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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,!
red cell iron incorporation,!? 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.* In the rat, ethanol
alters the rate of synthesis and secretion of transferrin and other serum pro-
teins by the liver.>7 Although these disturbances have been attributed to a
variety of causes, such as a direct toxic effect of alcohol on heme synthe-
sis,® negative vitamin balance,? altered iron absorption,”!! or intake of
greater quantities of iron contained in some alcoholic beverages,'?!3 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,!* through megaloblastic anemia with high levels of serum iron, to he-
mochromatosis and siderosis.? Decreased levels of serum iron are frequent
in alcoholics with gastrointestinal bleeding and liver disease,? although a
normal plasma iron clearance and increased mean hepatic iron concentration

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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2 Potter

are associated with this decrease. !5 Increased serum iron levels are also found
in some alcoholics,>1¢17 although the diurnal variation appears to remain
intact.!” The percentage transferrin iron saturation also appears to be increased
in these subjects and in male adolescent alcohol abusers.!® Experimentally, a
gradual rise in the serum iron level is seen in volunteers during alcoholic
intoxication, and this falls sharply on recovery.!®

Iron overload occurs in normal subjects if they are exposed to exces-
sive amounts of bioavailable 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 occur 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,?!-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.?*

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).2>2? This dis-
ease has frequently been confused in the past with that of alcoholic liver
disease with accompanying iron overload,3®3! especially since approxi-
mately one-quarter of the patients presenting with idiopathic hemochroma-
tosis also abuse alcohol,?! but can now be better differentiated on the basis
of HLA typing.31-34

However, although the presence of the two phenotypes — HLA-43
and HLLA-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.* 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.3’

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 mg/kg). 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,
although the range varies widely.>%” 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
form and the composition of the rest of the diet. In a normal 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 form. 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.’® When meat is taken with maize, however, this value is
reduced by half.

Nonheme iron must be in an ionized form 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 10-'8M, compared to 1.6 x 10-2M for ferrous
iron.% The counter ion s also important; ferric chloride is much more soluble
than ferric phosphate, which is an important constituent of many veg-
etables.>® 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,% 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.*! 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 4244

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 dog*’ and bile duct liga-
tion lowers ferric iron absorption in rats.*¢ This effect, however, is not seen
in vivo in humans.*’

Uptake of nonheme iron by the mucosa is extremely rapid and, atleast
in rats, iron may be detected in the portal circulation in less than 26 s after
its entry into the gut lumen.*® Maximal absorption of iron occurs in the
duodenum and jejunum, where the efficiency increases from the distal to
the proximal region.*? This effect is less pronounced in iron deficiency,
because of an enhanced absorptive capacity of the distal portion of the
jejunum.’® 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.>! The enhanced uptake has been
shown to be the result of an increase in V,,,,, and is also seen in hypoxia
and pregnancy in mice.?

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.>®

Iron binding to microvillous membranes appears to be specific,
saturable, and significantly higher for the ferrous form,>* 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.>> Uptake studies with ferric iron
have also shown that membrane transport of iron is the rate-limiting step
and that uptake from distal ileum vesicles represents predominantly trans-
port and is higher than that in vesicles from duodenum.’’ Following
hypoxia, there appears to be an increase in ferric iron uptake only in duo-
denal vesicles®” and no effect on ferrous iron uptake.® Further analysis
has shown the presence of a relatively low affinity transport site (K, ca.
83 1M) in proximal intestine brush borders®® and a single high capacity,
high affinity binding site (K; < 5 1M) in duodenal microvillous mem-
branes.%® 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 Fe?* across intestinal
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brush border membranes.®! Furthermore, rats fed high fat diets tend to
have higher liver iron contents than those fed low fat diets.52 Other groups,
however, have suggested that the membrane transport component may be a
100-kDa glycoprotein.®3

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,®6? although it is pos-
sible that there may be transferrin contamination of the various
preparations.®® 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.”%’! 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.”? 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.’®” How-
ever, mucosal iron stores in ferritin correlate inversely with iron absorption
and directly with body iron stores.”

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.”* 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.” 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-
lar 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.”®

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 pool.”” Xanthine
oxidase has also been shown to be involved in the incorporation of iron
into transferrin directly in the intestine,’® 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 Fletcher and Huehns that these sites differed in
their ability to donate iron to reticulocytes for hemoglobin synthesis.”®30
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.31-33 Although there is a considerable range in the occupancy
ratio, it seems that the N-terminal site is predominantly occupied in most
human subjects.?? 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.3*
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 3

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 Seligman3¢
or May and Cuatrecasas®’ 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.?# 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.?®%! Each monomeric subunit can bind a molecule of
transferrin, implying an accumulation of a maximum of 4 atoms of iron per
receptor at any one 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 cell®?).

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.”>%* Coated pit formation occurs followed by internaliza-
tion of the receptor—transferrin—iron complex into endocytic vesicles.”>7
Acidification ensues (probably as a result of proton pumping by the
Na*/H* 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.?® 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 pH* 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.1%0
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. 19! 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 cytoso!l (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, ATP, or ADP,!%2 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, !9 and it seems that there are at least two genetic ele-
ments present for regulation of the transferrin receptor gene,'® which is
thought to be located on chromosome 3.19

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 90-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.!% Isolated hepatocytes have now been shown to
exhibit all the characteristics of a specific receptor-mediated mechanism
for transferrin binding and iron uptake.!%-110 The controversy centered
around the suggestion that the major liver transferrin receptors resided on
endothelial cells, rather on the hepatocytes,!!?!!> has now been resolved
and shown to be mainly caused by the collagenase perfusion technique
employed.!!* 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.!!5-118 In the light of the finding that transferrin recep-
tors recycle in the absence of bound transferrin,!!? 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-
ing of complexes of two subunits of mol wt 21 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,!2 result-
ing from the shift of ferritin mRNA from messenger ribonucleoproteins to
polysomes and subsequent active translation.!?! 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.!20
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,!?? 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.!?3

As iron loading increases, the pattern of ferritin deposition changes
from predominantly cytosolic arrays associated with lysosomes (but not
inside them'?4) 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.!2’ There is
some evidence that this hemosideral iron is not readily accessible initially
to chelation therapy, but gradually becomes so with treatment, 26 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.!?” 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
coworkers!?® 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 System has been conclusively isolated and partially characterized. Mack
and coworkers have isolated a hepatic membrane receptor for ferritin!?
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
30,000) 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 vivo!*® with a
concomitant increase in intracellular ferritin,13!

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. 32 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
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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.!*3 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
Icoholic 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.!3* 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.!3’

Experiments in animals have been equally confusing. MacDonald
and Pechet, using radioiron-labeled wine, failed to observe any increase in
absorption in rats.!3¢ Tapper et al. observed a marked decrease in iron ab-
sorption in rats in the presence of a large dose of whiskey.!” 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.!3 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 alcoholism!“? and it has been shown that in alco-
holic, folate deficient rabbits, iron uptake increases significantly.!*! 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.!42 In idiopathic hemochromatosis, there is a decrease in mucosal
ferritin, presumably leading to decreased storage of iron in the mucosal cells
by these patients.!43

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.!** Similarly, the number of transferrin receptors found on the
basolateral membranes from intestinal cells are inversely proportional to
the body iron stores.!43 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 Jeast 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.!*® 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%,13 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,
mg/L gL
Beers 0.1-05 22-66
Alcohdlic ciders 3.0-5.0 38-105
White wines 5.0-120 88-102
Red wines 6.5-130 89-101
Port and sherry 3.0-50 156161
Spirits (70% proof) Trace 315

*Adapted from Jakobovits et al., 1979.'%0

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.3! 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.!32 Other groups, however, have found no correlation between hepatic
siderosis and the length of drinking history.”13%153 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.!33-156 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 Il 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



16 Potter

examined, and this value does not change significantly in the presence of
cirrhosis. 144150153157 1 yndvall and Weinfeld, using a desferrioxamine che-
lation test on alcoholics with precirrhotic liver disease, showed an increase
in excreted chelated iron in the first test, followed by lowered iron excre-
tion in subsequent ones.!8 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.!® 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-
mans!% or experimental animals.!¢!

Several groups have attributed the increased iron absorption to con-
comitant liver damage, or to other factors, such as anemia or inflamma-
tion,16%163 rather than diminished pancreatic activity. It should be noted,
however, that iron absorption is normal in acute viral hepatitis.!®* Other
candidates for this effect include xanthine oxidase deficiency,!65:166 hy-
poxia, 167168 or even hyperhemolysis.!$%170 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.!"! 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.!3” The 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.!3® A comparable
study in human alcoholics, also using whole body counting 14 d after a test
meal containing 2 mg ferrous sulfate and radiolabeled 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.!7? The addition of ethanol (0.5 g/kg
body wt) to the test meal tended to increase absorption, but not markedly
$0, 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 may or 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.!” 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.!'® 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 al.,''°
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 modern 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, 4
which has been related to an increase in serum lactic acid levels,!?” although
acetate production may also be a contributory factor.'’6177 In contrast, a
combined metabolic/respiratory alkalosis has been seen in alcoholics
during ethanol withdrawal 1717 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. Transferrin-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.!3° 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.'3! 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,'®2 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 3?Fe (produced in a cyclotron) to minimize the long-
term radiation hazard that would ensue from using iron isotopes with longer
half-lives.!83 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.,'®® 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.'® 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.!33 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!8¢ and
the alcoholic cirrhotics in the study of Chapman and colleagues.!®? Since
the transferrin receptor and liver iron stores appear to have a reciprocal re-
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lationship in idiopathic hemochromatosis,'¥ 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 #3187 Since, in the study by Chapman et al.,!33 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.1381%9 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.*1435190-192 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.!¥3-1% This NTB iron can be extremely efficiently
cleared from the plasma by the liver'¥? by a passive, saturable process that
is not regulated by liver iron stores.1®® NTB iron concentrations can reach
up to 30% of the total serum iron in iron storage disorders!®® and could
clearly have marked effects both on hepatic iron deposition and tissue dam-
age. Although sera from both treated!86 and untreated?®® 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 controls'*) 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.

