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Foreword

This volume is the second in- the series of research monographs

recently begun by the National Institute on Algol Abuse and
Alcoholism. This series sets forth current information on a number

of topics relevant to alcohol abuse and alcoholism as reported

through workshops in research, prevention, and treatment as well

as through state-of-the-art reviews on selected subjects.

This _monograph is also the second one based on a research

rkshop sponsored by NIAAA. The main purposes fot sup-

.,Thrling research workshops are to disseminate newly acquired

Knowledge, to uncover new research opportunities, to stimu-

late fresh ideas for study, and to attract the best scientists

into alcoholism research. I believe that this research monograph'

series enhances the prospects that these purposes will be achieved.

Much has already been accomplished by gathering together the

group of scientists at the research workshop on "Alcohol and

Nutrition": recent findings have been presented to and shared with

other scientists in open forum; and discussions have yielded a criti-

cal examination of these findings and have suggested new studies

as a logical extension of these data. It is too early to determine if

the alcoholism research community has been increased as a result

of this workshop. The publication of the proceedings of this work-

shop will further extend what already has been accomplished by

providing a written record of the workshop and broadcasting this

re-cord far beyond the immediate time and place of the workshop

itself.

Albert A.. Pawlowski, Ph.D.
National Institute on Alcohol Abuse and Alcoholism
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Introduction

In September of 1977, the Nati.9nal Institute on Alcohol
-Abuse and Alcoholism held a workshop on the interrelations of
alcohol and nutrition. This volume represents the proceedings of
that workshop.

The importance of this subject= to__ alcoholism and alcohol-
derived diseases is clear. Alcohol is ingested primarily because
of its psychopharmacologic effects. However, it exerts effects
upon the nutritional health of the consurngr through the con -

<fftribution of its own caloric content and through its disruptive
'effects- on gastrointestinal function, nutrient absorption, vitamin
activation and elimination, mineral and fluid electrolyte balance,
energy, and carbohydrate, lipid, and protein metabolism. The
caloric content of alcohol is lubstuitial-7.1 cal /grain. A con-
sumer of 20 ounces of 86-proof beverage derives from this 1,500
calories, or one-half to two-thirds of his 9r her daily caloric
needs. Economic factors and, impaired appetite _can further coil
tribute to deficient nutrient intake. An added complication is
the phenomenon of energy wastage: the observation that healthy,
nonalcoholic individuals lose weight on an adequate diet which
contains alcohol as 36 percent of total calories.

The nutrient value of the calories derived from alcoholic bever-
ages is poor. Some investigators have termed these "empty cal-
ories," owing to the absence of significant p_ rotein vitamin, or
mineral content in such beverages.

also addresses_ the sub'ect of alcohOl metabolism
and important questions related to the effects nutrition may have -

'in altering enzyme and co-factor levels in the pathways' of alcohol
oxidation.

An adequate ,understandigg of the nutritional consequences of
alcoholism is fundamental for knowledge develOpment in all of
the biological disciplines attacking the problems of alcohol abuse
and alcoholism. As such,-it is hoped that this volume will be useful
to pharmikologists and behavorial scientists, as it will be to physi-
ologists, biochemists, and nutritionists.

Kenneth R. Wen, Ph.D.
National Institute on Alcohol Abuse' and Alcoholism



Summary

Section I: Effects of Alcohol on Nutrition
and Gastrointestinal Functions

Dr. Smith emphasized that although overt nutritional exogenous
deficiencies have nearly been eliminated in the United States,
marginal and conditioned nutritional inadequacies are still
prevalent. The traditional methods for assessing nutritional states
are often insensitive, hdwever, so new approaches must be de-
veloped to detect these marginal and conditioned deficiencies.
Establishing "normal values" for these states is also an important
problem. Mom precise guidelines for interpreting laboratory tests'
must be established.

Since the turn of the century, food consumption trends in the
United States indicate a marked alteration in our intake of certain
foodswe eat more refined sugars, processed foOds, and fats and
oils and, less flour and cereal products. Fats and oils cannot be
depended upon as major sources of fat-soluble vitamins, and they
are extremely poor sources of trace elements. Data from the First
Health and Nutrition examination Survey (MANES I), conducted
in 1971-72, indicate that a substantial segment of the American
population has a substandard intake of _certain nutrients
particularly iron, vitamin` A, calcium, and trace elements such as
zinc. Factors that produce conditioned nutritional inadequacies
include dietary chelators, drug ingestion, and alcohol abuse.
.Mcohol abuse is the most coimmon- cause of vitamin and trace
element deficiency in adults in the United States. Alcohol abuse
also leads to inefficient use of energy.

Dr. Lieber reviewed the complex interaction between alcohol
and rilutrition. Alcohol abuse leads to primary malnutrition (i.e.,
deficient intake) and secondary malnutrition (i.e deficient
nutrient utilization). Alcoholic beverages 'provide "empty" calo-
ries because_ ethanol does not .contain significant amounts of
protein, vitamins, or minerals. A person who drinks 20 ounces of
an 86-proof beverage consumes about 1,500 empty - calories
one-half to two-thirds of the normal daily caloric requirement.
Thus intake of other foods decreases, and daily nutrient ingestion

sd In addition_to_thi&problern, economic

3



4 . SUMMARY

factors and impaired appetite (caused by gastrointestinal and liver
disorders) also contribute to deficient nutritional intake.

Secondary malnutrition is also caused by multiple factors:
ethanol-induced gastrointestinal damage, deficiency-induced mat-
digestion` and malabsorption, decreased activation or increased
inactivation of nutrients, and energy wastage. Recognition of
energy wastage due to alcohol consumption is a new finding in
experimental animals and in human studies. Human nonalcoholic
subjects placed on an adequate diet, but who received 36 percent
of their total calories in ethanol, consistently lost weight even
though no decrease in absorption of energy-containing substances
was observed. The mechanism responsible for energy wastage due
to alcohol consumption is not yet known. Experimental data
indicate that either the induction of the microsomal ethanol-
oxidizing system (MEOS) or the activation of Na*-1C+ ATPase, or
both, may be causally linked to energy wastage.

Dr. Lieber also reviewed the pathogenesis of alcoholic liver
disease. In the baboon, chronic alcohol feeding in the presence of
otherwise adequate diet produced the sequential development of
fatty liver, alcoholic hepatitis, and cirrhosis.

Dr. Dietschy presented an elaborate formulation of the general
types of transport, involved in the movement of solutes across
biological membranes and across the gut in particular. He discussed
the characteristici of passive and active transport, with special
emphasis on solute. interaction, membrane polarity, and diffusion
barAers (particularlY the unstirred water Alcohol could
alter transport of-a given substrate by altering the unstirred layer
resistance, changing gut permeability, or affecting active transport.

Dr. Shanbour discussed the effects of alcohol on the function of
the key digestive organs: stomach, pancreas, liver, and small
intestine. Studies in her laboratory on isolated dog stomachs
showed that 20-percent ethanol decreased gastric acid secretion by.
one-third, inhibited active transport of various ions, and decreased
gastric mucosal adenosine triphosphate (ATP). Isolated rat pan-
creas _preparations showed that ethanol inhibits bicarbonate and
water output; this inhibition is associated with a fall in pancreatic
ATP but not in cyclic adenosine monophosphate (AMP) content.
Again it was postulated that the decrease in ATP may be the
mechanist:1, by which -alcohol impairs.pancreatic function. In the
area' of the .liver,. alcohol given orally (but not intravenously) in
creased hepatic cyclic AMP but did not alter ATP levels, Glucagon-

"ccyclic-AMP±thiaaffeot-was-potentiated by
alcohol. Thus, oral alcohol may exert its effect on hepatic nucleo-
tides via gut hormones (i.e., glucagon and sectetin) or via enhanced
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hepatic sensitivity to them. Finally, Dr. Shanbour commented on
the effects of alcohol on the jejunum. Using an Ussing chamber,
which netftralizes -electrochemical gradients across the gut, it was
shown that 3-percent ethanol decreased the active transport of
Na+, 3-o-methylglucose, and L-alanine to less than 50 percent of
pre-ethanol values.

Section II: Effects of Alcohol on Mineyal Metabolism

Dr. Vallee provided an overview of the rapidly developing field
of zinc biochemistry. Zinc is a dietary essential. In recent years,
several zinc deficiency syndromes have been defined in humans.
These deficiencies include growth failure, hypogonadism, and acro-
dermatitis enteropathica; all are amenable to zinc therapy. Zinc
deficiency also appears to be a problem in patients with alcoholisni
and/or cirrhosis; however, the benefit of zinc therapy has not yet
been evaluated in controlled clinical trials- with alcoholic patients.

There are presently 92 known zinc metalloenzymes and metallo-
proteins. The metalloenzymes participate not only in carbo-
hydrate, protein, and nucleic acid metabolism, but also in alcohol
metabolism. At the molecular level, zinc appears to function in
two ways: as an essential component,of enzymic catalysis And as a
determinarit, in the structural configuration of certain nonenzymic
macromolecules. Recent advances in zinc_ biochemistry include
the characterization of human alcohol dehydrogenase, isoenzyrnes
(see later: Bosron and Li) and the finding that adequate zinc nutri-
ture is required for the activities of DNA and RNA polymerases
and reverse transcriptases (see iater: Falchuk).

Dr. Falchuk reported on recent studies orthe metabolic effect
of`-zinc deprivation' on Eugfena gracilia. This eukaryotic organism
exhibits growth arrest when the zinc content in the medium is de-
creased to <10 M. A number of striking biochemical changes
follow: cellialar DNA content doubles, cell volume increases,
protein content and 31-1-uridine incorporation into RNAboth de-
crease, certain unusual proteins accumulate, ,and the cellular
content of Mn, Mg, Ca, Fe,'_Ni, Cr, and Cu increases. By using
synchronized cell .populations and flow cytofluorometry, it is
found that the biochemical processes essential for cells to pass
from G1 into S, from S to 02, and from G2 to mitosis depend on
the presence of zinc; its deficiency blocks all three phases of the

-growth-cycle-7of-C-. gracilis.- essential-for-the-function-of.
DNA polyinerase, and it is also required for RNA metabolism:
Whereas two DNA-dependent RN4 polymerases, I and II (each

307-14g
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contains two . '.orns of zinc per molecule of enzyme), are found in
zinc-sufficient E. gracilis, a single, unusual RNA polymerase (also
containing zinc) is present in the zinc-deficient organism. This
major change in the RNA polymerases, induced by zinc deficiency,
results in a doubling of the content and in a profound alteration in
the base composition of the mRN A in the zinc-deficient cells. These
findings in E. gracdis clearly illustrate the importance of zinc nutri-
ture in the translation of information from the genome into proteins.

Dr. Prasad reviewed the clinical syndromes of zinc deficiency in
man. The best documented syndromes are the hypogonadal
dwarfs in Iran and Egypt, congenital acrodermatitis enteropathica,-
and acquired forms of acrodermatitis enteropathica (e.g., secondary
to prolonged total paxenteral alimentation). Zinc therapy in these
instances results in dramatic cure.

The present understanding of zinc defidiency, conditioned by
alcohol abuse and alcoholic liver disease, is fragmentary and some-
what speculative. The laboratory criteria for the diagnosis of zinc
deficiency have not been unequivocally eStAblished. Plasma zinc, \,

eryihrocytic fine, hair zinc, urinary zinc, and salivary zinc are use-
ful inc axes, but each has pitfalls.

