NADPH bound to it, which helps to stabilize the enzyme. I 

The catalase reaction may be written as follows: 

catalase - Fe (ill) + H20 2 ~ Compound I 
Compound I + H20 2 ~ Catalase - Fe (III) + H20 2 

+°2 

The presence of peroxidatic substrates for catalase in vivo decreases the 
concentration of compound I, causing more free catalase to be formed. IOI 

The catalase activity of animals is largely located in subcellular organ
elles bound by a single membrane called peroxisomes. The peroxisomes 
also contain some of the cellular H20z-generating enzymes, such as 
glycollate oxidase, urate oxidase, and the flavoprotein dehydrogenases in
volved in the beta-oxidation of fatty acids. Ethanol's oxidation by catalase 
in vivo occurs in the peroxisomes and because ethanol is a substrate for the 
peroxidati ve actions of catalase, it reduces the concentration of Compound 
I and also reduces pyridine nucleotide, which is a substrate for the alcohol 
dehydrogenase that converts NAD+ to NADH.I02,103 

Superoxide Dismutases (SODs) 
The SOD are metalloenzymes that catalyze the conversion of O2- to 

H20 2 and thus prevent accumulation of the oxygen radicals generated dur
ing alcohol and drug metabolism from accumulating. 

Antioxidant Nutrients and Liver Damage 
Chronic alcohol and/or cocaine abuse have profound effects in de

pleting hepatic levels of the antioxidant nutrients, thus increasing liver 
damage common among such individuals. This section focuses on the 
mechanism of protection conferred by these nutrients against alcohol
induced hepatotoxicity. 
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Nutrients act at different levels in the oxidative sequence by: 

1. Decreasing localized oxygen radical concentration; 
2. Preventing first-chain initiation by scavenging chain-initiating radicals 

such as OHo; 
3. Binding metal ions in forms that will not generate such chain-initiating 

species as OHo, ferryl, or Fe2+/Fe3+/02 and/or will not decompose lipid 
peroxides to peroxy or alkoxy radicals; 

4. Decompose peroxides by converting them to nonradical products such 
as alcohol; and 

5. Chain-breaking or scavenging intermediate radicals such as peroxy and 
alkoxy radicals to prevent continuing hydrogen abstraction.104 

Many antioxidants have multiple mechanisms of action. Some are pre
ventive antioxidants, some are chain-breaking antioxidants, and others are 
repairing antioxidants, which diminish the rate oflipid peroxidation. 

Vitamin E (Tocopherol) 
Vitamin E is a group of closely related family of compounds called 

the tocopherols. There are four major tocopherols with antioxidant activity. 
Alpha-tocopherol is the most biologically important of the group,105 and 
the terms alpha-tocopherol and vitamin E are now used interchangeably. 
Although vitamin E, compared to a number of synthetic phenol (butylated 
hydroxytoluene) used industrially, is a relatively poor antioxidant, it is the 
most important antioxidant in humans. 106 

Vitamin E is a fat-soluble molecule and, being hydrophobic, it tends 
to concentrate in the interior of membranes susceptible to oxidative dam
age. For example, the mitochondrial membranes contain about one mol
ecule of alpha-tocopherol per 2,100 molecules of phospholipid of blood 
lipoproteins and in the adrenal glands. Both the cortex and the medulla con
tain high levels of vitamin E because of their high content of oxygenase 
enzymes, which increases their susceptibility to oxidative damage.107.108 

Vitamin E functions in vivo as a protector of lipid peroxidation as 
indicated by decreased ethane exhalation and hepatic malondialdehyde 
formation. 109, 110 It prevents lipid peroxidation by both quenching and re
acting with singlet oxygen radicals. It is oxidized by the superoxide gener
ating system and, like most molecules, it also reacts with OR" at an almost 
diffusion-controlled rate in this reaction.ll1 During its action as a chain-
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breaking antioxidant in membranes, alpha-tocopherol is consumed and 
converted to the radical form.1I2 However, mechanisms exist in vivo for 
reducing the radical back to alpha-tocopherol. A synergism between vita
mins E and C in trapping free radical is suggested.ll3 Recent studies1l4•115 

have confirmed that ascorbic acid reduces the alpha-tocopheryl radical back 
to alpha-tocopherol in intact membranes. Thus, the addition of ascorbate 
to membranes containing vitamin E can have antioxidant as well as pro
oxidant effects. 116 Furthermore, recent findings showed that vitamin E may 
also protect against peroxidation by modifying hepatic lipid components, 117 

thus maintaining membrane structure. In that experiment, rats fed alcoholic 
diets supplemented with vitamin E showed hepatic lipid composition and 
fatty acid profiles similar to the control rats. 

Vitamin A Related Compounds 

Vitamin A consists of a large group of related substances with various 
structural characteristics and biological activity of which the most impor
tant are the carotenoids.118 Excluding the cis-trans isomers of a given carot
enoids, the number of carotenoids is estimated at 563.119 However, using 
singlet oxygen quenching as the biological action for classification purposes, 
these carotenoids may be divided into four major categories. These catego
ries together with examples may be defined as:216 

1. Biologically active and nutritionally active (beta-carotene); 
2. Biologically active but nutritionally inactive (canthaxanthin); 
3. Biologically inactive but nutritionally active (beta-apo-14-carotenal); and 
4. Biologically and nutritionally inactive (phytoene). 

The mechanism(s) via which beta-carotene (BC) exert a protective 
effect in biological systems have generated considerable interest. It has 
been proposed that BC deactivates reactive chemical species such as sin
glet oxygen and free radicals,120 which would otherwise initiate harmful 
reactions such as lipid peroxidation. The effectiveness of BC as a quencher 
of both singlet oxygen and reactive triplets sensitizers has been clearly 
demonstrated. 121.122 

Although BC does not have the structural features commonly associ
ated with chain-breaking antioxidants,122 its carbon-centered radical, beta
car<>, reacts rapidly and reversibly with oxygen to form a new chain-carrying 
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peroxyl radical, B-car-OO.104 The role of BC as an antioxidant can be 
summarized as shown: 

B-carotene + ROO° ~ B-cat' 
B-cat' + O2 ( ) B-Car-OO° 

Dietary canthaxanthin is also shown to increase resistance to lipid 
peroxidation by enhancing membrane alpha-tocopherol and by providing 
antioxidant activities.123 

Vitamin C (Ascorbic Acid) 
Ascorbic acid is required in vivo as a cofactor for several enzymes 

including proline hydroxylase and lysine hydroxylase, which are involved 
in the biosynthesis of collagen. Analysis of rat tissues show that next to the 
adrenala cortex and the kidney, the liver has the highest levels of 
semihydroascorbate reductase activity. 124 

Ascorbate acts as a reducing agent (electron donor), thus it reduces 
Fe (UI) to Fe (11).125 This property is important in promoting iron uptake 
from the gut The observations that dietary ascorbate inhibit the carcino
genic actions of several nitroso-compounds fed to animals can be attrib
uted to its ability to reduce them to inactive forms. 126 Ascorbate may detoxify 
various organic radicals in vivo by a similar process. Donation of one 
electron by ascorbate gives the semidehydroascorbate radical, which 
can be further oxidized to give dehydroascorbase. The semidehydro
ascorbate radical is not particularly reactive and mainly undergoes a 
disproportionate reaction: 

2 semidebydroascorbate ~ ascorbate + debydroascorbate 

Dehydroascorbate is unstable and breaks down rapidly, producing oxalic 
acid and threonic acids.127 Measurement of the quantitative yield of four 
isomeric conjugated diene hydroperoxides using methyllinoleate as a sub
strate by Nikki et al. 128 showed that vitamin C scavenges the chain-carry
ing peroxy radicals and suppresses the oxidation of the substrate. 

Ascorbate is also shown to scavenge OH- and singlet oxygen and 
react with O2-,129 and inhibit ethane and pentane (indices of peroxidation) 
in guinea pigs.130 In addition, ascorbate regenerates the chain-breaking 
antioxidant alpha-tocopherol in biological membranes. It is yet to be seen 
if similar observations are made with the reactive electrophiles generated 
from ethanol's oxidation and cocaine metabolism. 
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Alcoholism has profound deteriorating effects on nutritional status.131 

The several alcohol-induced nutrient deficiencies in turn affect the metabo
lism of alcohol thus aggravating alcohol's hepatotoxicity and further wors
ening the nutritional status of the alcoholic. For example, alcohol depresses 
appetite, displaces other foods and nutrients from the diet, and decreases 
the value of food by interfering with digestion and absorption. Even when 
nutrients are absorbed, alcohol prevents them from being fully utilized by 
altering their transportation, storage, and excretion. Patients hospitalized 
for medical complications associated with alcoholism may be severely mal
nourished in several nutrients, including protein and energy deficiencies. 
Such medical complications are known to be due to the direct and indirect 
effect of alcoholism on nutrient availability and utilization. 132 

Interactions of Ethanol 
with Specific Nutrients 

Macronutrients 
Protein. When ethanol is consumed as additional calories, it may spare 

nitrogen utilization, thus preventing muscles and other organs from break
ing down their proteins for use as energy sources. When ethanol replaces 
carbohydrate calories, there is an increase in nitrogen losses as urea. 133 Also, 
the ingestion of ethanol depresses whole body protein synthesis and inhib
its hepatic and muscular mitochondrial protein synthesis,134 depresses se
rum albumin fraction and total protein,135 impairs absorption and secretion 
of amino acids by liver and increased serum concentration of branched
chain amino acids,136 and inhibits the secretion of albumin and plasma 
lycoprotein by the liver. 137, 138a,138b 

Carbohydrate and Energy Balance. The effects of alcohol on carbo
hydrate and energy balance in epidemiological and clinical studies in 
human and experimental animals is recently reviewed. 139 This section, there
fore, will focus on the mechanism of changes elicited by alcohol. 

The calories in ethanol are inefficiently utilized by the body, espe
cially when the dose is high or when the drinker is an alcoholic. Even when 



480 Ode/eye and Watson 

ethanol is ingested as extra calories, it causes less weight gain than did ca
lorically equivalent amount of carbohydrate or fat,140 and no weight gain in 
lean individuals. 141 The lack of energy gained from alcohol is a direct toxic 
effect of ethanol metabolism in the liver. The MEOS induced or activated 
by chronic consumption of high alcohol levels consumes NADPH-related 
compounds without creating new ones. 142 Consequently, the energy released 
from the system is dissipated as heat. Chronic ethanol consumption results 
in a generalized depression in hepatic mitochondria energy metabolism. 
It decreases both the rate and efficiency of ATP synthesis via the oxida
tive phosphorylation system.138a Also, hormonal imbalances leading to 
reduced hepatic AlP content143 and increased AlPase activity, 144 decreased 
oxygen utilization,14S and the inhibition of glucose metabolism under 
oxygen-poor conditions may explain the lack of weight gain commonly 
observed in alcohol abusers. Furthermore, ethanol, unlike carbohydrates, 
induces lipogenic enzymes by reducing the activity of lactate dehydroge
nase and malic enzymes, increases AlP citrate lyase,146 increases blood 
acetaldehyde,I47 and depresses cardiac microsomal protein synthesis. I48 

Finally, high ethanol consumption may affect absorption of nutrients and 
hence weight gain. 

Alcohol also affects carbohydrate metabolism via its regulation of 
pancreatic enzymes. SanKaran et al. showed that the acinar content of 
amylase and the acinar response to cholecystokinin-octapeptide is signifi
cantly lower in rats fed diets containing 26% ethanol-derived calories. I49 

Human alcohol abusers with liver cirrhosis have decreased insulin sensitiv
ity and glucose-6-phosphatase, increased hexokinase activity, low or ab
sent glucokinase activity, and a reduced glucokinaselhexokinase ratio. 150 
The resultant changes in these pancreatic enzymes lead to the glucose 
intolerance and insulin resistance observed in chronic alcohol abusers. 

Lipids. Many biochemical abnormalities in lipid metabolism result 
from intoxication or chronic alcohol usage. When alcohol is present in the 
system, it displaces fat as the primary fuel in the liver, resulting in hepatic 
accumulation of fat. The lipids that accumulate in the liver originate from 
three main sources: dietary lipids, which reach the blood stream and the 
liver as chylomicrons; adipose tissue lipids, which are transported to the 
liver as free fatty acids; and lipids synthesized in the liver. Metabolic dis
turbances in the equilibrium resulting from ethanol ingestion affect hepatic 
lipid accumulation by: 
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1. Increasing the amounts of precursors for hepatic lipid synthesis; 
2. Increasing hepatic lipogenesis via the stimulation of lipogenic enzymes; 
3. Decreasing lipid breakdown; 
4. Decreasing hepatic secretion of lipids; and 
5. Enhancing hepatic uptake of circulating lipids. 

Increased Availability of Substrates for Hepatic Lipid Biosynthesis. 
Ethanol interferes with the supply of precursors of lipogenesis from extra
hepatic sources by providing reducing equivalents and carbon units for lipid 
biosynthesis. 151 The altered redox state inhibits the oxidation of fatty acids 
and diverts them into esterification, which is further enhanced by the in
creased concentration of glycerol-3-phosphate. lS2-1S4 Ethanol also increases 
the amount of fatty acid transported from the adipose tissue and the small 
intestine into the liver where they are then deposited. 155 

Increased Activity of the Lipid Synthetic Enzymes. In addition to etha
nol having the effect of increasing the supply of precursors, it may also 
increase the rate of triglyceride synthesis by stimulating the enzymes cata
lyzing triglyceride synthesis. Both acute and chronic ethanol consumption 
stimulate phosphatidate phosphohydrolase in the microsomal and soluble 
fractions of the mitochondria,IS6 and the increase in the enzyme activity 
leads to the accumulation of hepatic triglycerides. lS7 

Similarly, the increased phospholipid content of the liver after chronic 
ethanol administrationlS8 is accounted for by the increased activity of two 
enzymes involved in the synthesis of phosphatidyl choline: choline 
phosphotransferase and phosphatidyl ethanol amine methyltransferase.1S9 

Decreased Lipid Breakdown and Secretion from the Liver. The accu
mulation of esterified lipids in the alcoholic fatty liver result from an 
impaired capacity of lysosomal lipase and esterase to hydrolyze the glyc
erol esters. Chronic ethanol administration decreased or did not alter the 
activity of lysosomal enzymes,I60,161 but it did decrease the activity of 
microsomal and cytosolic phospholipase A 162 required for the hydrolysis 
of hepatic cholesterol. Furthermore, ingestion of ethanol increases bile 
acids in the liver163 while it depresses its glandular secretion.l64 This re
duction in biliary secretion of bile acids is secondary to the diminution in 
cholesterol-7 -alpha-hydroxylase activity and the accumulation of cholesteryl 
esters in the liver.16S 

Effects of Chronic Alcoholism on Lipid Composition. Chronic alco
hol exposure is reported to increase, 166,167 decrease,168 or have no effect169,170 
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on tissue cholesterol levels. Some authors have observed little changes in 
hepatic phospholipids,15S,171,172 whereas others have reported only minor 
changes in the brain phospholipid composition. 173,174 The variations of these 
results may be owing to differences in the species studied, the route of 
administration, the dose and duration of alcohol delivered, and the con
stituents of the administered diet. 

More significant effects of alcohol are noted in the fatty acid distri
bution. Reduction of arachidonic acid, a polyunsaturated fatty acid, have 
been observed in rat liver,173,175,176 red blood cellS,177-179 platelets,lS0,lSl 
and the heart. lS2 

The lipid composition of the brain is considered resistant to dietary 
influences; however, several studies have reported alcohol-induced alter
ations in brain fatty acid composition. Littleton et al. lS3 reported a signifi
cant decline in docosanhexaenoic acid (22:6 or 3) in mouse brain after a 
2-h ethanol exposure. Similar changes in mouse brain synaptic membrane 
content of22:6 or 3 in the phosphatidyl serine were observed following 7 d 
of dietary ethanol. 174 It is, therefore, evident that ethanol metabolism exerts 
a degree of plasticity of the hepatic and brain polyunsaturated fatty acids 
composition in animals. 

Minerals 
Calcium. Alcohol abuse directly or indirectly affects calcium balance. 

It may affect calcium balance directly by affecting water balance through 
its diuretic effects. l84 Negative calcium balance may also occur second
arily to fat malabsorption in human alcoholic patients185 and in rodents.186 

However, because abnormalities of bone metabolism are prominent in 
alcohol abusers, some other factors distinct from reduced absorption may 
be involved in the negative calcium balance accompanying alcoholism. 

Magnesium. Severe depletion of magnesium and its associated enzy
matic activities is a frequent occurrence in alcohol abusers.187 This deple
tion is attributed to decreased magnesium intake, malabsorption, and 
alcohol-induced magnesium losses in the urine, vomiting, and diarrhea. 187 
However, a positive balance occurs on withdrawal from alcohol, and mag
nesium therapy can be used to revert the low levels of the mineral in mag
nesium-deficient alcohol abusers.18S 

Iron. Iron is a constituent of hemoglobin and certain enzymes in
volved in energy production. Alcohol abusers frequently are iron deficient, 
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which is a complicated physiological occurrence. For example, elevated 
serum iron is often seen in active alcohol abusers, but this high level drops 
quickly with abstinence.189 Patients with alcoholic liver disease show a 
sevenfold increase in erythrocyte ferritin content. 190 This increase occurs 
from the high iron content of the alcoholic beverages consumed, increased 
secretion of hydrochloric acid produced in the stomach by alcohol, and the 
alcoholic inhibition of a coenzyme, pyridoxal kinase, which interrupts 
utilization resulting in increased serum iron levels.189 In some cases, iron 
deficiency may occur from increased gastrointestinal blood loss secondary 
to gastritis or cirrhosis.191 Other reports192 found increased rather than 
decreased iron absorption in chronic alcoholism. This increased hepatic 
iron content, resulting in siderosis, may be damaging to the liver. 

Zinc. A depleted zinc status is a common finding in chronic and acute 
alcohol abusers. 193, 194 Depletion can be as low as 60% of normal levels in 
chronic alcohol abusers with cirrhotic livers.196,197 It is argued that reduced 
food intake during alcohol consumption may playa significant role in the 
maintenance of serum zinc levels. Richard et al.198 reported that acute in
take of ethanol in humans did not affect plasma zinc concentration any
more than that seen by the low intake of food alone. Similarly, in rats, 
moderate doses of alcohol as part of an adequate diet resulted in decreases 
of both serum and hepatic zinc levels similar to those caused by dietary 
zinc deficiency alone.199 

Zinc is a component of various enzyme systems, and it is required for 
the maintenance of healthy skin, bones, and hair, and in the storage and 
mobilization of vitamin A. The impaired night vision commonly seen in 
alcohol abusers is a result of the derangement of vitamin A metabolism 
secondary to zinc deficiency.194,200 Zinc is associated with insulin in the 
beta-cells of the pancreas and for optimum humoral immune defense.201,202 
Several of the biochemical and physiological functions of zinc are affected 
by alcohol intake. l99 

Alcohol and zinc interact to impair each others metabolism. 199,203 For 
example, administration of a high zinc diet (10 ppm) containing 30% of 
ethanol as calories to pregnant and lactating rats and their offsprings low
ered maternal zinc status to values similar to those fed low zinc diets (2 
ppm) without alcohol. Furthermore, the levels of serum zinc and alkaline 
phosphatase were depressed in the offsprings in the alcohol fed rats.203 

Selenium. In trace quantities, selenium is an essential nutrient and an 
antioxidant. Low blood selenium levels is associated with abnormal liver 
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structure and functions. 195,204 Alcohol abusers tend to be deficient in sele
nium in the absence of severe liver disease or inadequate intake.205 This 
low serum level may contribute to hepatic injuries via increased lipid per
oxidation and the associated damage of liver-cell membranes.206 Again, se
lenium depletion in alcohol abusers has been attributed to poor dietary 
intake.204 Plasma selenium also decreases in patients with nonalcoholic 
liver injury.207,208 Therefore, although selenium deficiency may contribute 
to alcoholic liver injury, low selenium levels may be, in part, a consequence 
ofliver injury. 

Water-Soluble Vitamins 
Thiamine. Although severe thiamine deficiency is uncommon in the 

industrialized countries, an appreciable number of alcohol abusers are mildly 
deficient. This deficiency status results in disastrous neurological and 
cardiac disorders.209 

Deficient thiamine status has been found in many alcohol abusers. In 
a study of a drinking population, Leevy et al.210 found that 30% of mal
nourished alcohol abusers had blood thiamine level 20% less than the lower 
limit range of healthy volunteers. A low or deficient excretion of thiamine 
in the urine was found in 272 of alcohol abusers admitted to a hospital.211 

Similarly, between 20-73% of an alcoholic population were found to have 
a high risk of a thiamine deficiency, as estimated by erythrocyte transketolase 
activity.212 Alcoholism is a major cause of thiamine deficiency seen in hos
pitals with 43% low in Bl status, and 65% of those found to be deficient in 
Bl were alcohol abusers.213 

This poor thiamine status in alcohol abusers is partly owing to im
paired intestinal absorption.214 In animal experiments, ethanol disturbs both 
in vitro and in vivo the active transport of thiamine across the intestinal 
wal1.215 It is postulated that in addition to alcohol, the associated malnutri
tion contributes significantly to the high increase of thiamine defi
ciency.210,216 Over 70% of alcohol abusers were found to have a deficient 
intake of thiamine estimated by the 7-d dietary recal1.217,218 The amount of 
alcohol ingested is also shown to affect the thiamine status of alcohol abus
ers.211 However, the ease and safety of the administration of thiamine dur
ing treatment of alcoholism revealed that it reverses some of the clinical 
deficiency symptoms and the neurological disorders of alcohol-induced thia
mine deficiency.219,220 



Drug Abuse and Liver Damage 485 

Riboflavin (B2). Riboflavin deficiency is seen in many alcohol abus
ers.221,222 This deficiency seems to be mainly from the poor dietary intake, 
as no effect of ethanol on the absorption of the vitamin223 or a correlation 
between ethanol intake and riboflavin status has been noted.224 However, 
riboflavin deficiency can complicate chronic alcoholism,225 and chronic 
alcohol feeding can induce riboflavin deficiency when intake of the vita
min is marginal.226,227 

Pyridoxine (B6). Pyridoxine (vitamin Bz) is required for normal cel
lular metabolism, growth, and development, particularly of the brain and 
central nervous system. In surveys of the B6 status of alcohol abusers, lower 
than normal mean circulating levels have been noted.228-231 About 50% 
of alcohol abusers studied have deficient levels of the vitamin and its 
cofactor, 5-pyridoxal phosphate. Also, 65 of 113 alcohol abusers showed 
an abnormal handling of tryptophan,232 indicative of a B6 deficiency. 