Two 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.® 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 synthesis®!* 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.2’! 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.2°22%3 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,2%42% and hepatic mem-
brane receptors have been isolated from the livers of several species, in-
cluding humans.2°6-208 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.?%’ There is now evidence that the NTB
iron levels seen in thalassemia and idiopathic hemochromatosis may in fact
be caused by circulating ferritin,?! 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.2!! It has also been shown that
hemin and protoporphyrin IX derepress ferritin synthesis in vitro?!? 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.2!® Brissot et al., however, using a human
hepatoma cell line (Hep G2), showed that alcohol could induce ferritin syn-
thesis,?!* 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 tissue?!® and
serum?!6 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.2!7 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 of investigators has considered that,
in patients with hepatic cirrhosis, the iron accumulation occurs secondarily
to the development of cirrhosis.?!® 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.?!® Sub-
jects who are heterozygous for the hemochromatosis allele and are alcohol-
ics rarely develop overt iron storage disease.?2022! In several studies of
alcoholics, however, there has been a definite lack of correlation between
hepatic siderosis and drinking history. 15153
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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,?? 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 pg/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.22822 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.23%23! (It has also been suggested that serum ferritin
concentrations more accurately represent reticuloendothelial iron stores, since
they fall dramatically following treatment of megaloblastic anemia.)?*2
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.?> It is now generally agreed that a se-
rum ferritin level greater than 300 pg/L is very unlikely to be the result of
alcohol-induced liver damage if the y-glutamyl transferase values are be-
low 50 U/L.23¢

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.23 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.2%8 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 mg/g dry wt of liver).2* 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.?4? Cellular damage can also occur as a result of iron
catalyzed lipid peroxidation, leading to increased organelle and membrane
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fragility.241-24 Although ethanol has been shown to increase lipid
peroxidation both in vivo?*-247 and in vitro,2#8-2%3 the role of lipid
peroxidation in the generation of alcoholic liver disease is still unclear.
This is, however, beyond the scope of this chapter and the reader is referred
either to Irving et al.,2%* 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-
oughly 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,2%
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.?% 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,?’ the
increased hepatic iron concentration resulting from ethanol administration
appears to be restricted to the nonferritin fraction.2%

Although iron overloaded spleens in other diseases have been shown
to result in increased lipid peroxidation,?%® 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.2>? This is more likely to be caused by increased hemolysis following
heavy drinking leading to increased heme turnover.2% 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. 2! This 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, 263265 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-
matosis?® and the cells found to contain significant quantities of hemosi-
derin. 27 However, peripheral blood monocytes from patients with idiopathic
hemochromatosis do not appear to synthesize ferritin more rapidly than those
from control subjects,2%® although earlier reports suggested that there was
an abnormal release of reticuloendothelial iron from labeled erythrocytes
in these patients.2® 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.25® Although chronic ethanol abuse is
known to cause hepatomegaly and an accumulation of protein in the liver, 2’0
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.?’1-273 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.!1%27* 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.?’> Other effects, such as fasting and
changes in atmospheric pressure, have also been shown to alter transferrin
synthesis in vivo.2™ 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;%”7 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.?’® There is a
similar relationship between the rate of iron uptake and transferrin synthe-
sis.2’® 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 concentration?® — at least in the short term. [*4C]Leucine
incorporation into transferrin and ceruloplasmin has been shown to be in-
creased over fourfold in turpentine-treated mice,! 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.?*! 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 mg/kg/h vs 0.84 £ 0.03 mg/kg/h for the
controls) resulted in a markedly lower serum transferrin concentration
(1.8 £ 0.3 g/L vs a control value of 3.1 £ 0.2 g/L)). The serum transferrin
levels for patients with alcoholic fatty liver were within the normal range
(2.8 + 0.2 g/L), 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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Fig. 5. Plasma disappearance curves of plasma-bound radioactivity after the
intravenous injection of 25]-transferrin into patients with alcoholic liver disease.
(A) Individual disappearance curves for transferrin in six patients with alcoholic
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(£ the standard deviation) is also shown (®). (Reproduced with permission of the
publisher from Potter et al.287)
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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 alco-
hol administration in the rat often results in decreased transferrin synthesis.
It is possible that, in the noncirrhotic alcoholic patient, transferrin is acting
as an acute phase reactant and the elevated synthesis may correspond to
that seen by Beaumier et al.! in experimental 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.?32 Since none of these patients
had significant hepatic iron deposition (i.¢., greater than grade 1 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,? 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 28 This finding is in agreement with the work of Regoeczi
et al., who suggested that desialylated transferrin is cleared by the bone
marrow in rabbits.8%> Furthermore, evidence of clearance by the asialo-
glycoprotein receptor on the hepatocyte?6 of desialylated transferrin is con-
troversial 28”288 In addition, the hepatocyte receptors are specific for the
native iron-transporting molecule and binding of denatured transferrin or
apotransferrin is greatly reduced.!%%19° 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.28%-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.??*-2%> More recent work, however, has shown that the defect
is more complex and involves galactose and N-acetylglucosamine, as well
as sialic acid.?* Detection of this carbohydrate-deficient transferrin has now
been refined into a potentially useful test for the detection of alcohol
abuse.2?72%8 These elevated values for carbohydrate-deficient transferrin in
alcoholics gradually decrease in most subjects after cessation of drinking
(typ = 16 £ 5 d).2% Lieber and coworkers consider that, for the assessment
of treatment outcome, the combination of carbohydrate-deficient transferrin
and the y-glutamy] transferase levels as markers yield a sensitivity 0f 95%.2%°

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,>®
but this does not explain the change in terminal glycosylation. It appears
that some resialylation of asialotransferrin can occur3®! and the addition of
microtubule inhibitors can increase the proportion of asialoglycoproteins
undergoing resialylation.3*2 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,>%® and these vesicles have a tendency to fuse with lyso-
somes.3% Thus it is possible that resialylation may occur in stalled, Golgi-
derived vesicles, or similar organelies.3%5 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.3°7 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.?87-3% It has been
suggested that asialotransferrin couid be taken up by either the transferrin or
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the asialoglycoprotein receptor,3!® 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.3!! 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.!® 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,3!? serum titers of antibodies to
E. coli O antigens tend to be much higher and more frequent in patients
with alcoholic liver disease.3!331 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.3!5 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.3!6
Experimentally, the administration of endotoxin to rats on an alcoholic diet
induces hepatic necrosis.3!”

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.31831? 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.3?° 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 any one 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 (B) after endotoxin administration. Hepatocytes, at
afinal concentration of 2.5+ 0.5 x 106 cells/mL were incubated at 37°C 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 uM nontransferrin-bound °Fe. Other conditions are the same as in
Fig. 8. (Reproduced with permission of the publisher from Potter et al.32°)

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 O 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. 32!
It can be seen from these experiments that endotoxins have several signifi-

presence of 100 ug/mL diferric 5%Fe-labeled transferrin. HD = hepatocytes isolated
from rats injected ip with 25 mg/kg lipopolysaccharide from E. coli 026:B6; 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.,3° with permission of the publisher.)
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Fig. 10. Incorporation of [PH]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
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Fig. 12. Transferrin receptor recycling by hepatocytes isolated 24 h after
endotoxin administration. After cell surface labeling with 125|, 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 al.3%0)

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 1 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 play a 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.! 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;? in vitro studies have suggested that acetaldehyde can
increase transcription rates for collagen in cultured fibroblasts,* raising the
possibility that cirrhosis might result directly from alcohol metabolism.
However, even high concentrations of alcohol do not damage liver cells
in vitro,’ 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
of large 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.®” 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,® 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,? inhibition of hepatic fatty acid oxidation,'® and increased synthesis of
fatty acids.!! 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
perivenular fibrosis, which presages the development of cirrhosis, 2 but this
has not been found in all studies!® 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.!* 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.”!S 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.!

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.1”7 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.!®2 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%.%!