Abnormal zinc metabolism, which occurs in patients with alco-
holic cirrhosis, was first descTibed by Dr.' Vallee. The abnormal
features include low serum zinc, decreased hepatic zinc, and,
paradoxically, hyperzincuria. Although these observations have
now been corroboraLed in many laboratories, whether low serum
zinc and decreased hepatic zinc are pathognomonic of zinc de-
ficiency is uncertain. Kinetic 'studies with 65 Zn in cirrhotics
indicate a diminished i,00l size, but a careful metabolic balance
study of zinc in cirrhotics has not yet been performed. The
spectrum of alcoholic liver diseases varies physiologically and bio-
chemically from 'minimal aberration of function to severe func-
tional impairment. Yet there have been no studies of zinc metab-
olism in the alcoholic patient that address this point. At present,
the critical test for zinc deficiency in humans is a definitive
clinical respbnse to zinc supplementation under controlled condi-.
tions. However, with the innumerable metabolic and clinical mani-
festations in liver disease, it has been difficult to define the specific
abnormality benefited by zinc therapy. r

The critical question is "flow does zinc work?" Does it work in
a general way and thereby improvetthe general well-being and,,,per-
haps, the suriival of alcoholics with and without liver disease? Or,

--does-it-work-in-a-specific manner;--'sucil-*-by-improving drug
metabolism, correcting the metabolic defects in hepatic coma, or
rectifying night blindness-and aberrations in taste and smell?
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Dr. Beard, who summarized the current state of knowledge
about the effect of ethanol on Mg2+ metabolism, emphasized that
careful balance studies are critical to further understanding of the
interrelationship between ethanol and Mg2+ metabolism. Mg2+ in
the body is compartmentalized in bone, skeletal muscle, and
extracellular spaces. Mg2+ is ubiquitous in just about all known
foodstuffs; deficiency due to dietary inadequacy is difficult to
produce. About 30 to 40 percent of the Mg2+ ingested is absorbed
by the gastrointestinal tract. Fractional Mg2+ absorption varies
with intake; i.e., with increased intake, absorption decreases. Mg 2t
is excreted mainly by the kidneys. Thus, to study the effect of
ethanol on Mg2+ metabolism, its effect on the compartmentaliza-
tion of Mgt* must be defined.

What is the mechanism of the acute increase in serum magne-
sium and increased unnary excretion rollowinWingestion of

,alcohol? What are the mechanisms involvdd in producing the
sudden reduction of serum Mg2+ following abstinence from
alcohol? Finally, what would-;be-the effect of given deficits or
shiftS in the distribution of g2+ op/ cellular intermediary
metabolism?

The next area for discussion was opened by Dr. Knoche' who
presented information on the pathogenesis and the effect of
phosphate -depletion in the alcoholic patient. Hypophosphatemia,
associated. with the administration of nutrients without adequate
phosphorus supplementation, may not occur until 4 or 5 days
after admission to a hospital. Hypophosphatemia is not necessar-
ily diagnostic of phosphorus deficiency because it may be the re-
sult of respiratory alkalosis without phosphorus deficiency.
Moreover, severe phosphorus deficiency, as evidenced by a mark-
edly lowered muscle phimphonts content, may exist in the face of
a normal serum phosphorus concentration. Hypophosphatemia
commonly occurs in association with a sharp rise in creating
phosphokinase activity in serum, and, in this instance, phosphorus
deficit may exceed 500 mmol. The pathogenesis of phosphorus
deficiency in the alcoholic patient is multifactorial; this deficiency
stems from inadequate dietary intake vomiting and diarrhea,
magnesium deficiency, deranged vitamin D metabolism, hyper-
calcitoninemia, and metabolic acidosis. In addition, administration
of nutrients, infusion of frudtose, acute respiratory alkalosis, and
hyperinsulinism may compound ph6sphorus deficiency by pro-
ducing acute hypophosphatemia. fliosphonts. deficiency and
hypophosphatemia may result in serious consequences: osten-
malacia; myopithy; rhabdomyolysis; impairment of erythrocytic,
leukocytic, and platelet function; hemolysis; renal tubular lesions;
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neurological impairment; myocardial insufficiency; and hepato-
cellular dysfunction.

Dr. McDonald described her recent metabolic balance studies
on the effect of ethanol on mineral metabolism in humans. Six
healthy, male, nonalcoholic volunteers participatedin these experi-
ments, which consisted of one 3-day equilibrium period followed
by four 18-day experimental periods. Each man served as his own
control. In a randomized block design, wine, dealcoholized wine,
ethanol, and deionized water were individually .consumed with
meals in each experimental period. Caloric intakes were adjusted
for each experimental period to keep body weight constant. Dur-

- ing the alcohol periods, the blood ethanol level of the subjects was
20 mg% 1 hour after a meal; no alcohol could be detected 3 hours
postprandially. The effects of wine, dealcoholized wine, ethanol,
and deionized water on Na *, JO", Ca2+, P, Mgt *, Zn2+, and nitro-
gen excretion and balance are shown in table 1. These data indicate
that wine and ethanol differ in their effects on mineral balance
and that constituents' in wine other than ethanol also affect
mineral balance.

Table 1. The Effect of Wine, Dealcoholized Wine, Ethanol, and
Deionized Water on Miner-al Excretion and balance*

Mineral Excretion
and Balance

Wine
Dealcoholized

Wine
Ethanol

Delo nized
H20

Na* Fecal
Urinary

Ks' Fecal
Urinary
Balance

Ca2+ Fecal
Urinary
Balance
Fecal
Urinary
Balance

Mgt *. Fecal
Urinary
Balance

Znz* Fecal
Urinary
Balance

ogen, Urinary

t

t increased excretion;' t , decreased exereti
aye balance.

more - more -
t

n; negative balance; +, posi-
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As shown in table 1, ethanol increases Mg_ 2+ excretion in feces.
However, the balance measurements in the studies performed by
Dr. McDonald did not provide any definitive informatlon on Mg2#
metabolism because all the subjects exhibited negative Mgt* bal-
ance with all the drinking solutions.

Section III: Effects of Alcohol on Vitamin Metabolism

Dr. Halsted described the results of a study of he effects of
prolonged (3 to 6 months) oral administration of alcohol, account-
ing for 56 percent of the total calories, to macaque monkeys.
Effects on hepatic histology, serum markers such as serum glutainic
oxaloacetic transaminase (SGOT) of hepatic injury, liver and
erythrocyte folate__ levels, and intestinal- folate absorption_ were__
analyzed. The liver showed evidence of damage, with increased fat
deposition, early collagen in the space of Disse, and mitochondrial
injury accompanied by increasing SGOT levels. Hepatic folate
concentration and the quantity present as methylated folate de-
creased in the ethanol-fed animals, but gut mucosa and erythro-
cyte folate remained normal. There was no evidence of anemia.
There was indirect evidence of impaired folate absorptiop in the
ethanol-fed baboons. Dr. Halsted emphasized the need for further
assessment of hepatic status and folate absorption as well as folate
tissue levels in more prolonged states of controlled alcohol feeding
to these subhuman primates. This animal model lends itself to
various modifications of experimental design to assess the inter-
relationship of alcohol and nutritional deficiency_

Dr. Hillman discussed the possible mechanist-x-1(s) whereby
alcohol acutely depresses serum folate. This phenomenon is unre-
lated to methodologic artifacts or the presence of folate binders in
plasma_ Using labeled folate (3H-pteroyl-glutarnic acid and
14C methyltetrahydrofolic acid), it was shown that, norrnally;
these compounds are taken up rapidly by the liver. The pteroyl-
glutamic acid is reduced and methylated to methyltetrahydro-
folate monoglutamate in liver and to some extent (15 to 20
'percent) to the pentaglutarriate- form. On the other hand, the
methyltetrOydrofolate is not incorporated into the hepatic folate
pool and is not excreted in bile. The excreted methyltetrahydro-
folate enters an enterohepatic cycle, which has a half-life of about
6 hours. Thus, enterohepatic circulation of folate is important in
controllfrig serum folate levels.

In folate deficiency, Dr. Hillman reported, the hepatic storage
of folate is decreased, and the enterohepatic cycle is increased.
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Teleologically, this would tend to maintain the level of serum
folate. Alcohol, on the other hand, causes a major shunting of
pteroylglutamic acid into the pentaglutamate liver stores. This re-
sults in a major decrease in binary folate output and might explain
the lowering of serum folate with alcohol. The mechanism'of this
effect of alcohol is-still uncertain.

Dr. Wagner discussed the normal uptake, of folate by isolated
rat hepatocytes and presented some preliminary data on the effect
of alcohol on this process. Palate, in the form of 5-methyltetra-
hydrofolatethe Tnajor form of the vitamin in human plasmais
taken up by the liver by a saturable, concentrative process, but
this is competitively inhibited by various folate analogs and by
substances that interfere with energy production. At least 80 per-
cent of the 5-methyltetrahydrofolate in liver is unchanged and
unbound after 90 minutes of incubation. Increased uptake of
folate with the administration of sodium azide could be explained
by inhibition of efflux, resulting in greater hepatic net flux.
Alcohol ,(40 mM added in vitro) stimulated folate uptake by the
hepatocytes. This stimulation was noted only after 20 minutes of
incubation and was greatest 'after 40 minutes. A metabolite of
alcohol, pOssiblY acetaldehyde, could be responsible for this
effect. The increase in folate influx into liver cells with alcohol
expothre could be due to inhibition of its efflux, but further
studies are needed to establish this as fact.

Dr. Hoyumpa discussed the current statueof intestinal transport
of thiamine, a vitamin often deficient in alcoholics. He first
characterized normal thiamine transport, which seems to be
bimodal. At low concentrations (<1.0 AM), which aresprobably_ in
the physiolinical range of normal thiamine intake, transport ap-
pears to be saturable, inhibited by metabolic antagonists, sodium-
dependent, and mediated by ,a carrier. At higher concentrations,
thiamine transport is passive. Alcohol, given orally as a single 50
to 750-mg/100 g body weight dose or added in vitro at a concen-

-tration of -2.5 percent to gut sacs, inhibited the active (but not the
passive) transport of thiamine_ . This effect appeared to be localized
to -the exit step of thiainine froth the tissue across the gut serosa
and correlated with a .decrease in Na-K-dependent ATPase in the
basolateral Membrane 'of the intestine. Chronic oral alcohol ad-
ministration Over 6 to 8 weefs with blood alcohol levels under
100' Mg% had no effect on intestinal thiamine transport, the .

Na-K ATPase'activity, or tissue levels of thiamine pyrophosphate.
Addition of an acute dose of alcohol reproduced the findings
described earlier and raised blood alcohol levels to about 185 mg%.

Hoyumpa concluded by emphasizing the need for further
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definition of intracellular events of intestinal thiamine transport
such "as phosphorylation and protein binding.

Dr. Lumeng discussed the problem of vitamin B6 deficiency in
chronic alcohol abuse and reviewed the present knowledge of the
nature of this abnormality. In alcoholics, abnormally lowered
serum folate is most prevalent, followed by low levels of vitamin
Be and thiamine. The incidence of low plasma pyridoxal phosphate
is greater than 80 percent in patients with alcoholic cirrhosis and
about 50 percent in those with normal liver histology. Recent
studies indicate that pyridoxal- phosphate -is the major Be vitamer
in plasma and that the measurement of plasma pyridoxal phosphate
is a reliable and sensitive indicator of vitamin Be undernutrition
and vitamin Be storage. In the normal metabolism of vitamin 86,
the content of pyridoxal phosphate in tissue
an= iver is goVerned conjointly by protein binding and by hy-
drolysis of this coenzyme when it is synthesized in excess of the
binding capacity.

Experimentally, it has been shown that ethanol oxidation lowerS
hepatic, pyrigloxal phosphate. The mechanism is mediated by
acetaldehyde, which acts by displacing pyridoxal phosphate from
protein binding, thereby increasing the availability of free pyridoxal
phosphate for hydrolysis. The net effect of ethanol oxidation and
acetaldehyde action is the, promotion of pyridoxal phosphate deg-
radation. It is important to remember that, in both acute and
chronic liver diseases, the degradation of plasma pyridoxal phos-
phate is accelerated.

Dr. Rudman, outlined normal carnitine formation, deriyed
- either from ingested carnitine or synthesized in the liver from

lysine and methionine. He presented ,evidence from a nutritional
survey as' well as from metabolic balance studies' that cirrhotics
with severe liver-disease may exhibit major carnitine deficiency;
thZse data correlate with various indexes of poor nutrition as well
as with tests of liver dysfunction such as serum bilirubirr and
prothrombin time.

Carnitine deficiency may be present in as many as 30 percent
hospitalized. cirrhotics. Part of this deficiency is due to poor intake
of dietary carnitine as well as of its precursors lysine and methi-
onine. However, even when adequate.amountsof these two amino
acids are provided, the diseased liver is unable to synthesize
carnitine at a normal rate. Thus carnitine defi6iency .in cirrhotics
may be due to anorexia with poor dietary intake, to a low rotein
diet deficient in carnitine and- its precursor amino aci , or to un-
paired hepatic synthesis of carnitine. Dr. Rudman speculated that

, carnitine deficiency may have clinical relevance with regard to the
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neurological-an-6 myopathic syndromes observed in some cirrhotics,
although this has not yet been firmly established.