The main reason for the low circulating levels seen in alcohol abusers 
seems to be an abnormal handling of vitamin B6 by alcohol abusers. Etha
nol does not interfere with the passive diffusion of B6, but it does inhibit 
enzymes in the intestinal lining that remove the phosphate groups of phos
phorylated B6.192 Alcohol and acetaldehyde accelerate intracellular degra
dation of 5-pyridoxal phosphate,233,234 decrease its activation by inhibiting 
pyridoxine kinase,235 and reduce the availability of dietary pyridoxine.236 

Alcohol-induced vitamin B6 deficiencies also cause depression237 via 
decreased neurotransmitter synthesis and reduced brain neurotransmitter 
synthesis. Vitamin B6 deficiency also reduces cellular transfer of amino 
acids via deficient pituitary growth hormone secretion.236 

Folic Acid. Folate deficiency is predominantly associated with alco
holism, poverty, and old age.238 In the US folate deficiency is found in about 
20-50% of alcohol abusers231,238,239 and the anemia seen in alcohol abus
ers is frequently associated with impaired folate status and activity.240,241 

Several factors contribute to these low folate levels in alcohol abus
ers. These include decreased food intake,241 the type and amount of alco
holic beverage consumed,242 decreased folate absorption,243 interference 
with folate storage and release, and the interference of folate utilization in 
the functional tissue pool by alcohol.244 

Alcohol ingestion accelerates the rate of decrease in circulating folate 
levels245,246 and reduces the absorption247 and tissue uptake248 of folic acid, 
thus causing a further decrease in circulating folate levels. The reduced 
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folate status in turn provides a malabsorption of folic acid.243,249 This 
leads eventually to depletion of the body folate stores and overt signs of 
folate deficiency. 

Cobalamin (Vitamin B12). Vitamin B12 functions mainly as a coen
zyme involved in carbohydrate and fat metabolism. The effect of chronic 
and acute alcoholism on B 12 status has been recently reviewed.25o In a study 
of alcohol abusers, no abnormal B 12 levels were found,251 but impaired ab
sorption of labeled vitamin B 12' as measured by the percentage of the oral 
dose excreted in the feces, was observed in alcoholic cirrhotic patients.252 

As most alcoholic drinks contain considerable amounts of folate, which 
masks the gross deficiency symptoms of B 12' the deficiency of this vitamin 
is not seen frequently in alcohol abusers. However, absorption is impaired 
in chronic alcohol abusers,253,254 probably through interference at the site 
of active transport in the terminal portion of the small intestine. 

Niacin. There are conflicting reports on alcohol effects on niacin lev
els in alcohol abusers. Some studies reported low circulating levels,255,256 
whereas others found no differences in circulating niacin levels223,257 or in 
urinary excretion of n-methyl nicotinamide211 between alcohol abusers and 
controls. Niacin intake did not differ greatly between alcohol abusers and 
abstainers,253,259 especially when the intake of tryptophan, which can be 
partially converted into niacin, is also considered. 

Pantothenic Acid. The few studies investigating pantothenic acid sta
tus in alcohol abusers found reduced urinary excretion260 and mean circu
lating levels254,256 in alcoholic patients than those found in nondrinking 
subjects. However, the mechanisms leading to these reduced levels in alco
hol abusers have not been elucidated. Human alcohol abusers with liver 
diseases have been shown to have depleted pantothenic acid levels related 
to the extent of liver damage.259 These findings could also be interpreted in 
terms of duration of alcoholism and thus of duration of reduced pantothenic 
acid intake. Alcohol does not affect the pantothenic status of humans261 

and rats262 fed a nutritionally adequate diet. Nevertheless, the decrease in 
pantothenic acid secretion found in rehabilitated alcohol abusers260 may 
indicate a problem in utilization of this vitamin. 

Biotin. The role of biotin in human and animal nutrition is not yet 
completely elucidated.263 In alcohol abusers, both circulating levels and liver 
contents of biotin are reduced.264 This low level is generally associated with 
the development of fatty liver. As no effect of ethanol per se has been noted 
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on circulating and hepatic biotin levels, the low levels found in alcohol abus
ers are probably of nutritional origin.264 

Ascorbic Acid (Vitamin C). Surprisingly, very few studies on the vita
min C status in alcohol abusers have been published. These investigations 
found not only reduced mean circulating levels but also a high frequency 
of deficient levels.228,265,266 Vitamin C deficiency in chronically alcohol
fed guinea pigs reduced the efficiency of the microsomal ethanol oxidiz
ing system,265 and produced a lower rate of decline of infused ethano1.267 

Ascorbic acid protects against the harmful effect of acetaldehyde on the 
heart,268,269 causes weight gain,267 and protects against toxicity270 in al
cohol-fed animals. 

Fat-Soluble Vitamins 
Vitamin A. Although dietary vitamin A deficiency is not a serious 

health problem in the general population, its level is adversely affected in 
chronic alcohol abusers.271,272 Change in vitamin A levels may be owing in 
part to inadequate intake. People who derive less than 20% of their daily 
dietary calories from alcohol ingest a normal amount of vitamin A,213 
whereas heavier drinkers consume 75% or less of the recommended daily 
allowance of vitamin A. 274 Low vitamin A status has also been observed in 
Norwegians who consume large amounts of alcoho1.275 Ethanol and vita
min A consumption synergistically increase tracheal cancers in alcohol abus
ers,276 and deficiency of vitamin A increases the susceptibility to neoplasia 
and carcinogenesis.277 However, decreased nutritional intake alone does not 
fully explain why patients with alcoholic liver disease have very low he
patic vitamin A at all stages in the development of the disease. Experimen
tal administration of ethanol in normal nutritionally adequate diets, and even 
with vitamin A supplemented diets, resulted in a depression of liver vita
min A stores.278 Thus, the low vitamin A stores of alcohol abusers may not 
be attributed to insufficient vitamin A consumption or to impaired absorp
tion by the digestive system alone.279 

Other mechanisms proposed to explain the interaction of ethanol's 
depletion of vitamin A status include the increased mobilization of vitamin 
A from the liver to other organs. This view is consistent with the observa
tion that after chronic ethanol consumption, vitamin A in peripheral tissue 
increased, even when hepatic vitamin A was depleted.279-281 An acute, 
nonlethal dose of ethanol significantly increased retinyl esters in serum 
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lipoprotein and decreased hepatic vitamin A stores.282 These findings sug
gest that a shift of vitamin A from the liver to other organs through lipopro
tein-bound retinyl esters occurs as a result of ethanol administration. 

The second mechanism for hepatic depletion of vitamin A following 
ethanol consumption involves increased catabolism. Retinol is mobilized 
from the liver on a retinol binding protein, which can be metabolized to 
retinal and retinoic acid via the cytosolic and retinol and retinal dehydro
genase.283 Retinoic acid, in turn, can be degraded through a microsomal 
cytochrome P-450-mediated enzyme activity. Therefore, ethanol consump
tion could decrease hepatic vitamin A, in part through increased metabo
lism in the liver. Indeed, we recently showed that rats fed ethanol exhibited 
increased lipid peroxidation and reduced vitamin A levels, whereas rats 
fed diets supplemented with vitamin E showed reduced lipid peroxidation 
and increased hepatic vitamin A levels.284 We hypothesized that this result 
can be explained by the sparring action of vitamin E on vitamin A stores 
in alcoholism. 

Vitamin D. Vitamin D metabolism is adversely affected by chronic 
alcohol abuse. In alcohol abusers with or without liver disease, signifi
cantly lower plasma levels of vitamin D have been reported in about 45% 
of the population studied.285,286 The reasons for these low levels have not 
yet been fully elucidated. However, the reasons for this depletion are 
multifactorial and include poor diet, reduced exposure to sunshine, malab
sorption - especially in cases of fat malabsorption286,287 - and increased 
rate of vitamin D degradation.288 

The reduction in circulating vitamin D levels in alcohol abusers 
results in reduced bone mass and low calcium levels, arising from reduced 
absorption and mobilization.184,289 Also, since vitamin D plays a vital 
role in glucose metabolism via a direct regulatory role in maintaining 
insulin levels,290,291 alcohol-induced vitamin D deficiencies result in im
pairment of insulin response by a reduced secretion and a delayed response 
to glucose.292,293 

Vitamin E. Vitamin E, because of its antioxidant properties, has re
ceived tremendous attention in human nutrition. As the major antioxidant 
in the membrane, vitamin E is often referred to as the backbone of defense 
against alcohol and drug-induced lipid peroxidation.294,295 Studies indicate 
that ethanol consumption reduced the mean circulating and hepatic stores 
of vitamin E in rats284,296,297 and in human alcohol abusers.298-3oo 
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Mechanism(s) leading to reduced circulating levels of vitamin E in 
alcohol abusers have not yet been fully explained. However, dietary intake, 
malabsorption, and B-lipoprotein deficiency in liver disease may all con
tribute.301 Ethanol feeding to rats was shown to result in increased hepatic 
alpha-tocopheryl quinone, a metabolite of alpha-tocopherol by free radical 
reaction,302 thus indicating that ethanol enhances the degradation of vita
min E by free radicals. The supplementation of a low vitamin E ethanolic 
diet with the vitamin decreases the susceptibility of living systems to free 
radical attack and the consequent cell damage.62,I09 

Vitamin K. Vitamin K is present in a variety of foods. It is required 
only in relatively small amounts by humans, and since part of the vitamin 
K requirement may be covered by intestinal synthesis, a significant defi
ciency status would be very rarely encountered and very difficult to pro
duce in humans. However, a combination of sterilization of the large 
intestine, pancreatic insufficiency, cholestasis, or an abnormality second
ary to folate deficiency may lead to vitamin K deficiency. Nevertheless, 
lengthening of prothrombin time has been observed only in patients with 
severe liver disease such as alcoholic and nonalcoholic cirrhosis, and chronic 
active hepatic disease.303 Although the prevalence of this reduced prothrom
bin tissue has not been compared in alcohol-induced liver disease and non
alcoholic liver disease, this reduced prothrombin time in alcoholics shows 
that alcohol-induced liver injury interferes with vitamin K utilization. 

Nutritional Deficiencies 
Associated with Cocaine Abuse 

Despite the prevalence of cocaine abuse in our population, its effects 
on the nutritional status on humans has not been intensively studied as that 
that accompany alcohol abuse. Comprehensive studies of the nutritional 
status of cocaine abusers would provide valuable information on the deple
tion of specific nutrients in such individuals, and this information may be 
incorporated into the treatment programs of chronic cocaine users. 

The nutritional effects caused by use of drugs of abuse has been re
cently reviewed.304 Habitual cocaine use suppresses the appetite305,306 and 
decreases the motivation for food,307 which in turn reinforces the need for 
the drug.308 This cascade effect worsens the nutritional status of the abuser, 
a phenomenon observed in humans.309 Cocaine use alters food selection 
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and increases the tendencies for eating disorders. Epidemiological surveys 
by Castro et al.310 comparing the dietary habits of adult cocaine users and 
their nonusing peers found that cocaine users ate significantly fewer com
plete or balanced meals, drank more alcoholic beverages, consumed more 
cups of coffee, and had lower fat food intake compared to the nonusers. 
Cocaine users also have higher rates of eating disorders such as anorexia 
nervosa and bulimia.311 Furthermore, coca-leaf chewers have increased fre
quency of hookworm anemia, inferior personal hygiene and increased bouts 
of illness,309 factors that increase the nutritional requirements for protein, 
energy, and vitamins. Intravenous cocaine users usually exhibit hepatotox
icity with damaged liver tissues, which may regenerate following the ces
sation of cocaine use and return of adequate food and nutrients intake.312 

Cocaine use increases utilization of dietary proteins313 and promotes weight 
losseS.314,315 The increased utilization of dietary protein is the result of the 
noninductive increases in the cocaine-n-demethylase enzyme activities,316,317 
which retard the incorporation of dietary protein into body tissues. Although 
available evidence suggests that cocaine abuse leads to deterioration of the 
nutritional status of the abuser, studies where sensitive markers of nutri
tional deficiency of essential nutrients is correlated to the duration of abuse 
is much needed. 

Summary and Conclusions 

Alcohol and cocaine abuse are leading causes of hepatic damage, as 
well as the various physiological and biochemical abnormalities that ac
company liver damage. From the variety of abnormalities observed, it is 
most likely that the etiology of alcohol and cocaine-induced hepatotoxicity 
is multifactorial. 

Chronic alcohol and cocaine abusers show evidence of nutritional de
ficiencies owing to decreased intake, poor absorption, and impaired stor
age, utilization, and metabolism of essential nutrients. In addition, drug abuse 
depletes tissue levels and/or activities of the inherent antioxidant enzymes 
and dietary antioxidants, which protect the biological system against reac
tive electrophiles generated from the oxidative degradation or metabolism 
of these drugs. Thus the multifactorial effect of drug abuse on nutritional 
status is an undisputed factor in the pathogenesis ofliver damage. 

Many nutrients, including protein and amino acid, fatty acids, carbo
hydrates, folic acids, thiamine, ascorbic acid, riboflavin, zinc, selenium, and 
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iron, have been examined in humans and animals abusing cocaine and al
cohol. Of these, protein-, vitamin E-, and vitamin A-related substances and 
selenium are the most studied. Data so far accumulated consistently indi
cate that nutritional deficiencies in the abusers clearly potentiate ethanol 
and cocaine hepatotoxicity. However, results from some recent studies 
suggest that when the abuser is in an adequate nutritional state, the effect 
of ethanol and other drug abuse on liver damage may not be as severe. 
Nutrient supplementation and alteration of the dietary constituents used 
in alcohol studies have been investigated, but results from these investiga
tions are not consistent. 

Clearly, more extensive investigations are needed, including studies 
of a dose-response relationship, and effect of cocaine abuse on the nutri
tional status, in order to establish the beneficial effects of supplementa
tion on improving not only the nutritional status but also the antioxidant 
defense systems. Results from such studies may provide necessary infor
mation in nutritional programs designed to "treat" alcohol- and drug
related hepatotoxicity. 
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Caffeine Metabolism 
Disposition in Liver Disease 

and Hepatic-Function Testing 

Charles P. Denaro 
and Neal L. Benowitz 

Introduction 

Caffeine is probably the most commonly consumed drug in the world. 
Caffeine is 1,3,7-trimethylxanthine (137X) and is metabolized by N-de
methylation to dimethylxanthines (Fig. 1). All these compounds are 
pharmacologically active. I,2 This chapter will describe the metabolism of 
caffeine and the changes in caffeine metabolism that occur in people with 
liver disease. We will also examine the use of caffeine to assess cytochrome 
P-450 function, acetylator status, and liver function in general. 

Metabolism 

Oral absorption of caffeine is rapid and complete.3,4 Only a small frac
tion (1-4%) of caffeine is excreted unchanged in the urine.4-l0 Caffeine is 
extensively metabolized by the liver. Evidence to support hepatic metabo
lism includes in vitro studies demonstrating biotransformation of caffeine 
by human liver microsomes,11,12 observations of impaired clearance of caf
feine in people with liver disease,13--16 and the well-known effects of induc-

From: Drug and Alcohol Abuse Reviews, Vol. 2: Liver Pathology and Alcohol 
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Fig. 1. Chemical structures of caffeine, paraxanthine, theobromine, and 
theophylline. 

ers and inhibitors of hepatic microsomal enzymes on caffeine metabo
lism.17-19 Since caffeine is completely bioavailable, the extent of extraction 
from the blood in each pass through the liver must be low (Le., a low-extrac
tion drug). Caffeine is bound to plasma proteins (presumably albumin) with 
binding reported to range from 10 to 35%.1,20,21 

Table 1 lists the pharmacokinetic parameters of caffeine from nine 
studies in healthy subjects given single doses of caffeine.6, 10, 13,15,22-26 There 
is a wide interindividual variation in clearance with values ranging almost 
ninefold. Although some of this variation is attributable to the influence of 
cigaret smoking on caffeine metabolism, studies in nonsmokers showed a 
three- or fourfold difference. 

The known metabolic pathways of caffeine in humans are illustrated 
in Fig. 2. The major routes of metabolism are indicated by the heavy 
arrows. Details of the discovery of these metabolic pathways have been 
reviewed by Arnaud.27 The primary and major pathway for the metabolism 
of caffeine is N3-demethylation to paraxanthine (17X).5 About 80% of 
caffeine is metabolized via 17X. Approximately 10% of caffeine is Nl
demethylated to theobromine (37X) and 4% is N7-demethylated to theo
phylline.28 These dimethylxanthines undergo further N-demethylation to 
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Table 1 
Pharmacokinetic Parameters of Caffeine 

from Single-Dose Studiesa 

Volume of 
distribution, Clearance, 

Reference Ukg lJhIkg 

Tang-Liu, 19836 0.52b 0.096 
(0.46-0.58) (0.038-0.203) 

Denaro, 199010 0.57c 0.118 
(0.41-0.69) (0.072-0.203) 

Desmond,198013 0.54d 0.084 
(±0.17) (±0.03) 

Scott, 198915 0.41 e 0.088 
(0.23-0.63) (0.052-0.146) 

George, 198622 O.84d 0.177 
(0.52-1.14) (0.077-0.331 ) 

Lelo, 198623 0.71c 0.124 
NA (±0.058) 

May, 198224 O.65d 0.149 
(0.56-0.80) (0.100-0.230) 

Campbell,1981,25 O.63d 0.069 
(0.50-0.80) (0.041-0.155) 

Carbo, 198926 0.73d 0.153 
(0.43-1.29) (0.067-0.293) 

Mean 0.62 0.118 
Range 0.23-1.29 0.038-0.331 
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HalHife, 
h 
5.4 

(2.8-9.9) 
4.0 

(2.6-6.1) 
5.2 

(±2.4) 
4.0 

(2.1-8.1) 
3.6 

(2.3-5.1) 
4.1 

(±1.3) 
3.2 

(2.2-4.0) 
7.3 

(2.2-12.1) 
4.7 

(1.0-13.5) 

4.6 
1.0-13.5 

aResutts are individual mean values from each study; range or standard deviation given in paren-
theses. NA = not available. 

bExtrapolated volume of distribution. 
CSteady-state volume of distribution. 
dVolume of distribution calculated from clearance and terminal rate constant-V area. 
eVolume of distribution calculated from fIlled polyexponential curves - presumably steady-state 

volume of distribution. 
'Pharmacokinetic values based on salivary concentrations. 

monomethylxanthines, in particular 1-methylxanthine (lMX), and all 
methylxanthines may undergo ring oxidation (hydroxylation) to methyl
uric acids. Cornish and Christman in 1957 showed that demethylation of 
caffeine and its metabolites does not go beyond the monomethylated 
state.29 Another important pathway is the acetylation of a 17X metabolite 
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Fig. 2. Metabolic pathways of caffeine. 137X: 1,3,7 dimethylxanthine (caffeine); 
17X: 1,7 -dimethylxanthine (paraxanthine); 37X: 3,7 -dimethylxanthine 
(theobromine); 13X: 1 ,3-dimethylxanthine (theophylline); 17U: 1,7 -dimethyluric 
acid; 13U: 1 ,3-dimethyluric acid; 1 X: 1-methylxanthine; 3X: 3-methylxanthine; 7X: 
7-methylxanthine; 1 U: 1-methyluric acid; 3U: 3-methyluric acid; 7U: 7-methyluric 
acid; 137MU: 1,3,7-trimethyluric acid; AFMU: 5-acetylamino-6-formylamino-3-
methyluracil; MMU: 5-acetylamino-6-amino-3-methyluracil; 137T AU: 6-amino-5[N
formylmethylamino ]-1 ,3-dimethyluracil; 17DAU: 6-amino-5[N-formylmethyl
amino]-3-methyluracil; 37DAU: 6-amino-5[N-formylmethylamino]-1-methyluracil. 

to 5-acetylamino-6-formylamino-3-methyluracil (AFMU).30.31 AFMU is 
unstable in vitro and spontaneously transforms to 5-acetylamino-6-amino-
3-methyluracil (AAMU).31 

Table 2 summarizes the urinary recoveries of the various metabolites 
from seven studies.4-10 A wide range of recoveries is reported by different 
investigators. The tabulated coefficient of variation is derived from the mean 
values in Thble 2. The true coefficient of variation for individual values would 
be larger. This variability probably represents both individual variation in 
metabolism and methodological problems with various assays. Our experi
ence suggests that the latter may be an important source of variability. The 
assay for measuring all of these metabolites is technically difficult, and good 
quality control data for various assays are rarely published. Ratios of the 
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metabolites and their subsequent products in the urine can be used to char
acterize acetylator phenotype and to indicate the activity of N-demethyla
tion, hydroxylation and xanthine oxidase drug-metabolizing enzymes.8,32,33 
This will be discussed in more detail later. 

N-Demethylation of caffeine is carried out by the P-450IA subfamily 
ofP-450 enzymes. 11, 12,17,34 The nomenclature used comes from the recently 
proposed classification based on amino acid homology.35 (This enzyme was 
previously known as aryl hydrocarbon hydroxylase [AHH] or polycyclic 
aromatic hydrocarbon inducible P-450, P-448, PI -450, P-450c.) Ring 
oxidation (or hydroxylation) to methyluric acids is carried out in part by 
P-450IA, but a large and variable part is mediated by other enzymes that are 
not influenced by polycyclic aromatic hydrocarbons.ll 

A clinical implication of the role ofP-450IAin metabolizing caffeine 
is that many drugs that induce or inhibit the metabolism of caffeine interact 
with theophylline in the same manner. Cigaret smoke and such drugs as 
phenytoin accelerate caffeine metabolism, 18,36 whereas phenobarbital has little 
effect.17,34 Numerous compounds have been shown to inhibit the metabolism 
of caffeine. These include cimetidine,19,24 oral contraceptives,7,21 some 
quinolone antibiotics,26,37 mexiletine,38 methoxsalen,39 disulfiram,4o and 
alcohol (acute ingestion).22,41 Longer half-lives of caffeine are seen in preg
nant women.42 Erythromycin is expected to interfere with caffeine metabo
lism, based on its inhibitory effects on the clearance of theophylline. 

Neonates lack the capacity to N-demethylate caffeine, and they elimi
nate caffeine primarily by renal excretion, which is very slow.43 The average 
half-life of caffeine ranges from 65-103 hat birth44,45 compared to the av
erage half-life of 4.6 h in adults (Table 1). Carrier et al. showed that total, 
N3-, and N7 -demethylation rates increase exponentially with postnatal age, 
with a plateau reached by 120 d of age.46 

There is considerable evidence that the elimination of caffeine is a 
nonlinear process. Because the major pathway of metabolism of caffeine, 
as well that of its primary metabolites, is N-demethylation, end-product 
inhibition of N-demethylation is a good possibility. Support for this idea 
comes from studies showing that both theobromine and caffeine inhibit 
theophylline metabolism in rat liver slices,47 that the coadministration of 
caffeine prolongs the elimination half-life of theophylline in humans,48 that 
the clearance of theobromine falls with exposure to other methylxanthines 
or with chronic dosing of theobromine,49 and that paraxanthine infusion 
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reduces the clearance of caffeine in rabbits. 50 There is also evidence to sug
gest that paraxanthine clearance falls as caffeine concentrations increase.6 

If end-product inhibition occurs in vivo, one would expect to find dose
dependent changes in caffeine clearance. The higher the dose, the more 
competition between caffeine and dimethylxanthines is expected. Dose
dependency of methylxanthine metabolism is supported by several obser
vations. Dose-related saturable metabolism of theophylline has been dem
onstrated. 51,52 With a breath test used to measure N-demethylation oflabeled 
caffeine, the excretion rate oflabeled CO2 plateaued as the dose oflabeled 
caffeine increased from 3 to 5 mglkg.53 Tang-Liu et al.6 showed that plasma 
concentrations of caffeine decayed in a nonlinear fashion. In an overdose of 
an estimated 6-8 g of caffeine, the calculated elimination half-life was approx 
16 h,54 much longer than the half-life of caffeine in healthy subjects after 
lower doses of caffeine. Dose-dependent metabolism of caffeine has also 
been observed in some animal species. 55 

Recently, the dose-dependency of the metabolism of caffeine in 
humans was established directly. 10 Prior studies of the issue of dose-depen
dency of caffeine employed single doses of caffeine that would not be ex
pected to generate levels of metabolites adequate to produce end-product 
inhibition.4,56 In contrast, we examined the metabolism of caffeine while 
caffeine was given repeatedly, as it is consumed by most people. lO Our 
experiment was conducted when concentrations of caffeine and its dimethyl
xanthine metabolites were at steady state, so that the possibility of competi
tion among caffeine and its metabolites for N-demethylation would be 
maximized. Intravenous doses of stable isotope-labeled caffeine were 
administered to characterize the disposition kinetics of caffeine in the face 
of ongoing consumption of caffeine. 