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.?223 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.?> Moreover, antiinflammatory drugs, such as cor-
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ticosteroids, have been shown to reduce mortality in a subset of patients
with severe disease.?*

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. Aspreviously 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,'”-> and

2. Inlarge 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.2

These data are in accord with clinical experience in the US and Europe:
With the exception of studies of perivenular 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.?” 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.2® 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.? 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,3%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.?®

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.3? Another well-studied
example is the liver fibrosis induced in rats by injection of streptococcal
cell-wall material. Waht et al. have shown that, in contrast to controls, nude
rats lacking only T-lymphocytes do not develop hepatic fibrosis when the
bacterial cell-wall material is administered.?? 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.3*
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.?®> 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.*® Oxidant
mechanisms include the production of O;, H,0,, 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, O, is not as reactive
as *OH and is readily consumed by dismutation to H,O,, but there is some
doubt whether neutrophils can generate *OH under physiologic conditions.?”
Neutrophil oxidative toxicity is at present thought to be attributable to the
oxidizing ability of either H,0, 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.3®

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 bacterial lipopolysaccharide,
which has been reported to be present in splanchnic blood of patients with
liver disease.*0

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,*! 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 H,0, to HOCI by the
granule enzyme myeloperoxidase and the oxidative inactivation of
o-1-proteinase inhibitor by HOCI illustrate the possibility of cooperative
effects of oxidative and nonoxidative mechanisms.*” Neutrophils also pro-
duce another major group of mediators, termed eicosanoids, such as pros-
taglandins, leukotrienes, lipoxins, and thromboxanes (Fig. 1). 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 play a role in certain types of liver injury.*? It was recently
reported that neutrophils activated by endotoxin can synthesize and secrete
biologically active tumor necrosis factor .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,***? 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.*¢ 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;*” 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.*8#? 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.*® 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.*’ 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.™® 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
(i.e., undergo diapedesis), migrate in a directed fashion along a concentra-
tion gradient, and secrete a number of potentially toxic products, including
reduced oxygen intermediates (*OH, H,0,, and HOCI), enzymes (such as
elastase and collagenase), and arachidonic acid derivatives (such as leuko-
trienes, lipoxins, thromboxanes, and prostaglandins).>! 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, exerts a chemotactic effect on fibroblasts as well as neutro-
phils>2 and macrophages and it increases the ability of endothelial cells to
adhere to neutrophils.®> Both peptide chemotactic factors, such as C5a,
and lipid chemotactic factors, such as leukotriene B, 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-
low a common path involving activation of a guanine nucleotide binding
protein, activation of phospholipase C, increased phosphoinositide me-
tabolism, and intracellular calcium.* 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 t0 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.>® 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.>

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.5” 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.’® 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
CS5a-stimulated chemotaxis.”®% Defective neutrophil phagocytosis and
intracellular killing of bacteria have also been described in alcoholic liver
disease.®! 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-leu-phe in vitro;$* 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 approx 100 mg%) and
examined 11 different neutrophil functions in vitro.®3 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.



72 Roll

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 B, (5S5-12R-dihydroxy-6,14-cis-8,10-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 LTB, 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.%* 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.5

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.% 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.?’ 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.®%%° 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.%8 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.” However, it
is not yet clear whether lipid peroxides or aldehydes are causing injury or
are merely byproducts of injured cells %" Recently Curzio et al. reported
that 4-hydroxynonenal at micromolar concentrations is chemotactic for
human neutrophils.”? 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-¢ (4-hydroxyundecanal) to as low as 10~12M
(4-hydroxyoctenal),”? and some of these are also produced during peroxi-
dation of liver microsomal lipids.5

A chemotactic aldehyde with a structure somewhat different from ei-
ther LTB, or 4-hydroxynonenal is reportedly produced by the metabolism
of exogenous arachidonic acid by porcine leukocytes.” This compound has
beenidentified 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.”* This has been con-
firmed by some,” but other investigators have failed to find evidence for
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lipid peroxidation following exposure to alcohol.”® Some of the discrepan-
cies may well be attributable to methodologic differences’’ or difficulties
in measuring lipid peroxidation.”! 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.”® 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.”” 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.” 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
(1-hydroxyethyl) radicals formed in vitro by liver microsomes from rats
fed ethanol.®® Finally, acute ethanol administration has also been shown to
increase superoxide anion formation by rat liver mitochondria.%!

Another potential source of radicals is the cytosolic enzyme xanthine
oxidase, which can use either acetaldehyde or xanthine as a substrate to
produce superoxide.®? Because the K, 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 LM range by the lower-X,,
mitochondrial enzyme acetaldehyde dehydrogenase, it has been suggested
that acetaldehyde is not a physiologic substrate for the enzyme.®* 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,®? 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.®* In addition there is evi-
dence that the interaction between acetaldehyde and xanthine oxidase may
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also produce longer-lived acetaldehyde radicals®’ 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.¥ 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 (i.e., xanthine/hypoxanthine) 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.®¢ The primary substrates of this
enzyme are thought to be xenobiotics having a quinoline or pyridine ring
rather than aldehydes. The reported KX, for aldehydes is relatively high
(1.0-3.5 mM)®788 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 8

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.? 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.”® 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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nol levels and malondialdehyde by high-performance liquid chromatogra-
phy hourly for up to 6 h afterward.”! 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.”? 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.”® Superoxide dismu-
tase may be induced by chronic ethanol administration.*

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).> 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; (B) 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,, another lipid chemoattractant.”” The lack of response to the
ethanol-induced chemotactic factor may explain why rats do not develop
significant inflammation in response to ethanol exposure.”® 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.*
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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.®> 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.1% 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 O; and H,0, 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.”! In this reaction, the role of O is thought to be reduction of ferric
iron (Eq. 1), which then catalyzes the reduction of H,0, to the hydroxyl
radical (*OH) (Eq. 2).

Fe* + 0; —> Fe?* + 0, '¢))

Fe?* + H,0, —> Fe** + «OH + OH- V)
catalytic Fe

Net: Oy + H,0, —> O, + *OH + OH~ 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.!% 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.!®! Hepatocytes isolated from
iron-deficient, iron-loaded and control rats were incubated with ethanol (10
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 gensration of chemotactic factor in a hepatocyte
metabolizing sthanol. 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.!92 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.!% 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 Fe?* from
ferritin by biological reductants such as superoxide, xanthine, NADH, or
NADPH. % Because some of these reductants are produced during alcohol
metabolism they may play a 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 H,0, and lipid hydroperoxides. If a lipid peroxide or H,0, 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 S00-fold as much chemotactic activity as con-
trol cytosol.1% 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.!% Support, but not proof, of
its derivation from arachidonic acid is the observation that, onreverse-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.% 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 1:20, 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

Hagai 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.

From: Drug and Alcohol Abuse Reviews, Vol. 2: Liver Pathology and Alcohol
Ed: R. R. Watson ©1991 The Humana Press Inc.

a1



X Rottenberg

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.! 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.? Another mechanism affecting the entire organism is
metabolic and depends on the development of alternative metabolic path-
ways for alcohol clearance.® 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.* Another neurotransmitter that
appears to play a role in the development of tolerance is norepinephrine,
which acts through its effect on adenylate cyclase and, presumably, cAMP



Membrane Adaptation to Alcohol 2¢]

levels.® 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 of tolerance is delayed.

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 GABA , receptor complex
is not observed in membranes from ethanol-fed animals.” 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.? 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,” 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. Two interacting sys-
tems that may be responsible for the occurrence of seizures after withdrawal
are the NMDA-receptor Ca®* channel and the GABA-receptor Cl~ channel.
Acute ethanol administration stimulates the CI~ flux through the GABA re-
ceptor'® and may lead to downregulation of the system in ethanol-fed ani-
mals, whereas acute alcohol inhibits Ca2* flux through the NMDA receptor
channel!! and thus, leads to upregulation of this system in ethanol-fed animals.
Since increased NMDA-sensitivity reduces GAB Aergic activity in itself, these
adaptations appear to be interconnected and are thought to be responsible for
alcohol withdrawal seizures.!? Benzodiazepines, which enhance GABAergic
activity, are the drugs of choice for controlled alcohol withdrawal; NMDA-
receptor inhibitors can also prevent seizures. !>
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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 Ca* chan-
nel.!15 This channel may also contribute to dependence and withdrawal
syndrome.!® In contrast, adenylate 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.!’
The chronic alcohol-induced impairment of the activity of adenylate cy-
clase appears to result from alteration of the properties of the o subunit of
the G, protein that mediates the agonist-induced activation of adenylate cy-
clase.1® 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.!? Similar abnormalities in adenylate cyclase were observed in
platelets from alcoholics.??

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. Inlonger chain alcohols the additive hydrophobic interactions of
the methylene groups are dominant and these alcohols partition preferen-
tially into the membrane.?! 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., K, = 0.1, where K, 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.?! 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.??%* In mitochondria and SR vesicles, K, 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, K, 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 K, values
that are considerably higher (15-45) than the value obtained by radiolabeled
distribution.?® Since the lipid composition, lipid phase structures, and the
fatty acid composition of phospholipid acyl-chain all affect the partition of
ethanol,?” 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.?” 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.?>-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 hemolysis?! to obtain the relative partition of
alcohols and anesthetics in plasma membranes of red blood cells from con-
trol- and ethanol-fed rats.?® The absolute values of ethanol partition coeffi-
cient can be estimated from these measurements as follows: To obtain 60%
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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 16.2% 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 K, 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.? This observation was
confirmed later by another laboratory.?* 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 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.2228-30 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.3! 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.3132 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.3S
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 binding?>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.?? 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,? the radio-
labeled binding indicates decreased binding.?5 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 fluidity3¢ and were reported to introduce a new binding site for
alcohols at the lipid/water interface.3” It has also been shown that synapto-
somal plasma membranes from ethanol sensitive mice (LS) contain three
times as much GM, gangliosides as ethanol resistant mice (SS).3® This is
compatible with the reported finding of enhanced binding of ethanol to
liposomes containing GM,*” and may account for the difference in alcohol
sensitivity between SS and LS mice. However, the reports that ganglio-
sides (including GM,) antagonize ethanol intoxication3>4? 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.*! 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.*? 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
ethanol®’ 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 exofacial leaflet, thus resulting in a more Symmetric mem-
brane.*? 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.** 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 (1). 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 frequently®#143 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.*¢