Section IV: Effects of Alcohol on Protein
and Amino Acid Metabolism

Dr. Lieber and Dr. Hsu discussed the current status of plasma
e-amino-n-butyric acid (AANB) and leucine levels as indexes of
chronic alcoholism. In rats, baboons, and humans, chronic heavy
alcohol consumption results in elevation of the AANB level in
plasma and liver. Protein restriction leads to a decrease inr_plasma--
AANB level, so it is ecessary to use other-plasmarTifilo acids as a
rgte_renee_base fir-ttrislegard, plasma leucine level is used because
it reflects dietary protein intake. Although the plasma AANB/
leucine ratio was used 'earlier, this relationship is not over
the entire range of leucine values.- Thus, the use of this ratio is
now replaced by experimentally derived curves. Using these
curves, one can detect approximately 80 percent of active alco:
holics sampled within 7 days of drinking, with only a 2-percent
false-positive result among controls. This test is more sensitive
than measuring blood alcohol level. Moreover, blood alcohol level -

does not distinguish acute from chronic alcohol consumption.
AANB is as sensitive as, but much more specific than, plasma
y-glutamyl transpeptidase activity.

Dr. Rothschild discussed the effect of ethanol and acetaldehyde
on .hepatic alburnin synthesis in both the fed and fasted states.
Acute ethanol administration results in disaggregation of the
endoialasmic Membrane-bound polysome, decreased urea fprma-
tion, decreased albumin -synthesis,-and reduced synthesis of other
proteins. In liver -of fed animals, these effects of ethanol can be.
_reversed by administration of a number of amino acids, as well as
by administration of polyamines.

In liver from fasted animals, the combined stresses of starvation
and ethanol cause more severe changes. Not only do the endo-
plasmic membrane-bound polysomes become disaggregated, but
the free polysomes are- also disaggregated. It is possible that the
aggregated free polysomes are_ responsible for the synthesis of the
pre- or propeptide, and the latter initiates attachment of the
ribosome to the .endoplasmic membrane to form the albumin
destined for export. In liver, from fasted animals, the addition of
amino acids and polyamines is less likely to reverse the deleterious
effects of _ethanol.

Dr. Rothschild has also studied the effect of acetaldehyde on
these steps in albumin synthesis, but acetaldehyde does not
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reprotuce the changes mediated by ethanol. Therefore, the dele-
terious effects of etanol must be explained by metabolic sequences
of alcohol oxidation other than n-the generation of acetaldehyde.

Section V: Alcohol Metabolism: Including the Effects
of Chronic Alcohol Ingestion and Nutritional States-

Dr. Cornell presented a paper on the rate-determining factors
for ethanol oxidation in rats in vivo and in isolated rat hepatocytes.
He pointed out that the rate of ethanol metabolism in rats in vivo
is about 3 ,urnol/min/g liver. This-rate-is-obsenred-viith-isolatecl
hepatocytes from fed and 48 hour starved rats, provided that
lactate or pyruvate is also added as a substrate. In the absence of
lactate or pyruvate, hepatocytes from starved rats oxidize only
0.75 gmol of ethanol/min/g and cells from fed rats exhibit a rate
of 1.9 gmq.1/min/g. The effect of lactate and pyruvate is not due
to increased ATP utilization for glucose synthesis; instead, lactate
and pyruvate replenish intermediates required for the malate-

..

aspartate hydrogen shuttle in the isolated cells. Dr. Cornell em-
phasized that, although the. malate-aspartate shuttle may be rate
limiting for ethanol oxidation in isolated hepatocytes under some
conditions, this effect is probably not the case in vivo. Alcohol
dehydrogenase is present in rat liver at 1.5 times the activity re-
quired,.to account for the rate of ethanol oxidation in vivo, sug-
gesting that the level of alcohol dehydrogenase can be a major
rate-determining factor. Dr. Cornell has determined .the kinetic
properties of the rat liver`alcohol dehydrogenase and has Calculated
the rate of ethanol elimination based on the steady-state rate
equation for an ordered bi-bi reaction mechanism: Indeed, the
calculated rates are similar to those observed in vivo. Dr. Cornell
therefore concluded that, in vivo, the rate of ethanol elimination
in the rat is determined in a significant wa, by the amount of
alcohol dehydrogehase in liver.

Dr. Bosron also presented data indicating that the level of
alcohol dehydrogenase in liver is not in large excess. Additionally,
hepatic alcohol dehydrogenase activity .decreases rapidly with
fasting; the amount of decrease is as much, as 50 percent. The
relationship of hepatic alcohol dehydrogenase activity and alcohol
eliniination in vivo during fasting is being investigated.

Dr. Kulkosky presented data----indicatin-g that the maximal
ethanol intake in rats is deterniined by the hepitie aleohol_dehy-
drogenase activity. Ethanol intake can be maximized by addin-
saccharin and NaC1 to the alcohol solutien;-the-maxithalintake in



14 SUMMARY
r

rats is.about 7 to 8 g/kg/d. This is the same as the ethanol meta-
bolic capacity of 8 g /kg /d calculated from Dr. Cornell's data.

Drs. Bosron and Li discussed the multiple molecular forms of
human alcohol dehydrogenase (ADH). Of particular importance is
the identification and isolation of a new molecular form of human
alcohol dehydrogenase, l7 -ADH. The human liver contains
many as 6 to 10 ADH molecular forms. The number and the
amount of the. individual forms in liver tissue vary among inui-
viduals and races, depending on genetic fzictors as well as on the
health of the indiViduals and the manner in which tissue specimens
are handled (i.e., biopsy, autopsy tissue from patientswho died of
sudden traumatic deaths, or autopsy tissue from patients who
died of various illnesses). Biopsy and traumatic death-related
autopsy samples exhibit high specific activity; they also contain
the newly discovered rnblecular ford of alcohol dehydrogenase,
11-ADH.

Fl ADH is the most anodic enzyme form arniang the ADH iso-
zymes on starch gel electrophoresis. At concentrations of ethanbl
that produce moderate to severe intoxication, i.e., 30 to 100 mM,
11 -ADH represents, as much as 40 percent of the total alcohol-
oxidizing capacity in human liver. fl.ADH has been purified by
means of affinity chromatogiraphy, and this molecular form ex;
hibits a number of unique properties:, [1 -ADH is unstable, is
relatively insensitive to inhibition by 4-meth_ ylpyrazole, and
exhibits a high KM for ethanol. Op the other hand, 1-4-ADH is
similar to the other ADH molecular fortns with respect to molec-
ular weight, subunit composition, and zinc content.

The discovery of fl-ADH bears importantly on our understand-
- ing' of normal human alcohol metabolism and its pathological ,

derangements. The occurrence` of this high KM -form of ADH
ndicatos that the rate of alcohol oxidation in vivo, should increake,
when blood ethanol concentrations rise to intoxicating levels-in
some individuals. Although the failure of pyrazole compounds to
completely 'inhibit ethanol oxidation is/frequently argued as
functional evidence fqr non-ADH mediare'd pathways of ethanol
metabolism, the pm:trice of thp pyrazole-insensitive 11 ADH in
human liver indicates that the existence or lack of such altrnate
pathways in humans cannot be inferred' conclusively iilarn the-
effects of these compounds. Moreover, belie both the molec-
ular heterogeneity of 'liver ADH and alcoholism appear to be
under glenetic,Icontrol, the question arises whether the presence or
absence of [I -Ai H or of any of the other molecular forms may
prove to be the biochemical links to alcoholism. Finally, whether
chronic alebhol abuse or malnutrition alters thevlative distribution
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and amount of II -AID and other enzyme forms remains another
pertinent question.

It should be emphasized that in alcohol metabolism, the rate of
each component step may affect the overall rate, and there may be
several slow steps. For example, in the steady-state reaction

k2
A B C,

for which each' rate, constant is 1.0, the overall rate constant
(kobs) for A C is 0.5 [kobs = kik2/(ki k2)). If k1 were in-
creased to 10, the overall rate constant would increase to 0.91.
Note that an increase in the overall rate constant of more than
twofold requires that the rates of both steps be increased. Thus,
the increase in the rate of one step and in the overall rate would
not be linearly correlated, and itrwould be erroneous to conclude
that neither the first nor second step had a rate-limiting role. In
the overall metabolism of ethanol, it appears that the amount of
hepatic alcohol dehydrogenase and the rate of turnover of NADI--
NADH may both have rate-limiting effects (see also Dr. Cornell's
discussibn). '

Dr. Salaspuro, in this workshop; presented a paper on-accelerate-a
ethanol metabolism after chronic alcohol consumption, with
special reference to nonlinearity- of blood ethanol elimination and
associated redox changes. He also reviewed the present status of
the microsomal ethanol-oxidizing system (MEOS). This System
has been reconstituted recently with three microsornal components,
cytochrome P-450, NADPH cytochrome c reductase, and lecithin.
The KM of this reObnstituted system for ethanol is 10 mM. It re-
quires NADPH; it is not active with an, H202-generating system;
and it is insensitive to catalase inhibitdrs. Thus, the existence of
MEOS in the rat is well documented.

In baboons that are pair-fed isocaloric diets with and without
ethanol, the rates of ethanol elimination are not linear. Even
in the alcohol-naive animals; the alcohol elimination rates are
biphasic the rate at high ethanol concentrations (45 to 20 mM) is
10 pereent higher than -that at low ethanol concent ns (15-to
5 mM). In the alcohol-fed animals, after 2 months of cohol feed-
ing, the rate at high ethanol concentrations is 14 percent higher
than that at low concentrations; after 24 months of alcohol feed-
ing, the corresponding difference is 30 percent..

Similar data have been obtained with hurrian subjects,_i.e., after
4 weeks of alcohol ingestion, the alcohol elimination curve is non-
linear,'afid the increase in ethanol elimination rate occurs especially
at high ethanol_ concentrations. In humans, either MEOS or
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fl -ADH may be responsible for the nonlinear rates of ethanol
elimination; however, i1 -ADH has not been detected in baboons.

Dr. Salaspuro also reported the effect of chronic ethanol con-
sumption in baboons on the change of NAD'/NADH ratio is
evidenced by inhibition of the rate of galactose elimination.
Acutely, ethanol administration inhibits galactose elimination by
approximately 46 percent. However, in baboons that have con-
sumed alcohol chronically for 24 months, the acute administra-
tion of ethanol results in less reduction in the NAD4/NADH ratio
and in less inhibition of galactose elimination (only 21 percent).
Based on these data, Dr. Salaspuro interpreted the results to in-
dicate the following. (1) The rate limiting_ factor of alcohol oxida-
tion may be different between the naive animals and the animals
fed ethanol chronically. The rate of NADH reoxidation is rate
limiting in the naive animal; however, in the animals fed ethanol
chronically, the level of hepatic alcohol dehydrogenase may be-

come the major rate-determining factor in the alcohol dehydro-
genase pathway for alcohol elimination. The switch to a more
oxidized NAD-VNADH in-chronic alcohol consumption may be due
to a decrease in the amount of alcohol dehydrOgenase or to an
increase in the capacity to remove cytosolic reducing equivalents.
(2) Depending on the limiting step in the alcohol dehydrogenase
pathway, there may or may not be accumulation of reducing
equivalents in hepatic cytosol after the acute administration of
alcohol. (3)'Consequently, the acute effects of ethanol on hepatic
intermediary metabolism may be completely different in alco-
holics and in animals fed alcohol chronically compared to those
effects in controls. (4) Whether any of the acute metabolic effects
of alcohol still occur in the chronic situation is unknown.