Three treatments were compared in a crossover experiment in seven 
healthy nonsmokers. Isotope-labeled caffeine (25 mg) was given after 3 d of 
placebo, 4.2 mglkg/d of caffeine in six divided doses (low), and 12 mglkg/d 
of caffeine in six divided doses (high). The average concentrations of iso
tope-labeled caffeine for each treatment are shown in Fig. 3. This figure 
demonstrates a progressive reduction in elimination rate and a higher AVe 
of isotope-labeled caffeine as the dose of oral caffeine increased. The aver
age clearance of caffeine fell significantly, from 0.118 Llhlkg in the placebo 
to 0.069 LIhIkg in the low-dose to 0.054 Llhlkg in the high-dose periods. 
The average half-lives were 4.0,6.1, and 8.7 h for the placebo, low-, and 
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Fig. 3. Mean plasma concentrations of (2_13C, 1,3-15N2)caffeine; 25 mg given 
intravenously to subjects during differing caffeine-consumption conditions: -0-, 
placebo;~, low-dose (4.2 mg/kg/d); -11-, high-dose (12 mg/kg/d). From C. P. 
Denaro, C. R. Brown, M. Wilson, P. Jacob, and N. L. Benowitz (1990) Dose
dependency of caffeine metabolism with repeated dosing. Clin. Pharmacol. Ther. 
48, 277-285. 

high-dose periods, respectively. The formation and metabolic clearance of 
paraxanthine fell, consistent with what is expected if there is competition 
for N-demethylation. 

Whether caffeine can induce its own metabolism has not been thor
oughly studied. Demonstration of induction would be complicated by end
product inhibition. In one study, following 1 wk of methyl xanthine 
abstinence, 480 mg/d of caffeine was administered to healthy subjects for 
1 wk, followed by a 48-h washout period.22 Caffeine pharmacokinetics were 
no different on the first day of caffeine and after the washout, but the duration 
of abstinence or the duration of the consumption of caffeine may have been 
inadequate to show induction of metabolism. 
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Numerous studies have shown that the metabolism of caffeine is im
paired in liver disease. Plasma clearance and half-life are prolonged, and 
there is wide interpatient variation. Some of this variation is related to the 
severity of liver dysfunction. Statland and Demas57 studied two patients 
with severe liver dysfunction and three healthy controls. Half-lives in the 
controls ranged from 5 to 6.25 h; in patients with liver disease, the half-lives 
were 60 and 168 h. A formal study of the pharmacokinetics of caffeine in 
liver disease was carried out by Desmond et al.13 They compared 10 pa
tients with cirrhosis and 15 healthy volunteers. Unfortunately, they sampled 
plasma for only 48 h after caffeine dosing and, in the two patients with the 
most severe liver disease, there was minimal decline in caffeine concentra
tions over that interval of time. Half-life and clearance could not be esti
mated for these two subjects. When the remaining cirrhotic patients were 
compared with controls, clearance was reduced by an average of35%. Half
life was prolonged only slightly, because there was a trend for the volume of 
distribution (V) to be smaller in the cirrhotic group. Plasma binding of caf
feine was 30% in control and 25% in cirrhotic individuals. This correlated 
to the differences in serum albumin. The time to maximum concentration 
and the concentration at that time was similar in cirrhotic compared to con
trol individuals, suggesting that the absorption kinetics of caffeine are simi
lar in both groups. 

In another study,14 eight cirrhotic patients, seven patients with stage 
N primary biliary cirrhosis (PBC), 11 patients with noncirrhotic liver disease, 
and 10 healthy controls were compared. The cirrhotic patients were not 
classified as to the severity of their disease, and plasma sampling of caffeine 
concentrations was carried out for only 8 h after the caffeine dose. Thus, 
estimates of pharmacokinetic parameters of caffeine in the patients with 
severe liver dysfunction would be approximate at best. The average plasma 
clearance of caffeine was reduced in all three liver-disease groups com
pared to controls. In the cirrhotic and PBC groups, clearance was reduced 
by more than 50%. In these two groups there was an approximate tenfold 
range in values for clearance and half-life, whereas only a threefold range 
was seen in the control group. This could be explained, in part, by failure to 
characterize the disposition curve of caffeine adequately, but more likely 
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this variation is attributable to differences in the severity of liver disease in 
patients within these two groups. Concentrations of caffeine taken in the 
morning after an overnight fast were four- to eightfold higher in the cir
rhotic and PBC groups than in the control group. The clearance of caffeine 
was slightly reduced in the noncirrhotic liver-disease group, compared with 
controls, and seven of the 11 patients had clearances within the range of the 
normal controls. Using a 48-h sampling paradigm, other investigators have 
also shown that there were only minor differences between caffeine clearance 
in controls and that in noncirrhotic liver-disease patients. I6 

1\vo research groups have assessed the metabolism of caffeine with 
respect to the severity of hepatic dysfunction in cirrhotic patients. Scott et 
al. I5 classified 19 cirrhotic individuals as "compensated" and "decompen
sated" using the Child-Turcotte-Pugh scoring system. 58 In the decompen
sated group, clearance was reduced by 85% compared to controls, and 
half-life was always> 1 0 h in this group. There was only a 20% decrease in 
clearance in compensated cirrhosis compared to controls. However, all 
controls were nonsmokers and 50% of the compensated group were smok
ers. Thus, the clearance values for the compensated cirrhotic individuals 
may have shown an upward bias. In the other study, involving 26 cirrhotic 
patients, the percentage of smokers was the same in both the control and the 
cirrhotic group. 16 The patients were classified in three groups with respect 
to severity of hepatic dysfunction. In the compensated cirrhotic group, 
which was analogous to the group in Scott's study, there was a 50% de
crease in clearance. Both studies demonstrated a significant correlation 
between the Child-Turcotte-Pugh scoring system and the clearance of caf
feine. This clinical scoring system accounted for approx 50% of the vari
ance in the clearance of caffeine. Unfortunately, there was still wide 
variability in clearance even within subgroups. Of note, the clearance of 
caffeine correlated significantly to prothrombin time and serum concentra
tions of albumin and bilirubin. 16 

The urinary metabolite profile of caffeine in patients with liver dis
ease has also been studied by Scott et al.59 However, caffeine excretion was 
assessed for only 48 h, which would only be approximately one half-life 
in decompensated cirrhosis, and AFMU/ AAMU were not measured. With
out measuring these major metabolites (AFMU/ AAMU) , the extent of 
demethylation, hydroxylation, and acetylation, as estimated by using vari
ous ratios of metabolites of caffeine (see below), could not be compared 
between groups. In the decompensated cirrhotic group there was, as ex-
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pected, a delay in the excretion of the metabolites of caffeine and an in
creased elimination of unchanged caffeine. After 48 h there were trends for 
a reduced recovery of IX andlU, but this could have reflected inadequate 
time of collection. 

The Use of Caffeine 
to Assess Hepatic Enzyme Activity 

P-4501A Activity 

Measurement of the activity of this enzyme system is important, since 
the level of its activity has been correlated to carcinogenesis and teratogen
esis in animal studies.60,61 These enzymes are induced by various xenobiotics 
and may transform these compounds into toxic intermediates.62,63 Since caf
feine is primarily metabolized by P-450IA, measures of caffeine metabo
lism have been employed as tests to assess the activity of this enzyme. Such 
tests could be useful in large-scale epidemiological studies. 

Direct measurement of the clearance of caffeine would reflect 
P-450IA activity, but formal measurement is too cumbersome for large 
numbers of subjects. A simpler way to estimate the clearance of caffeine is 
to collect two caffeine samples of either plasma or saliva after a dose of 
caffeine.64 Although this test may be useful in the assessment of liver func
tion in hepatic disease (see below), it may still be impractical for screening 
of large populations. 

A noninvasive method to measure the rate of N-demethylation of caf
feine is the caffeine breath test (CBT).17,53 Caffeine is labeled with 13C or 
14C at all three (1,3, and 7) methyl groups, or singularly at the 3 or 7 methyl 
group. Labeled CO2 is measured in expired-air collections. The rate of 
CO2 excretion from trilabeled caffeine is proportional to the dose for up 
to 3 mg/kg, and the 2-h cumulative CO2 excretion of both tri- and mono
labeled caffeine is correlated to caffeine clearance.14,53 At doses above 
3 mg/kg of labeled caffeine, the excretion rate of CO2 plateaus, suggesting 
that the P-450IA enzyme(s) involved with caffeine demethylation are 
saturable (see above).53 The CBT has been shown to be sensitive to known 
inducers of P-450IA, and the rate of CO2 excretion was reduced in liver 
disease. However, this test, although noninvasive, is still too technical 
and too costly to be useful in screening large numbers of subjects for 
epidemiological studies. 
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An alternative technique for assessing P-450IA activity, which might 
be amenable for screening large numbers of subjects, is the use of ratios of 
metabolites of caffeine recovered in the urine. An advantage of metabolite 
ratios is that they relate concentrations of metabolites to each other and are 
essentially independent of total recovery from the urine.8 A number of 
possible ratios could be used to assess the demethylation of caffeine. The 
ratio of(AFMU + IU + IX) / I7U-or AUXlI7U, whereAUX = (AFMU 
+ I U + IX) - has been proposed as an in vivo index ofP-450IA activity.25 
In theory, this is a ratio of products catalyzed by two different enzymes. The 
numerator represents the sum of the 7-N-demethylation products of 
paraxanthine (p-450IA-mediated), and the denominator is the 8-hydroxyla
tion product ofparaxanthine (mediated by another P-450 enzyme). The ra
tio assumes that all IX formation comes from I7X, and ignores the small 
contribution from I3X. The AUXlI7U ratio reflects P-450IA activity in 
vitro,l1 and in single-dose studies this ratio was shown to be correlated to 
the clearance of caffeine.25 Figure 4 shows how the ratio distinguishes chil
dren, smokers, and users of oral contraceptives from the general adult 
population. Inhibition ofP-450IA activity by cimetidine was demonstrated 
by a 38% decrease in the pretreatment value of AUXlI7U.65 In the two 
subjects investigated, this ratio was stable with multiple dosing, and in eight 
individuals a single urine sample provided information similar to that of a 
24-h urine collection.25 More subjects under different dosing conditions will 
have to be investigated to confirm those conclusions. 

In vitro studies, however, have shown that 8-hydroxylation of para
xanthine is mediated both by P-450IA and by another P-450 enzyme. ll 

In microsomal preparations with high activity of P-450IA, hydroxylation 
is carried out mainly by P-450IA. In preparations with low P-450IA activ
ity, another P-450 enzyme is the dominant enzyme involved with parax
anthine hydroxylation. Thus, there might be a loss of sensitivity in this 
ratio in individuals with high P-450IA activity, since the ratio then has 
largely P-450IA-mediated products in both numerator and denominator. The 
study of cimetidine's effect on the ratio (quoted above)65 used nonsmok
ers. Possibly, the result would be less clear in smokers, in whom P-450IA 
activity is higher. 

The use of this ratio assumes that the relative excretion rate of various 
metabolites will not change with changes in urine flow. Although the ex
cretion of caffeine and dimethylxanthines has been shown to be dependent 
on urine flow,8,66 it is assumed that the monomethylated xanthines and 
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Fig. 4. Comparison of AFMU + 1 U + 1 Xl17U ratios in five different populations. 
Horizontal bars mark population means (OC, oral contraceptive). From M. E. 
Campbell, S. P. Spielberg, and W. A. Kalow (1987) A urinary metabolite ratio that 
reflects systemic caffeine clearance. Glin. Pharmacal. Ther. 42, 157-165. Reprinted 
with permission. 

uric acids are so polar that reabsorption in the renal tube does not occur. 
However, this has not been actively investigated. As seen in Fig. 4, there 
is a large degree of variability remaining with AUXl17U, even when it 
is stratified for children, adults, and environmental factors. Part of this 
variability could be caused by differences in urine flow and timing of 
urine collections. 
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Another possible metabolite ratio that could assess P-450IA activity 
is (AFMU + IX + IU)/17X. This ratio of the sum of the N-demethylation 
products of paraxanthine to paraxanthine reflects N3-demethylation 
activity. However, this ratio varies 3D-fold in the adult population,8 and, 
although some of this variability may be caused by induction and inhibi
tion of P-450IA activity, the influence of urine flow on I7X excretion may 
also be an important factor. 

Obviously, genetic and environmental factors will contribute to the 
variability in urine metabolite ratios, but the influences of increasing age, 
caffeine dose, and renal and hepatic disease also require further investiga
tion. The clearance of caffeine is 35% lower in subjects over 70 years 01d.67 

As described previously, caffeine demonstrates nonlinear metabolism 
when studied under multiple dosing conditions, and the ratio could change 
with different doses. What happens to these ratios in the presence of renal 
disease is unknown, and since AUXl17U is a ratio of products from two 
or more separate enzymes, the ratio may not reflect caffeine clearance in 
liver disease, since both numerator and denominator may be affected. 
Whether the ratio remains a good discriminator of P-450IA induction in 
liver disease remains to be investigated. A technical concern in the mea
surement of the ratios is that AFMU is unstable. The use of AAMU, to 
which AFMU degrades and can be wholly chemically converted, would 
improve the precision of this ratio. 

We correlated several urine metabolite ratios with the clearance of 
caffeine under steady-state conditions during two different multiple-dose 
regimens of oral caffeine (4.2 and 12 mglkgld) in seven subjects.68 The 
experimental design was described in the metabolism section of this chap
ter. The clearance of caffeine was measured using intravenous doses of stable 
isotope-labeled caffeine, and the ratios were measured from 24-h urine collec
tions. In addition to the two ratios described above (but using AAMU in
stead of AFMU), we also investigated ratios suggested by Carrier et al. to 
assess N-demethylation of caffeine,46 and ratios that would assess hydroxyla
tion and acetylation of caffeine and xanthine oxidase activity.8 The ratios 
proposed by Carrier et al. are based on the number of methyl groups 
removed by the enzyme(s) divided by the total number of methyl groups 
that one would recover from the urine had there been no demethylation. 
Correlations between different urine-metabolite ratios and the clearance of 
caffeine are listed in Table 3. 
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Table 3 
Caffeine-Metabolite Ratios and Correlation to Caffeine Clearance 

During Different Caffeine-Dosing Conditions 
RegressionC 

Ratioa Lcmb High Low High 
AUXl17X 8.60 8.22 0.139 0.196 

26% 17% 
AUXl17U 8.84 8.18 0.009 0.139 

73% 26% 
Total dernethylation 0.58 0.57 0.043 0.048 

51% 49% 
m-demethylation 0.90 O.86d 0.623 0.063 

0% 44% 
NT -demethylation 0.73 0.67d 0.560 0.123 

0% 29% 
N1-demethylation 0.13 0.18d 0.182 0.288 

19% 7% 
17U/17X 1.00 1.05 0.858 0.703 

0% 0% 
17u/(17X + AUX) 0.11 0.12 0.Q11 0.154 

71% 23% 
AAMU/AUX 0.35 0.36 0.599 0.759 

0% 0% 
1U/1X 1.66 1.46 0.637 0.311 

0% 4% 
aAUX = AAMU + 1 U + 1 X; total demethylation = (OX + OU) + [(MX + MU + AAMU) . 2)1total . 3 

where total = OX + OU + MX + MU + AAMU + TX + TU and OX = all dimethylxanthines, OU = all 
dimethyluric acids, MX = all monomethylxanthines, MU = all monomethyluric acids, TX = caffeine, and 
TU = 1,3,7trimethyluricacid; N3-demethylation= (17X+ 17U + 1X+ 1U + 7X+ 7U+AAMU)ltotal; NT
demethylation = (13X+ 13U + 1X+ 1U + 3X +3U +AAMU)/total; and N1-demethylation = (37X + 37U 
+ 3X + 3U + 7X + 7U)/total. 

blow = 4.2 and High = 12 mglkgld of caffeine; results expressed as means. 
CRegression of caffeine clearance on each ratio; results are the p value for the regression and, 

immediately below, the f'value. 
dSignificantly different from low (p< 0.05). 

The mean values of some of the ratios change with the change in dose, 
although only slightly. Since we have observed that most of the fall in the 
clearance of caffeine occurs between a single 25-mg dose and 4.2 mglkgld 
of caffeine at steady state, we would expect that the ratios would also change 
in value at lower steady-state doses. AUXll7U is highly correlated to caffeine 
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clearance at the low, but not at the high, dose. The total demethylation ratio 
looks equally useful under both dosing conditions, despite the use in the 
ratio of some compounds with excretion rates known to be influenced 
somewhat by urine flow. These conclusions were confirmed by analyzing 
the data using stepwise multiple regression. 

Acetylator Phenotype 

The formation of AFMU, an acetylated metabolite, is a unique 
characteristic of caffeine metabolism in humans.1 As seen in Fig. 2, AFMU 
is formed from IX. However, this is probably an oversimplification, in that 
AFMU is not recovered when IX is ingested.8 It has been proposed that 
AFMU is formed from an unstable open-ringed intermediate arising after 
Nl-demethylation of 17X, which is quickly acetylated in fast acetylators, 
whereas in slow acetylators the open ring closes and more IX is formed 
instead. Grant et al. demonstrated that slow acetylators excrete more IX + 
I U than fast acetylators, but the overall excretion of AFMU + IX + I U did 
not differ between the groupS.8 Various ratios, such as AFMU/(AFMU + I U 
+ IX + 17U + 17X); AFMUIlX; AAMU/(1X + I U); and AAMU/(AAMU 
+ I U + IX) (or AAMUI AUX), were shown to classify the subjects studied 
into two groups, with a classification in complete concordance with other 
methods of acetylator phenotyping.8,32,69,7o 

AAMU/(IX + IU) andAAMU/AUX seem to be the best ratios to use 
to assess acetylation phenotype. The use of AAMU rather than AFMU 
improved precision in defining acetylator phenotype and the addition of I U 
to the denominator reduced intrasubject variability, since xanthine oxidase 
activity (measured by the lxtl U ratio) is quite variable in individual sub
jects.70 Using the ratio AAMU/AUX, a value of 0.36 was proposed as the 
cutoff value between fast and slow acetylators. Although spot urine samples 
after a single dose of caffeine can be employed to characterize acetylation 
phenotype,69 a reduction in the intrasubject variability occurred when sub
jects consumed their normal multiple-dose intake of caffeine and a first 
morning urine sample was collected.7o 

The influences of dose, and of inducers and inhibitors of P-450IA ac
tivity, on caffeine acetylation ratios have not been fully investigated. In our 
study (see Thble 3), the mean AAMUI AUX ratio did not change for the two 
doses examined. However, we did not have equal numbers of fast and slow 
acetylators. If 0.36 is used as the cutoff value to distinguish between slow 
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and fast acetylators, then one individual would have changed classification 
as his or her dose of caffeine was increased. Assessment at lower doses than 
we used would be important. The influence of such factors as smoking or 
the use of cimetidine and the oral contraceptive pill on the caffeine acetylation 
ratio should be evaluated, since calculation of the ratio involves the use of 
metabolites derived from demethylation pathways. 

Assessment of Hepatic Function 
in Liver Disease 

Routine liver-function tests measure hepatocellular injury, bilirubin 
excretion, and synthesis capacity of the liver. In chronic liver disease, serum 
transaminase levels are poorly correlated to prognosis, and bilirubin and 
albumin plasma concentrations and prothrombin time are relatively inaccu
rate measures, as well as being influenced by many extrahepatic factors. 
Drug metabolism is an important function of the liver, and tests that assess 
drug-metabolizing capacity might characterize hepatic function with greater 
accuracy than currently available clinical tests. Quantification of hepatic 
metabolism is potentially useful in a number of clinical areas. In decompen
sated liver disease, such assessment could help determine the optimal time 
for transplantation and could be useful in appraising donor liver function. 
They could be also employed to modify the dosage of drugs that are me
tabolized by the liver, in the way that serum creatinine is used to adjust the 
doses of renally excreted drugs. Finally, accurate measures of hepatic func
tion would be invaluable in clinical trials of treatments of liver disease. 

In the research setting, a variety of tests to measure metabolism, such 
as galactose elimination capacity, antipyrine clearance, aminopyrine breath 
test, indocyanine green clearance, and lidocaine elimination, have been em
ployed. They are not employed in routine clinical practice, since the tests 
require the administration of exogenous (and, in the case of aminopyrine, 
radioactive) agents that have potentially adverse effects; they are cumber
some, time-consuming, expensive, often require multiple sampling, and 
require patient cooperation. Although these tests have been shown to be 
useful in predicting outcome in liver disease,71-73 it is unclear whether they 
have any superiority over the Child-Turcotte classification (with or without 
modifications) in prognosis assessment.74-76 The lack of a clear advantage 
in the use of these tests probably results from the great degree of inter-
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individual variation; since these tests are difficult to perform, they are 
often used only once in the course of a patient's disease. This is not how 
other tests of liver function are used, and, if a simple test of hepatic me
tabolism could be designed, then multiple assessments in one individual 
could be carried out to determine the stability of an individual's liver 
function over time. Prognosis of chronic liver disease is determined not 
only by the remaining hepatic function, but also by the rate of progression 
of the disease.77 

Measures of caffeine metabolism fit a number of criteria that are desir
able in a test of hepatic function, and it is possible that a simple, reliable, 
and inexpensive test utilizing caffeine could be designed. Caffeine is a 
ubiquitously consumed drug that is thought to have no serious adverse ef
fects in normal dosages; it is easily measured, completely absorbed, and 
virtually totally metabolized by the liver. Caffeine has a low extraction ratio; 
its metabolism depends on hepatocellular function and is not influenced by 
changes in hepatic blood flow. This last feature mayor may not be an 
advantage, since liver blood-flow perturbations occur in cirrhosis. 

The measurement of the clearance of caffeine could be a useful mea
sure of hepatic metabolism as it is correlated to the severity of cirrhosis 
(using the Child-Turcotte-Pugh severity score)15.16 and is also correlated to 
other tests of drug metabolism, such as the aminopyrine breath test and, to 
a lesser extent, to indocyanine green clearance and galactose-elimination 
capacity. 14, 16,64 However, formal measurement of caffeine clearance requires 
multiple sampling. Jost et al. suggested the use of a dose of caffeine followed 
by two salivary concentrations 8 h apart to estimate caffeine clearance.64 
There is a close relationship between plasma and salivary concentra
tions.56.64.78 Clearance was calculated by multiplying an averaged popu
lation value for volume of distribution with the slope of caffeine disposition 
that was estimated from the two sampled concentrations. They measured 
caffeine clearance in cirrhotic and noncirrhotic liver-disease patients and in 
healthy controls, and demonstrated significant differences between all three 
groups. As expected, there was an overlap in values between liver-disease 
subjects and controls, especially between those with noncirrhotic liver dis
ease and controls. Reproducibility was assessed in a subgroup of subjects 
by measuring clearance again at 2 wk or at 6 mo, and the coefficient of 
variation was <20%. 