Perhaps the most important finding related to the alcohol effects on
membrane fluidity is the observation first reported by Chin and Goldstein?’
that synaptic membranes and red blood cells from ethanol-treated mice are
resistant to the fluidizing effects of ethanol. This observation was confirmed
and extended by many laboratories. It was found that liver organelle mem-
branes, such as mitochondria** and microsomes,* as well as liver plasma
membranes,* 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?? 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).5
The resistance to ethanol fluidization was also detected in blood cells from
alcoholic patients.’52 All these and similar findings® 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.”*>* 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.31-3%% 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.>®

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 observed.’” 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.® There is indeed direct evidence for the reduction of the activity
of the enzyme desaturase.*® Other changes are more controversial. Choles-
terol was reported to be elevated in plasma membranes by one group,®® but
unchanged®! or even lowered®? by other groups. Anionic phospholipids
were reported to be elevated in brain membranes by one group,” 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.? 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 (cfrefs. 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 5S-doxyl-stearate is often found to be higher
in ethanol-fed rats (cf ref. 22), but 12-doxyl-stearate did not show this dif-
ference in the same preparation.3! Similarly, time resolved fluorescence
measurements of DPH do not show different order.?*30 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. Taraschi 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.5*
However, we have recently conducted a study, essentially identical to that
of Taraschi et al., 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, Ca?*-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.*® Similarly,
mitochondrial ATPase and electron transport is stimulated by ethanol, but
this stimulation is greatly attenuated in mitochondria isolated from ethanol-
fed rats.3? Similar effects were observed with the Na*-K* ATPase and
phospholipase A,.2 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.5 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.?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 Ca?* channel, which is inhibited!! and the
GABA , CI- channel, which is stimulated.!® Voltage dependent Ca?* chan-
nels are also significantly inhibited by pharmacologically relevant concen-
tration of ethanol (i.e., 20-100 mM).13 The effect of ethanol on cCAMP is
also observed at pharmacological concentrations in some cells and appears
to depend mostly on stimulation of adenylate cyclase.!” 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.?

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.®® In ad-
dition, there is a significant decrease in the activities of several key en-
zymes of oxidative phosphorylation.®’° 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.”! 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.?>3144 Moreover, as has been reported by several groups,
there are significant changes in the acyl-chain composition of mitochondrial
phospholipids,?>"2? and the partition coefficients of ethanol and other
amphiphilics are significantly reduced.?? 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.3132 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, Ca?* 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.*® These changes are
also associated with a change in the acyl-chain composition of the micro-
somal phospholipids” with shifts in lipid transition temperatures, and with
a resistance to the fluidizing effects of ethanol.® Moreover, these changes
are also accompanied by a reduction of the partition coefficients of
amphiphilic compounds, which are exhibited by the isolated phospholip-
ids.30 Ca?* 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.?2 However,
others reported that these membranes are more ordered than control”? and
contain more cholesterol.”* 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.*®
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.” 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.”®

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.”” 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



108 Rottenberg

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.”” 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.?® A very similar
time course was observed in the development and disappearance of the
resistance to fluidization by ethanol of the microsomal membranes.”® 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.?? 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.® 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.?293 It is well known that the
cholesterol/phospholipid ratio of different membranes is carefully regu-
lated.” 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 of liver 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
v-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.!~3 The percentage of offspring with FAS born to alco-
holic women varies from 32 to 76%, depending on the population studied.*
The incidence of FAS worldwide is 0.19% of live births.’ It is evident that
the problems associated with the maternal consumption of alcohol are of
€conomic concern.

Clinical Manifestations of FAS

The clinical manifestations of FAS include facial dysmorphosis, overall
growth deficiencies, a variety of neurologic dysfunctions, microcephaly,
and mild to moderate mental retardation.!~> Mental retardation is one of the
most common and most serious problems associated with alcohol terato-
genicity.>¢ Alcohol consumption during pregnancy is the greatest known
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Ed: R. R. Watson ©1991 The Humana Press Inc.

117



118 Reyes

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

v-Glutamy] transpeptidase (EC 2.3.2.2) is widely distributed in plants
and animals and exists both as a soluble and membrane bound enzyme.”?
The enzyme has been studied and, at least partially, characterized in kidney,
brain, and liver.%-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 brain!217 and liver.!® 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.!? Later studies on rat brain revealed multiple forms of the
enzyme that were isolated by concanavalin A fractionation,'>°

Kottgen et al.!® showed that in rat liver two forms of the enzyme were
present. In adult liver, y-GTP exists in an asialo form, whereas in fetal liver
it is sialylated.!® The fetal form of the enzyme has more sialic acid than the
adult form, 10.1520-22

Physiological Function of -GTP

The major function of y-GTP is related to the metabolism of gluta-
thione.2*25 The enzyme catalyzes the hydrolysis of the y-glutamyl-cys-
teine bond in glutathione. y-GTP 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-GTP 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-GTP 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.2-2? In liver, v-GTP activity reaches a peak just prior
to birth and then enzyme activity begins to fall toward adult levels.?® A
marked increase in y-GTP activity was also found in tissues of chick em-
bryo, between embryonic day 11 and hatching.3%3! In mouse brain capillar-
ies, y-GTP specific activity continues to increase after birth until approx
12 mo of age.32y-GTP activity in amniotic fluid showed a gradual decrease
with advancing pregnancy.?? Activity of y-GTP in 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 -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.33 Patients with deficiencies of enzymes of the
tglutamyl cycle have some degree of mental retardation.® 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.3”-3° Enzyme
inducing drugs have also been shown to produce an elevation of y-GTP
activity in sera.3™*3 The rise of v-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.*¢

vGTP 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.*> 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.*¢ Hexachlorobenzene increases y-GTP
activity in liver and serum, and thus it appears to be a sensitive marker
of hexachlorobenzene intoxication.*” 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.*34 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.”*-3 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.>>4 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.’3 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.’ This observation
agrees with that of Sawabu et al.*> and Kok et al.5” Chronic alcohol con-
sumption appears to alter the ratio of fetal to adult forms of the enzyme.5’
Mean serum and hepatic y-GTP activity in alcoholics is significantly in-
creased compared to that in control patients. 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 -GTP activity.>® Because of the relation-
ship between elevated y-GTP activities and alcohol consumption, serum
v-GTP was measured in pregnant women in an effort to identify pregnan-
cies at risk for the fetal alcohol syndrome.® The sensitivity of the serum
v-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 FAS.

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 alcohol.¥25661-64 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.’ Yamada et al. obtained the
same results, and attributed the increased y-GTP activity in rats fed pelleted
diets to impurities in the diet.% 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. Following an 11-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.5?

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 v-GTP activity.®® 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.5” and others.

Effects of In Utero Exposure
to Aicohol on y-GTP

Although several studies have shown that alcohol produces an eleva-
tion in v-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 mothers®® y-GTP activ-
ity was found to be increased in infants born to alcoholic mothers.®
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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.>-"3 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. Qur
laboratory has utilized a liquid diet to produce an animal model of FAS.”2

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.”7* We have also shown
that the activity of yv-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 v-GTP activity.”® Determination of -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.”

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.”” 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.’%’>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/v alcohol (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.

1¥GTP Assay. y-GTP activity was determined by a modification of
the procedure described by Rosalki and Tarlow’’ 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 of 2.0 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 umol of
p-nitroaniline/min/mg protein. Protein was assayed by the method described
by Lowry et al.”®

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 Alcohdl
on y-Glutamyl Transpeptidase in Brain and Liver in Rats at Birth

Body Brain Brain® Liver Liver
weight,  weight, Y-GTP, weight, v-GTP,
Treatment N g mg U(x10? mg U(x10?)
LC 15 66622 268+5 0425+.017 285+12 7.046 +1.021

0%EDC 22 603+.12 256+3 0.347+.035 280+9 5.178 £.443
11%EDC 17 566+.20 2637 0346+.031 256+12 4559+ 453
21%EDC 12 544+.19 253+8 0460+.065 248+12 8634 +.671*
3B5%EDC 24 467+.16" 234 +5 11651515 217+9* 5188 +.448

F(371) =106° F(371) =48 F(371)=13 F(371)=54* F(371) =13

@ Significance at p < 0.05. Statistical analysis by one way analysis of variance. Significance of
group comparisons used Newman-Keuls post hoc test.
* Significantly different relative to 0% EDC control.
*Significantly different relative to all groups.
b Values are presented as mean + SEM.
¢ A maximum of two pups from a single litter were used for -GTP determinations. One unit of
¥GTP is that amount of enzyme that will fiberate 1 pmol of p-nitroaniline/min/mg 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.’ 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 of liver y-GTP from gestational age 18-120d
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 v-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 v-GTP activ-
ity increases until birth and then immediately following birth enzyme ac-
tivity decreases toward adult levels.?® 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 uteroadministration of alcohol on ontogenesis of soluble
liver y-GTP from birth to day 120. y-GTP activity was determined by the method
described by Rosalki and Tarlow.”” Mothers were treated with various doses of
alcohol in liquid diets as described in text. A = 0% EDC; + = 35% EDC; O=LC;
O= 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 g138 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 -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 alcoho! on ontogenesis of
membrane bound liver -GTP from gestational age 18 to day 8. -GTP activity
was determined by the method described by Rosalki and Tarlow.”” Mothers were
treated with various doses of alcoho! in liquid diets as described in text. Pups
were taken by cesarean section following anesthesia of mothers with sodium
pentobarbital. A = 0% EDC; + = 35% EDC; 0= 11% EDC; O=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.”! The zymograms of serum from the alcohol exposed neonates
were found to have a peak of activity unique to this group.”!