Section VI: Other Effects of Alcohol on Nutrition

Dr. Hurley reviewed the history and the clinical characteristics
of the fetal alcohol syndrome (FAS) in humans. Although alcohol
per se-Inay be the cause of FAS, Dr. Hurley suggested that nutri-
tional disturbances, e.g., magnesium, zinc, or folate deficiencies,
also could be teratbgenic. Magnesium deficiency is known to be
teratogenic for rats, resulting in increased fetal resorption rate,
congenital anomalies, and a high neonatal mortality. Folate de-
ficiency may have similar effects, presumably by inhibiting nucleic
acid synthesis and by causing abnormal enzymic differentiation.
Teratogenic effects have been observed both in rats and human

-ibeings. Finally, zinc depletion clearly induces congenital anomalies
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in experimental animals, even when the deficiency is relatively
modest and of brief duration. The mechanism of this effect ap.
pears to be impaired synthesis of nucleic acids. Dr. Hurley con-
cluded that careful assessment of nutrient status, particularly that
of magnesium, folate, and zinc, should be carried out in studies of
the FAS syndrome both in humans and in appropriate animal
models.

Dr. Lester summarized the role of hypoandrogenization and
hyperestrogenization in Mediating the feminizing effects of
chronic alcohol abuse. The existence of hypoandrogenization in
'chronic alcoholism has been established. It is due to a direct effect
of ethanol on the testis, to coexistent hypothalamic-pituitary sup-
pression by alcohol, and to changes in hormonal metabolism pro-
duced by alcoholic liver disease. The net effect of these alterations
is a decreased amount of testosterone available to the target tissues,
leading to decreased spermatogenesis.

The genesis of hyperestrogenizatiOn in male alcoholics, on the
other hand, remains more difficult to understand. The plasma
level of estradiol in male alcoholics is normal. Normal estradiol
Levels in the presence of diminished testosterone levels may

-.produce the hyperestrogenization effect, but this suggestion is not
universally accepted. In this workshop, Dr. Lester presented a
novel hypothesis for hyperestrogenization, based on dietary intake
of a number of nonsteroidal estrogenic substances ubiquitous in
plants. Although the amount of nonsteroidal estrogensin the

human diet is insufficient_ to- produce e-strogenie--e ffects.in
man, it is suggested-that,-in the -presence of abnormal diet or
altered metabOligrn" of nonsteroidal estrogens in advanced liver
disease, sufficient quantities of these dietary substances may
accumulate to produce estrogenic effects.

To prove this hypothesis, Dr. Lester and his group have devel-
oped a receptor assay based on the differential displacement of
radiolabeled estradiol by nonsteroidal estrogens, from estradiol;
binding proteins purified from male and female at liver. In a
survey of 15 sera from hard-core male alcoholics with liver disease,
3 sera contained significant amounts of nonsteroidal estrogens.
These preliminary data therefore support the provocative hypoth-
esis that nonsteroidal estrogens from an exogenous source may
play a role in producing hyperestrogenization in alcohblics.



Recommendations for Research Needs

I. More sensitive tests must be developed to diagnose marginal
and conditional deficiency states. In this regard, more stringent
criteria must be employed in sample collection to define the
normal values of these tests.

2. Further studies are needed to define the mechanism respon-
sible for the energy wastage _due to chronic, alcohol consumption.

3. Further basic research must be performed to understand the
transport mechanisms responsible for absorption of nutrients M
the gastrointestinal tract. In studies ,dealing with the effects of
ethanol on the kinetics of transport processes, particular attention'
should be given to the unstirred water layer.

4. More biochemical studies are needed to delineate the effect
of ethanol on the cellular mechanisms responsible for the digestive,
secretory, and absorptive functions of the gastrointestinal tract.

5. Research is needed to define the distributionandz
transport of various _minerals- -and -triesi elements and the effect
of Ana

6. Metabolic_balancestudies in Humans should be conducted
to define the effect of acute and chronic ethanol consumption on
Zn2*, Mgt *, Ca2*, Na*, IC", and P. In this regard, the role of
congeners in alcoholic beverages should be further examined.

7. Studies are needed- to explain the effect of ethanol on
metabolism of trace elements, e.g., copper, cobalt, molybdenum,
selenium, and manganese.

8. Further. research must be performed to explain the effect of
altered Zn2+ and Mgt* metabolism in alcohol consumption on
intermediary metabolism. The role of Zn2* in DNA and RNA
metabolism needs farther delineation.

9. Further research should be conducted to define the effect
of phosphorus deficiency on skeletal muscle metabolism.

10. Controlled clinical trials should be performed to define the
potential benefits of Zn2+, Mg? *, P, and carnitine replacement in
the management of the medical complications in alcoholic patients.

11. Further research should be done to delineate the role of the
liver in folate and vitamin B6 metabolisM and the effect of ethanol.

12. Studies are needed to determine the effect of ethanol on
thiamine metabolism in the, intestine, liver, and brain.

19
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13. Clinical evaluations should be conducted to compare plasma
a-amino-n-butyric acid/leucine levels with other diagnostic indi-
cators for chronic alcoholic intake, e.g., urinary glucaxic acid.

14. Further research is needed to define the iffect of ethanol
and its metabolites on the ribosomal membrane complex for
protein synthesis and on the golgi-microtubule system for protein
secretion.

15. The multiple molecular forms of hepatic alcohol dehydrog-
enase should be isolated, purified, and characterized to under-
stand the extent each form participates in ethanol elimination.

16..A subhuman primate model exhibiting the multiple molec-
ulax forms of hepatic alcohol dehydrogenase similar to that seen
in humans and, in particular, showing fl-ADH, must be sought to
facilitate further studies on the rate-determining factors for
alcohol elimination.

17. The extent' that non-ADH pathways participate in alcohol
elimination in humans must be evaluated further.

18. Additional studies are needed to delineate differences in the
acue^ and chronic effects of ethanol on hepatic Metabolism.

19. Further research must be carried- out to define the patho-.
genesis-ofthe-le-Mraleohol syndrome. Specifically, the mechanism
for transplacental transport of minerals and vitamins should be
studied.

20. The hypothesis that dietary nonsteroidal estrogen com-
pounds may be responsible for feminization in alcoholic males
should be pursued.
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Marginal Nutritional States and
Conditioned Deficiencies

J. Cecil Smith, Jr.

Abstrae

Optimal nutrition and overt nutritional deficiencies are poles
apiut. Between the extremes are the marginal or suboptimal
nutritional states that may result from inadequate intake and
conditioned deficiencies. The latter result from factors that
interfere with the normal metabolism of nutrients, although the
intake may be within the recommended range. _

Factors that contribute to marginal and conditioned nutri-
tional inadequacies are inadequate intake; loss of body fluids;
Malabsorption; dietary chelators; and ingestion of drugs, includ-
ing alcohol. For many nutrients, the basic requirements for
humans are yet unknown. Optimal levels of nutrients must be
established. Traditional methods for assessing nutritional states
are often insensitive to marginal or conditioned deficiencies.

Of'equal importance is the definition of "normal" values as
the basis for detecting a suboptimal or deficiency state. Likewise,
more precise guidelines for interpreting laboratory tests must be
established. Dietary surveys and clinical findings show that, in
rneral, gross deficiencies with overt clinical signs and symptoms
have nearly been eliminated in the United States. However, re-
sults of such surveys indicate that problems concerning subopti-
mal intakes of certain nutrients linger.

Trends in U.S. food consumption patterns indicate that intake
of certain foods has changed markedly since 1900. Examples are
the increase in consumption of sugars and the decrease in con-
sumption of cereal products. Consumption of processed and re-
lined foods also has increased sharply. These changes should be
assessed with respect to their nutritional impact.

Chronic alcohol ingestion can result in both marginal and
conditioned nutritional inadequacies. Indeed, alcoholism has
been suggested as the most common cause of undernutrition and
the chief cause of vitamin deficiency in adults in the United

*The helpful comments and review of the manuscript by Ellen D. Brown,
Dr. C. Edith %i sir, and Dr. Barbara F. Harland are appreciated.
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States, In addition. alcohol ingestion has been reported to result
in inefficient utilization of energy. The mechanism by which alco-
hol results in enera wastage is unknown_ A critical threshold
level for daily alcohol ingestion has been suggested in regard to
the development of liver disease.

Introduction

Present knowledge of nutritional status in humans encompasses
a broad spectrum, ranging from frank, gross deficiency diseases
with lesions and accompanied by clinical signs and symptoms, to
an optimal state of sustained, excellent health. Between the
polesgross deficiency diseases and optimal statusare the areas
commonly referred to as -marginal" (suboptimal nutritional
states) and -conditioned" deficiencies. Unlike _marginal defi-
ciencies, which result from inadequate intake, conditioned defi-
ciencies result from factors that interfere with the normal metab-
olism of nutrients.

Recent nutritional surveys within the United States have
revealed few gross deficiencies with overt clinical signs and symp-
toms (51,52). Although the incidence of frank deficiency diseases
has decreased in the United States, reports of marginal and con-
ditioned deficiencies' have increased. Selected factors that con-
tribute to marginal and conditioned nutritional deficiencies are
listed in table 1.

Human Nutrient Requirements: Basic and Optimal

Recommended dietary allowances (RDA's) have been established
by the Food and Nutrition Board of the National Academy of
Sciences for a variety of specific nutrients (33). The RDA's are
the levels of intake of essential nutrients deemed adequate to
meet the known nutritional needs of practically all healthy
persons. However, MertI (28) has differentiated between the basic
and optimal requirements for specific nutrients. He defined the
basic requirement as "that daily intake which allows the actual
absorption into the organism of an amount sufficient to prevent
deficiency disease." In contrast, the optimal requirement was
defined as "that daily intake which allows an absorption of an
amount sufficient to maintain in near-optimal function all bio-
chernic and physiological mechanisms in which the element is

involved, under the various stress conditions of life." Mertz
recognized that practical difficulties often inhibit meeting the
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Table 1. Factors Contributing to Marginal and
Conditioned Nutritional Deficiencies

Anorexia (starvation)

Hemolytic anemias
Drug treatment

penicillamine
ethambutol
diuretics
oral contraceptives
antibiotics

Total parenteral nutrition
Losses in body fluids

sweat
urine
exudates (burns)
blood (parasites)

Malabsorption
steatorrhea
regional enteritis
jejunoileal bypass sur
sprue

Pregnancy
Dietary chelators (native and additives)

phytate, fiber, pica (clay, starch), ethylenediamine
tetraacetate (EDTA)

Changes in food supply and dietary consumption patterns
Alcohol consumption

25

optimal requirement (although it would be desirable), because
optimal intake would assure prevention of marginal deficiencies.
Furthermore, as indicated in table 2, requirements have yet to be
established for many of the basic nutrients.

Evaluation Techniques for Assessing Nutritional Status

The detection of nutritional deficiencies presupposes establish-
ment of accepted norms, considered to represent satisfactory, if
not optimum, health and well-being, The major assessment
methods traditionally have included nutritional history, physical
examination, and laboratory procedures (13).

The nutritional history consists of records of dietary intake (in-
cluding alcohol) and comparison with appropriate standards.
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Table 2. Present State of Knowledge Regarding Nutritional
Requkements
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Also included are determination of the quality and quantity of
food components; estimation of energy requirements as influenced
by lifestyle; notation of symptoms and complaints; and a family
history of eating, living, and health patterns.

The physical examination `iecludes anthropometric measure-
mentsheight, girth, skinfold, \and derived indexesand corn-
paxison with suitable standards. In,a dition, signs suggestive of
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inadequate nutrition (e g., dermatitis and poor healin are noted,
and functional tests are performed.

The laboratory tests rely heavily on accepted normal ranges.
The specimens most often examined are plasma or serum, urine;
and tissue (when available). Biochemical parameters often include
postabsorptive or load tests such as glucose tolerance. A meal,
containing oysters, providing five times the recommended dietary
allowance for zinc, has recently been used as a zinc load to meas-
ure absorptive response and homeostatic mechanisms of that
element (42).

Direct analyses for vitamins and minerals are often supple-
mented with data from appropriate assays of enzyme activity to
assess biochemical alterations. Glutathione peroxidase (a seleno-
metalloenzyme) is used to assess selenium status (9); and red blood
cell carbonic anhydrase, a zinc-metalloenzyme, to assess zinc
nutriture (17).

Are Norrnals No 'mai?