Whether this test accurately assesses hepatic metabolism depends on 
how closely it reflects true caffeine clearance. However, this validation was 
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not performed. The use of two concentrations only 8 h apart would not 
adequately define the slope of the elimination curve for caffeine disposition 
in patients with prolonged caffeine half-lives. An average population volume 
of distribution may be inappropriate for patients with liver dysfunction, par
ticularly in the presence of edema and ascites. Even though the average 
volume of distribution has been reported to be similar in patients with 
liver disease and in healthy controls in some studies,13,14 other studies 
have reported differences. 15,16 The use of pharmacokinetic techniques, such 
as Bayesian forecasting and optimal sampling theory, might improve the 
precision in the measurement of caffeine clearance when only two concen
trations are available. 

The other major drawback of this proposed test is a practical one. One 
must ensure that an adequate caffeine dose has been given recently, two 
samples have to be collected over a relatively long period of time, and no 
further caffeine can be consumed between the samples. 

A caffeine breath test has been shown to correlate well to caffeine 
clearance, and the CO2 excretion rate is reduced in patients with cirrhosis. 14 
However, this test does not seem to offer any advantages over the amino
pyrine breath test. 

Renner et al. proposed that a single fasting caffeine concentration 
might be used to assess hepatic metabolism. They showed, in a group of 
patients with liver disease, a hyperbolic correlation between fasting caf
feine concentrations and caffeine clearance, aminopyrine breath test, and 
indocyanine green clearance.14,79 The average fasting caffeine concentra
tion was significantly higher in cirrhotic patients than in controls, but 
substantial overlap was seen. Other investigators, however, have found 
little correlation between fasting levels and the clearance of caffeine.80-82 

This disparity occurs because clearance is the ratio of dosing rate and 
the average plasma concentration at steady state. To see a high degree 
of correlation between caffeine clearance and fasting concentrations of 
caffeine, the daily dose of caffeine in the whole population (healthy 
subjects as well as liver-disease patients) should be uniform. Further
more, the amount of caffeine consumed by an individual over time should 
not vary if repeated measurements to assess the progression of disease 
in that patient are performed. Also, fasting concentrations are not the 
same as daily average concentrations and are influenced by the time at 
which caffeine was last ingested. Caffeine concentrations in the after
noon or night after multiple caffeine doses during the day have been 
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shown to correlate better than trough concentrations to the average caf
feine concentration.80 

To circumvent the problem of nonuniformity in dosage, other groups 
have proposed the use of standardized doses of caffeine, with measurement 
of caffeine concentrations 12 h or more later.64,82,83 Marchesini et al. showed 
that, after 2 d of controlled caffeine consumption, the next morning caffeine 
concentration was closely correlated to clearances of caffeine and anti
pyrine.82 Wang et al. studied cirrhotic and noncirrhotic liver-disease patients 
and healthy controls after4 d of abstinence from caffeine.83 They then gave 
a standardized dose of caffeine and found that the 12-h caffeine concentration 
completely distinguished the three groups of subjects from one another. This 
separation was superior to that observed when measuring fasting caffeine 
concentrations. However, all of these tests are still somewhat cumbersome 
for routine clinical use, and direct measurement of caffeine clearance would 
probably be just as easy to perform. 

An alternative method for assessing caffeine metabolism is the use of 
urine metabolite ratios. Some of these ratios are correlated to caffeine clear
ance (see Table 3), and standardization of caffeine intake is not required. 
The ratio AUXl17U may not be useful, since the amount of metabolites in 
both numerator and denominator would be expected to diminish in hepatic 
dysfunction, but this would not be the case with the total-demethylation 
ratio. If a single urine sample conveys the same information about caffeine 
clearance as a 24-h urine collection, then a simple test of hepatic metabolism 
that could be repeated over time in an individual patient is feasible. Metabolite 
ratios can also assess hydroxylation, acetylation, and xanthine oxidase ac
tivity. Estimations of the activity of multiple enzyme systems might prove 
superior to measuring caffeine clearance alone in the characterization of 
hepatic function. However, assaying all these metabolites is technically dif
ficult, which could discourage widespread application of this test. 

Whichever test is utilized, it will have to deal with the high degree of 
individual variation in hepatic drug metabolism. As discussed previously, 
caffeine disposition is influenced by environmental factors, other drugs, and 
the dose of caffeine itself. Smoking and mexiletine administration have 
been shown to influence caffeine metabolism in patients with liver disease,84 
and other drugs that inhibit caffeine metabolism are likely to do the same. 
However, if repeated testing of an individual is carried out and known fac
tors that influence caffeine metabolism are kept constant, the course of liver 
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disease in that individual might be accurately assessed by quantitating the 
metabolism of caffeine. 

Although not yet practical for routine clinical use, the measurement 
of caffeine clearance has been successfully applied in the research setting. 
It has been used to characterize hepatic function in patients with cystic 
fibrosis,85 it has demonstrated that microsomal function is maintained in 
the presence of jaundice associated with severe extrahepatic infection,86 
and it has shown that microsomal drug-metabolizing activity is reduced 
in the elderly.67 

Summary 

Caffeine is one of the most widely consumed psychoactive drugs in 
the world. Absorption of caffeine is rapid and complete. It is extensively 
metabolized by N-demethylation, hydroxylation, and acetylation to at least 
17 metabolites, which are renally excreted. The major pathway of metabo
lism is sequential N-demethylation, which is carried out by cytochrome 
P-450IA. The primary dimethylxanthine metabolites-paraxanthine, 
theobromine, and theophylline - are pharmacologically active. The de
methylation of caffeine appears to be inhibited by competition from 
dimethylxanthine N-demethylation. As a result, caffeine disposition is dose
dependent during multiple dosing conditions. 

Caffeine does not cause liver disease, but its metabolism is highly 
affected by the presence of hepatic dysfunction. In decompensated cir
rhosis, the clearance of caffeine can be markedly decreased, resulting in 
half-lives of as long as 100 h or more. The severity of liver dysfunction 
as assessed by the Child-Thrcotte-Pugh score is correlated to the reduction 
in caffeine clearance. 

Measures of caffeine N-demethylation have been used to assess he
patic cytochrome P-450IA activity. Certain ratios of concentrations of caf
feine metabolites found in the urine are correlated to caffeine clearance. 
These ratios are potentially useful in the assessment ofP-450IA activity in 
studies requiring the screening oflarge numbers of people. Acetylator status 
can also be characterized by ratios of particular caffeine metabolites. 

Hepatic reserve in liver disease may be characterized with greater 
accuracy with the assessment of rates of drug metabolism than with the 
usual tests of liver function. Caffeine meets many of the criteria of an ideal 
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test agent. Simple measures of caffeine clearance have been employed in 
research studies of liver function, and there is potential for developing a 
practical test for routine clinical monitoring of hepatic function using mea
sures of caffeine metabolism. 
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Marijuana, 
Liver Enzymes, 

and Toxicity 

Lester M. Bornheim 

Introduction 

Marijuana has been used by humans for thousands of years1 for a 
variety of social, religious, and medical purposes.2-6 Although used medici
nally in the United States since the middle of the 19th century,7-12 the nonme
dicinal use of marijuana was made illegal in 1937; since then, concern over 
its possible toxicological effects has arisen cyclically. A series of studies 
undertaken in the 1940s by the Mayor's Committee in New York,13 although 
failing to substantiate the anticipated serious effects on the physical and 
mental health of marijuana users, indicated the harmful potential of mari
juana in certain users. Since that time, and particularly after the marked 
increase in marijuana consumption during the 1960s, thousands of reports 
have been published on the pharmacological and toxicological effects of 
marijuana and its constituents. Although substantial acute toxicity of mari
juana use has not been reported, concern remains over the possible long
term effects. Since the effects of chronic tobacco smoking and alcohol use 
became apparent only after very prolonged use, it is possible that the long
term effects of marijuana use in the populace may manifest themselves in 
the decades to come. This chapter will focus on the known acute and chronic 
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Fig. 1. Structures of major cannabinoids.119-Tetrahydrocannabinol is numbered 
by a benzpyrene numbering system. 

effects of marijuana and its constituents on liver function and hopefully will 
incite an awareness of the potential toxicological effects oflong-term use. 

Chemistry of Marijuana 

Constituents 

One of the dilemmas in assessing the toxicology of marijuana use 
results from the extremely complicated chemical nature of marijuana. 
Marijuana is a complex mixture of over 400 compounds,14 which vary in 
concentration according to the plant phenotype.IS Although L\.9-tetrahydro
cannabinol (THC) is just one of more than 60 cannabinoids present,16 it is 
probably responsible for most of the psychoactivity of marijuana (Fig. 1). 
Cannabinol (CBN), another major constituent that is only one-tenth as 
potent as THC, 17 probably contributes little to the overall psychoactive prop
erties of marijuana. Cannabidiol (CBD), a third major constituent of mari-
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juana, is devoid of psychotomimetic properties.17,18 Several studies have 
characterized the anticonvulsant properties of CBD19--21 and its potential 
therapeutic use as an antiepileptic agent has been proposed.22-27 More im
portant, because CBD can markedly affect drug metabolism (ref. 28, and 
refs. therein), it may alter the metabolic disposition of THC and many other 
drugs. These effects on drug metabolism will be discussed in greater detail 
later in this chapter. 

Metabolism of Cannabinoids 
The extensive hepatic metabolism of the cannabinoids further compli

cates the evaluation of the toxicity of marijuana. Over 100 hydroxylated 
metabolites ofTHC have been isolated and characterized,16,29 and CBN and 
CBD yield a similar abundance of metabolites as well. Hydroxylation of 
THC at the carbon allylic to the double bond in the terpene ring is particu
larly favored (Fig. 1). The most abundant metabolite found in all species 
studied is 11-hydroxy-THC, although appreciable amounts of species
dependent 8a- and 8~-hydroxy-THC are also formed. In the rat and the 
mouse, 8a-hydroxylation predominates, but in humans and guinea pigs the 
reverse is true.29 In addition to terpene-ring hydroxylation, extensive oxi
dation of the pentyl sidechain is also observed. Hydroxylation at the 1'-, 
2'-,3'-, and 4'-positions has been found, the relative amounts being species
dependent.3D The hydroxylated sidechain is also known to undergo various 
sidechain cleavage reactions.31 To complicate the metabolic profile even 
more, most of the mono-hydroxylated metabolites are susceptible to further 
oxidation. Oxidation can occur either at the site of the initial hydroxylation 
(resulting in either a carbonyl compound or a carboxylic acid) or at a differ
ent site(s), yielding di- or even tri-hydroxylated metabolites.32 Considering 
the various combinations of mono-, di-, and tri-hydroxylated-metabolites 
and sidechain cleavage products, it is not hard to envisage the abundance of 
THC metabolites detected. 

After primary, secondary, or tertiary oxidation, THC metabolites are 
usually excreted into the bile (!h of the dose) and urine (113 of the dose), 
either unconjugated or as glucucuronide conjugates, and are known to 
undergo extensive enterohepatic recirculation.33 For this reason, and be
cause of sequestration into various lipid compartments, elimination of 
THC and metabolites is quite slow. Only 50% of the dose is excreted 
in 4-5 d, and urinary metabolites can be detected several weeks after 
marijuana ingestion.34 
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CBN and CBD are found to be metabolized by pathways very similar 
to those of THC. However, in contrast to THC, a large amount of CBD is 
excreted unchanged in the feces, and CBD is also found to be excreted into 
the urine as the CBD-glucuronide conjugate.35 

Metabolism of THC in the fetus has not been extensively studied. 
Although THC has been shown to cross the placenta, its major metabolite 
(ll-hydroxy-THC) does not appear to cross the placenta or to be formed 
in the fetus.36 

Liver Toxicity 
Short-Term Effects in Animals'" 

Effects on Drug Metabolism 
Background. A great deal of work has been done in rodents to deter

mine the effects of marijuana and its constituents on drug metabolism, and 
much of this has been recently reviewed.28 CBD appears to affect the mi
crosomal monooxygenase system of the liver, which metabolizes a wide 
variety of xenobiotics and endogenous compounds.37- 39 Cytochrome P-450 
(p-450) is the terminal oxidase of this system and consists of a family of 
closely related hemoproteins. Because P-450s metabolize such an extensive 
variety of substrates, there is a very large potential for inhibitory interactions 
between substrates competing for the enzyme. Such interactions are mini
mized both by the existence of multiple P-450 isozymes with distinct but 
overlapping substrate specificities and by the ability of chemicals to induce 
these isozymes selectively. Thus, although two or more substrates may com
pete for a certain P-450 isozyme, other isozymes might also oxidize the 
substrates, albeit with different efficiencies and regioselectivities. 

The P-450 superfamily of isozymes can be generally classified ac
cording to the nomenclature recently recommended by Nebert et al.40 Table 
1 summarizes the classification of these subfamilies. Many compounds are 
capable of selectively inducing one or more of the particular P-450 sub
families. Barbiturates and antiepileptics induce P-450 isozymes41-44 similar 
to those induced by phenobarbital (sometimes referred to as phenobarbital
inducible P-450), and are classified in the 1m subfamily. Polycyclic aromatic 
hydrocarbons induce P-450 isozymes sometimes referred to as p-44S41,42,44 

and classified in the IA subfamily. Steroids and macrolide antibiotics induce 

*Defined as <1 wk of exposure. 
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Table 1 
Nomenclature for the Cytochrome P-450 Superfamily 

P-450 subfamily Trivial P-450 name Typical inducer 

IA c,d (P-448) 3-Methylcholanthrene 
IIA a None 
liB b,e Phenobarbital 
IIC g,h,i None 

f,k Phenobarbital (modest) 
110 db None 
liE j Ethanol 
iliA p,pcn Dexamethasone, 

macrolide antibiotics 

a third type ofP-450 isozyme,45,46 belonging to the lIlA subfamily. In addi
tion, shortchain allphatics, such as ethanol and acetone, are capable of in
ducing yet another subfamily (lIE) ofP-450 isozymes.47,48 Although most 
of the inducible P-450 isozymes purified from liver thus far can be categorized 
in these four classes, this classification is by no means comprehensive. In 
addition, many isozymes of P-450 have been found to be constitutively 
expressed, are not usually drug-inducible, and have been classified in the 
IIA, IIC, and liD subfamilies. 

Inhibitory Effects. Loewe first observed prolonged barbiturate-induced 
sleep-time after marijuana exposure, which suggested an inhibition of hepatic 
drug metabolism known to be involved in barbiturate inactivation.49 Sub
sequent studies found that THC was intracellularly localized in the endo
plasmic reticulum and could inhibit the in vitro metabolism of aminopyrine 
and hexobarbital.50 

THC was thought to inhibit P-450, since typical Type I difference 
spectra were demonstrated when mc was added to hepatic microsomes,51,52 
with a spectral dissociation constant (Kd) of 18.5 ~ and an inhibition 
constant (K) of 15.4 ~ for ethylmorphine N-demethylation. Although 
hexobarbital metabolism was competitively inhibited in vitro,50 it was not 
comparably inhibited in vivo after THC treatment. 51 It is not likely that the 
hepatic concentrations of THC after a single dose are sufficiently high to 
cause inhibition in vivo.49 

CBD also interacts with hepatic P-450, but, unlike THC, it was found 
to be an inhibitor of drug metabolism both in viv049, 53-58 and in vitr053 with 
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a potency similar to that of SKF 525-A. 54 In fact, Paton and Pertwee corre
lated the inhibitory actions of marijuana almost completely to that of its 
CBD content.54 CBD-mediated Type I binding of microsomal cytochrome 
P-450 was fourfold higher than that of other cannabinoids.59 Siemans et al.53 

determined that marijuana extracts with a proportionately higher content of 
CBD than THC, inhibited drug metabolism much more potently both in 
vivo and in vitro than when the relative ratios were reversed. CBD also 
significantly altered the in vivo metabolism of pentobarbital, in contrast to 
THC or other cannabinoids studied. 55 

In addition, acute CBD treatment of mice lowered hepatic P-450 content 
and significantly increased the half-time of barbiturate in the brain at a time 
when barbiturate-induced sleep-time was prolonged.56 Because barbiturate 
metabolism is catalyzed by hepatic P-450, the persistence of barbiturate in 
the brain suggests a direct correlation between CBD-mediated P-450 loss 
and inhibition of barbiturate metabolism. Borys et al.56 did not detect any 
CBD-mediated hepatic P-450 destruction in vitro, but did note the forma
tion of carbon monoxide during in vitro CBD metabolism, which could 
bind up to 65% of the total P-450 present in the incubations. 57 

Hamajima et al.58 similarly compared the effects of CBD and THC on 
drug metabolism in mice and found CBO to be more inhibitory than THC, 
with males more susceptible to inhibition than females. Because activities 
of hepatic o..aminolevulinic acid synthetase or heme oxygenase (involved 
in heme synthesis and catabolism, respectively) were not altered after CBD 
treatment,60 it is not likely that CBD affects heme turnover in the liver. 

A more detailed characterization of the CBD-mediated inhibition of 
specific P-450 isozymes has been reported.61,62 Administration of CBD, but 
not THC, to mice acutely inhibited more than 75% of the activities of 
hepatic microsomal erythromycin and ethylmorphine N-demethylases 
and 6~-testosterone hydroxylase.62 These particular oxidations are effec
tively catalyzed by the P-450llIAsubfamily (Table 1). Since P-450 content 
was decreased by only 35%, whereas p-chloro-N-methylaniline N-demethyl
ase activity (known to be catalyzed by P-450IA) was not significantly af
fected, CBD appeared to inactivate only certain P-450 isozymes selectively. 
Thus, the isozyme(s) inactivated by CBD possess( es) many of the same func
tional characteristics as the P-450IIIA subfamily,45,46 found constitutively 
in male rodents and/or induced by steroids and macrolide antibiotics. 
However, treatment of mice with dexamethasone (a known P-45011IA in
ducer) did not result in any increased inactivation ofP-450 or inhibition of 
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P-450IIIA-dependent functional activities over that observed in nonpretreated 
animals.63 The P-450IIIA subfamily is composed of several different 
isozymes within a given species, which are immunochemically indistin
guishable by polyclonal antibodies but differ in their reactivity with mono
clonal antibodies, their N-terminal amino acid sequences, their inducibility 
by drugs, and their susceptibility to chloramphenicol-mediated inactiva
tion.64,65 Therefore, it is plausible that the constitutive P-450IIIA isozyme 
is susceptible to CBD-mediated inactivation whereas the dexamethasone
inducible isozyme is resistant. 

The effects of CBD on THC metabolism have also been determined. 
Any alteration ofTHC metabolism would be of great interest, since several 
metabolites of THC have been shown to possess pharmacological activity 
as well. Borys and Karler66 found that, whereas in vitro THC metabolism 
with mouse hepatic microsomes was linear for 60 min, CBD metabolism 
was linear for only 10 min. In addition, they reported decreased in vitro 
THC metabolism after preincubation of microsomes with CBD, indicating 
that CBD could inhibit not only its own metabolism, but that of THC as 
well. Karler et al.67 reported that CBD and its monohydroxylated products 
were metabolized and cleared from the liver very rapidly (t1l2 = I h) and 
were virtually absent at a time when inhibition of drug metabolism still 
persisted. They proposed that such inhibition was most likely a result of 
very polar, unidentified CBD metabolites that were present in the liver at 
relatively high concentrations when drug metabolism was inhibited. How
ever, it now seems likely that the inhibition is not attributable to the polar 
metabolites, but to inactivation ofP-450 isozymes. 

There has been some debate whether THC itself or its major metabo
lite (ll-hydroxy-THC) is responsible for most of the pharmacological effects 
observed after marijuana consumption. Several investigators have attempted 
to answer this question by employing inhibitors of drug metabolism and 
determining their effects on the pharmacological action of THe. To assess 
the role ofTHC metabolism in its pharmacological actions, Sofia and Barry68 
examined the effect of in vivo treatment of mice with SKF 525-A, a non
specific inhibitor ofP-450. Since SKF 525-Ainhibited THC metabolism in 
vitro in rats,69 it should potentiate the effect of THC if the parent compound 
is active or decrease the effect of THC if a metabolite is active. Because 
SKF 525-A enhanced the action of THC, they concluded that it was the 
parent compound, not a metabolite, that was pharmacologically active. 
However, when levels of both THC and its major metabolite were measured 
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in a subsequent study, it was found that treatment with SKF 525-A in vivo 
paradoxically increased THC metabolite levels in the brain threefold.7o It 
was proposed that SKF 525-A might inhibit secondary metabolism of the 
major metabolite to a greater degree than it inhibited its formation, thus 
resulting in an accumulation of the major metabolite. Although in vitro SKF 
525-A largely inhibits the formation of the major metabolite in hepatic mi
crosomes,69 it is possible that in vivo SKF 525-A inhibition may not affect 
its formation to the same extent as its further metabolism. Nevertheless, 
whatever the mechanism for the increased brain concentration of the me
tabolite, these data suggest that it is the metabolite, not the parent compound, 
that potentiates the pharmacological effect of THC, as was proposed by 
others.7l,72 In a similar study, CBD pretreatment also increased brain levels 
of the major THC metabolite,73 as did SKF 525-A, further demonstrating 
that alteration of hepatic THC metabolism by inhibitors can actually stimulate 
production of a particular THC metabolite. 

More recently, we have attempted to characterize the effects of CBD
mediated P-450 inactivation on THC metabolism in order to relate THC 
metabolite production to specific P-450 isozymes.74a After hepatic micro
somal incubations with THC, monohydroxylated metabolites were extracted 
and separated by HPLC. 1\vo major metabolites (identified as 11- and 8a
hydroxy-THC) accounted for >80% of the metabolites observed, and three 
minor metabolites were also observed. Polyclonal antibody raised against 
P-450IIIA, when preincubated with mouse liver microsomes, almost com
pletely inhibited the production of the minor metabolites, but failed to affect 
the production of the major metabolites. In contrast, in vivo CBD treatment 
of mice markedly inhibited the production of the major metabolites and 
most of the minor metabolites. TIlis suggests that in vivo CBD treatment 
resulted in the inactivation of an isozyme responsible for most of the THC 
metabolism, in addition to the inactivation of P-450IIIA. A P-450 isozyme 
(related to the IIC subfamily) that hydroxylates THC exclusively at the 11-
and 8a.-positions has recently been purified, and is probably inactivated in 
vivo by CBD.74b Thus, it appears that THC metabolism is specifically cata
lyzed by two constitutively expressed P-450 subfamilies (p-450IIC and 
P-450IIIA) that generate most, if not all, of the observed monohydroxylated 
metabolites. 

Induction. Repetitive CBD treatment had been postulated to induce 
p-450,54 and indirect evidence for such induction was presented in later 
studies.56,57 We have described61,62 the purification of a P-450 (related to 
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the P-450IIB subfamily), that is absent in hepatic microsomes of untreated 
mice, but is readily detected immunochemically in liver micro somes from 
mice repetitively treated with CBD for 4 d. The induction of this P-450 is 
paralleled by an increase (> 30-fold) in hepatic microsomal pentoxyresorufin 
O-dealkylase activity (known to be catalyzed specifically by the P-450IIB 
subfamily), which was also below the limits of detection in hepatic micro
somes from untreated mice. This CBD-inducible isozyme possessed high 
hexobarbital hydroxylase activity that was resistant to CBD-mediated inac
tivation. It thus might explain the loss of susceptibility to CBD-mediated 
prolongation of barbiturate-induced sleep times previously reported after 
repetitive CBD treatment. 56,57 

Repeated administration to mice of Ll8-THC or ll-hydroxy-Ll8-THC 
(5 mg/kg, iv, for 3-7 d) has also been reported to increase P-450 content 
as well as aniline hydroxylase activity.75 To my knowledge, this is the 
only report suggesting that THC and its major metabolite are capable of 
inducing P-450. 