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 form
of the enzyme. Inthe LC group, the fetal form of the v-GTP 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. At4 d of
age the percentage of fetal form 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-GTP. Certainly the question of
what is y-GTP 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.!-3 Subsequent investigations from the same group
indicated that ethanol administration led to the formation of lipid peroxides
in the liver* and liver homogenates.” 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 results®® 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: R. R. 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 antineoplastic®! and
antiparasitic!! 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 of lipid
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 [O,(")7] is a radical that
dismutates to hydrogen peroxide either spontaneously, or as a result of the
catalytic action of superoxide dismutase.'? The superoxide radical has
relatively low reactivity, but is nevertheless thought to be an important
toxicological intermediate.!3> Hydrogen peroxide [H,0,] is a strong oxi-
dant, but its concentration in cells is normally kept low by the actions
of catalase and glutathione peroxidase.!* 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:

0,(y +H,0, + H* —> H,0+ 0, + "OH 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:

H,0, + Fe** + H* —> H,0 +Fe3* + 'OH 2

Tons 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 Formation
Following Acute or Chronic Ethanol Exposure?

Enhanced activity of cellular systems capable of generating oxygen radicals:
Isozymes of cytochrome P-450%-23
NADPH-cytochrome P-450 reductase!® 1%
Conversion of xanthine dehydrogenase to xanthine oxidase®.%
“Leakage” during mitochondrial electron transport®4?
Increased “redox cycling™!
Phagocytic migration?54¢

Increased iron-dependent radical generation, as a result of:
Increased hepatic iron stores*’48
Release of iron from storage sites’':52

Decreased capacity of cellular “antioxidants™

Glutathione36-58.0.77
Superoxide dismutase®”-6.75
Catalage®868:69
o-Tocopherol®23

Vitamin A8465

2References 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.!>16

Evidence Associating Aicohol 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
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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.!”
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.!8 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.!?

Chronic ethanol administration was first reported to induce the activ-
ity of the hepatic drug-metabolizing enzymes by Rubin and Lieber in 1968,2°
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.2!-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% it is conceivable that similar reactions could occur in the
intact liver. Extensive studies from the laboratories of Cederbaum19-26-28
and Ingelman-Sundberg?-2%3% 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.3!

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.3>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-
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ing was found to increase rates of trichloromethyl radical formation from
carbon tetrachloride in isolated microsomes 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,>* 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. Oei®® and Sultatos®® 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.33-37 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.3® 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 mitochondria and stimulate mitochondrial superoxide forma-
tion.#0 Mitochondrial lipid 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,*® and these cells are well known
for their ability to produce superoxide anion during a “respiratory burst.”*
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.*546 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,!>1628 observations that alcohol feeding increases hepatic
iron stores,*’43 or that iron loading increases the toxicity of alcohol,4%-%
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.31-%2

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 [Fe?*O,] or ferryl [Fe?*O] ions, which could
participate in the direct generation of alkoxy radicals.3

Sinaceur et al. have demonstrated that the iron-chelating agent
deferoxamine (desferrioxamine) decreased the rate of ethanol clearance in
alcohol-treated rats.> This effect was interpreted as evidence that ethanol
oxidation dependent on the formation of hydroxyl radicals had been inter-
rupted.’* Deferoxamine also diminished the degree of lipid peroxidation in
the cerebellum following an acute ethanol dose,> 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,36-33° although increases may
occur after chronic alcohol administration.> Increased biliary concentra-
tions of glutathione dissulfide following ethanol feeding have been inter-
preted as evidence for “oxidative stress.”®! 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 o-tocopherol®>3 and vitamin A %495 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,56-68.75
catalase,®6-% and glutathione peroxidase.6®707! 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 occur.”>7

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, 37417475 conjugated dienes,’®"® volatile hydrocarbons
such as ethane and pentane,’ 32 loss of polyunsaturated fatty acids,””33 or
chemiluminescence? in various experimental designs. Evidence of this type
has been the topic of several recent reviews,’%8435 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,3 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.””-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.!-3 This experi-
mental result has been confirmed and extended through the use of a number
of different types of antioxidants, including coenzyme Q,¥*° and various
synthetic products.®912

Relationship to Hypoxic Liver Damage

Several laboratories have reported increased rates of hepatic oxygen
uptake following acute®® or chronic®®3 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 lobule.* Tissue damage, evi-
denced by “blebbing,” was observed in the perivenous region of livers from
ethanol-treated rats when oxygen delivery was further decreased by lowering
the perfusion flowrate.*¢ Yamada et al. have also found that ethanol feeding
enhanced lipid peroxidation following hepatic ischemia.”

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.?”° These data support a protective
effect of allopurinol against alcohol toxicity in laboratory rats,”-5 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,'% 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



142 Reinke and McCay

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
malondialdehyde 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 anion!®! or hydroxyl
radicals.1%2 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
S0 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,'%* 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



Alcohol and Free Radicals 143

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:

R’ + 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.!%5 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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Fig. 1. Spin traps used in alcoho! studies. The chemical names of the spin
traps, their abbreviations, and representative references for their use in alcohol
studies, are as follows: |. a-Phenyl-N-t-butylnitrone, PBN.''%%7 ||, a-2,4,6-
Trimethoxypheny!-N-t-buty!nitrone, MO,PBN."® {II. o-(4-Pyridyl 1-oxide)-N-t-
butylnitrone, POBN. 11512 |V, 5 5-Dimethylpyrolline-N-oxide, DMPO.118:1%/

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 1-hydroxyethyl spin adduct of the spin trap PBN.
The nitrogen atom of the nitroxide function possesses a nuclear spin equal
to 1, 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,
ay (Fig. 2). In addition, the B-hydrogen, with a spin of 1/2, will split each of
the spectral lines, and the distance between the peaks is termed the B-hydro-
gen hyperfine splitting constant, a;;. The values for ay and ay 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.1%

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 hypetfine splitting constants for nitrogen (ay) and the B-
hydrogen {a,) are indicated on the EPR spectrum shown. Note that four
measurements for ay and three measurements for a,, 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 ay and a,,, respectivesly.

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.!-110 Various biological applications of the spin trapping technique
have been recently reviewed,105-111-113
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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.!*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, 1-1*C-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 *C has a nuclear
spin of 1/2, 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 1-hydroxyethy! 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 1-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.!2® 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 1-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):

CH;CH,0H + "OH —> H,0 + CH,C()HOH 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.!'® After 30 min of incubation, toluene
extracts were prepared and analyzed by EPR spectroscopy. In the lower panel,
1-13C-ethanol was used, and the additional spectral lines are caused by the
13C 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 observations!!>!!7 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 1-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-hydroxyethy! radical formation
in liver microsomes. Experiments were performed as indicated in Fig. 3, and the
signal intensity in the contro! 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 FeCl;, 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 1-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. %2730

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
damage!?! or radiation-induced hemolysis.!?2 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 formed in liver cells, could
react indiscriminately at sites that are easily repaired, or have no long-term
adverse effects in the cell. But if another less reactive radical, such as the
1-hydroxyethyl radical were formed, 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,!1811% 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 intermediates that stimulated
lipid peroxidation, 118119

Rates of microsomal 1-hydroxyethyl radical formation are inducible
by ethanol feeding,!!>11¢ indicating that this metabolite of ethanol could be
formed 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 [CH;CH,0°] 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.!? Other radicals could also be
formed,'23 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.!!¢ 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-£-butyl nitrone (MO,PBN, Fig. 1) by ip injec-
tion. Thirty 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
MO,PBN (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.!¢ 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.1?*

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,!?>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-450,1% and rates of 1-hydroxyethyl radical formation were
greatest in microsomes from rats fed ethanol in a high fat diet,!!¢ 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.!’® The treatments of the individual rats were
as follows: A = ethanol-fed, high fat diet; B = control, high fat diet; C = ethanoi-
fed, low fat diet; D = control, low fat diet. For the spectrain Aand C, ay=15.0 G;
ay=20G.
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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 1-13C-ethanol, along with the spin trapping agent PBN.!16
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.!!6 Because the EPR
signals of the carbon-centered adducts were not affected by the presence of
13C in the ethanol molecule, it was concluded that the adducts detected could
not be 1-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 1-hydroxyethyl radical. Hepatic microsomes
were found to form the 1-hydroxyethyl radical adduct of DMPO, and the
identity of this adduct was proven through the use of 1-3C-ethanol.!!” When
13C-1abeled 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 1-hydroxyethyl radical.!?’ 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 ofrats that had received DMPO only. %
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.!?® Another component (Fig. 6D) is most likely
an oxygen-centered lipid radical adduct.!?® 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 1-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 mL/kg, 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 B are
as follows: € ay = 15.04 G; a, = 5.05 G, similar to the 1-hydroxyethy! adduct
of PBN in toluene (see legend to Fig. 3). D ay = 13.70 G; a,=1.83 G.E ay =
14.49 G; a; = 3.30 G.
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puter simulations have indicated that this third component, which we
believe to be the 1-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 1-13C-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 of PBN in
earlier studies.!16