"Normal" populations are usually used as control groups for
assessment of nutritional status. PopUlations are considered i-.or-
mal if they are ambulptory, can carry out routine daily activities,
and are willing to donate a specimen for analysis. However, few
populations escape some health problem. A recent survey (1976)
by the U.S. Department of Agriculture questioned' approximately
1,400 households from different regions and social levels (16). In
more than 60 percent of all households, someone had health
problems, either diagnosed by a physician or self-ascribed. The
incidence of health problems in regard to a specific disease or con-
dition is shown in table 3. The most common problems were
obesity,,hypertension, and allergies, which were reported, respec-
tively, in 30 percent, 22 percent, and 20 percent of the house-
holds. In approximately 40 percent of all households, someone
had changed a dietary pattern to meet an existing health problem.

Results of that survey were strikingly similar to those of an
earlier study (1967) by the U.S. Public Health Service (53) in
which those interviewed were part of the "normal" population
who were not hospitalized. Respondents were asked whether
they had experienced, within the past-12 months, any of 11 con-
ditions, including asthma, stomach ulcer, hay fever. The percent-
ages of those who experienced .one or more chronic condition
were 43 forages 17 to 24; 59 for ages 25 to 44; 71 for ages 45
to 64; and 85 for age 65 -arid older. The complaints were not
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Table 3. Percentage of U.S. Households Reporting
Health Problems

7onditions
Percentage Households

Reporting Health Problem

Obesity 30
High blood pressure 22
Allergy 20
Heart disease 9
Kidney problems S

Diabetes 7

aBased on approximately 1,40 households.
bData from reference (16).

verified by physical examination. However, the responses indicated
the incidence of suboptimal health.

Recently, an editorial in the New,England Journal of Medicine
asked, "What does a healthy control control ?" (6). The writers
stressed that in some studies the control fluids or tissues used to
assess a specific diseaie are obtained from so-called "normals,"
usually young and healthy personsLe., coauthors, other hospital
personnel, or medical students. The editorial pointed out that if
blood or, tissue parameters of ,a patient with a certain disease differ
from corresponding parameters of healthy controls, a mistake
might be committed if that comparison were used as evidence that
the deviation from normal is specific for that certain disease. "If
such conclusions are to be valid, control material should also be
obtained from patients who suffer sicknesses different in nature
but comparable in acuteness and severity." Thus, the editorial sug-
gested the use of two control groups, one consisting- of healthy
subjects; the other, subjects suffering from a disease different from
that of the group under study.

Recruiting such double control groups would be nearly impossi-

ble, especially in a noninstitutional setting, Perhaps a more
practical approach for assessing nutritional deficiencies would be
to develop optimal controls. That is, a range of normal values
might be developed froth a population clinically verified to be in
optimal health' on the basis of appropriate criteria, including sus-
tained freedom from disease and ideal function of the biochemical,
physioloOcal, and mental processes. Longevity could also be
included.

An alternate, and perhaps supplemental, approach would be tot
develop "negative" control values representing measurements from
individuals documented to have a primary deficiency of a specific
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nutrient. Thus, deficient as well as optimal values would be
delineated so that marginal and conditioned deficiencies could be
readily identified by comparison. Specifically, the marginal values
would be those that fall between the deficient values at the low
extreme and the optimal values at the high extreme.

By use of a similar scheme, an attempt has been made to de-
velop guidelines for the interpretation of vitamin A plasma con-
centrations in humans (19). In brief, plasma -levels of less than
20 pg _.retinol /1.00 ml were interpreted as "less than acceptable
(at risk)." Specifically, values of 10 to 19 pg retinol /100 ml were
termed "low- with medium risk. Plasma retinol concentrations of
<10 pg/100 ml were classified as "deficient" with high risk.
Similar classifications were -also suggested for vitamin C, thiamin,
riboflavin, vitamin B6, folic acid, vitamin B12, and vitamin E
(tentative) (19). Guidelines for interpreting biochemical indexed
used in evaluating protein and calorie adequacy were reported (19).

"Deficient- levels of nutrients have generally been arbitrarily
established by use of a cutoff at two standard deviations below
the mean of a "normal" population. The incidence of unaccept-
able or deficient values, therefore, can be altered by changing the
normal range. That source of variability was noted by Lowen-
stein (26) regarding the cutoff point for hemoglobin normality.

Dietary Surveys and Clinical Findings as
Techniques for Assessing Nutritional Adequacies

Dietary surveys may identify inadequate intakes of specific
nutrients. Each decade, the U.S. Department of , Agriculture
(USDA) conducts the Household Food ConsurfiptiontSikvey of
the food and nutrient intake of individuals in the,Unitea States
and compares nutrient intakes with recommended dietary allow-
ances. The 196546 survey (49) indicated that calcium and iron
were the minerals for which intake-was most often below the
allowance. Other nutrients ingested in inadequate quantities in-
cluded vitamin A, thiamin, riboflawin, and ascorbic acid..-Inade-
quate intakes of certain nuirients were especially common in
households with incomes under $3,000 (1965-66 poverty level).
Results of a 10-state nutrition survey (52) indicated that problems
were associated with the following nutrients:

Iron. Iron deficiency anemia, as evidenced by low levels of
hemoglobin, was wide ;pread within the population surveyed.
Low hemoglobin levels in the total population appeared to
be due largely to inadequate iron intake.
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Protein. Despite apparently adequate protein intakes, mar-
ginal protein nutriture was found among pregnant and
lactating women, as evidenced by low serum albumin levels.
Present standards for protein requirements in pregnancy may
not be adequate.
Vitamin .4. Low-income Spanish Americans and a large pro-
portion of young people had low serum level.; of vitamin A.
Vitamin C. Low levels of vitamin C wer .iore frequent
among males than females. The prevalence of poor vitamin C

status increased with age.
Riboflavin.-- Riboflavin level
people in all ethnic groups.

low among blacks and young

Data from the First Health and Nutrition Examination Survey
(HANES I), conducted in 1971 and 1972, indicate that many
people , in the United States have suboptimal intakes of certain
nutrients (51). On the basis of mean dietary intake, iron was the
.nutrient most frequently found to be-below the RDA standard in
certain population groups. Specifically, 95 percent of children
aged 1 to 5 years and females aged 18 to 44 had iron intakes
below the RDA. In low-income groups, 56 percent of the adults,
white and Negro, aged 60 and older, consumed substandard levels
of ir Only for males aged 18 to 44 were mean iron intakes

----alavve the recommended allowance. Negro females aged 18 to 44
-had, calcium intakes 20 to 23 percent below the standard. White
females aged 18 to 44 in the low-incLane group had mean vitamin A
intakes 18 percent below the standard.

Biochemical tests confirmed the intake data. More than 10 per-
cent of all adults had low hematocrit values. Nearly-42 percent of
-low-income Negro adblts, aged 60 and older, had low hematocrit
and low hemoglobin values.

The HANES I study concluded, "There is ev- nce of a defi,
ciency with respect to the nutrient iron based o oth the dietary

take and biochemical data" (51). The study illustrates the use
of two arameters, dietary intake and biochemical data, to-assess
nutriti nal status and to detect marginal or conditioned nutritional
deficiencies. Lowenstein (26) discussed the preliminary results of
the HANES I study with regard to early signs of nutritional defi-
ciency detected by biochemical parameters?. "Early" detection
may prevent the development of fall blown lesions (with signs and
syMptorns) that might be irreversible. The stages of, nutritional
inadequacies are depicted in figure 1.

Both marginal and conditioned states are characterized by an
inadequate supply of essential nutrients at the 'metabolic level.
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Figure 1 Classification of Nutritional Deficiencies and Their
Effects

Primary
A

Nutritional Biochemical Functional
Marginal L'``` Deficiencies Changes '41cw Changes Lesio
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Conditioned

1taral deficiencies are frequently detected by comparing the
actual intake of nutrients with the recommended dietary allow
ance. Thus dietary history, including nutrient intake as deter-
mined by calculation or preferably by actual analysis, should be
primary in assessing nutritional adequacy. Examples of a marginal
or inadequate intake of a specific nutrient resulting in manifesta-
tion of a disease include the discovery that a lactose-free diet,
prepared, for an infant with acrodermatitis enteropathica, supplied

_inadequate quantities of zinc (29). Calculation of the zinc content
first indicated thisinadequicy. The patient was given a zinc sup
plement and recovered completely within a short time Thus, a
single observation regarding nutrient insufficiency-resulted in the
development of an accepted treatment of a potentially fatal
disease. I

Consumption Trends of Nutrients
,

For the U.S. population, food consumption patterns have
changed' markedly since/the -beginning of the 20th century, as
shown in figure 2 (27). The major trends in the per capita con

included a marked decline for flour and cereals and an
increase for meats. The pattern of consumption of fats and ails
has' been erratic since 1910.. It increased from 1920 to 1940,
decreased sharply during _World War II, then .gradually increased
since 1945. The intake of dairy products has shown a net increase
since1910, hitt a fiend toward decreased intake began after World
War II. Similarly, vegetables are consumed at a rate exceeding that
near the turn of the century, but after -a striking increase from
1935-toA9A5, the trend has since been downward.

How do these trends affect nutrient intake?_ In general, the
chan&ine food consumption pattern has resulted in a decreased
intake of fiber (roughage), vitamins, and essential trace elements.
Major factora contributing to the decrease in the intake -of specific
essential nutrients include the following. (1) There was a marked
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Figure 2. Major Trends of Food Consumption in the
United States During This Centurya
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_increase in the consumption of naked (empty) calories, such as
those contributed by refined sugars. (In 1975, 90 lbs. of refined
sugar per capita was available for consumption, representing ap-
proximately 450 kcalories per day (48).) (2) There was increased
consumption of . processed and refined foods,. i.e., White flout--
largely devoid of vitamins and minerals without enrichment, corn-
pared, to the wholg_grain. (3) There was increased intake of naked
calories from' fats and oils.

-Fats and oils may provide fat-soluble vitamins (A, D, E, and K),
but they cannot be depended on as major contributors of these
vitamins. Essential fatty acids can be provided by diets with a
much lower fit content than the typical American diet, in Which
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40 to 45 percent of the calories are supplied by fat. Fats and oils
are extremely poor sources of trace elements: Deficiencies of the
trace minerals may be produced in animals, even though they have
a diet containing 15 percent fat or oil. The fat or oil the animals
are fed is usually identical to that consumed by humans and in
fact, is often purchased at the local supermarket.

Schroeder (38) compared the trace mineral contribution of
various commercial animal diets with a typical human diet, as
shown in table 4. The results indicate that on a unit weight basis
the human diet provided the least amount of minerals. Thus, in
general, the change in the food consumption pattern, coupled with
increased refining and processing and introduction of "synthetic"
foods into our food supply, has resulted in a trend of decreased
intake of several essential nutrients, especially the trace elements.

It must be stressed that the problem with our present diet con-
cerns nutritional quality, not quantity.: The USDA reported that
per capita food consumption reached a record high in 1976 and
exceeded the previous high in 1972 by 1.5 percent (47). The short-
term trend has been more food consumption; but even high intake
may fail to overcome marginal inadequacies of specific essential
nutrients.

The potentially marginal inadequacies of typical American diets
are illustrated Mr a recent study from our laboratory (3). Although
an institutional meat-containing diet, exceeding 3,100 calories,
provided more than twice (129 g) the recommended protein
intake, the zinc level (14.6 ± 4.5 mg, mean ± S.D.) was slightly
lower thari the recommended 15 mg (33). A vegetarian diet,
which included dairy and egg products, provided essentially the.

Table 4. Essential Trace Elements in Human, Rat, and Dog Diets,
ppm (dry)$

Element Human Rat Dog
Human/Dog

(Percent)

Iron 30.60 197.0 200.0 15.3
Zinc 30.60 30.3 178.3 17.2
Manganese 4.62 54.4 59.95 7.7
Copper 6.15 15.1 17.05 36.0
Cobalt 0.10 0.37 0.48 2.1
Fluorine 0.59 65.0 50? 0.91
Iodine 0.12 1.17 2.25 5.3
Chromium 0.12 0.17 4.24 2.8

abata from reference (38).
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same levels of cakries and protein as the meat -diet, but even less
zinc (12.2 ± 1.2 mg). In addition, the copper level of the meat
diet was lower (0.9 ± 0.8 mg) than the 2 mg usually suggested as
an adequate daily allowance (2).