Teratogenesis. Limited data implicating a teratogenic potential ofTHC 
have been reported.76 Because inducers and inhibitors of drug metabolism 
appear to affect THC-elicited teratogenesis, these data are discussed in this 
section. Low THC doses (50 mg/kg, ip to pregnant mice on gestational days 
8-13) moderately increased fetal resorption rates, which were markedly 
potentiated by the coadministration of SKF 525-A. THC treatment by itself 
did not significantly increase the incidence of cleft palate, but a marked 
increase was observed when THC was co administered with SKF 525-A. At 
higher THC doses (200 mg/kg), resorption rates were markedly increased 
irrespective of whether the mothers were pretreated with phenobarbital. 
In contrast, THC increased the incidence of cleft palate only in the animals 
that were exposed transplacentally to phenobarbital. The authors concluded 
that SKF 525-A and phenobarbital probably alter qualitatively the produc
tion of THC metabolites. 

Other Effects 
THC has also been found to damage the structural integrity of liver 

cell mitochondria in a dose-dependent manner, with internal disruption 
observed at 50 Ilglmg protein.77 Concentrations in this range, however, are 
not physiologically relevant. 

In addition to its effect on hepatic P-450, CBD is also found to poten
tiate THC-mediated increases in hepatic tryptophan pyrrolase and tyrosine-
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a-ketoglutarate transaminase.78 Since CBD itself failed to affect these en
zymes, the potentiation might be attributable to a CBD-mediated decrease 
in TIlC metabolism. 

Cannabinoids (marijuana extracts or TIlC) have been consistently re
ported to decrease liver glycogen,79-81 with a concomitant increase in blood 
glucose. TIlC and 11-hydroxy-TIlC have been found to increase glucagon 
activation of liver plasma membrane adenylate cyclase.82 Cannabinoids have 
also been shown to inhibit adenyl ate cyclase, presumably through a putative 
cannabinoid receptor.83 In fact, a putative cannabinoid receptor has recently 
been detected in the brain,84 and binding data closely mirrors the data for 
adenylate cyclase inhibition, suggesting that cannabinoids may exert their 
central effects through this pathway. Whether these receptors are also present 
in the liver remains to be determined. 

Short-Term Effects in Humans 
Effects on Drug Metabolism 

Many conflicting reports concerning the effect of cannabinoids on clini
cal drug metabolism have been published. Depending on several factors, as 
discussed above, the cannabinoids in marijuana vary in proportion. Prepa
rations with a high CBD content may also quantitatively and qualitatively 
affect TIlC metabolism, thereby further complicating the interpretation of 
the data. In addition, inhibition and/or stimulation of drug metabolism may 
occur, depending on the length of exposure. 

CBD pretreatment influences hexobarbital metabolism, i.e., increases 
the area under the plasma concentration-time curve and the peak plasma 
concentrations of hexobarbital , and decreases its oral clearance, indicating a 
decrease in its systemic clearance.85 Several other reports indicate an effect 
of CBD on TIlC metabolism. Although AgureU et al.86 found no change in 
TIlC plasma levels on coadministration of CBD, it was suggested that CBD 
might affect the kinetics of metabolite formation. Hunt et al.87 also reported 
no effect of CBD on the pharmacokinetics ofTIlC, although some changes 
in the pattern ofTIlC metabolites were observed after CBD pretreatment. 

It is possible that a qualitative change in TIlC metabolism could result 
in an altered clinical response to TIlC, since several TIlC metabolites have 
been found to be pharmacologically active. The effects ofCBD (when ad
ministered alone or together with TIlC) on the alteration of the pharmaco
logical effects ofTIlC were reported by Karniol et al.88 TIlC was found to 
increase pulse rate, disturb time production tasks, and induce strong psy-
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chological reactions. Although CBD in equal or greater doses produced none 
of these effects, when given together with THC, CBD was able to attenuate 
several effects ofTHC. In addition, CBD also changed the type of psycho
logical reactions induced by THC from that of general anxiety and panic to 
a more pleasurable experience. 

Similar results have been reported by Hollister,18 who found CBD to 
be devoid of the mental and physical effects ofTHC, and by Dalton et al.,89 
who also found CBD to be devoid of psychological effects, but capable of 
attenuating the maximum "high" caused by THe. CBD also significantly 
attenuated several of the more unpleasurable THC-influenced emotions, 
described by subjects as feelings of discontent, trouble, feebleness, or being 
withdrawn.9o 

Thus, the effects of CBD on drug metabolism in humans are still un
clear. Dalton et al.91 found no effect of CBD on the pharmacokinetics of 
secobarbital, in contrast to both its inhibition of hexobarbital metabolism 
reported by Benowitz et al.85 and their own report on the effects of CBD 
treatment on the pharmacological effects of THC. 89 Although alteration of 
THC metabolism is suggested, competition with THC for binding at the 
receptor site in the brain could explain the CBD-mediated alteration of 
the pharmacological action ofTHC. However, since the binding affinity of 
CBD is at least two orders of magnitude lower than that of THC,84 this 
competition is unlikely. 

Other Effects 

To my knowledge, there have not been any other clinical reports of 
acute effects of marijuana or cannabinoids on the liver. 

Long-Term Effects in Animals 

Effects on Drug Metabolism 
Inhibition. In rats treated with THC (20 mglkg by gastric gavage) 

daily for 90 d and then withdrawn from treatment for an additional 60 d, 
THC was found to decrease markedly (56% of control) the aflatoxin Bl 
binding to DNA, which is catalyzed by hepatic microsomes.92 This demon
strates the highly persistent effects oflong-term THC treatment. More stud
ies along these lines should be undertaken to distinguish between a direct 
hepatic effect by persistent metabolites or one that is mediated through an 
altered regulation of drug-metabolizing enzymes. 
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Induction. Marijuana extract (20 mg/kg, ip) administered to rats 
for 7 or 15 d significantly increased hepatic microsomal aminopyrine 
N-demethylase activity,93 reflecting induction of drug-metabolizing enzymes. 
Since THC and CBD content was not quantitated, it is difficult to identify 
the cannabinoid reponsible for the induction, although it is clear that mari
juana exposure can increase drug metabolism. 

Teratogenesis. When THC and/or phenobarbital were administered to 
rats for the entire term of pregnancy, phenobarbital, but not THC, was found 
to increase the fetal resorption rate as well as to decrease litter size and 
pup weight.94 When administered together, the effects observed were no 
greater than that found with phenobarbital alone. This is in contrast to the 
reported acute synergistic effects between THC and phenobarbital on re
sorption rate and incidence of cleft palate.76 Differences in species used (rat 
vs mouse) or dose of THC (50 vs 200 mgikg) may be the reason for the 
discrepancy, although altered THC metabolism after chronic THC treatment 
cannot be ruled out. 

When the effects of marijuana extract and alcohol on pregnancy were 
compared,95 Abel found that fetal resorption rate significantly increased only 
when the compounds were coadministered. Although ethanol may exert a 
direct influence, such a synergism could also result from altered THe me
tabolism. Since ethanol is known to induce P-450IIE,48 it is possible that this 
isozyme may produce toxic THC metabolites, resulting in the increase in 
resorption rate. In rhesus monkeys, THC administration during early preg
nancy resulted in an increased abortion rate.96 Administration after the first 
third of pregnancy increased premature and stillborn births. The influence of 
P-450 inhibitors or inducers on these effects was not assessed. 

Other Effects 
Fifty THC injections to pigeons resulted in no abnormalities after gross 

observation of the liver.97 Marijuana extract given to monkeys for 90 d,98 
resulted in histological liver changes, including cytoplasmic degranulation 
and vacuolization with a decrease in liver glycogen. Increased SGOT, SGPT, 
serum bilirubin, and altered lipid metabolism were also noted. 

Hepatic expression of c-k-ras protooncogene in rats increased three
fold after 90 d exposure to THC followed by 60 d of withdrawal.92 Although 
this may indicate an increased propensity for carcinogenesis, as discussed 
previously, this treatment also decreased the aflatoxin B 1 binding to DNA, 
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which is catalyzed by hepatic microsomes. Thus, it can only be concluded 
that chronic THC treatment results in several very long-lasting effects, even 
after treatment is discontinued. 

Long-Term Effects in Humans 

Effects on Drug Metabolism 
Marked inhibition of barbiturate metabolism after 5-12 d of CBD treat

ment was reported by Benowitz et al.85 Inductive effects of marijuana con
sumption were first reported by Lemberger et al.,99 who found that long-term 
marijuana users metabolized radiolabeled THC at twice the rate of nonusers. 
However, later studies found no evidence of increased metabolism after 
frequent THC administration,loo although disappearance of antipryrine, 
alcohol, and pentobarbital was found to be decreased, possibly as a result of 
an increased volume of distribution, decreased metabolic clearance, and 
delayed absorption. A later study101 confIrmed the lack of change in half
life of THC after 10-12 d of THC administration. These reports, although 
far from conclusive, suggest that marijuana consumption, but not that of 
THC alone, may result in induction. 

Other Effects 
In a widely cited study,102 severe necrosis was reported in an indi

vidual who used marijuana daily for three years. Study of 12 additional 
marijuana users showed mild liver dysfunction in eight of the 12 users. Per
cutaneous liver biopsy of three users revealed striking parenchymatous 
degeneration with swelling and vacuolization of the cytoplasm. Interpreta
tion of these findings was difficult, since alcohol and amphetamines had 
also been ingested. A subsequent study103 of 50 marijuana users found no 
evidence of liver dysfunction when marijuana was the sole drug abused; 
however, dysfunction was noted in users who also consumed large amounts 
of alcohol. Many other reports also cite the lack of liver toxicity in long
term marijuana users. 104-107 Concurrent marijuana and alcohol use was also 
studied in adolescents and found to have no effect on liver function as 
assessed by 'Y-glutamyltranspeptidase activity.108 

Hepatotoxicity has been reported to result from THC-induced lysoso
mal damage,109 and antibodies to marijuana have been found in marijuana 
users.ll0 The significance of these findings remains to be determined. 
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Conclusions 
From the data previously discussed in this review, it may be concluded 

that marijuana consumption does not result in any marked liver toxicity 
after either short- or long-term use. The most obvious consequence of 
marijuana use may be its effect on drug metabolism, although its effects 
in humans are far from clear. It seems likely that marijuana use may result 
in either induction or inhibition of drug metabolism, depending on the mari
juana constituents present and whether it is used chronically or occasionally. 
CBD, which is likely to be ingested in pharmacologically relevant doses as 
a result of marijuana consumption, appears to be responsible for most of the 
observed inductive or inhibitory effects. Although devoid of psychotropic 
effects itself, CBD can alter hepatic drug metabolism and thereby affect 
both the psychological and physiological effects ofTHC and, presumably, 
of other drugs as well. 

Other consequences of marijuana use involve its teratogenic potential. 
Since this appears to be influenced by drugs that affect its metabolism, it is 
possible that a toxic metabolite is responsible. 

Overall, the toxicity of marijuana on the liver is certainly less than that 
of alcohol, and is probably similar to that of most lipophilic drugs con
sumed chronically. Cannabinoid metabolites persist in the body for weeks 
after discontinuance of marijuana use, and, since several physiological al
terations have been detected several months after cannabinoid withdrawal, 
a certain amount of caution must be exercised. Research into the long-term 
effects of marijuana use is certainly desirable, particularly since this drug is 
still being used by a large fraction of the population. 
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In Vivo Microscopy 
of the Effects of Ethanol 

on the Liver 

Robert S. McCuskey 

Introduction 
In vivo microscopic studies of the mammalian liver, to date, have been 

restricted principally to studies of rats and mice, although a few studies 
have been reported using hamsters, guinea pigs, and rabbits. l Nevertheless, 
these studies have provided valuable information concerning the liver, par
ticularly its microvascular compartment. The latter is composed of portal 
and central venules, hepatic arterioles and sinusoids, as well as associated 
neural elements that may modulate or modify vascular mechanisms con
trolled locally or by hormones. This system is responsible for regulating 
everything that enters and leaves the sinusoids where the exchange pro
cesses occur between the blood and the hepatic parenchymal cells. Since 
the microcirculation is dynamic, it is best studied using in vivo microscopic 
methods, which permit the rate, duration, magnitude, and direction of dy
namic events to be directly visualized, evaluated, quantified, and recorded 
continuously in life. Surprisingly, however, only a limited number of in 
vivo microscopic studies have been reported on the basic hepatic microcir
culatory response to alcohol.2-S 

Following the ingestion of alcohol, significant alterations occur in host 
defense mechanisms including depressed reticuloendothelial (RES) func
tion as well as altered immune, lymphocyte, granulocyte, and platelet func-
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tions. These increase the host's susceptibility to infection.6-8 Ethanol in
gestion produces increased hepatic oxygen consumption, fatty liver, hepa
tomegaly, hepatocellular damage, and, with prolonged consumption, 
hepatitis, fibrogenesis, and cirrhosis may result Alterations in hepatic blood 
flow accompany these responses. Acutely administered ethanol increases 
hepatic blood flow.9,10 The acute vasodilatory effect of ethanol is not thought 
to be a result of vascular actions of metabolites of ethanol, acetal aldehyde, 
or acetate,11-14 but is suggested to be a result of adenosine.14 The potential 
role of vasoactive mediators released from Kupffer cells, however, has not 
been evaluated. 

Kupffer cells are one of the cellular compoments of the sinusoids in 
the liver and are a major part of the RES. Several studies have demon
strated that Kupffer cell function is affected by alcohol in both experimen
tal animals and man. Clearance of microaggregated albumin and endotoxin 
is depressed in rats following both acute and chronic administration of 
alcohol. 15-17 Acute human alcoholics with no evidence of liver disease also 
have a depressed RES that returns to normal several days following alco
hol withdrawal.18 Furthermore, patients also have been reported to have a 
depressed RES as evidenced by reduced clearance of microaggregated 
albumin; 19 and, another group lacked a concentration gradient of immune 
complexes between portal and hepatic veins.2o Finally, elevated levels of 
systemic, circulating endotoxin have been reported in humans intoxicated 
with alcohol21 and during alcoholic liver disease17.21,22 suggesting spillover 
of gut-derived endotoxin no longer being cleared by alcohol-depressed 
hepatic Kupffer cells. As a result, Kupffer cell dysfunction and endotoxin 
have been implicated in the etiology of alcoholic liver disease.16.17.22 This 
concept is further supported by recent animal studies which demonstrated 
that, in the presence of alcohol, normally innocuous doses of endotoxin 
become toxic and result in severe liverdamage.23 Hypoxia, such as reported 
for centrilobular hepatocytes in rats acutely dosed with ethanol,3,5 also 
potentiates the hepatotoxicity of endotoxin.24 

Endotoxins, lipopolysaccharides of the cell walls of gram-negative bac
teria, have manifold toxic and, in low concentrations, beneficial effects.25-28 
Kupffer cells are the principal site for the removal of circulating endotox
ins from the blood.29-33 Following the endocytosis of endotoxin, a variety 
oftoxic and beneficial mediators are released from Kupffer cells, as well as 
other macrophages. Among the mediators produced are tumor necrosis fac
tor (1NF), interleukin-l (IL-I), eicosanoids, and reactive free radicals. These 
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are thought to participate in the host response to endotoxin (reviewed in 
ref. 31). Although high concentrations of endotoxins, such as are found dur
ing gram-negative sepsis, usually precipitate a toxic response including he
patic microvascular and parenchymal dysfunction, low levels of gut-derived 
endotoxin such as normally found in the portal blood, may contribube to 
nonspecific resistance by modulating Kupffer cell activity (reviewed in ref. 
31). Unfortunately, little is known about the role of these substances in 
mediating blood vessel and cellular injury in the liver during health as well 
as in the presence of alcohol and/or infection. 

At the microcirculatory level, limited knowledge exists about 
alcohol-induced alterations in the hepatic microvasculature, how such al
terations are exacerbated in the presence of endotoxemia and/or infection, 
and the role played by Kupffer cells in these processes. The few published 
in vivo microscopic studies report that acute, oral administration of ethanol 
to rats increases both portal and hepatic arterial blood flow resulting in an 
average net increase in the velocity of erythrocyte flow through the sinuso
ids.2-5 The increased flow in the sinusoids, however, was heterogeneous, 
with some sinusoids exhibiting dramatic increases in cellular velocity, 
whereas others had little or no increase and some a decrease. As a result, 
some centrivenular areas became hypoxic while others exhibited an increase 
in oxygenation.2-5 There are no reports of in vivo microscopic examination 
of livers in animal chronically ingesting ethanol. 

Owing to this lack of knowledge concerning the microvascular 
pathophysiology induced in the liver by acute and chronic alcohol alone or 
in the presence of endotoxin and/or infection, we initiated studies to eluci
date the hepatic microvascular responses, including Kupffer cell function, 
during these conditions. This chapter summerizes our methodology for high 
resolution in vivo microscopy of the liver and the observed dynamic re
sponses of hepatic microvasculature to acute intragastric ethanol adminis
tration in mice alone or in combination with endotoxin. 

In Vivo Microscopic Methods 
Basic Methods 

The basic methods that have been used to study the living liver with 
the light microscope include examination of surgically exposed organs in 
situ or as isolated, perfused preparations.34 Each method has advantages as 
well as limitations. 
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Microscopic study of surgically exposed organs in situ usually per
mits high resolution examination of the microvasculature with its supply
ing vessels and nerve supplies intact However, these preparations are subject 
to movements induced by the heart, respiratory, and gastrointestinal sys
tems, which, at times, can preclude critical microscopic study of the liver. 
Another limitation is the requirement to use anesthesia, which limits the 
duration of the study to relatively short periods of time (2-12 h). In spite of 
these limitations, the use of such methods has resulted in a better under
standing of the structure and function of the microvasculature in the liver 
under a variety of experimental conditions. Although most such studies 
have been of the intact liver in situ, the isolated, perfused liver35 also is a 
suitable candidate for high resolution in vivo microscopy. Such prepara
tions are not subject to induced movements and permit critical control of 
blood pressure and flow. However, they usually are of very short duration 
since structural and functional deterioration frequently becomes evident 
afterl-2 h. 

The livers of a variety of small laboratory animals, including rats, 
mice, hamsters, rabbits, and guinea pigs, can be studied by light micros
copy using transillumination of relatively thin (3-5 mm) areas of the 
organ. Thicker areas of the organs in these species as well as the thicker 
livers of larger animals such as cats, dogs, and monkeys can be examined 
only by epi-illumination. It should be noted, however, that the resolution 
obtainable using epi-illumination usually is inferior to that realized with 
transillumination.34 

Transillumination Methods 

1\vo basic methods of transillumination have been used for light mi
croscopy of the spleen. These include the use of quartz, glass, or plastic 
light rods or fiber optic light guides, which generally are not focusable; 
alternatively, a focusable condenser contained on a modified compound 
microscope is used. Although the first method permits microscopic exami
nation of the organ in its normal anatomical position, examination at high 
magnifications with good resolution rarely is possible. As a result, most in 
vivo microscopic studies of the microvasculature of the liver during the 
past 30 yrs have used a modified compound trinocular microscope.l,31,34 

The compound trinocular microscope normally is equipped for both 
trans- as well as epi-illumination of the organ to be studied. After the ani-
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mal is anesthetized, the liver is exteriorized through a left subcostal inci
sion and positioned over a window of optical grade mica or glass in a spe
cially designed tray mounted on the microscope stage. The tray has provision 
for the drainage of irrigating fluids, and the window overlies a long work
ing distance condenser. The liver is covered with a piece of Saran or Mylar 
film, which sometimes is cemented to a moveable V-shaped metal or plas
tic frame. The Saran or Mylar holds the organ in position and limits move
ment induced by the heart, respiration, and intestines, yet it is flexible enough 
to avoid compression of the underlying hepatic microvasculature. In addi
tion, the plastic film helps to maintain homeostasis by limiting exposure of 
the surface of the organ to the external environment. Homeostasis is further 
insured by constant suffusion of the organ with Ringer's solution, which is 
maintained at body temperature by proportional regulating heaters elec
tronically clamped to rectal temperature. Once the organ is exteriorized and 
positioned on the window overlying the substage condenser, it is trans
illuminated with selected wavelengths of monochromatic light between 
400 and 800 nm obtained by placing a monochromater in the light-path 
between a broad spectrum xenon lamp and the substage condenser. The 
microscopic images of the microvasculature and its surrounding tissue are 
secured at magnifications up to 1500x using both dry and water immersion 
objectives. The resulting optical images are either studied and photographed 
directly or are televised through a projection ocular (1.6-5.0x). A silicon or 
intensified silicon (SIT or ISIT) vidicon camera is used depending on the 
sensitivity and resolution required as well as the wavelenghts of light to be 
imaged. The resulting video images are either video taped or recorded on 
motion picture film using a camera whose motor is synchronized with the 
framing rate of the video system. 

The use of specific wavelengths of monochromatic light enhance defi
nition of cellular detail through the selective absorption or transmission of 
these wavelengths by specific tissue and cellular components. When such 
monochromatic, microscopic images are televised, the contrast between 
tissue and cellular components can be enhanced further by readjustments 
of the brightness and contrast controls on the video monitor. Thus, the 
images of a particular structure(s) can be enhanced or supressed depending 
on the wavelength of light selected and the adjustments of the television 
system. For example, the use of wavelengths of light that are selectively 
absorbed by hemoglobin contained in the circulating erythrocytes aids in 
the study of patterns of blood flow or the overall morphological organiza-
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tion of a microvascular bed in the organ, particularly at low or moderate 
magnifications. However, for studying the highly vascular liver at high mag
nifications, it is useful to transilluminate the organ at wavelengths of light 
between 575 and 750 nm to eliminate the absorption of light by the hemo
globin contained in the numerous erythrocytes flowing in the microvascu
lature. This not only increases the amount of light transmitted through the 
liver, but it also enhances the definition of the endothelium and other cellu
lar components. When such images are televised using a silicon vidicon 
having a peak spectral response between 600 and 800 nm, the following 
usually can be observed: differentiation of the microvasculature into portal 
and central venules, hepatic arterioles, and sinusoids; patterns of blood flow 
in these vessels; the shape and deformation of individual blood cells; dif
ferentiation of the endothelium of most vessels; identification of most cells 
contiguous with the microvasculature; and some cytoplasmic and nuclear 
detail. Under optimal conditions, the measured resolution is 0.3-0.5 ~m 
when using 80-100x water immersion objectives. 

Epi-Illumination Methods 

In addition to transillumination, the liver can be epi-illuminated through 
the objective lens using appropriate optics. As indicated earlier, the resolu
tion obtained using this method of illumination is considerably less than 
that obtained by transillumination. However, epi-illumination is particularly 
useful for studying the patterns and distribution of fluorescent probes of 
microvascular and cellular function. Potential uses of fluorescent probes 
include the study the phagocytic and endocytotic properties of Kupffer cells 
under a variety of conditions, the transport of material from the sinusoid 
into parenchymal cells, differences in the patterns between cellular and 
plasma flow, and entrapment of labeled leukocytes and tumor cells, and so 
on.1.34-41 For intensely fluorescing materials, epi- and transillumination can 
be combined to provide improved definition of the cellular localization of a 
variety of fluorescent probes. Alternatively, weakly fluorescing probes may 
first be imaged and recorded by epi-illumination and their localization sub
sequently identified by transillumination. In many cases, the use of inten
sified (SIT or ISIT) video cameras coupled with digitial image proceSSing 
and/or filtered techniques are necessary to obtain images of reasonable 
quality and for extraction of the desired information, especially if this in-
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formation is to be quantified. Such techniques are just beginning to be used 
in studying the microvasculature of organs by in vivo microscopy. 