Knecht et al. have recently reported the detection of the 1-hydroxyethyl
radical adduct of the spin trapping agent o-(4-pyridyl 1-oxide)-N-z-butyl-
nitrone (POBN, Fig. 1) in the bile of deermice that are deficient in alcohol
dehydrogenase.'?® This observation provides additional evidence that etha-
nol is metabolized to the 1-hydroxyethyl radical in vivo, and it must be
considered as a possible intermediate that initiates free radical reactions
that result ultimately in the trapping of lipid 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 #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.!3® 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-C()H,] type.!3® 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 1-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-d,,, see ref. 130), and either A ethanol (5 g/kg, p.o.), or B saline
(10 ml/kg, 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,’3! deplete glutathione,!? stimulate chemiluminescence in per-
fused livers,' and serve as a substrate for xanthine oxidase.336 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.!?” 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. 7A, 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 ay = 14.45 G, a; = 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{')H, adduct.!*® Component € has
characteristics of an oxygen-centered lipid adduct (ay = 13.50 G; a,; = 1.80 G).

which is thought to be the acetyl radical.!3* However, experiments with
13C-labelled 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.!?”
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,!35 gastric mucosa,!* testes,!’ and
brain. 38 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.!1¢ 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.!?” 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.!16

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 of lipid 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 1-hydroxy-
ethyl radical, and this free radical species has also been detected in vivo.
Either oxygenradicals 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 Mallat

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.!= The first
and rate-limiting enzymatic reaction is catalyzed by y-glutamylcysteine
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synthetase.* The reaction utilizes ATP,> which is hydrolyzed to ADP and
inorganic phosphate as indicated by reaction (1):

L-cysteine + L-glutamate + ATP <—> L-y-glutamylcysteine + ADP +P; (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+P;, (2)

The enzyme y-glutamylcysteine synthetase is inhibited by nonallosteric
interaction of glutathione at the y-glutamyl binding site.® Concentrations of
GSH normally present in cells exceed the approximate K; of 2.3 mM for this
inhibition. Decreasing intracellular levels of glutathione has been shown to
increase its rate of synthesis in vivo,” whereas a lack of cysteine can limit
synthesis of y-glutamylcysteine.?8 Cystine must first be reduced to cys-
teine since only the reduced moiety can be used in this reaction. Interestingly,
intracellular concentrations of cysteine (<200 pM) are generally much
lower than those not only of glutathione (~5 mM) but also of many other
amino acids including glutamate and glycine.>® 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.’

Many cells express a sodium-independent uptake mechanism that
has high affinity for glutamate and cystine (the disulfide).!® 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.!! The uptake of cysteine is, in general,
much more rapid than that of cystine.? 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
[33S]-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 ot
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.!%13

Turnover and Hepatic Efflux of Glutathione

The turnover of glutathione varies in different tissues.!2 Catabolism of
glutathione begins with cleavage of the y-glutamyl moiety in a reaction
catalyzed by y-glutamyltranspeptidase (GGT).! 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.* 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.!> 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.?

The hepatic turnover of glutathione in the rat depends mostly on the
efflux of GSH into the bile and circulation.>1617 Efflux of GSH across the
plasma membrane of hepatocytes occurs by a carrier-mediated process. 319
This process, which has been characterized extensively by Kaplowitz and
his colleagues, is saturable,'®!? exhibits transstimulation in hepatic mem-
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brane vesicles,2%?! and is inhibited by a variety of organic anions including
unconjugated bilirubin.?? 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 nmol/min/g liver) of
GSH is greater than biliary (apical) (3—5 nmol/min/g 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.?* 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.?
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 bile?? and
10-50 pM in plasma.?*

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.?* The half-life of GSH in the
plasma is surprisingly short, approx 2-3 min in the rat and in humans.2526
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.? 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.?” This role for GSH was proposed since
the liver is the primary tissue with the capacity for transsulfuration of me-
thionine to cysteine.!3 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 o;-adrenergic agonist phenylephrine, vasopressin, and angiotensin I1.28
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
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v-glutamyltranspeptidase (y-GT) on the membrane. Final cleavage of the
cysteinylglycine is catalyzed by dipeptidase (DP), prior to uptake of constituent
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for protein kinase C in the regulation of GSH efflux in response to vaso-
pressor and stress hormones (D. S. Raiford et al., unpublished observations).
One mechanism postulated to explain these effects is increased permeabil-
ity of tight junctions, which occurs in response to vasopressor hormones.?
However, no change in permeability 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
agents3%3! whereas others have not confirmed these findings.?®2 The physi-
ological significance of these changes is unclear. However, during patho-
logical states, the effects of these hormones may be important. Circulatory
and septic shock as well as selenium deficiency? and chronic ethanol con-
sumption®3 have all been reported to increase plasma GSH levels and/or
the sinusoidal efflux of GSH.

Compartmentalization
and Cellular Functions of Glutathione

The concentration of glutathione varies in different tissues ranging
from 2-10 pmol/g wet wt. Hepatic concentrations are usually 4-6 pmol/
£.23 Overnight fasting decreases hepatic GSH by approx 25-30%.2318.30
Decreased availability of cysteine and increased hepatic efflux both con-
tribute to lowering GSH levels.>1830 More than 95% of glutathione is in
the reduced form, whereas only a small percentage is present as the disul-
fide.I"> Approximately 10% of total glutathione is compartmentalized in
mitochondria.3* The hepatic mitochondrial pool of GSH has a longer half-
life (30 h compared to 2-3 h) than the cytosolic pool.343% Mitochondrial
GSH is synthesized in the cytosol and transported into the mitochondria
against a concentration gradient, with final concentrations of 10 mM in
mitochondria, compared with 5 mM in cytosol.3* The high concentrations
of GSH in mitochondria are postulated to prevent oxidation of protein
thiols during mitochondrial electron transport.3¢

Depletion of glutathione enhances the toxicity of many drugs and
susceptibility to injury from oxidant stress.® In part, this increased suscep-
tibility is owing to the participation of GSH in a number of detoxification
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 enzymes3” and other cellular processes in-
cluding condensation of microtubules.?®

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.3® 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.3?
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.? They are subject to further metabolism by y-glutamyltranspep-
tidase, which produces a mercapturic acid conjugate after cleavage of the
Y-glutamyl moiety.*0

Reduction of organic peroxides and H,0, catalyzed by glutathione
peroxidase represents the major source of GSSG within cells. GSSG is rap-
idly reduced to GSH 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.*! The maximum activity of glutathione per-
oxidase is four- to fivefold higher (~40 pmol/min/g liver) than that of glu-
tathione reductase (8—-10 pmol/min/g liver).? 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.*? Alterations in the thiol redox state may interfere with sev-
eral enzymatic reactions and with calcium homeostasis in the cell and in
mitochondria.**4? GSSG is subsequently transported out of cells, preferen-
tially across the canalicular (apical) membrane of hepatocytes.!® This
transporter appears to be identical with the one that transports GSH 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) y-glutamylcysteine
synthetase and (2) glutathione synthetase. It serves as a cofactor for the reduction
of H,0, 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.*>45 Whether this transporter also transports reduced GSH as well is
the subject of controversy.**5

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.* 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.*” 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.*64” The
spectrum of inducing agents is broad and includes compounds with o, -
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,* but also to increase glutathione levels in cells.*34° 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 g/kg) of alcohol to ro-
dents lowers hepatic levels of GSH by 25-50% over 3-5 hrs.’*52 Decreases
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in GSH content of kidneys, heart, and brain have also been reported fol-
lowing an ethanol challenge.">-3 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.5>33.64 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.>-57 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 uM 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 ethanol.® The conju-
gation of acetaldehyde with thiols proceeds much more rapidly with cys-
teine® or cysteinylglycine®® 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. Direct administration
of acetaldehyde (0.3 g/kg) decreased hepatic GSH by 25%.7° In human vol-
unteers, administration of 0.2 g/kg of ethanol transiently lowered plasma
levels of GSH, but not cysteine.”! 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. Two
published studies indicate that the hepatic synthesis of GSH in rats is inhib-
ited in vivo by a single large dose of ethanol.*®*° 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.’85
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 mM of ethanol,®! although in vivo administration of
ethanol decreased the rate of recovery of GSH in vitro®! and decreased ac-
tivity of y-glutamylcysteine synthetase.52 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
[3°S]-cysteine or [33S]-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.’>**%3 However, infusion of high
concentrations (50-200 mM) of ethanol into the perfused rat liver or expo-
sure of isolated rat hepatocytes to ethanol did not increase efflux of GSH in
vitro.”2 These observations are best explained by an indirect effect of etha-
nol on GSH efflux, which may be mediated by the release of hormones,
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such as catecholamines with o,-agonist properties, which have been shown
to increase efflux of GSH.2® Furthermore, previous reports have indicated
that ethanol can potentiate release of catecholamines from the adrenal
glands.” Several studies have suggested that ethanol decreases the biliary
efflux of GSH both in vivo and from the perfused rat liver’7475 (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,’%-*46-57 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.’® Under some circumstances the rate of reduction of peroxides may
exceed that of the reduction of GSSG.3¢ 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 of long-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 ethanol.>”>-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.’2537238 In some of these
studies, levels of GSH were measured in hepatocytes freshly isolated from
rats that were fasted overnight.38 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.® Acute etha-
nol administration can also lower mitochondrial GSH (M. C. Mitchell et
al., unpublished observations). The implications of the decreases in mito-
chondrial GSH 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.?®

Effects of Ethanol
on Hepatic Turnover and Efflux of GSH

Although steady-state levels of GSH 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.” 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.” Further studies indicated that the sinusoidal efflux of
GSH 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 efflux® (Fig. 4). These findings were confirmed by other
investigators not only for the perfused liver, but also for freshly isolated
hepatocytes.”