Recently, Wolf 'et al. (58) have measured the daily intakes of
zinc and copper from self-selected diets of individuals who were
not institutionalized. Mean daily intake was 8.6 mg for zinc and
1.0 mg for copper. Calculated values indicated thal iron levels
were inadequate, Wolf and associates analyzed diets as actually

. consumed by the individuals in their normal environment, rather
than as offered in an institution (3).

In Dietary -Goals for the United States, the Senate.Select Com-
mittee on Nutrition and Human Needs recently recommended
changes in consumption patterns (7). Iri general, the recommenda-
tions appear justifiable, but apparently the committee took little
account of the bioavailability of nutrients from the various classes
of foods. Thus, it is possible that marginal inadequacies could
result. If the population follows the recommendation to reduce
the consumption of "meat" with an increase of poultry and fish,
its total meat Intake will probably decrease. But meat is a good
source of most trace elements and vitamins, so the overall intake
of these essential nutrients might be reduced.

In addition, the of trace elements is important regarding
bioavailability. 3For example, most trace elements are not only
higher in, concentration in meats than in fruits and vegetables but
also are present in meats in a more readily available form. Thus, a,
decrease in meat consumption with a concomitant increase in
fruit and vegetable consumption may cause serious inadequacies,
of bioavaiiable nutrients, e.g., trace elements.

On the other hand, decreased consumption of sugar and` oods
high in sugar would be nutritionally beneficial. Replacing the
empty calories of sugar with complex carbohydrates would in-
crease the nutritional value of the diet as well as decrease the
caloric density.

'13joava lability Versus Total Quantity of Nutrient

Measuiernent of food intake by nutritional surveys does not
accurately assess adequacy. The quality of The food also must
be assess' d with regard to its bioavailability. Just as the protein
efficiency ratio indicates the quality of protein, bioavailability
indicates the quality of other specific nutrients from various
food sources. It is not sufficient to determine only the nutrient
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composition of a food. The nutrients must be available for absorp-
tion and utilization.

The trace elements are more Concentrated and, in general, more
highly available in foods of animal origin than in foods of plant ori-
gin (10). For example, the zinc and iron deficiencies evident in de-
veloping countries such as Egypt and Iran, where whole grain or
whole meals are the main dietary staple, have often been the result
of poor availability rather than of insufficient total intake (35).
Analyses of the daily diet of rhe zinc-deficient Iranian dwarfs indi-
cated that intake was adequate. The major source of zinc, however,
was wheat bread prepared without leavening. That bread, by virtue
'of its fiber and phytate content, further decreased the availability'
of zinc (34).

Chronic Alcohol, Ingestion and
Nutritional Inadequacies

Alcoholism, which costs American society a staggering $25
billion -annually, ranges in degree of severity. from illness to
death (50). Abotit 7 percent of the adult population are alcohol
abusers, There may be as many as 10 million persons whose
drinking has created some problem for themselves or associates.
Alcohol is believed to account for 40 percent of U.S. traffic
fatalities. Clinical risks associated -with heavy drinking include
heart, liver, and neurological disease as well as nutritional wastages.
Eicessive use of alcohol has been implicated as a factor in the
development of specific cancers of the throat, mouth, and
esophagus and remains the fourth most common cause of adult
deaths, especially among those between the ages of 35 and 55.

Alcoholism may be the most common disease of undernutrition
in adults in the, United States (12). It may produce conditioned
deficiencies by interfering with absorption and utilization of
nutrients. A marginal deficiency may also result from inadequate
food _ intake because alcohol often either replaces other food
and/or causes nausea and vomiting. Anorexia may result and
further decrease intake.

Chronic ingestion of alcohol, which is high in calories, can.
markedly change the composition of the diet. In a recent study of
92 alcoholic men .(36), the average number of calories supplied by
alcohol (1,384 cal /day) was more than one-half those supplied by
food (2,505 cal). In that study, the alcoholics ingested an average
of nearly 3,900 calories per day, well above the recommended
allowance, but 40 percent of the alcoholics were underweight and
only 10-percent were obese.
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In another study, of 3,000 alcoholic subjects (21), 69 percent had
evidence of liver disease. Dietary deficiency occurred during,
periodic bouts of excessive alcoholic intake in 40 percent, ex-
tended prolonged dietary deficiency alternating with a marginal
or normal diet during periods of abstinence was present in 25 per-
cent, and continuous dietary d_ eficiency (except when hospitalized)
was present in 35 percent of the patients. The nutritional aspects
of alcohol consumption have been reviewed comprehensively by
Sinclair- (41).

Difficulty in Detecting Nutritional
Inadequacies in Alcoholics

There are few sensitive techniques for early detection of inade-
quacies in alcoholics. Routine laboratory studies were made of
490 alcoholics aged 15 to 69 years treated as outpatients. All had
developed addictive drinking patterns after 5 to 8 years of ex-
cessive alcohol consumption (15). Routine laboratory studies
showed only slightly increased serum glutamate oxaloacetate
(SGOT) in about one-third of the patients. There was no relation-
ship between SGOT and intensity or duration of alcoholism.
Other laboratory tests showed no definite changes.

In another study of 3,000 alcoholic patients (21), conventional
liver function tests were of limited yalue in detecting early phases
of liver injury or. determining the activity or severity of liver
disease. The serum glutarnic pyruvic transaminase activity often
was normal. Empirical flocculation tests (where reactivity de-
pends on abnormalities of serum proteins) were not reliable. The
sulfobromophthalein (SEP) test frequently failed to detect sub-
clinical liver disease. Only one test, the indocyanine 'green clear
ance, provided an index of functional capacity of the liver.

A possible technique for detecting and assessing the degree of
alcoholism lias recently been repokled by Shaw at al. (40). The
method is based on an apparent alteration of the ratio of the
plasma amino acids, cx- amino -n- butyric acid (A) and leucine (L).
The A:L ratio in 4-2 alcoholic patients was double that in either.
normal controls or patients with nonalcoholic liver disease. There
was a positive correlation between plasma A:L ratio and mean
daily alcohol intake. This technique is more sensitive in the detec-
tion and assessment of the degree of alcoholism than blood
alcohol concentration or blood enzyme alterations.

Signs and symptoms of marginal or conditioned inadequacies in
alcoholism are often absent. Halsted -et al. (11) found evidehce
that folate deficiency in combination with alcohol ingestion
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induced a functional abnormality of the small intestine as evi-
denced by a decreased uptake of folic acid. However, no mor-
phologic changes were observed. Appuently functional abnor-
mality precedes detectable structural alteration in akoholic folate

- deficiency. _

Likewise, a deleterious effect of marginal or conditioned de-
ficiency may not become evident until an accumulative threshold
has been reached. For example, a recently reported large - scale
study of alcohol consumption and blood pressure involving
83,947 Men and women aged 15 to 79 years suggested that
alcohol consumption was associated with an increase in blood
pressure. However, this effect did not become statistically signifi-

- cant until the subjects inkested three or more drinks daily (18).

Methods for Detecting Conditioned
Deficiencies in Alcoholics

In a recent study involving 119 hospitalized. alcoholics with
liver disease (5); plasma zinc levels were low in 82 percent. Further
evidence of a conditioned zinc deficiency in alcoholic liver disease
was exhibited by the decreased tissue zinc concentration in the
liver. This was in contrast to normal concentrations of copper,
magnesium, calcium, and manganese, as shown in table 5 (54). In
addition, hyperzincuria in alcoholic liver disease patients has been
reported in numerous studies (43,44,45,55).

Another study (5) indicated that nearly 60 percent of the
alcoholics had low plasma vitamin A levels. The work of Patek
and Haig (31) nearly 40 years ago indicated that patients with
cirrhosis of the liver (the majority had a history of alcoholism) had
an abnormal visual dark adaptation ( "night blindness"): The vision

Table 5. Zinc and Other Element Concentrations in Livers of
Autopsied Patientsa

Element Noncirrhoticb
pg/g (dry)

Cirrhoticb
pg/g (dry)

Significance

=Zinc 288 ± 100 99 ± 37 <.001
Copper 22 ± 5.1 24 '1 11 NE
Magnesium 531 ± 159 362 ± 162 NS

-Calcium 126 ± 30 118 ± 50 NS
Manganese 5.2 -± 1.4 5.0 ± 1.1 NS

°Data from reference (54).
Mean ± S.D.

302-749 7 --- 7
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problem "tended to persist in the presence of nutritious diet,
rich in vitamin A." Thus, they added, ".. . patienti with cirrhosis
of the liver may be deficient in vitamin A. It is also evident that
the deficient state is not attributable to inadequate intake of the
vitamin in their food." That condition, therefore, is an excellent
example of a conditioned deficiency caused by alcohol ingestion
that became evident in spite of adequate intake.

Abnormalities in zinc and vitamin A metabolism in -alcoholic
liver disease patients have recently been reviewed (4). Alterations
in the plasma, urinary excretion, and absorption of several other,
nutrients as a result of chronic alcohol ingestion are summarized
in table 6.

Alcohol, Diet, and Disease

Although accumulating experimental data show that heavy
alcohol consumption without dietary inadequacy can result in

Table 6. Alterations in Metabolism of Nutrients a Result of
Chronic Alcohol Ingestion

Plasma or Serum

4- Zinc

I Calcium (transient)
,Vitamin A and retinol binding protein REF)

I. Glucose

t Cholesterol, phospholipids: and triglycerides
Thiamine

Absorption
.6 Thiamine

Bt2
Folic acid

.Glucose

t Iron

Urinary Excretion
Mg

t K
t Zn
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liver damage leading to cirrhosis-(24,25), there are still qui stions
maining reggiding the role of diet in the development of cirrhosis

alcoholics. AL2fecent study (30) concerned the nutritional
practices of 304 hospitalized alcoholics: 195 were classified as
cirrhotic, 40 as precirrhotic, and 69 as noncirrhotic. The subjects
were all diagnosed as "chronic alcoholics" based on their hiStories
of alcohol intake and other signs. The precirrhotics and non-
cirrhotics. were differentiated on the bases of histories, clinical
findings, and histological study of liver biopsies. Subjects with frank
cirrhosis were well documented by the usual clinical parameters.

Dietary histories were, usually obtained before diagnoses were
established. An effort was made, based on patient recall, to ascer-
tain the typical diet for at least 2 years prior to onset of the
presenting illness to avoid changes of diet that may have resulted
from the illness. There was no significant difference among the
groups regarding the mean total, daily caloric intake-3,544,
3,231, and 3,394or the calories from alcohol-1,821, 1,875,
and 1,864for the noncirrhotics, precirrhotics, and cirrhotics,
respectively. However, the daily mean caloric intake from protein
sources was higher for the noncirrhotics (288) when compared to
the- precirrhotics (196) and cirrhotics (201). The authors con-
cluded that a severe dietary deficiency may not be necessary to
provoke cirrhosis in an alcoholic. They suggested, "It is conceiv-
able that dietary deficiency at a near threshold level through a
period of years could make a critical difference in the pathogenesis
of huinan cirrhosis." The authors also observed that a high alcohol
intake may interfere with absorption and utilization of essential
nutrients in the diet.

Recent studies by Ristic et al. (3,6) indicated that a large per-
"centage (40 percent) of the chronic alcoholics were underweight
even though they had a high daily caloric intake averaging nearly
3,900 calorieswell above, the level necessary to- maintain body
weight in normal nondrinkers. Apparently energy utilization was
inefficient because "36 percent of the calories were derived from
alcohol. Earlier, the studies of Pola and Lieber (32) cqnceming
the energy cost of the metabolism of ethanol indicated that 2,000
calories from alcohol (added to a basal 2,000 caloric diet) resulted
in essentially no body weight gain over a 44-day period, whereas
2,000 calories from chocolate-caused, in tbe same subject, a gain
of almost 3 kg in less than 30 days.

The mechanism by which alcohol results in energy wastage is
unknown Thus, there is no. doubt that conditioning factors, in-
cluding alcohol ingestion, can cause a wastage of specific nutrients,
i4luding energy.
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Alcoholic liver damage is produced only by constant alcohol
intake. The duration and quantity of alcohol intake are. of deci-
sive importance for the development of cirrhosis. Alcoholic fatty
liver may be the only noticeable alteration for many years and is
revers4ble within a few weeks of discontinuing ethanol intake.
Chronic-abuse alcoholic hepatitis may develop (progressing from
alcoholic fatty liver) and can quickly develop into cirrhosis if
ethanol intake continues. In contrast, if ethanol intake is discontin-
ued, alcoholic hepatitis of the liver heals with benign fibrosis (46).