In Vivo Microscopic Studies 
of the Effects of Ethanol on the Liver 

Initial experiments using endotoxin-sensitive NMRI mice dosed 
intragastrically with 1 glkg ethanol demonstrated a 31 % increase in the 
numbers of phagocytic Kupffer cells/microscopic field 1 h after ethanol 
ingestion. However, 5 glkg intragastric ethanol resulted in a 19% reduction 
in phagocytic Kupffer cells.42 In contrast, 5 g/kg ethanol elicited a 30% 
increase in the number of phagocytic Kupffer cells in endotoxin nonrespond
ing C3H1HeJ mice.42 Subsequently, more extensive experiments were con
ducted to better define the hepatic microvascular responses to different doses 
of ethanol and relate these to blood ethanol levels in C57B1I6 mice. 

Ethanol doses of 1 gm/kg of body wt in C57Bl/6 mice produced sys
temic blood ethanol levels of 0.1 % 30 min after dosing. Portal levels were 
not significantly higher than levels in systemic blood; by 3 h no detectible 
blood ethanol was found. In contrast, ethanol doses of 4 glkg of body wt 
resulted in blood levels of 0.35% by 30 min, these levels were still evident 
at 3 h but had dropped to 0.1 % by 6 h. Only modest changes in transaminases 
were detected even at the highest doses (5 glkg of body wt) of acute ethanol 
administration with these values remaining in the normal range.43,44 

Based on these results, the hepatic microvascular responses to a single 
acute low (1 glkg of body wt) and high dose (4 glkg of body wt) of intragastric 
ethanol was studied in more detail by high resolution in vivo microscopy at 
30 min and 3 h after dosing.43,45 Similar examinations were made of con
trol animals dosed with isocaloric sucrose in water. The high dose of etha
nol (4 glkg) elicited hepatocellular damage as evidenced by the formation 
of vacuoles and/or swollen organelles, endothelial cellular swelling, and 
transient plugging of sinusoidal blood flow by leukocytes. Following chal
lenge with a standardized iv dose of 1.0 J1lIllatex particles, there appeared 
to be less uptake by Kupffer cells although the number of phagocytic cells 
was not significantly different from controls. Although the low dose of etha
nol (1 glkg) elicited considerably less change in the microcirculation, it 
did elicit a 63% enhancement of phagocytosis of latex particles by 
Kupffer cells.43,45-47 The number of phagocytic Kupffer cells also increased, 
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particularly by 3 h when the blood ethanol level had returned to undetect
able levels. Further evidence of Kupffer cell activation was provided by a 
128% increase in the clearance rate of a bolus injection of endotoxin from 
the blood of the animals treated with 1 glkg ethanol.46,47 Kupffer cells are 
the principal site for such clearance.30,33 

These studies demonstrated that an acute single dose of ethanol dif
ferentially affects the hepatic microvascular system, including Kupffer cell 
phagocytic function, in a dose dependent manner. That ethanol affects 
Kupffer cell function is evident from enhanced phagocytic activity elicited 
by low doses of ethanol and the lack of effect or suppression of phagocytosis 
with high doses. Since the latter responses were not seen in endotoxin 
nonresponsive mice where enhanced phagocytosis was observed instead, 
the effects of ethanol on phagocytic activity appear to depend on the state 
of Kupffer cell activation, which is low in C3H1HeJ mice.37,38 Differential, 
dose dependent effects on Kupffer cell phagocytic function also are elicited 
by both endotoxin and TNFa,31,36-41 suggesting a possible role for these 
substances in the responses to ethanol. 

Many of the microvascular events, e.g., endothelial cellular swelling, 
leukocyte adhesion, and plugging of sinusoids, also mimic responses elic
ited by injection of endotoxin and tumor necrosis factor alpha (TNFa), as 
well as sepsis.31,36-41 Since endotoxin was not detected in the plasma of mice 
acutely treated with ethanol and all of these events were eliminated when 
anti-mouse TNF was administered prior to ethanol,45-47 TNF released from 
Kupffer cells is strongly suggested to be responsible for the intravascular 
events elicited by ethanol. Further evidence is provided by the observation 
that ethanol failed to elicit leukocyte adhesion to the endothelium of C3H1HeJ 
mice whose Kupffer cells and other macrophages do not produce TNF. It 
should be noted, however, that leukocyte adhesion can be elicited in these 
mice by the administration of exogenous TNF.40 Taken together, these data 
support the reported involvement of TNF in the hepatic response of mac
rophages to ethanol.48,49 
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and Ralph E. Tarter 

Introduction 

For years it has been known that individuals with subclinical portal 
systemic encephalopathy manifest features that are common to a number 
of psychiatric problems. These include euphoria, depression, mental slow
ing, inappropriate affect, and disturbances of behavior as well as sleep. It is 
not surprising, therefore, that patients with advanced liver disease having 
low-grade unrecognized, or subclinical portal systemic, encephalopathy are, 
on occasion, inappropriately admitted to psychiatric facilities. 1-4 Among the 
most frequent psychiatric diagnosis assigned to such individuals are anxiety 
reaction, psychotic depression and hysteria.5 Moreover, patients with sub
clinical hepatic encephalopathy have mistakenly been diagnosed as having 
psychomotor epilepsy, a frontal-lobe tumor, narcolepsy, Parkinson's disease, 
multiple sclerosis, or cerebral arteriosclerosis.3- 5 

Traditionally, portal systemic encephalopathy has been graded into 
four categories, based on the findings of a clinical examination.6 If no ab
normality consistent with clinical encephalopathy is present, a grade of 0 is 
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assigned. It is important to note, however, that cerebral dysfunction fre
quently can be demonstrated in such individuals when sophisticated 
neuropsychological tests are utilized to identify the presence of a subclini
cal encephalopathy. A grade of 1 is assigned if the individual exhibits a 
shortened attention span, is unable to perform simple mental operations ef
ficiently, and has symptoms of anxiety. A grade of 2 is assigned if the indi
vidual demonstrates apathy, time disorientation, inappropriate behavior, and 
personality changes. Progression into the next stage of severity, identified 
as grade 3 encephalopathy, occurs with the emergence of features of 
semistupor, somnolence, confusion, and spatial disorientation. The final 
stage, stage 4, or true coma, occurs when the patient is unresponsive. 

In a variety of different studies, psychological tests of cognitive ca
pacity have been shown to be sensitive measures for detecting cerebral 
dysfunction (the presence of an encephalopathy) that is not otherwise 
Clinically demonstrable. Such testing procedures have been shown to be 
particularly valuable in detecting subclinical encephalopathy in indi
viduals with chronic liver disease. Elsass, Lund, and Ranek7 compared 
eight cirrhotics who had undergone a portacaval shunt with eight cir
rhotic individuals who had not undergone such a procedure, in order to get 
evidence of hepatic encephalopathy. They demonstrated that the shunted 
group was more impaired than was the nonshunted group on four of 
seven tests of cognitive functioning that were administered. The differences 
between groups were most apparent on tests that assessed visuospatial ca
pacity, but were also evident on tests of verbal memory. In another investi
gation comparing alcoholic individuals with and without cirrhosis, 
Gilberstadt et al.8 obtained evidence for visuospatial deficits in the former 
group from abnormal scores on the W AIS performance subtest and the 
trailmaking test, a writing-speed and reaction-time test. Overall, 50% of 
the cirrhotic subjects that were examined exhibited some impairment on at 
least one test and obtained a nonverbal IQ that was, on average, 10 points 
lower than that of the noncirrhotic subjects studied. When five commonly 
assessed measures of liver injury were compared between these two groups 
of alcoholic individuals, the serum levels of albumin, 'Y-globulin, the pro
thrombin time, leG retention time at 20 min and blood ammonia levels 
were able to account for 23-56% of the variance in performance abnor
malities exhibited in the cognitive tests utilized in this investigation. How
ever, the best predictor of neuropsychological test performance was the 
serum albumin level. 
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More recently, controlling for the untoward effects of alcohol abuse, 
Tarter et al. compared a group of 30 biopsy-proved nonalcoholic patients 
with cirrhosis to a group of patients with Crohn's disease and without liver 
disease.9 The latter disease group was selected as a control for this study 
because it controls for the effects of chronic illness as a contributing factor 
to the measured cognitive performance being assessed. Moreover, the phy
sicians caring for such patients and the major medical therapy (glucocorti
coids) utilized to treat individuals with Crohn's disease are the same as those 
used to treat individuals with cirrhosis. The results of this study demon
strated that individuals with cirrhosis demonstrate deficits on tests that 
measure visuospatial praxis and perceptual motor capacity. In contrast, in
tellectual ability, assessed by the Peabody picture vocabulary tests and 
Raven's progressive matrices, as well as language and memory and memory 
capacity, were normal in the cirrhotic subjects who were studied. 

Individuals with different types of liver disease have been compared 
on a battery of neuropsychological tests to determine if the cerebral dys
function present in such individuals varies according to the type of liver 
disease.10 Indeed, the cognitive impairments identified were found to vary 
according to the pathogenesis of the liver disease. Thus, the nature and the 
severity of the neuropsychological abnormalities present in individuals with 
liver disease appear to vary as a function of the pathogenesis of the liver 
disease and, presumably, also of the specific pathophysiologic mechanisms 
responsible for the liver disease. 

Specifically, three different groups of cirrhotic subjects were studied. 
The first consisted of individuals with postnecrotic cirrhosis (viral and au
toimmune liver disease); the second consisted of individuals with advanced 
cholestatic liver disease (primary biliary cirrhosis and primary sclerosing 
cholangitis); and the third consisted ofindividuals with alcohol-induced liver 
disease. 10 All the subjects studied had, at the time of study, a clinical rating 
of either 0 or 1 for the degree of encephalopathy that they manifested utilizing 
the criteria of Parsons-Smith et al.6 A comprehensive battery of neuropsy
chological tests was administered to each subject. Each of the individual 
tests comprised in the test battery previously had been shown to be a sensitive 
measure for detecting and quantitating cerebral dysfunction. Language, at
tention, hearing, memory, visuospatial abstracting, and psychomotor pro
cesses were evaluated. 

The cogniti ve impairments detected were not the same across all study 
groups. A progression of impairments was found from those with cholestatic 
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liver disease to those with hepatocellular liver disease and finally to those 
with Laennec's (alcohol-induced) cirrhosis. 10 The percentage of tests out
side the normal range was 20% for individuals with cholestatic liver dis
ease, 32% for those with postnecrotic cirrhosis and 37% for those with 
Laennec's cirrhosis. Utilizing chi-square analysis, it could be demonstrated 
that individuals with alcoholic cirrhosis and with postnecrotic cirrhosis per
formed statistically more poorly than did a group of control individuals with 
Crohn's disease (a group with a chronic gastrointestinal disease, whose 
medications and physicians were as to those of the cirrhotic patients, but 
who were without demonstrable liver disease). It is of some interest to note 
that the deficits detected were not present for all the cognitive processes 
assessed in any of the three different groups of patients with liver disease. 
Specifically, none of the liver-disease groups differed from the Crohn's
disease control group on tests evaluating language, indicating that their 
communication capabilities were unaffected by the presence of liver disease. 
However, the three liver-disease groups were clearly distinguishable from 
the chronic Crohn's-disease control group on several cognitive measures. 
Specifically, individuals with both Laennec's cirrhosis and postnecrotic 
cirrhosis and, to a lesser degree, individuals with cholestatic liver disease, 
were found to be impaired on tests assessing attention and concentration. 
None of the three liver-disease groups differed from each other on the tests 
assessing these particular functions. This suggests that the deficits found in 
attention and concentration in these subjects represent deficits specific to 
liver disease, rather than deficits that are pathophysiologically specific. On 
tests of cognitive capacity, however, differences among the three different 
liver-disease groups were identifiable. Specifically, on tests of perceptual 
motor capacity, the alcoholic individuals with cirrhosis scored less well than 
did those with cholestatic liver disease, but comparably to those with 
postnecrotic cirrhosis. On tests evaluating learning and memory, individuals 
with cholestatic liver disease were found to be less impaired than were in
dividuals with alcoholic cirrhosis. 

The reasons underlying these group differences remain unclear, but 
appear to be related to the differing pathophysiologic consequences of the 
primary liver disease characterizing each group.4,lO Thus it appears quite 
plausible that distinctive biochemical and metabolic disturbances associ
ated with either cholestatic or hepatocellular liver disease selectively cause 
specific neuropsycholocigal dysfunctions. Presumably because individuals 
with Laennec's cirrhosis demonstrate the effects of liver disease per se as 
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well as the neurotoxic effects of alcohol, the severity of cerebral impair
ment present in this group was greatest.10-12 

In another study using neuropsychological tests that measure 
visuopractic capacity, visual scanning, and perceptual motor speed, it was 
found that individuals with chronic nonalcoholic cirrhosis were impaired 
compared to individuals with a chronic medical illness.9 Specifically, when 
30 individuals with chronic nonalcoholic cirrhosis were compared to 10 
patients with Crohn's disease, the individuals with nonalcoholic cirrhosis 
performed less well on the symbol digit modalities test, a measure of speed 
of visual scanning and of repetitive motor responding. The subjects with 
cirrhosis also had more difficulty assembling blocks into various spatial 
configurations than did the controls. In addition, they performed less well 
than controls on the Purdue pegboard, a test of perceptual motor speed. 
Moreover, they required more time than the controls to complete the 
trail making test and the tactual performance test. Although no differences 
in recalling the shapes of the blocks was noted, individuals with cirrhosis 
were less able to remember the location of the figures on the board than 
were the controls. In contrast to the difference in time required to complete 
the perceptual motor speed tests, simple motor speed tests were performed 
at the same rate by individuals with cirrhosis and those with Crohn's disease. 

When the psychiatric status of the cirrhotic individuals was evaluated 
using the Minnesota Multiphasic Personality Inventory (MMPI), they did 
not exhibit any more disturbances than did individuals with Crohn's dis
ease.9 This finding indicates that the neuropsychological deficits recognized 
in cirrhotic individuals cannot be a consequence of their being more emo
tionally disturbed than the controls. In fact, on a 16-factor personality ques
tionnaire, individuals with Crohn's disease reported more disturbances than 
did individuals with cirrhosis.9 However, utilizing the sickness impact pro
file, individuals with nonalcoholic cirrhosis report more disturbances in sleep 
and rest, body care and movement, and recreation and pastimes, and expe
rience more physical dysfunction than do controls with Crohn's disease.9 

Because computed tomography (Cn scanning provides the opportu
nity for in vivo examination of the brain for structural abnormalities that 
can be clinically identified, and because quantitation of the relative position 
and distances between identifiable cerebral nuclei and the size and volume 
of the ventricles, and of the presence of cortical sucal widening can be ac
complished, this modality provides unique information about the mor
phology of the brain that is not otherwise detectable. Thus, a formal CT 
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scan study of the brain of individuals with stable cirrhosis has been per
formed recently. 13 

Specifically, 49 nonalcoholic cirrhotic individuals, 20 of whom had 
hepatocellular disease (either postnecrotic cirrhosis or autoimmune chronic 
active hepatitis) were compared with 29 patients with advanced cholastatic 
disease (either primary biliary cirrhosis or sclerosing cholangitis). The 
CT scans were performed in a standard manner using a GE 9800 scanner; 
serial scans were obtained at to-mm intervals through the entire head 
on a plane parallel to that of the planum sphenodale. During the scanning 
procedure, diatriazoate megulamine iodinated contrast medium was admin
istered intravenously to all of the subjects studied. Moreover, for each vari
able assessed, three independent measurements were obtained and a mean 
score was computed. 

Even more recently, alcoholics with cirrhosis have been compared to 
nonalcoholics with cirrhosis in terms of their performance on a panel of 
neuropsychological test procedures to determine whether prior alcohol abuse 
adversely affects the neuropsychological test performance beyond that effect 
attributable to the presence of a subclinical hepatic encephalopathy associ
ated with stable cirrhosis.12 In this study, 24 individuals with Laennec's 
cirrhosis were compared to 26 subjects with postnecrotic cirrhosis. The group 
of alcOllOlics with cirrhosis had a mean age of 41 yr and an educational 
level of 13.5 yr on average. The mean estimated WAIS IQ was t07 for the 
alcoholics; those with postnecrotic cirrhosis had a mean age of 44 yr, 14.9 
yr of formal education, and an estimated W AIS IQ of 110. The results ob
tained by both of these groups were compared to those of a group of 18 
community-dwelling normal men, recruited by advertisement, who had a 
mean age of 39 yr, an educational level of 14 yr and a WAIS IQ of 112. 
Specifically, a battery of 18 neuropsychological test procedures was utilized, 
and the three groups were compared using one-way analysis of covariance. 
Significant group effects were found for the trailmaking test (both parts A 
and B), symbol digit, digit span forward, Benton vision retention test, Brown
Peterson memory test, Stroop test, and grooved pegboard (dominant hand). 

The results were evaluated further using a set of orthogonal constructs 
comparing the control group vs the liver-disease groups and the alcoholic 
cirrhotic group vs the nonalcoholic cirrhotic groUp.12 In all cases, the nor
mal controls differed from the combined liver disease groups (p < 0.05). 
The alcoholic and nonalcoholic cirrhotic groups differed significantly only 
on part B of the trail making test (p < 0.05). Thus, the neuropsychological 
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test performance of alcoholics with cirrhosis was found to be essentially 
equivalent to that of nonalcoholics with cirrhosis. This finding clearly 
documents that individuals with cirrhosis and those with coexisting alco
holism performed similarly on a battery of neuropsychological tests. Thus 
it appears as if the presence of liver disease, more than the problem of al
coholism, determines the neuropsychological deficits found in cirrhotic al
coholics.12 It is noteworthy that a gradation of impairments between the 
groups was evident on certain tasks. Although not reaching statistical sig
nificance, the results of three different tests suggested that certain cognitive 
processes may be more impaired in alcoholics, implicating an independent 
effect of alcohol abuse on test performance. Nonetheless, it appears that 
the presence of advanced liver disease is more important than alcoholism 
in determining the overall neuropsychological deficits found in cirrhotic 
alcoholics. In this regard, it is interesting to note that recent studies of 
medically intact alcoholics have failed to reveal any substantial impairment 
on neuropsychological test performance.14,15 The demonstration that liver 
disease underlies a large portion of the cerebral dysfunction found in alco
holics has important ramifications for alcohol treatment programs. 16 

In a recent clinical investigation, an attempt was made to determine 
whether routinely obtained measures of hepatic injury correlated to or ac
counted for the latency scores obtained using event-related evoked poten
tials in cirrhotic individuals who were not overtly encephalopathicP 
Fifty-eight nonalcoholic cirrhotic individuals were studied. Each had cir
rhosis proved by liver biopsy. In addition, a panel of five routine measures 
of hepatic injury or function was obtained on each. These included measures 
of serum albumin, serum globulin, prothrombin time, fasting blood am
monia, and ICG retention at 20 min. Each subject underwent a visual evoked
potential examination, brain stem auditory evoked-potential recording, and 
median nerve somatosensory evoked-potential recordings. All of the evoked
potential recordings obtained were in the normal-mildly-abnormal range 
when control values obtained in neurologically intact individuals were used 
for the comparisons. When univariate correlations between the hepatic injury 
measures and the evoked-potential latency scores were obtained, no asso
ciation among the various variables was evident. When multiple-linear
regression analysis was undertaken, however, it was found that the ICG 
retention correlated to the latency in the visual and brain stem auditory 
evoked-potential responses, indicating that this measure of hepatic injury, 
in the absence of overt, clinically evident hepatic encephalopathy, is a sen-



582 Van Thiel and Tarter 

sitive biochemical measure of subtle neurophysiologic disturbance as de
tected by visual and auditory evoked-response latency recording. 

In an additional study, similar evoked-potential recordings were ob
tained in 116 individuals with advanced liver disease.18 The same biochemi
cal measures of hepatic injury and function were related to the short-latency 
evoked potentials and were found to correlate only poorly to the presence 
of subclinical neuropsychologically demonstratable hepatic encephalopa
thy. Prior studies had shown that individuals with nonalcoholic cirrhosis, 
who did not otherwise demonstrate evidence of hepatic encephalopathy, 
perform abnormally on neuropsychological tests.9 These findings have been 
interpreted to reflect the presence of a subclinical form of hepatic encepha
lopathy in those with cirrhosis. 

Other studies have shown that biochemical measures of hepatic in
jury can, to some extent, predict performance on certain neuropsychologi
cal tests. ll However, the interpretation of these latter studies is difficult, 
since both the type of patients and test measures utilized have varied, and 
multivariate procedures have not been used. To address this issue, 79 pa
tients with advanced liver disease, either primary biliary cirrhosis or 
postnecrotic cirrhosis, were investigated, employing both univariate and 
multivariate statistical procedures to determine which of five measures of 
hepatic injury or function thay are in common use reflect the presence of 
subclinical hepatic encephalopathy as detected by a battery of neuropsy
chological tests.19 None of the patients studied in this investigation had a 
current or lifetime history of psychiatric illness, nor was there a history of 
alcohol or other substance abuse, neurologic injury, or other complicating 
medical disorder that might confound the results obtained on the neuropsy
chological test procedures. The study population had a mean age of 43 yr 
and spanned the socioeconomic spectrum, with the typical subject being a 
member of the middle class and having 14 yr of formal education. Impor
tantly, the neuropsychological and biochemical measures obtained were 
collected within a 72-hr time-period. The five tests evaluating hepatic func
tion consisted of the serum albumin level, the serum 'Y-globulin level, the 
prothrombin time, leG retention at 20 min, and the fasting blood ammonia 
level. Twelve separate indices of neuropsychological performance were as
sessed. These included tests evaluating visuospatial and psychomotor pro
cesses, functions known to be abnormal in subjects with subclinical hepatic 
encephalopathy. The administration of the test battery required only 30-40 
min and was conducted in a single session. Subjects with liver disease per-
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formed on the border line between normal and mildly impaired individuals 
on most of the neuropsychological tests utilized. More severe hepatic in
jury was found to be associated with greater neuropsychological test per
formance impairment. The serum albumin level correlated to five of the 12 
neuropsychological test variables; the prothrombin time correl<l;ted to four. 
The 'Y-globulin level, the ammonia level, and ICG retention at 20 min each 
correlated with only one test variable. A stepwise multiple-regression analy
sis revealed that the prediction of an impaired neuropsychological test per
formance was substantially enhanced when all five variables were included 
in the analysis. Significant correlations were obtained for nine of the 12 
neuropsychological measures, indicating that liver-injury status predicts a 
substantial amount of the test-score variance on a wide variety of neuro
psychological performance measures. The serum albumin was the most 
powerful predictor. Of the nine significant correlations, it entered the re
gression equation first on five, and second for two. The prothrombin time 
was the second-most-important predictor of an encephalopathic process and 
entered the regression equation first for two neuropsychological variables 
and second for five others. Considering the multifactorial pathogenesis of 
subclinical portal systemic encephalopathy, the good physical condition of 
the subjects studied, and the absence of overt neurologic disease, it is re
markable that these five routine tests of hepatic injury could account for 
such a substantial proportion of the variance observed on the various neu
ropsychological tests used to assess cerebral dysfunction.19 Especially in
teresting was the observation that the fasting serum ammonia level was the 
poorest predictor of an encephalopathic process. The serum ammonia level 
has been considered for decades to be the primary cerebral toxic agent in 
hepatic encephalopathy. Nonetheless, the serum ammonia level did not iden
tify the presence of a subclinical encephalopathy in the cirrhotic individu
als studied or even contribute a significant amount of variance on the test 
measures of identified cerebral dysfunction. Together, the serum albumin 
and the prothrombin time provided the most powerful estimate of an 
encephalopathic process. Clearly, any encephalopathic process occurring 
as a consequence of advanced liver disease has a multifactorial basis, and, 
although the albumin level and prothrombin time may account for a large 
portion of the variance observed on neuropsychological measures, they alone 
are not responsible for the cognitive deficits present in individuals with sub
clinical hepatic encephalopathy. It should be emphasized that, in aggregate, 
the five biochemical measures utilized explained <30% of the total vari-
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ance observed for the measured neuropsychological test performance. This 
finding underscores the complexity of the metabolic factors responsible for 
hepatic encephalopathy, but also suggests that the encephalopathic process, 
as measured by neuropsychological tests, may be attributable to factors other 
than those that assess liver injury.19 Thrter and Alterman,20 have concluded 
that the cognitive deficits observed in alcoholics are multifactorial in origin 
and are not attributable to alcohol neurotoxicity only, but also reflect a dis
ruption of other organ systems that affect cerebral functioning. 