Indirect evidence for increased synthesis of GSH after ethanol feed-
ing is provided by reported increases in the activities of S-adeno-
sylmethionine synthetase and cystathionine synthetase.®® 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 o-amino-n-butyric acid (AANB), an amino
acid that is in equilibrium with o-ketobutyrate, a byproduct of the trans-
sulfuration pathway®! (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 GSH and cysteine were higher whereas
plasma clearance of GSH 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 (k) (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 controls3? (Fig. 4). Furthermore, the uptake of 3°S by extrahepatic
tissues was similar in both groups.3 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-transferases>>7882:86.92 and glu-
tathione reductase.3 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,”® which is identical to
the previously described fatty acid ethyl ester synthetase.®* 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,35% whereas
others have observed decreased” or increased activity.$2

Hepatic y-glutamyltranspeptidase (GGT) is increased both in alco-
holics?> and in rats chronically fed ethanol.”-1% Despite the importance
of GGT in catabolism of glutathione,! 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.”® Additional evidence has been
presented for a role for hepatic basolateral GGT in degradation of circulat-
ing GSH particularly in the guinea pig.!%! 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.!%2 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 [3°S]-GSH by the livers of ethanol-fed rats compared to controls.??
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 g/kg of
ethanol lowered plasma GSH levels in alcoholics and in healthy volunteers.”
Other studies have measured the levels of GSH and/or GSSG in liver biop-
sies from alcoholics with clinical signs of liver 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.193-197 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.105.106 Following 2 wk of abstinence from ethanol, GSH levels in-
creased to a greater degree in those patients without hepatic necrosis.!03
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This 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,!% 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.”® Thus, some of the observed differences in alco-
holics may reflect the effects of prior alcohol consumption followed by ab-
stinence.'%% 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.!%” 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).1% 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.!1%-111 There is
additional evidence that the defect is at the level of S-adenosylmethionine
(SAM) synthetase.!!? 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.? Although there is evidence that alcoholics are at increased
risk of liver injury from acetaminophen!!3>-117 and presumably other drugs
that have similar toxicologic properties,!!® the mechanism underlying this
enhanced risk is not completely clear.!!” The increased risk can be repro-
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duced in rodents!!® and in primates fed ethanol for several weeks.!2° 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.!'® 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 P-450 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.!?! As mentioned, chronic ethanol feeding increases
the loss of GSH through nondetoxification pathways (sinusoidal efflux).>%
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. 22

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.!~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.5 These conclusions are supported by case-
control studies where patients with malignant disease are examined for the
relative risk of cancer.1%-1¢ Additional evidence for association is provided
by studies among traditional abstainers, such as Seventh Day Adventists
and Mormons.'”!3 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,?
breast,?® stomach,?-2 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-1-antitrypsin deficiency,
thorothrast administration, and the use of androgenic or anabolic steroids,3!32
but their relative contributions are not clear. Infection by hepatitis B is gen-
erally regarded to be the major causative factor.3? 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 4/100,000,3
accounting for about 1% of total cancer deaths. However, in sub-Saharan
Africa and Southeast Asia the incidence of liver 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.3%-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.’®*¢ The WHO reports a median
male:female ratio of autopsy diagnosed cases of HCC to be generally about
5:1,% whereas CC occurs almost equally in the two sexes. In a cohort study
of 1100 patients in Birmingham, Great Britain between 1948 and 1971,
Prior’ 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.*’ 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 dehydrogenase*® or their pathways of etha-
nol metabolism may differ.*® 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.?
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Etiology of Liver Cancer

Association with Viral Infection

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 play a prominent role in such developments. For example,
Geer et al.>! 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.,>? 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,> whereas for comparable incidence of cir-
thosis in Chicago the risk of liver cancer is only 5%.5% Lam et al.% 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 of HBV 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 infection®”7* 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 of HCC 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.”® 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,’s”” and this de-
spite the fact that prevalence of chronic HBV infection has been on a rapid
decline.”-30 Tanaka et al.3! 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 cirrhosis®2-34 but
not of HCC,3-2® this is probably a result of the limited period of study.
Tanaka et al.3! estimate that 15% of male HCC in Japan could be attributed
to such non-A non-B hepatitis infections in blood transfusions.

HBYV genome has been detected both in the hepatic DNA of carriers
and of patients with HCC¥:% 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.?®

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.®? 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.*

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.** For example,
diets low in choline, methionine, vitamin B ,, 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.” Furthermore, Lieber and DeCarli® 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.”*3 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 US®>1%0 and Japan!°1-192 haye
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 stydy in Japan has shown a considerably high risk with
Shochu or strong Japanese spirits.° Yu and Henderson®-1%:106 and Austin
et al.1% 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 colleagues!® studying mortalities among
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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.!% 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.3! 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!%31% 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 HBYV 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.,'%” 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 low!!? and alcohol consumption is considered
the most important predisposing factor for HCC.!!! Similarly, in Italy, the
incidence of HBV infection varies, but there is in general high daily alco-
hol intake.!? Karhunen and Penttila!'® 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.!!> 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 coworkers!!* 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%.!1>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.!'7 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 HBsSAg 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 colleagues!®®1% it was ob-
served that the average age of HCC 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.!!® 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.!!2 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.1% 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 of HCC 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.!!*12° Support for the aforementioned is pro-
vided by the observations of Brechot et al.,!?! who found that there were
integrated HBV sequences in the HCC DNA of alcoholics even though the
HBYV 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.>!
observed that 60-65% of their patients were heavy users of alcohol and
cigarets. Yu et al.”” 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. Hirayama!?? 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 hepatoceliular carcinoma.!?

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
cirthosis 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
conclusion.'?* However, Arrigoni et al.!?5 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.'® administered 20% ethanol to CDBA/2F, 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.!?’ observed no tumor in 108
male and 42 female CF; 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.
Gibel'? 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'?® maintained Sprague-Dawley rats on 30 mL/kg 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!3
found that treating ACI/N rats with ethanol alone for 56 wk did not induce
any tumors. Herrold!3! 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 Higginson!32 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. Alarge
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.!3313 That ethanol could affect
organ specificity of nitrosamines is evidenced by the observations of Swann
and his colleagues.!36-138 These investigators observed that ethanol inter-
feres with first pass clearance and thus influences the pharmacokinetics of
nitrosamines by affecting their 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. 138139 The results are further complicated by the observation that
ethanol competes with nitrosamines for the active site on the demethylase
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enzyme!#%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. 14142143 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 colleagues!#4143 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 Schmahi 6 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.1*” 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.!*? 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 at-
fected variously by ethanol. For example, Radlike et al.!¥ found that
hepatocarcinogenicity of vinyl chloride is increased by concurrent ethanol
administration. Yamamoto et al.!*® did not find any increase in tumors in-
duced by 2-fluorenyl-acetamide. Similarly, Yanagi et al.!*! 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.!132 investigating tumor promoting
effect of ethanol after initiation by aflatoxin (AF) B1 found that ethanol
had no effect on the development of y-glutamy! transpeptidase (GGT)-posi-
tive foci. However, recently, Tanaka et al.!3® reported that AFB, 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, ethano]
being administered following treatment by a carcinogen. Takada et al.!*
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.}7 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,!>*
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even 5% ethanol in drinking water starting 1 wk after a single dose of 30 mg/
kg NDEA significantly increased hepatocellular carcinoma, equal in effect to
1000 pg/mL sodium phenobarbitone given for 15 mo.

In recently completed studies where ethanol constituting 36% of total
caloric intake as part of Lieber-DeCarli!’® 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.!¢ 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 NMB_A 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 ¢ 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.1¢!

At this point, some comments on experimentally induced vs naturaily
occurring liver cancer are relevant. First, it must be understood that compared
to humans, liver cancer is a relatively common disease in rodents. Popper!62
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.'¢* 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.!% Also, the larger liver size allows less amount of oxidiz-
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able material in humans than in rodents.'%5 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,168-174