Lelbach (22) has suggested that overindulgence in alcohol for
more than 22 years results in a 50-percent probability of cirrhosis;
Apparently the resistance of the liver to alcohol damage varies
among individuals. The sutceptibility to liver damage by alcohol
also varies according to sex, independent of nutritional state and
type of diet (46). Based on morbidity data from 1,960 males and
627 females regarding the effect of the quantity of alcohol on the
development of cirrhosis, Pequignot [cited by Thaler(46)] noted
an increase in cirrhosis morbidity when more than 60 g of pure
alcohol per day were consumed by men or more than 20 g were
consumed by women (table 7). The data were based on a smaller
sample for females than for males. The high susceptibility of
women for liver cirrhosis was not explained. Such a large differ-
ence, however, cannot be attributed to body weight alone. The
amount suggested as a "critical threshold" for men (60 g of pure
alcohol) may be supplied by approximately either 4 bottles of
beer, 1 bottle of wine, 1/2,1 of vermouth or sherry, or. 5 single
whiskies; for women the critical level of 20 g of ethanol is supplied
by either 1.1/2 bottles of beer, 1/4 1 of wine, 3 glasses of dessert
wine, o a weak double whisky. Beyond those critical levels, the

Table 7. Alcohol and Calorie Content of Popular Beverages and
the Critical Threshold for Men and Women'

Alcohol Pure Alcohol Critical Thresholdb

Beverage Content in 1,000 ml
Calories

vol %
per 1,000 ml Males Females

(liters)

Beer 4 31 400 2b 0.7b

Wine 10 79 700-1,200 0.7 0.25

Dessert torine 15 118 1,600 0.5 0.16
Hard liquor 3S 300 2,500 0.2 0.07

Data from reference (46).
bVolurne (liters) supplying the critical threshold of 60 g of pure alcohol for

men and 20 g for women.
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morbidity of cirrhosis multiplies with increasing amounts of eth-
anol. In contrast, 4f ethanol consumption stops, even in early
stages of alcoholic cirrhosis, life expectancy is only slightly lower
than thit of the average population.

Compared to matched controls of the same age,- sex, and profes-
sion, patients with calcifying pancreatttis drank more alcohol
(mean intake 2 g/kg/day)_ and their intakes of dietary fat and
protein were greater (37). The mean duration of alcohol consump-
tion before onset of the symptoms was 17 years in men. There
was a linear relationship between the mean daily consumption of
ethanol and the relative risk for developing chronic pancreatitis.
Thus the possibility of toxicity of ethanol begins with the smallest
dose. The log of the risk approximately doubles for every 40 g of
ethanol per day.

Experimental Animal Studies

Providing 20;percent alcohol as the sole liquid delayed the onset
of liver necrosis in rats deficient in vitamin E and selenium (23).
After 5 to 6 weeks, the animals given alcohol tended to have less
fat in their livers than controls supplemented with vitamin E,
selenium, or both. The authors suggested that vitamin E and
selenium status may affect the progression of alcoholic liver disease.

Huber and Gershoff (14) reported that the metabolism of &leo-
hol was inhibited in zinc-deficient rats. Specifically, the oxidation
of ethanol (and retinol) was significantly decreased as indicated by
lowered activity of alcohol dehydrogenase in the retina and liver
of zinc-deficient pups and in the retina (but not the liver) of zinc-
deficient adult male rats (table 8)'. These data suggest that zinc de-
ficiency may inhibit alcohol oxidation. Thus it may be speculated

Table 8. Alcohol Debydrogenase Activity in the Liver and Retina.
of Zinc-Deficient Male Adult Rats and ZincDeficient
pupsa.b

up Tissue 'Control Zinc.Deficient

Male adu)t rats retina 26 i' 4.0 15 ± 0.5 .02
(n 10) liver 125 ± 5- 115 ± 10 NS

Pups at wean retina 40 ± 5 10 ± 0.8 .001
(n = 10) liver 150 ± 11 117 ± 6 .02

'Data from refeince (14).
bminnoles NADIR /min /retina; substrate ethanol.
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that- the conditioned zinc deficiency resulting from alcoholism
may in turn cause an inhibited ethanol oxidation with further
deleterious effects. In addition, Wang and Pierson have reported
alterafras in zinc metabolism in rats as a result of alcohol inges-
tion (57).. Concentrations of zinc in plasma and live were de-
creased significantly as early as 2 weeks after the substitution of
20-percent ethanol for drinking water. The zinc content decreased
ignificantly in liver stibcellular fractions; the mitochondrial frac.

tion:was affected most severely.
Van T_ Neil et al. (56) have recently reported that ethanol inhibits

the in vitro oxidation of retinol in testicular homogenites. The
alcohol ddhydrogenase activity in the material was markedly de-
creased as the alcohol concentration was increased. Preliminary
studie5 also showed that chronic ethanol feeding to pair-fed rats
produced germinal cell injury in the alcohol-fed animals but not in
the isocaloric control. The authors suggested that ethanol inhibits
the oxidation of retinol to the bioactive retinal in the testis, and
that a conditioned or "relatve vitamin A deficiency" may be a
factor in the development of sterility in chronic alcoholics.

Increased Nutrient Requirement
Resulting from Alcoholism

A recent symposium concerning the impact 'of infection on
nutritional status revealed that losses of certain nutrients (e.g.,
protein, calories, and iron) were excessive during acute infec-
tions (1). Therefore, increased intakes of those, nutrients
were recommended. The recommended intake of priotein dur-
mg convalescence was 200 percent of minimum requirements
(8,39).

The concept of increased requirements due to conditioning'
factors might well apply to chronic alcoholism. Indeed, as Leevy
and Baker (20) indicated, "Alcoholism is the chief cause of vitamin
deficiency among civilized people with adequate food supplies."
They further suggested that this deficiency is in part due to
increased vitamin needs imposed by the alcohol. They cautioned,
however, that vitamin supplements alone would probably not
prevent vitamin deficiency syndromes because a variety of other
nutrients is required for the catalytic function of vitamins. Those
authors, therefore, believe that an adequate food intake shbuld be
provided each day when there is no ethanol in the intestine or
blood to intettere with absorption of the vitamins.
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Summary

In this paper, I have discussed the complex and multiple factors
that contribute to marginal and conditioned nutritional deficien-
cies. The probtrns of establishing nutrient requirements and
assessing nutrient status also have been highlighted. An adequate
intake of all nutrients in proper balance is in itself difficult to
achieve.. 'Even if an adequate intake were assured, interfering
factors that affsat bioavailability and utilization of nutrients may
result in conditioned deficiencies and marginal nutritional states.
Alcoholism is one such . conditioning factor that may alter the
metabolism of. several nutrients; other such factors have been

,) identified; and still, otliers, undoubtedly, have yet to be identified.
equal importinfe is the definition of optinial nutritional status

Ni -mud the identification of the segments of our population that
would benefit from:Change or supplementation of diets, or both.

Last, nutritional tatus should be viewed not as an absolute and
static state, but as a state that ranges froth. frank deficiency to
optimal nutrition, with a wicleArea lying between the extremes.
Optimizing the nutritional status of individuals would be a major
contribution toward sustained excellent heEdth. Thus, nutritional
status literally affectsseveri body!
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Alcohol-Nutrition Interactions*

Charles S. Lieber

Abstract

Alcohol abuse can lead to malnutrition because ethanol repre-
sents nutritionally "empty" calories; that is, calories not associ-
ated with substantial amounts of vitamins, minerals, or proteins.
Ethanol also acts on the gastrointestinal tract and interferes with
digestion and absorption. Moreover, it impairs the utilization of
various nutrients.

Calories derived from ethanol are also not fully utilized in the
body. Although alcoholism remains one of the major causes of
nutritional deficiencies in affluent societies, the incidence of
the malnourished alcoholic is decreasing while mortality from
alcoholic liver diseases continues to rise. However, though florid
nutritional deficiencies may be relatively rare, the impact of
more' subtle nutritional alterations produced by alcohol remains
to be explored. Nevertheless, chronic alcohol abuse can lead to
the development of liver injury, including cirrhosis, when the
diet contains all the required nutrients in recommended
amounts.

Introduction

Alcohol and nutrition interact at many levels (see table 1). Eth-
anol may directly alter the level of nutrient intake through its ef-
fect on appetite or its displacement of food in the diet, or by its
deleterious effects at almost every level of the gastrointestinal
tract. Thew changes result in disturbances of digestion and ab-
sorption. Furthermore, through its effect on various organs,
especially the liver, ethanol May alter the transport, activation,
catabolism, utilization, and storage of almost every nutrient
studied. Therefore, alcoholism remains one of the major causes

*This work was supported, in part, by grants from the National Institute
on Alcohol Abuse and Alcoholism; the National Institute of Arthritis,
Metabolism, and Digestive Diseases; and he Veterans Administration,
Medical Research Service.
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of nutrition deficiency syndromes in our society. Furthermore,
ethanol is directly toxic to many tissues of the body, and this ef-
fect may be potentiated by concomitant nutritional deficiencies.
Thus, because of its widespread use and multiple effects, ethanol
has a major impact on overall nutritional status.

Table 1. Alcohol-Nutrition Interactions

1. Primary Malnutrition (deficient intake)
"empty" calories
economic factors
impaired appetite secondary G -liver disorders

2. Secondary Malnutrition (deficient nutrient utilization)
ethanol-induced GI damage (maldigestion- malabsorption)
deficiency- induced intestinal dysfunction
energy wastage
decreased activation or increased inactivation of nutrients

Effects of Alcohol Abuse on the
Gastrointestinal Tract

Ethanol may affect the stomach in a number of ways. Acid
-secretion may be increased as a result of direct stimulation, vagal
effects, or gastrin 'release (Chey, 1972). Higher acid levels may
secondarily increase absorption of iron (Charlton et al., 1964). In
addition to stimulating acid secretion, ethanol disrupts the mu-
cosal barrier (Davenport, 1969) and is an accepted cause of acute
gastritis. This mechanism may be one of the ways by which al-
cohol diminishes dietary intake. .Alcohol may also impair gastric
emptying (Barboriak and. Meade, 1970). Chronic ethanol ad-
ministration first results in increased mean daily acid secretion
and then gradually decreases it (Chey et al., 1972). The role of
alcohol in the genesis of duodenal and gastric ulcer and chronic
gastritis remains unsettled (Lorber et al., 1974).

Alcohol has also been shown to be directly injurious to .the
small intestine (Rubin et al., 1972). Acute administration of eth-
anol (1 g/kg) p.o. results_in endoscopic and morphologic lesions
in the duodenum -(Gottfried et al., 1976). Previous failure to ob-
serve such lesions may have been due to the =transient and patchy
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nature of these lesions (Pirola et al., 1969). .Experimentally, such
lesions are related to the concentration of ethanol used, with the
greatest damage resulting from those solution with the highest
concentration of ethanol (Baraona et al., 1974). These correla-
tions are shown in figure 1.

- Acute administration of ethanol may impair the absorption
of many nutrients and experimentally results in alterations in
mucosal enzymes (Israel et al, -1969; Hillman, 1974; Baraona et
al., 1974). Studies with oral and intravenous alcohol have re-
vealed an inhibition of type I (impeding)° waves in the jejunum
and an increase in type III waves (propulsive waves) in the ileum
(Robles et al., 1974). These changes have been proposed as a
possible mechanism of the diarrhea observed in binge drinkers.
Ingestion of ethanol has recently been demonstrated to result in
release of secretin from the duodenum (Straus et al., 1975).

Figure 1. Varying Concentration.c of Ethanol on Rat Small
Intestinea

0 10-50 50-100
PERCENTAGE OF MUCOSAL AREA

DISPLAYING HEMORRHAGIC EROSIONS

Varying the concentration of ethanol administered intragastricsdly (in a
dose of 3 g/kg) affects the severity of damage in the proximal 20 cm of
rat small intestine. Each animal is represented by a dot.