The relationship between alcohol-induced liver disease and cognitive 
dysfunction in alcoholics has only recently been examined in any detail. In 
one study, the magnitude of the cerebral atrophy present in alcoholics, as 
determined by computed tomography was found to vary with the severity 
of their liver disease.21 In two other studies, the electroencephalographic 
abnormalities present in alcoholic individuals were found to be more pro
nounced in those with cirrhosis than in those without cirrhosis.22,23 Despite 
these findings, it must be noted that, in general, alcoholic and nonalcoholic 
individuals with cirrhosis perform similarly on various cognitive tests. Based 
on these findings, at least two independent groups of investigators have 
concluded that cirrhosis more than alcohol abuse, is responsible for the 
cognitive impairments present in alcoholics with liver disease.24,25 To as
sess this observation in greater detail, 15 alcoholics with biopsy-confrrrned 
cirrhosis and a mean age of 44 yr completed a neuropsychological test battery 
during which time a panel of biochemical measures assessing hepatic 
function, including serum values for aspartate transaminase (SOOn, alanine 
transaminase (SOPT), alkaline phosphatase, total bilirubin, albumin, 
globulin, prothrombin time, fasting blood ammonia, and lCO retention at 
20 min were determined. 11 Significant correlations between these biochemi
cal measures of liver function and cognitive-performance measures were 
obtained. The degree of abnormality of the alanine transaminase level cor
related significantly to four of the cognitive variables, whereas the prothrom
bin time and fasting blood ammonia level each correlated to three. The 
aspartate transaminase level, alkaline phosphatase, and ICO retention at 20 
min each correlated with two cognitive-test measures. The bilirubin, albu
min, and 'Y-globulin levels each correlated to only one. All but four of the 
correlations were circumscribed to visuospatial and memory processes, sug
gesting an association between these particular capacities and the severity 
of the liver disease present. This study suggests that biochemical measures 
of hepatic dysfunction can account for a significant amount of the variance 
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observed in cognitive test performance scores obtained by individuals with 
alcohol-associated cirrhosis. 

Similar results have been reported by Gilberstadt et al.8 It is notewor
thy that the correlations in the Gilberstadt study were also most prevalent 
on tests evaluating visuospatial and memory processes. These are precisely 
the types of tests on which alcoholics most frequently have been demon
strated to perform poorly. Moreover, the magnitude of the correlations were 
rather substantial, accounting for 23-56% of the test variance. From these 
findings, it would appear that neuropsychological deficits commonly re
ported in alcoholics may be mediated as a consequence of hepatic dysfunc
tion and are not a consequence of alcohol neurotoxicity per se. ll ,24 

In vivo, the gross appearance of the brains of individuals with cirrho
sis has been shown to demonstrate evidence for both cerebral edema and 
cortical atrophy.13,26 In addition, correlations between individual CT vari
ables and an individual's performance on a neuropsychological test battery 
have been reported. Subjects in this study underwent a battery of neuropsy
chological tests including standardized measures of intelligence, language, 
attention, memory, visuospatial, and psychomotor capacities. Although not 
overtly encephalopathic, the patients with advanced liver disease exhibited 
quantifiable CT scan abnormalities. Specifically, when the sulci-width scores 
of the subjects with liver disease were compared to those of published norms, 
it was clear that the individuals with liver disease manifested cerebral atrophy 
confined to the anterior cortical regions. In contrast to these findings of at
rophy in the frontal areas, the nofifrontal sulci of these same patients were 
similar to those of normal individuals. However, when compared to pub
lished norms, individuals with chronic liver disease have been shown to 
have identifiable morphological abnormalities consisting of indices that 
include the bicaudate diameter, the bicaudate index, the maximum width of 
the third ventricle, and the cella media distance. Not all of the CT mea
surements that were assessed revealed abnormalities, however. The maxi
mum distance between the anterior horns of the lateral ventricles as well as 
the widths of the inner and the outer skulls, were similar in cirrhotics and 
the normal controls. When comparisons were made between the CT-scan 
appearance of the brain of patients with hepatocellular disease and those 
with cholestatic disease, no significant differences between the two groups 
could be identified. 

Because several of the psychometric tests utilized in the neuropsy
chological test battery utilized by Tarter et al. measure the same, or similar, 



586 Van Thiel and Tarter 

aspects of psychological functioning, a factor analysis of the data was per
formed. 13 The derived factor scores for each subject were then correlated 
to the individual's CT scores. Whereas univariate correlations illustrated 
that cerebral morphologic status was associated with an individual's per
formance on a given test, multivariate analysis demonstrated the degree to 
which each of the various CT parameters assessed were associated with 
empirically derived categories of cerebral dysfunction defined by mutually 
exclusive domains of neuropsychological test performance. All of the psy
chometric tests utilized in this investigation could be aggregated into three 
psychological categories. 13 Factor 1, which accounted for 62.8% of the to
tal pooled variance, received its highest loadings from tests measuring 
psychomotor efficiency. Factor 2, which accounted for 24.7% of the total 
variance, received its highest loadings from tests oflearning capacity. Factor 
3, which accounted for only 12.5% of the total variance, received its high
est loading from tests measuring perceptual motor coordination. When the 
factor scores obtained for each subject were related to the various CT scan 
variables assessed, widening offrontaI sulci correlated significantly to factor
I-comprising tests that measure attention, spatial capacity, expressive lan
guage fluency, and response-sequencing ability. These processes are known 
to be subserved primarily by frontal regions of the cerebrum; thus it is not 
particularly surprising that the identified anterior cerebral atrophy was as
sociated with poor performance on tests assessing these functions. The dis
tance between the tips of the anterior horns of the lateral ventricles correlated 
to factors 1 and 2, and the bicaudate diameter and bicaudate index were 
found to correlate to all three factors. The maximum width of the third 
ventricle correlated only to factors 1 and 3. The outer skull diameter was 
associated with abnormalities in learning and memory capacity. Overall 
psychomotor efficiency correlated to five independent CT variables, learn
ing capacity correlated to four and measures of perceptual motor coordina
tion correlated to three. 

The finding that gross cerebral morphologic abnormalities exist and can 
be recognized in patients with nonalcoholic cirrhosis has significant impli
cations. First, they indicate that, despite a normal appearance on a clinical 
neurologic examination, quantifiable neuroanatomical abnormalities can be 
identified on CT scans in individuals with nonalcoholic cirrhosis. Second, 
the absence of overt clinical neuropsychiatric manifestations by these sub
jects suggests that there must be an anatomic basis for the subclinical 
manifestations of hepatic encephalopathy identified in these subjects. It 
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remains to be determined whether any pharmacologic, dietary, or surgical 
intervention available for the treatment of chronic hepatic encephalopathy 
can either eliminate or ameliorate the anatomic abnormalitites identified. 
Such would be expected if the CT scan and neuropsychological disturbances 
identified actually were a consequence of a subclinical portasystemic en
cephalopathy and had a metabolic causation. 

This important study documented in vivo evidence of cerebral mor
phologic abnormalities in patients with advanced chronic liver disease in 
individuals who did not exhibit overt clinical signs or symptoms of hepatic 
encephalopathy.26 The changes from normal appeared to reflect the com
bined presence of cerebral atrophy and edema. Additionally, several CT 
indices could be correlated to the magnitude of the subclinical encepha
lopathy identified in the subjects studied using a battery of psychometric 
tests. Thus, these data suggest rather strongly that subclinical hepatic en
cephalopathy is not a neuropsychiatric disease characterized by a metabolic 
dysfunction alone, but also involves identifiable and quantitatable cerebral 
morphologic abnormalities. Moreover, these data provide an explanation 
for the impaired neuropsychological capacities found in patients with 
chronic liver disease who do not manifest clinical evidence of encepha
lopathy. Finally, it is especially noteworthy that the serum ammonia level, 
the biochemical factor commonly thought to be the principal cerebral 
toxic agent responsible for hepatic encephalopathy, was the least powerful 
chemical predictor of any of the CT scan abnormalities detected in the 
subjects studied.26 

The most recent innovative and radical treatment for portal systemic 
encephalopathy is orthotopic liver transplantation.27 This surgical proce
dure is offered principally to individuals with advanced chronic liver dis
ease who are no longer responsive to standard forms of medical therapy.28,29 
The effect of hepatic transplantation on portal systemic encephalopathy is 
not, as yet, entirely clear. However, in one small cadre of patients, no cog
nitive deficits were found in liver-transplant recipients when they were 
studied, on average, 1 yr after their transplant surgery.27 

Specifically, in a recent study, the results of neuropsychological test
ing in 10 individuals surviving orthotopic liver transplantation were com
pared with those of 10 medical controls with established, but stable, Crohn's 
disease.27 The two groups did not differ from each other on measures of 
verbal and nonverbal intelligence. However, the transplant patients per
formed significantly better than the patients with Crohn's disease at leam-
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ing associations on a 10-item list of word pairs. Accuracy of recall of the 
word-pair associations tested 30 min later was the same for both groups. 
On two perceptual motor tests, the transplant recipients performed signifi
cantly better than the control patients with Crohn's disease. The transplant 
recipients exhibited faster finger-tapping speed than the controls and also 
performed better on tests of perceptual motor speed. In contrast, the two 
groups did not differ in either attention or concentration capacities. Spe
cifically, the transplant recipients could repeat strings of digits (in both a 
forward and backward sequence), recite the alphabet, perform serial addi
tions, and count backwards as competently and as rapidly as the controls. 
Similarly, no differences between the two groups were evident on the star
drawing test, another assessment of perceptual motor performance. More
over, the transplant recipients performed as well as the controls in terms of 
the time it took to draw a star within a 114-in. boundary. The number of 
errors committed in performing the task was also comparable. In addition, 
no group differences were observed in the ability to sequentially match 
symbols with numbers. 

Tests of spatial organization also failed to discriminate between 
posttransplant survivors and individuals with Crohn's disease. Specifi
cally, no differences were noted in their ability to copy patterns with 
blocks or in their ability, when blindfolded, to place geometric blocks in 
a form board. 

Language capacities assessed by a subtest of the Boston Diagnostic 
Aphasic Examination were almost identical in the two groupS.27 Confron
tation naming, requiring the naming of common objects, and responsive 
naming, involving answering a variety of questions, were also similar. 
Fluency or speed of verbal output did not differ between the two groups. 
Finally, comprehension as measured by the token test, was the same for 
both groups. 

The MMPI profiles of surviving transplant recipients and controls re
vealed a significant difference only on the hypochondriasis scale. Interest
ingly, scores of the patients with Crohn's disease were in the more pathologic 
direction compared to scores of those surviving a liver transplant.27 The 
profiles of transplant recipients on the 16 personality-profile tests showed 
that they did not differ from the Crohn's disease controls on any of the 
personality scales. Finally, utilizing the sickness-impact profile, none of the 
scales discriminated between the transplant survivors and the controls with 
Crohn's disease. These data indicate that patients who survive orthotopic 
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liver transplantation are not impaired on measures of neuropsychological 
capacity when compared either with a medical-disease control group of 
stable individuals with Crobn's disease or with population norms. On mea
sures of psychiatric status and social functioning, they performed as well as 
individuals with Crobn's disease. However, when contrasted with values 
obtained by a normative population, the transplant recipients presented a 
profile of moderate anxiety, somatic distress, and concern.27 Moreover, rou
tines of everyday living were somewhat disrupted, as evidenced by the find
ing that their condition negatively affected sleep and rest, eating and appetite, 
and work capacity and recreation. Impairments of >20% were observed in 
each of these scales, on which a score at or near 0 would be a normal value. 
Thus, a generally good, but not normal, neuropsychiatric outcome for liver
transplant recipients was documented.27 

Recent studies have demonstrated that vitamin E deficiency is preva
lent in patients with chronic liver disease and that the magnitude of the 
measured vitamin E deficiency correlates directly to the severity of mea
sured visuomotor deficits.3o These investigations indicate that nutritional 
correlates of hepatic injury can account for a substantial proportion of the 
variance observed on certain neuropsychological test scores obtained by 
cirrhotics. This implies further that vitamin E deficiency rather than hepatic 
encephalopathy per se is the basis for at least some of the neuropsycho
logical dysfunction present in cirrhotic individuals with latent portal systemic 
encephalopathy. Vitamin E deficiency is known to produce neurological 
dysfunction; thus, its contribution to the neurologic dysfunction of indi
viduals with cirrhosis is not entirely unexpected.30,31 

The preceding is a brief overview of the current status of brain-liver 
interactions as seen in individuals with alconolism, alcoholic liver disease, 
other forms of liver disease, and before and after liver transplantation. Much 
has been learned in the last decade about the effect of nonneurologic organ 
dysfunction on brain performance. Much remains to be learned. It is antici
pated that the results herein reported will hasten the development of this new 
and evolving information and help to put it into perspective both for 
neurobehavioralists and for hepatologists, surgeons, and others who care 
for individuals with liver disease. 
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Morphine 
and Liver Damage 

Louis Shuster 

Introduction 

Recurring reports of a high incidence of liver dysfunction in narcotic 
addicts have led several investigators to examine the possibility that nar
cotic drugs, such as heroin and morphine, may be hepatotoxic. The over
whelming consensus is that most of the liver damage encountered among 
narcotic addicts is attributable to viral hepatitis contracted by the use of 
dirty needles. This conclusion is supported by the lack of hepatotoxicity in 
federal-prisoner patients who were injected with large amounts of sterile 
morphine under controlled conditions. 1 There is also no evidence of in
creased hepatotoxicity in addicts maintained on oral methadone.2 Con
versely, there is a correlation between the duration of exposure to hypodermic 
equipment and the cumulative incidence of liver disease.3 

Initial attempts to develop an animal model of morphine-induced liver 
damage used rhesus monkeys. The results were negative.4 However, sub
sequent work with rats and mice has yielded clearcut evidence that narcot
ics can produce liver damage. The intriguing aspect of this phenomenon is 
that, according to various investigators, as many as six different mecha
nisms may be involved. This review presents the evidence for and against 
the postulated mechanisms in the light of what is known about other drugs 
that are unequivocally hepatotoxic. 

From: Drug and Alcohol Abuse Reviews, Vol. 2: Liver Pathology and Alcohol 
Ed: R. R. Watson ©1991 The Humana Press Inc. 
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Narcotic-Induced 
Liver Damage in Rats and Mice 

Enzyme Changes and Histology in Rats 

Axelrod5 observed that chronic administration of morphine to rats 
decreased the ability of a liver fraction containing microsomes and soluble 
proteins to carry out the N-demethylation of morphine to formaldehyde. 
He postulated that the morphine-induced inactivation of morphine-me
tabolizing enzymes might serve as a model for changes in narcotic re
ceptors, leading to the development of narcotic tolerance in the central 
nervous system.6 Similar observations were made by other workers, who 
found that the decrease in metabolism was not specific to morphine, but 
could also be seen with other drugs metabolized by the mixed-function 
oxidase system, such as hexobarbital.7- 9 The main reason for the decline in 
enzyme activity is a decrease in the amount of cytochrome P-450 in the 
endoplasmic reticulum.9 

Gurantz and Correia10 found that the acute injection into rats of a 
single high dose of morphine (45-50mglkg ip) produced a loss of cyto
chrome P-450 as soon as 1 h after injection. This loss could be attributed to 
dissociation of the heme moiety and was followed by a three- to fourfold 
increase in microsomal heme oxidase activity. Morphine-injected rats also 
displayed evidence of hepatotoxicity in the form of two- to threefold in
creases in the activity of SGOT and SGPT. This change was prevented by 
the simultaneous injection of the narcotic antagonist naloxone. 

The initial impression was that these morphine-induced changes were 
limited to adult male rats. Kato et al. ll found that morphine pretreatment did 
not decrease the hydroxylation of hexobarbital in female rats, or in mice 
and rabbits of either sex. Even in male rats there was no change in aniline 
hydroxylation, an activity that, unlike hexobarbital hydroxylation, is not 
controlled by androgens. There was an interesting parallel between mor
phine treatment and adrenalectomy. Both treatments produced similar 
decreases in hexobarbital hydroxylation, but only in male rats.9,11 Thus, 
morphine administration seemed to decrease specifically only that form of 
cytochrome P-450 that is controlled by androgens in adult rats. Among 
other treatments that specifically decrease this form of cytochrome P-450 
are hypoxia, ACTH, formaldehyde, thyroxine, and repeated injection of 
epinephrine in oil. 8 
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Changes in Liver Function in Mice 

The sc injection of morphine into mice, in doses ranging from 5 to 40 
mg/kg, inhibits the hepatic clearance of both sulfobromophthalein, a dye 
that is conjugated to a glucuronide, and indocyanine green, a dye that is not 
conjugated. This inhibition is counteracted by naloxone. The involvement 
of a morphine metabolite appears unlikely, because methadone, which is 
metabolized by a different pathway from morphine, produces the same ef
fect. Cannulation experiments indicate that the effect of morphine is not 
attributable to biliary spasm.12 Hurwitz13 had previously shown that mor
phine inhibition of the clearance of phenol red in mice was mainly attrib
utable to a decrease in the apparent volume of distribution, rather than a 
lower rate of elimination. The relationship of these findings to narcotic
induced liver damage is still unclear. 

Liver Damage in Mice 
The broadening of the scope of morphine-induced hepatotoxicity re

sulted from a chance observation made with male ICR mice. Thureson
Klein et al. 14 were studying the brains of mice that had been implanted 
with pellets of morphine base. They observed that these animals had pale, 
fatty livers. Examination of liver sections by electron microscopy revealed 
a marked accumulation of lipid droplets and degranulation of the rough 
endoplasmic reticulum. The total extractable lipid content increased by 
100%. Similar changes were produced by the injection of morphine, 40 
mglkg, every 8 h. 

The same group of workers later showed that the implantation of 
morphine pellets in mice produced a twofold increase in SGPT and SGOT, 
which could be prevented by concurrent repeated injection of naloxone. 
Transaminase levels were increased about 50% by a single subcutaneous 
injection of morphine sulfate, 40 mglkg. The same increase could be pro
duced by injecting 20 Ilg of morphine sulfate by the intraventricular route. 
Elevation of transaminases after pellet implantation could be prevented 
completely by prior hypophysectomy or, to a lesser extent, by adrenalectomy. 
These results suggested that morphine may be affecting the liver indirectly, 
by acting on narcotic receptors in the central nervous system to activate the 
pituitary-adrenal axis. IS 

Further evidence for the role of narcotic receptors was provided by 
Needham et al. 16 By using a different strain of mice and increasing the dose 
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of morphine to 100 mg!kg, they obtained eightfold increases in SGOT at 
16-18 h after intraperitoneal injection. There was a correlation with narcotic 
potency. Levorphanol was hepatotoxic, but dextrorphan was not, and 
hydromorphone was more potent than morphine. Naloxone prevented liver 
damage when injected before morphine or up to 30 min afterward. Naloxone 
injected 60 min after morphine was ineffective. This observation suggests 
that the initial damage takes place within the first hour after morphine ad
ministration. Another indication that narcotic receptors play an important 
role was the observation that hydromorphone did not produce liver damage 
in mice that had been made tolerant to hydromorphone. Intracerebral in
jections of either morphine or the opioid peptide D-[Ala2]-met-enkephalina
mide elevated SGOT levels three- to fourfold. 16 

Figure 1 shows dose-related increases in SGOT after intracerebral 
injections of the enkephalin analog FK-3324 (tyr-D-ala-gly-mephe-met
(0)01). A strain of mice, CXBK, that has fewer narcotic receptors in the 
brain than C57BII6 mice,17 also showed considerably less liver damage from 
morphine. 16 

A possible role for ~-adrenergic receptors was indicated by the obser
vation that morphine hepatotoxicity was partially blocked by pretreatment 
with reserpine or by propranolol, a ~-blocker, but not by the a.-blocker 
dibenzyline.16 

In contrast to the findings in rats, liver damage from morphine was 
more pronounced in female C57BII6B By mice than in males. There was 
no sex difference in B6AF/J hybrids, and in Balb/cBy mice, the males were 
more sensitive.16 

Needham et al. also investigated the possible role of morphine meta
bolism in hepatotoxicity. Normorphine, the product of N-demethylation of 
morphine, was not hepatotoxic at a dose of 50 mg!kg. Pretreatment with 
phenobarbital, an inducer of cytochrome P-450, did not potentiate liver 
damage from morphine. Chloramphenicol, an inhibitor of mixed-function 
oxidases, provided partial protection. SKF 525-A, another potent inhibitor, 
did not protect at all. On the other hand, the latter compound was by itself 
hepatotoxic at a dose of 50 mglkg16 However, SKF 525-A has some 
narcotic activity that is partially reversed by naloxone18 and it has been 
reported to cause liver damage in dogS.19 

Liver damage from morphine and hYdromorphone, as indicated by 
both SGOT levels and staining of liver sections for fat, was considerably 
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Fig. 1. Effect of intracerebral injection of the enkephalin analog FK-3324 on 
SGOT levels. B6AF/J male mice were injected intraventricularly with 10)lL of the 
drug dissolved in O.15M NaCI. They were bled for determination of SGOT 18 h 
later. The SGOT level in saline-injected mice was 73 Karmen U/mL. Each value is 
the mean ± SEM for 3-6 mice. 

more pronounced in mice kept on pine shavings than in mice kept on corn
cob bedding. 16 The effect of exposure to pine bedding reached a maximum 
at 10 d, and was reversible (Fig. 2). Exposure to pine bedding is known to 
induce drug-metabolizing enzymes, and can potentiate markedly the hepa
totoxicity of cocaine by stimulating its conversion to an active metabolite.2o 

In summary, the experiments of Needham et al.16 suggest that, although 
central narcotic receptors playa key role in liver damage from morphine 
in mice, there may also be a component involving morphine metabolism 
in the liver. They did not observe an appreciable decrease in the hepatic 
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Fig. 2. Effect of changing bedding on the hepatotoxicity of morphine. C57BII 
6By male mice were kept on either pine or corn-cob bedding for 2 wk, then switched 
on day o. At various times after the changeover different groups were injected ip 
with morphine sulfate, 100 mg/kg, and bled 18 h later for the determination of 
SGOT. Each point represents the mean value for 5 mice ± SEM: (A) changed 
from corncob bedding to pine shavings. (8) changed from pine shavings to corn
cob bedding. Dotted lines represent values for saline-injected controls. 

cytochrome P-450 levels in mice injected with morphine. The follow
ing sections of this review deal with the mechanisms invol ved in liver dam
age from morphine. In the male rat, morphine metabolism appears to be of 
primary importance; in the mouse, the role of central narcotic receptors is 
more pronounced. 
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The metabolic activation ofhepatotoxins such as carbon tetrachloride 
and acetaminophen is believed to lead to the formation of free radicals that 
react with protein and with nucleophiles, such as glutathione. These reac
tions can be detected as covalent binding of hepatotoxin to cellular proteins 
and as a decrease in the concentration of reduced glutathione in the liver. In 
the case of acetaminophen, it has been postulated that a decrease of >80% 
in the concentration of glutathione in the liver leaves cells unprotected against 
free-radical oxidants such as peroxides and superoxide, that are produced 
in the course of normal metabolism. Oxidation of unsaturated fatty acids in 
cellular membranes and the release oflysosomal enzymes causes necrosis.21 

It was therefore intriguing that two groups of workers found that high 
doses of morphine and other narcotics lowered hepatic glutathione levels at 
the same time that they produced elevation of serum transaminase activi
ties in mice and rats.2Z,23 The changes produced by morphine, SKF 525-A, 
L-a-acetylmethadol, and propoxyphene were diminished or prevented by 
pretreatment with the narcotic antagonist naltrexone. However, it was not 
clear whether naltrexone was acting centrally, to block narcotic receptors, 
or peripherally, to inhibit morphine metabolism.22 

Pretreatment of rats with the cytochrome-P-450 inducer phenobarbi
tal potentiated the effect of morphine on serum transaminase levels, but did 
not affect the change in liver glutathione, and 3-methylcholanthrene, which 
induces cytochrome P-448, was without effect.23 

Metabolic Formation 
of a Glutathione Adduct 

The incubation of tritiated dihydromorphine with rat liver microsomes 
and NADPH led to covalent labeling of soluble and microsomal proteins. 
Labeling was inhibited by carbon monoxide, by naloxone, and by gluta
thione. Activation of morphine via N-demethylation followed by N-hy
droxylation was ruled out by the finding that normorphine and ethylmorphine 
(which is N-demethylated more readily than morphine) were much less hepa
totoxic than morphine.23 
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An adduct of tritiated morphine and glutathione was isolated from 
enzyme incubation mixtures and identified by proton NMR and mass spec
trometry as lO-a-S-glutathionyl-morphine.24 This structure was confirmed 
by additional studies on an adduct of activated morphine with N-acetyl
cysteine.25 The postulated metabolism of morphine to an active species that 
can react with both glutathione and proteins in illustrated in Fig. 3. The 
nature of the activation at the C-l 0 benzylic carbon has not yet been defined. 