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 modern 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.! 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.? But because MEOS is inducible by chronic alcohol con-
sumption,’ 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 uM in humans consuming al-
cohol* and may be higher in persons chronically abusing alcohol and pa-
tients with liver disease.*> 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.® However, acetaldehyde is highly reactive; thus its
accumulation in the body after alcohol drinking may produce many patho-
physiological abnormalities.” 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 [**CJacetaldehyde, many pro-
teins have been found to form radioactive protein-acetaldehyde adducts
(-AA). These proteins include: plasma proteins,® albumin,° erythrocyte
membrane proteins,!® tubulin,! hepatic proteins,!? a number of enzymes
with critical lysine residues,'? and hemoglobin.?1415 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.!6 Using bo-
vine serum albumin (BSA) as the model protein, Tuma et al.!¢ 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, Tuma et al.!” have also pre-
sented evidence showing that the chemical reactions that result in stable
adduct formation in the presence of NaCNBH, 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.!® These investigators obtained radiolabeled
proteins by incubating [Clethanol 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,!%-2! was added to the incubation
mixture. On the other hand, adding cyanamide, an inhibitor of aldehyde
dehydrogenase,?>?? increased the radiolabeling of proteins by [4CJethanol.
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 g-amino group
of lysine residues.®!>16 Stevens et al.!> incubated human globin with
[Clacetaldehyde in the presence of NaCNBH,. 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 [“Clacetaldehyde conjugated amino acids. In addi-
tion to acetaldehyde-modified lysine, Stevens et al.'> found two other ma-
jor peaks with radioactivities corresponding to acetaldehyde modified valine
and tyrosine. Tuma et al.” 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 NaCNBH, and ascorbic acid increased stable
acetaldehyde adduct formation by way of reacting with lysine residues,
[Clacetaldehyde modified polylysine or [“C]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
NaCNBH, 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 Hoberman®* 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 investigators?* delineated the sites of acetaldehyde attachment
and found them to involve the free amino groups of the N-terminal valine
residues of the o, and 3 chains of hemoglobins. Reaction with B chains was
preferred over o chains. These investigators performed 3C-NMR analysis
of the adducts formed between hemoglobin and [1,2-1*C] acetaldehyde. They
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Table 1
Protein-Acetaldehyde Adducts Detected In Vivo
Target protein Detection method Reference
The 37-kDa rat liver protein Immunoblot Linetal®
Rat liver cytP450IE1 Immunoblot Behrens et al.2
Human serum proteins ELISA, immunoblot Linetal®
Hemoglobin HPLC Lumeng et al."
ELISA Niemela et al.%
Rat liver plasma proteins HPLC Barry et al.%

observed that acetaldehyde reacted with the amino termini of hemoglobin
to form stable cyclic imidazolidinone derivatives. On the other hand, Stevens
et al.1> 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.2> 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?” Earlier, Li and Lumeng?? 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 Minter!4 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 coworkers® 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 1 h and then incubating the mixture with
the addition of NaCNBHj; 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 Isracl®° 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 of hemoglobin-AA in aicoholic patients.

Our group raised antiprotein-AA antibodies in rabbits using hemo-
cyanin-AA and myoglobin-AA prepared according to the protocol of Israel
et al.2% 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-AA has 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.3? presented evidence that cytP450IIEl (or micro-
somal ethanol oxidizing system, MEOS) can also form acetaldehyde ad-
ducts in vivo. Although the detection methods (i.e., immuoblotting)
employed by our laboratory and by Behrens et al.>* 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 NaCNBH, than those used by Israel
etal.? or Lin et al.3! 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.3
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,3!
the reverse is true for serum protein-AAs.3* 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,3® 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.



Liver Protein-Acetaldehyde Adducts 27

Further Studies of the 37-kDa
Protein-Acetaldehyde Adduct

Formation in the Liver of the Alcohol-Fed Rat

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 Lieber-
DeCarli liquid diets for up to 7 wk. Both AIN’76 and the Lieber-DeCarli
diets contain 1000 KCal/L. The major difference between these two diets is
in the fat content. The Lieber-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. Liver pro-
teins were subjected to SDS-PAGE and electrotransferred to nitrocellulose
paper. Protein-AA bands were revealed by enzyme-linked immunoblotting
with antihemocyanin-AA IgG.3? 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 Lieber-
DeCarli diet (lane A) or the alcohol-containing AIN’76 diet (lanes 9 and
10) exhibited the same 37-kDa protein-A A 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
Lieber-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.3® 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, 1ane 4). The mitochondrial fraction and the
microsomal fraction (Fig. 2, lane 3 and lane 4, respectively) showed only
nonspecific binding with the antihemocyanin-AA IgG (Fig. 2A) as well as
the unimmunized rabbit IgG (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, electrotransferred to 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,® 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'76 liquid diets supplemented with cyanamide
(100 mg/L) 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 cytP4SOIIEL. The
37-kDaprotein-AA band and the cytP4SOIIE1 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 1gG, whereas
lanes denoted by b were immunoblotted with control rabbit 1gG. S: mol wt
standards, 1: crude homogenate, 2: mitochondria, 3: microsomes, 4: cytosol (from
Lin and Lumeng,® reprinted with permission).

Results are summarized in Table 2. Cyanamide inhibits aldehyde dehydro-
genase activity.?%2 Rats fed the cyanamide supplemented alcohol-contain-
ing AIN'76 liquid diet showed no change in blood alcohol levels but their
blood acetaldehyde level were about S times higher than those fed alcohol
only. When the diet was supplemented with pyrazole, an inhibitor of
ADH, %21 the blood alcohol levels inrats 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
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Table 2
Effects of Cyanamide and Pyrazole on Blood Ethanol
and Acetaldehyde Levels, the Hepatic Content of CytP450lIE1
and the Formation of the Liver 37-kDa Protein-AA in Rats

Diets Blood ethanoi®  Blood acetaldehyde®  CytP450lE12  37-Da Protein-AA®

levels levels contents contents
(mM) (mM) (arbitrary unit)
A. Control ND¢ ND 1.73+0.08 ND
B. Alcohol 67% 1.1 21108 3.17+0.33 594
C. Control ND ND 1.70£0.20 ND
+Cyanamide
D. Alcohol 6.1+08 11.1+54 3.20+0.07 26.52
+Cyanamide
E. Control ND ND 1.67+0.17 ND
+pyrazole
F. Alcohol 11.2+£09¢8 ND 405+£017° ND
+pyrazole

a: Mean values + SEM, n=4.

b: Average of two measurements.

¢: Not detectable.

d: p<0.05; CytP450HE1 contents, B vs A.

e: p< 0.05; Blood alcohol concentrations and CytP4501IE 1 contents, F vs B.

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
cytP450IIE1 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 cytP460IIE1 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 cytP450IIE1 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.>? 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-defined® and trace mineral en-
riched®’ 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. 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-AA IgG as described earlier.
When cells were treated with 40 mM ethanol, the 37-kDa protein-AA could
be detected after 3 d of incubation. 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.3® We have found that the acetaldehyde concentrations
that accumulated in the culture media were the same for 1-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
mM was effective and the maximal effect was at approximately 10 mM.
These blood ethanol concentrations are pharmacologically relevant during
alcohol consumption. Adding cyanamide (50 paf) 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.,3 reprinted with
permission).

tensity of the protein-AA band by more than twofold. Adding 4-methyl-
pyrazole (10 pM) 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 ethanc! 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.,%8 reprinted with permissicn).

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
of lipids, proteins, and water in hepatocytes.> The increase in liver proteins
is mainly explained by induction of protein synthesis and by inhibiting ex-
port of secretory proteins.*0 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 [“Clleucine or [“*Clfucose decreased.*!
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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. 424
Furthermore, the ethanol-induced impairment of hepatic protein secretion
was prevented by ip injection of pyrazole prior to ethanol administration,*?
and was enhanced by pretreating animals with cyanamide.* 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.*>*7 Tuma et al.*® and Jennett et al.*° 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 tubulin/microtubule 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.!® 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-
ics®-36 even without evidence of liver disease.’” The hypothesis that im-
mune response plays a pathogenic role in the development of alcoholic liver
disease has recently been proposed.5®>® Immune responses in alcoholic
liver disease are now better characterized.” Israel et al.2’ 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.??
Using ELISA method and hemagglutination assay, respectively, Niemela
et al.%° and Hoerner et al.5! 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.! There
are at least 10 million alcoholics in the US, costing the economy over $100
billion annually,? 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,® 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,’ to
these extrahepatic organs occurs despite a common exposure to blood con-
taining similar concentrations of acetaldehyde derived from the liver.” 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.3!1 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!%!! provided a plausible link between the observed tissue damage and
the ingestion of alcohol.!? FAEEs are formed in myocardium principally
from nonesterified fatty acid.!? Since ethyl esters are bound less readily to
protein than is nonesterified fatty acid!4 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. !4

Several factors may modulate FAEESs 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 of FAEEs may be influenced both by small molecu-
lar effectors or potentially by isoenzymes with inherent differences in
catatytic 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.!> 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, 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 Lange! by incubating
samples containing enzyme with 0.4 mM [**CJoleate (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 [*H]oleate and 0.6 imol 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 H, 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 mg/mL).16-18
Rates of synthase activity in various organ homogenates may vary from
468 nmol/g/h for pancreas to 7 nmol/g/h for aorta.®

Mogelson et al.!® 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 AG, 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 ml/h 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
NaCl (m). Fractions (6 mL) were collected and monitored for protein (O) and syn-
thase activity (®). (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 sotuble fraction from homogenates. When fractionated on
DEAE-cellulose (2 X 18 ¢cm) in 1 mM of BME, 10 mM Tris, pH 8.0, these
chromatograph as a minor and major synthase.* 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.



Ethyl Esters and Liver Changes 245

Fatty Acid Ethyl Ester Synthase |

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-100 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 Tiis, 50 mM phosphate, pH 7.0, and those Sephadex G-100
fractions with activity greater than 2 nmol/mL/h were applied at 20 mL/h.
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 nmol/mL/h
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 pg) 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 g of the fatty acid ethyl ester Syn-
thase I per g of tissue.!®

Several chromatography experiments were performed to confirm that
Synthase Iis a GST. First, the DEAE-cellulose fractions (active as Synthase
I, total activity 700 nmol/mL/h) were assayed for GST activity with 1 mM
1-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/min/mol enzyme. These
fractions were concentrated by ammonium sulfate (70% saturation) and dia-
lyzed against 1 mM BME, 10 mM Tiis, and 50 mM sodium phosphate, pH
7.0. The enzyme was applied to a S