Morphinone as an Active 
Metabolite of Morphine 

An entirely different metabolic activation step for converting morphine 
to a hepatotoxic metabolite has been proposed by Nagamatsu et al.26,27 They 
argue that morphine is oxidized at position 6 by a cytosolic dehydrogenase 
to morphinone, which can bind covalently to the sulfhydryl groups of both 
glutathione and proteins (Fig. 4). The LD50 of morphinone in mice was 
about 50 mg/kg, that is, one-tenth that of morphine. Pretreatment with 1 g/kg 
of either glutathione or cysteine protected mice against a lethal dose of 
morphinone (80 mg/kg), but not against morphine (700 mg/kg). Morphinone 
(30 mg/kg) produced a greater decrease in liver glutathione than the same 
dose of morphine or dihydromorphine. In vitro, morphinone, but not mor
phine, reacted rapidly with both glutathione and cysteine to cause the dis
appearance of free sulfhydryl groupS.26 This reaction is typical of a, 
p-unsaturated ketones. Nagamatsu et a1.27 also isolated a morphinone
cysteine conjugate from proteolytic digests of liver protein from mice that 
had been injected with morphine. 

Morphine-6-dehydrogenase was purified from guinea pig liver cytosol 
by Yamano et al.28 Both NAD and NADP served as cofactors. The enzyme 
oxidized morphine, nalorphine, normorphine, codeine, and ethylmorphine, 
but was inactive with dihydromorphine, and only slightly active with 
dihydrocodeine. At pH 7.4 the activity of the enzyme was only one-fifth 
that at pH 9.1 or 9.7. However, morphinone was identified as a metabolite 
of morphine in guinea pig bile and urine, showing that it is formed under 
physiological conditions. 

An interesting feature of morphine-6-dehydrogenase is that the same 
enzyme also functions to reduce naloxone to 6-a-naloxol. 29 For this reac
tion, either NADH or NADPH can serve as a cofactor. The pH optimum 
for naloxone reduction is 6.2-6.8. The enzyme has the general properties 
of a ketone reductase.3o In addition to naloxone, the enzyme also reduces 
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Fig. 3. Metabolism of morphine to an intermediate activated at C-10. This 
reaction scheme is based on Correia et al.24 
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naltrexone, morphinone, and oxycodeine. Dihydromorphinone and dihydro
codeinone are poor substrates, and other aliphatic and aromatic ketones 
were not reduced. The enzyme appears to be specific for the oxidation and 
reduction of position 6 of morphine analogs with an unsaturated bond at 
C-7,8 and/or a C-14 hydroxyl group. 

The addition of morphine to isolated rat hepatocytes at a concentration 
of 0.25 mM produced a 75% decrease in glutathione levels within 2 h.31 

This change was accompanied by a 20% decrease in viability. The same 
concentration of morphinone produced a complete loss of both glutathione 
and viability, as measured by the leakage of lactate dehydrogenase. The 
loss of glutathione in cells incubated with morphine was matched by the 
formation of a morphinone-glutathione conjugate. Naloxone prevented the 
formation of this conjugate and protected the cells against the toxic effects 
of morphine. Dihydromorphinone and normorphine produced only minor 
decreases in either glutathione levels or cell viability. 

In vivo experiments carried out in rats showed that naloxone prevented 
the decrease in liver glutathione and increases in serum transaminases fol
lowing morphine injections, but had no effect on the changes produced by 
morphinone. This finding suggests that naloxone protection against the 
hepatotoxicity of morphine is attributable to the inhibition of the formation 
of morphinone.31 

Codeinone as an Active 
Metabolite of Codeine 

Nagamatsu et al.32 have also described the metabolism of codeine by 
9000-g supernatant fractions of rat and guinea pig liver homogenates. The 
rat liver preparation produced codeinone, morphine, and norcodeine in the 
presence of NAD, but only the latter two metabolites in the presence of 
NADP. The guinea pig liver preparation made considerably less codeinone 
with NADP than with NAD. The acute toxicity of codeinone in mice was 
30 times greater than that of codeine. Nagamatsu et al.32 also postulated that 
codeinone could undergo further reduction of the 7,8-unsaturated bond to 
yield hydrocodeine, which could be reduced to 6-hydrocodol by morphine-
6-dehydrogenase. Subcutaneous injection of codeine (100 mg/kg) and 
codeinone (5 mg/kg) into mice produced a 10% decrease in hepatic gluta
thione levels. The simultaneous injection of naloxone (10 mglkg) prevented 
the decline after codeine, but not after codeinone. The injection of 10 mglkg 
codeinone produced death from convulsions within 2 h. This death was pre-
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vented by glutathione or cysteine (500 mglkg), but not by naloxone (50 
mg/kg). Naloxone did protect against the lethal effect of 200 mglkg co
deine. The finding that death from codeinone was prevented by injecting 
50 mg/kg phenobarbital suggests that the main toxicity of codeinone is at
tributable to its action as a convulsant, rather than to depletion of gluta
thione and liver damage.33 

The interpretation of codeine hepatotoxicity is complicated by results 
obtained with isolated rat hepatocytes.34 Hepatocytes exposed to codeine 
concentrations of0.25M or higher for 1 h or more displayed leakage ofLDH 
and a decline in GSH levels. There was no change in the content of NADPH 
or cytochrome P-450. The toxicity of codeine was not affected by pretreat
ment of the rats with phenobarbital, even though this treatment increased 
the level of cytochrome P-450. On the other hand, addition of the mixed
function oxidase inhibitor metyrapone at a concentration of 1.0 mM largely 
prevented the toxic effects of 0.5 mM codeine. The addition of methima
zole, an inhibitor of FAD-containing monoxygenase, potentiated damage 
from codeine. Ellington and Rosen conclude that a cytochrome P-450-
mediated pathway is responsible for the conversion of codeine to hepato
toxic intermediates.34 

Comparison of Postulated 
Metabolic Pathways 

The characteristics of the two pathways for metabolic activation of 
morphine are summarized in Table 1. The evidence supporting the mor
phi none pathway seems considerably stronger than that for C-lO oxidation. 
The morphinone intermediate has been identified, as has the specific en
zyme that makes it. The toxicity of morphinone has been investigated, as 
has its reaction with both glutathione and proteins. The intermediate postu
lated by Correia et al.24 remains unidentified. One way to reconcile the 
apparent conflict is to suggest that the C-I0 product may be formed from 
morphinone. However, morphine dehydrogenase is a cytosolic enzyme, and 
the C-I0 product can be formed from morphine by isolated microsomes. 
Another major difficulty is the hepatotoxicity and depletion of glutathione 
produced by dihydromorphine, hydromorphone, and levorphenol. None 
of these compounds has a 7,8 double bond that could be oxidized to an a, 
~-unsaturated ketone. 
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Table 1 
Comparison of Metabolic Pathways for Activation of Morphine 

Species 
Enzyme 
Cellular location 

Cofactors 
Optimal pH 
Metabolic product 

Substrate 
specificity 

Product of metabolite 
with glutathione 

Product of metabolite 
with proteins 

Nagarnatsu et alF 
Yamanoetal.28 

Rat, guinea pig 
Morphine-6-dehydrogenase 
Cytoplasm 

NAD, NADP 
9.1-9.7 
Morphinone 

(-a-unsaturated ketone) 
Morphine analog unsaturated 

at C-7,a and/or having OH at 
C-14 

8-S-Glutathion~ 
morphinone 

8-S-Cystein~ 

morphinone 

Correia et aI.23,24 

Rat 
Cytochrome P-450 
Smooth endoplasmic 

reticulum 
NADPH 
7.4 
Unknown 

(-)-3-Hydroxy
N-methyl morphinan 

1 O-a -S-glutathione 
morphine 

1 O-a-S-cystein~ 
morphine adduct 

A serious problem with all theories that attribute the hepatotoxicity of 
morphine to metabolic activation is the wealth of evidence implicating 
narcotic receptors in the CNS. It is possible to demonstrate hepatotoxic 
effects from small amounts of narcotics injected directly into the brain. 
Furthermore, opioid peptides, which are not susceptible to any of the meta
bolic transformations described above, can also produce liver damage when 
injected into the brain. 

Central Actions 
Related to Hepatotoxicity 

Evidence for the Role 
of Narcotic Receptors 

As described in the section on "Enzyme Changes and Histology in 
Rats," it is possible to produce fatty liver damage and elevation of serum 
transarninases in mice by injecting narcotic drugs or opioid peptides directly 
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into the brain. Hepatotoxicity from narcotics injected peripherally is reduced 
or absent in narcotic-tolerant mice or in animals with a genetic deficiency 
of mu receptors in the brain. 

Centrally-Mediated Changes 
in Hepatic Glutathione 

James et al.22 reported that several narcotics lowered hepatic gluta
thione and increased SGPT levels when administered to mice orally or by 
ip injection. They concluded that the two effects were unrelated. Subsequent 
studies by this group have concentrated on the role of central narcotic recep
tors in lowering hepatic glutathione. The maximal decrease following 
intracerebroventricular injections of narcotic drugs was about 30%. 

The effect of an intracerebroventricular (icv) injection of 100 Ilg of 
morphine was completely blocked when 100 Ilg of naltrexone was given 
by the same route.35 Centrally administered naltrexone also prevented 
glutathione depletion after ip administration of morphine.36 When a num
ber of selective narcotic agonists were tested, only those that stimulate mu 
or delta receptors were capable of lowering hepatic glutathione.35 The de
pression of hepatic glutathione cannot be attributed to morphine-induced 
hypoxia or hypothermia, nor does it result from intracellular oxidation of 
GSH to GSSG.37 

Evidence for a Role 
of Central Adrenergic Receptors 

Pretreatment of mice with yohimbine or prazocin partially prevents 
the depletion of hepatic glutathione after icv morphine. Adrenalectomy 
completely prevents depletion, and this change is reversed by the injection 
of hydrocortisone. Peripheral autonomic blockers (Le., propranolol, atro
pine, and hexamethonium) or destruction of peripheral adrenergic terminals 
with 6-hydroxydopamine are ineffective. Roberts et al. concluded that cen
tral adrenergic receptors may play a role in lowering hepatic glutathione.38 

James et al.39 had previously demonstrated that epinephrine administered 
subcutaneously can lower hepatic glutathione levels, and morphine is 
known to cause the release of epinephrine from the adrenal medulla.4o Epi
nephrine injected subcutaneously into mice produces a dose-related increase 
in serum transaminase levels (Table 2).41 The question arises whether epi
nephrine released from the adrenals by central actions of morphine can 
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Table 2 
Epinephrine-Induced Liver Damage in Mice 

Epinephrine dose, 
mglkg 

1 
2 
5 
7.5 

10 

Number surviving 

6/6 
6/6 
6/6 

10117 
3/8 

SGOT 
Karmen U/mL ± SEM 

195± 35 
453± 90 

2114± 858 
6015± 1512 

25529± 14739 

007 

aB6AF /J male mice, kept on pine shavings, were injected sc w~h epinephrine dissolved in O.15M 
NaCI and emulsnied with olive oil. They were bled from the tail 18 h later, and SGOT was assayed 
according to Shuster et al.54 

then act on central adrenergic receptors to lower hepatic concentrations 
of glutathione. 

The results of Roberts et al.38 suggest that the role of the adrenals in 
the glutathione-lowering action of morphine relates to the presence of glu
cocorticoids rather than to epinephrine. It should be borne in mind that the 
25% decrease in hepatic glutathione produced by morphine in these ex
periments is unlikely to be responsible for liver damage. An overnight fast 
will produce a 50% decrease in hepatic glutathione in mice.42 

A similar situation has been described for other drugs that produce 
liver damage following metabolic activation. The hepatotoxicity of cocaine 
in phenobarbital-induced mice is blocked by phentolamine and yohimbine. 
The effect of adrenergic blockers on the glutathione-lowering action of co
caine was considerably less than that on serum transaminase levels.43 

A role for peripheral adrenergic receptors in the liver cannot be ruled 
out. For instance, phenylephrine and epinephrine cause the efflux of gluta
thione from the isolated perfused rat liver. This effect is blocked by the 
alpha antagonist prazocin.44 

Changes in Lipid Metabolism 

One peripheral adrenergic mechanism that could contribute to fatty 
necrosis is a change in lipid metabolism. Activation of hormone-sensitive 
lipase could release free fatty acids that can be transported to the liver where 
they can give rise to lipid peroxides. At 12 h after the implantation of a 
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subcutaneous pellet of morphine base into mice there is a sixfold increase 
in the triglyceride content of the liver, and a 90% decrease in the activity of 
oleyl CoA: l-ocyl-GPC-acyltransferase activity.45 Another change in lipid 
metabolism, reported by Lamb and Dewey,46 is a doubling of microsomal 
phosphatidate phosphohydrolase activity, which can also lead to increased 
triglyceride synthesis. This change has been encountered after exposure to 
other hepatotoxins as well as to ACTH.47 Naloxone, which blocks the 
ACTH-releasing action of morphine,48 also prevents the rise in phosphatidate 
phosphohydrolase after morphine.46 

Although some of the lipolytic activity of morphine in vivo could be 
attributed to the release of epinephrine from the adrenal glands, there is 
also evidence for direct stimulation of lipases in vitro. Various narcotics 
increased the activity of a lipase from the mold Rhizopus arrihizus. The 
most potent was etorphine, which produced 38% stimulation at a concen
tration of 50 nM. Levorphanol was about 86 times more potent than its 
nonnarcotic enantiomer dextrophan. Higher concentrations of all the opi
ates tested were inhibitory.49 

Thus, there are several mechanisms by which morphine could stimu
late lipolysis of peripheral triglycerides and synthesis of hepatic lipids. Some 
of these mechanisms are also encountered in other situations that produce a 
fatty liver, such as partial hepatectomy, a carbohydrate-rich diet, and expo
sure to ethanol. The mechanism in these cases appears to involve glu
cocorticoid stimulation of protein synthesis leading to increased activity of 
phosphatidate phosphohydrolase. Perfusion of isolated rat liver with corti
sol produces a threefold increase in activity of this enzyme, and the in
crease is prevented by actinomycin D.50 

Interactions Between 
Narcotics and Other Drugs 

Synergism with Other Hepatotoxins 

Morphine potentiates the hepatotoxic effects of cocaine and acet
aminophen in mice.22 An example of synergism between cocaine and hydro
morphone is shown in Table 3. Synergism implies that two different 
mechanisms may be involved. James et al.22 have suggested that potentia
tion by morphine results from a 25% decrease in hepatic glutathione levels. 
An effect of morphine metabolites seems to be ruled out by the finding of 
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Table 3 
Effect of Epinephrine and Adrenalectomy 

on Narcotic-Induced Liver Damage 

SGOT 
Treatment n Kannen U/mL ± SEM 

Hydromorphone, 50 mglkg+ 
sham operation 4 739±69 

Hydromorphone, 50 mglkg+ 
adrenex 6 322±69 

Morphine, 50 mglkg 4 138±14 
Morphine, 50 mglkg + 

epinephrine, 1 mglkg 6 555± 120 

609 

aMale B6AF/J male mice, kept on pine shavings, were injected ip with hydromorphone or mor
phine dissolved in 0.15M NaGI, and sc with epinephrine in NaGI emulsified with olive oil. 

Adrenalectomy was carried out under pentobarbital anesthesia. The mice were given 0.9% NaGI 
in their drinking water and tested 7-10 d after surgery. 

marked synergism between intracerebral morphine and systemic cocaine 
or acetaminophen.36 

Effect on the Metabolism of Other Drugs 

The subcutaneous implantation of pellets of morphine base into rats 
produces significant decreases in the cytochrome P-450 and phospholipid 
content of liver microsomes, and decreased activity ofNADPH-Cytochrome 
c reductase and glucose-6-phosphatase. Although these changes may simply 
reflect damage to the endoplasmic reticulum, they also lead to a marked 
decrease in the rate of mixed-function oxidase activity. For example, there 
is a 70% decrease in the activity of p-chloro-N-methylaniline demethylase.51 

This finding is an extension of the original observation that morphine 
treatment decreases the activity of morphine-N-demethylase.5 Morphine
induced changes in the metabolism of aniline and hexobarbital have also 
been reported.9,1l 

It is important to point out that all these effects of morphine on micro
somal drug metabolism seem to be specific to adult male rats. They have 
not been demonstrated in mice.9,1l Regulation of microsomal drug me
tabolism in male rats involves interactions among male sex hormones, the 
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adrenal glands, and the hypothalamic-pituitary axis. It is unlikely that mor
phine is decreasing effective androgen levels, because simultaneous admin
istration of testosterone does not antagonize the morphine-induced 
depression of drug metabolism.9 

Possible Interactions with Ethanol 

It would not be surprising if morphine could potentiate fatty liver 
damage from ethanol just as it acts synergistically with other hepatotoxins. 
If the oxidation of morphine to morphinone or to another reactive interme
diate plays an important role, one could speculate on interactions with 
pyridine nucleotide coenzymes. The coenzyme for the oxidation of ethanol 
by alcohol dehydrogenase is NAD. Metabolism of ethanol, by increasing 
levels of NADH and NADPH, leads to increases in the biosynthesis oflip
ids. Conversion ofNAD to NADH should decrease the activity of morphine-
6-dehydrogenase, which requires either NAD or NADP. If this enzyme is 
responsible for activation of morphine to a hepatotoxic intermediate, then 
ethanol might decrease liver damage from morphine. On the other hand, 
chronic ethanol can induce the mixed-function oxidase system by increas
ing the synthesis of cytochrome P-450IIE.52 It would be helpful to know 
which subfamily of cytochrome P-450 might playa role in the metabolic 
activation of morphine to hepatotoxic intermediates. 

Questions to be Resolved 

Even in experimental animals, the picture of morphine-induced liver 
damage that has emerged to date is fragmentary and confused. It is difficult 
to correlate results from rats, where there is good evidence of metabolic 
activation and mechanism-based destruction of cytochrome P-450, to those 
from mice, where narcotic receptors in the CNS appear to play an important 
role. Several puzzling aspects of liver damage from narcotics in mice are 
still unexplained. One is the pronounced effect of age, as illustrated in Fig. 
5. The increased sensitivity between the ages of 8 and 24 wk cannot be 
attributed to differences in the activity of hepatic mixed-function oxidases. 
Lauterburg et al.53 have reported a marked age-related decline in the rate of 
turnover of hepatic glutathione, but no change in glutathione concentration, 
in rats. They suggest that this change may be responsible for age-related 
increases in sensitivity to hepatotoxins such as acetaminophen. 



Morphine and Liver Damage 611 

1200~---------------------------, 

1000 

....... 
E 
u; - 800 
c 

::::> 

c 
600 (I) 

E ... 
m 
~ 

~ 
400 

0 
(!) 
en 

200 

O+-~~~~~~-r~~~~~-r~ 

o 5 10 15 20 25 30 

Age in weeks 

Fig. 5. Narcotic-induced liver damage in mice of different ages. Male B6AF/J 
mice kept on pine bedding were bled 18 h after the injection of hydromorphone . 
Hel, 50 mg/kg ip. Each value is the mean ± SEM for 5 mice. 

We have also found that pretreatment of mice with a single dose of 
morphine-one that by itself does not produce liver damage-protects 
against the hepatotoxicity of a subsequent dose ofhydromorphone given as 
long as 2 wk later (Fig. 6). By this time any slight analgesic tolerance that 
could have been caused by the initial dose would certainly have worn off. 

These questions are not likely to be amenable to experiments with 
simpler systems, such as perfused livers or cultured hepatocytes. Not enough 
attention has been paid to species and strain differences. Eventually it may 
prove fruitful to look more closely at human subjects who have received 
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Fig. 6. Effect of pretreatment with morphine on subsequent liver damage from 
hydromorphone. Male BeAF1/J mice were given a single injection of morphine 
sulfate, 25 mglkg ip. At various times after this treatment different groups were 
injected with hydromorphone, 50 mglkg. and bled 18 h later for determination of 
SGOT. Each bar represents the mean value for 5 mice ± SEM. The mice were 10 
wk old at the beginning of the experiment. 

very large doses of narcotic drugs under controlled conditions-for ex
ample, surgery patients who are injected intravenously with several hun
dred milligrams of morphine for general anesthesia. 
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