-From Baraona et al 1974. Copyright 1974 by The Williams & Wilkins Co.
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The effect of chronic ethanol consumption on intestinal func-
tion is complicated by the concomitant effects of nutrition. In-
deed. malnutrition itself may lead to intestinal malabsorption
(James_ 1968; Mayoral et al., 1967); folate depletion, which is
common in alcoholics, has been especially implicated in this re-
gard (Winawer et al., 1965; Halsted et al., 1971, 1973; Hermos
et al., 1972). Impaired absorption of folate, thiamine, B19, xylose,
and at have been described in alcoholics; they recover after with-
drawal from alcohol and institution of a nutritious diet (Linden-
baum and Lieber, 1971; To asulo et al., 1968; Roggin et al.,
1969; Mezey et al., 1970; H i sted et al., 1971). The absorption of
water and electrolytes from he jejunum was studied in 10 alco-
holics using a triple-lumen t be perfusion system (Krasner et al.,
1976). The mean rate o .sorption of water in the alcoholic sub-
jects (50.0-± 2.3 ml /hr was significantly lo 0.001) than
the mean value in 14 he thy control subject _ 15.9 ml/hr).
Significant reduction in ab
strated in the alcoholic subjects. These results ind
holies, after acute alcohol abuse, may have a func
ment of water and electrolyte absorption from the jejun
dysfunction may, in part, account for symptoms_ such
that may be present (Krasner et al., 1976). However, gene
biochemical evidence of malabsorption correlates poorly with' in-
testinal symptoms in the alcoholic (L'indenbaurn and Lieber,
1975). Food intolerance, particularly of lactose, secondary to de-
fective intestinal digestion, could contribute to the production of
these .symptoms. Low lactase activity in adulthood exists in a
majority of the world's population (Bayless et al.; 1971). Further-
more, location of lactase on the villi (Nordstrom et al., 1968)

makes those structures vulnerable to the corrosive effect of lu-
minal toxins such as alcohol (Baraona et al., 1974, 1975). Indeed,
disaccharidase activities often decrease with intestinal injury

(Herbst et al., 1970; Berchtold et al., 1971; Giannella et al.,
1971).

To ascertain whether or not alcohol ingestion affects intestinal
disaccharidase activities and influences the incidence of sympto-
matic lactose intolerance, lactase activity and lactose tolerance
were studied in alcoholics and nonalcoholics. Two human popu-
lation groups with genetically determined low and high intestinal
lactase levels, namely blacks and whites of Northern European
origin, were observed (Perlow et al., 1977). After an overnight
fast, biopsies of the jejunum were obtained with a Quinton Multi-
purpose Suction Biopsy Tube poiitioned fluoroscopically at the
level of the ligament of Treitz. When measured within 10 days of
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Figure 2. Comparison of Jejunal Lactase Activity (Per Oral Biop-
sies) in Black and White Males, With and Without a His-
tory of Recent Alcoholisma

CONTROLS ALCOHOLICS CONTROLS ALCOHOLICS

p<0.01 N.S.

Comparisons were made of beSunal lactase activity per oral biopsies, be-
tween 21 black and 19 white males of similar nutritional status, with and
without a history of recent alcoholism). All black alcoholics had lactase ac-
tivity lower than 1 U/g, but only 50 percent of nonalcoholic blacks were de-
ficient (p < 0.01). The difference among whites was not significant.

aFrom Pe ow et al., 1977. Copyright 1977 by The Williams & Wilkins Co.

alcohol withdrawal, sucrase activity was decreased by 33 percent
in the alcoholics. Lactase activity was less than 1 U/g in 100 per-
cent of the black and 20 percent of the white alcoholics as com-
pared to 50 percent of the black and none of the white controls.
The results are shown in figure 2. Lactase activity was virtually
absent in 45 percent of the black alcoholics.

A second jejunal biopsy following an additional 2-week period
of alcohol abstinence exhibited significant secondary increases in
the activities of botli disaccharidases. Oral administration of lac-
tose (1 g/kg body weight) resulted in significantly lower blood
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Figure 3. Correlation Between Peak Blood Glucose Concentra-
tion and Severe Symptoms of Intolerance After Admin-
istration of Lactosea

BLACKS

A ASYMPTOMATIC
A SYMPTOMATIC

WHITES

CONTROLS ALCOHOLICS CONTROLS ALCOHOLICS

This figure shows the correlation between the peak rise in blood glucose con-
centration and the incidence of severe symptoms of intolerance after admin-
istration of lactose_ A strikingly increased incidence of severe lactose intoler-
arice was found in the group of black alcoholics.

arrorn Perlow et al., 1977. Copyright 1977 by The Williams & Wilkins Co.

glucose concentration and higher incidence of adverse effects in
alcoholics,. mainly among the blacks. These results are shown in
figure 3.

The mechanism for the disaccharidase depression in alcoholics
has ri6t been fully elucidated. Because these effects' were observed

in alcoholics without nutritional deficiencies, the reduction in
disaccharidase activity appears to be an effect of chronic alco-
hol ingestion per se.

Ethanol administration to human volunteers for 3 to 6 days has
been reported' to inhibit glycolytic and gluconeogenic intestinal
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enzyme activities (t 1974). Similar. depressions of in-
testinal disaccharidase u well as alkaline phosphatase activities
have been produced in rats ingesting alcohol either acutely or
chronically with nutritionally adequate diets (Baraona et al.,
1974). The dose of ethanol given these rats resulted in ethanol
concentrations within the intestinal lumen comparaffle to those
found in human subjects after chinking ( Halsted et al., 1973).

Evidence of gut injury and subsequent regeneration of intest-
inal epithelium has been found in rats fed ethanol-containing
diet1 (Baraona et al., 1974 and in humans endoscoped after con-
trolled cohol administration (Gottfried et al., 1976). The con-
comitan) improvement in disaccharidase activities and increase in
mitotic activity after alcohol abstinence (Perlow et al., 1977) are
consistent with the possibility of regeneration. Ilowever, it is in-
triguing that the time required for the disaccharidase activities to
improve was considerably longer than that expected for the epi-
thelium to regenerate. It is possible that these effects may not
merely reflect villus cell desquamation, but also may reflect
altered cell renewal or Maturation.

The low values of lactase activity in the jejurial biopsies of alco-
holics were also accompanied by poor lactose absorption, as meas-
ured by the rise in blood glucose concentration after an oral load..
Apparently the alteration produced by alcohol was not restricted .

'to the upper segment of the jejunum_ , but was sufficiently extended
to impair total lactose absorption. This effect was again more ap-
parent in the black alcoholics. Lactose malabsorption was associ-
ated with increased incidence of colic, diarrhea, and a dumping-
like syndrome severe enough to require medical attention. Thus,
disaccharidase deficiency in alcoholics may not be only an indica-
tion of the damaging effect of alcohol on the intestinal epithelium,
but the association may also lead to increased morbidity from pri-
mary lactase deficiency, a rather common disorder.

As little as 3 g of lactose has been shown to produce symptoms
in individuals with low intestinal lactase activities (Bedine and
Bayless, 1973). Thus, milk intolerance may be unmasked or exag-
gerated in those populations -where both alcoholispi and geneti-
cally determined low lactase levels are common. In view of the
likelihood of significant milk intolerance in alcoholics, the com-
mon practice of liberal milk supplementation for -nutritional

'restoration- or the treatment of gastritis or ulcer-associated symp-
toms should he reconsidered, particularly in ethnic groups (such as
blacks) with preexisting low lactase activities.

The acute and chronic effects of alcohol on small intestine
function may be paten!: ' .d by concomitant alterations in pan-
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creatic function. File salts, and small intestine flora. However, in
patients with cirrhosis, steatorrhea (fecal fat greater than 30 g/24
hrs on a 100 g fat/d diet) is relatively uncommon and in one series
was present in only 9 percent of cases ( Linscheer, 1970).

Portal hypertension has also been postulated as a cause of mat-
absorption ( Losowsky and N,V;dker. 1969). Finally, specific thera-
peutic interventions, such as neomycin, may by themselves cause
malabsorption ( Faloon, 1970). Chronic pancreatitis may lead to
pancreatic insufficiency in the alcoholic and may contribute to
steatorrhea` and malabsorption. Acute pancreatitis may result in
diminished dietary intake and severe fluid-and electrolyte disturb-
ances. Both acute-and chronic pancreatitis may cause alterations in
glucose tolerance.

Acute and chronic alcohol administration as well as alcoholic
liver disease have been noted to alter bile salt metabolism. Acutely,
administration of ethanol intravenously or into the jejunum de-
creases intraluminal bile salts (Mahn et al., 1973). Chronic ethanol
feeding- in the rat prolongs the half excretion time of cholic and
chenodeox.ycholic acid, increases the pool size slightly, and de-
creases daily excretion ( Lefevre et al., 1972).

Alcohol, Malnutrition, and the
Pathogenesis of Alcoholic Liver, Injury

The question of the respective roles of alcohol and malnutrition
in the pathogenesis of liver disease seen in the alcoholic (fatty
liver, alcoholic hepatitis, and cirrhosis) is significantboth for the
prevention and the treatment of the disease. The resolution of this
question has been exceedingly difficult for several reasons: the
unreliability_ of alcoholic populations, the variability of disease
expression, the difficulty of accurate nutritional evaluation, and
the long-term course of pathogenesis.

Malnutrition has been proposed as the predominant factor pro-
ducing liver injury for several reasons. Each gram of ethanol
provides 7.1 cal, which means that 20 oz (586 ml) of 86-proof (43
percent v/v) beverage represents about 1,500 cal, or one-half to
two-thirds of the normal daily caloric requirement. Therefore,
alcoholics have a much reduced demand for food to fulfill their
caloric \ needs. Because alcoholic beverages do not contain signifi-
cant amounts of protein, vitamins, and minerals, the intake of
these nutrients may becometeadily borderline or insufficient.

Economic factors may also reduce the consumption of nutrient-
rich food by alcoholics. In addition to acting as "empty" or
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"naked" (Acmes alcohol can result in malnutrition by interfering
with the normal processes of food digestion and absorption ( Lin-
denbaum and Lieber. 1975). For all these reasons, deficiency dis-
eases readily develop in the alcoholic. In rodents, severely defi-
cient diets result in liver damage even in the absence of alcohol.
Extrapolation from these animal results to humans led to the
belief that in alcoholics, the liver disease is due not to ethanol but
solely to the nutritional deficiencies. Thus, given an adequate diet,
alcohol is merely acting by its caloric contribution and is not-
more toxic than a similar caloric load derived from fats or starches
(Best et al., 1949). This opinion prevailed, despite some statistical
evidence gathered both in France (PequignOt, 1962) and Germany
( Lelhach, 1967), which indicated that the incidence of liver
disease correlated with the amount of alcohol consumed rather
than with deficiencies in the diet. A major challenge to the con-
cept of the exclusively nutritional origin of alcoholic liver disease
arose from an improvement of the method of alcohol feeding to
experimental animals. Indeed, when the conventional alcohol feed-
ing procedure is used, namely when ethanol is given a part of the
drinking water and when the diet is adequate, rats usually refuse
to take a sufficient amount of ethanol to develop liver injury.

This aversion of rats to ethanol was counteracted by the intro-
duction of the new technique of feeding ethanol as part of a -

nutritionally adequate, totally liquid diet (Lieber et al., 1963;
Lieber et al., 1965; DeCarli and Lieber, 1967). Using this pro-
cedure, ethanol intake was sufficient to produce a fatty liver de-
spite an adequate diet. This technique is now widely adopted for
the study of the pathogenesis of the fatty liver in the rat. In addi-
tion to the fatty liver, ethanol dependence developed in these rats,
as witnessed by typical withdrawal seizures after cessation of alco-
hol intake (Lieber and DeCarli, 1973).

Having established an etiologic role for ethanol in the patho-
genesis of the experimental fatty liver, the question of its impor-
tance for the development of human pathology remained. To de-
termine whether ingestion of alcohol, in amounts comparable to
those consumed by chronic alcoholics, is capable of injuring the
liver even in the absence of dietary deficiencies, volunteers (with
or without a history of alcoholism) were given a variety of non-
deficient diets under metabolic ward conditions, with ethanol
either as a supplement to the diet or as an isocaloric substitution
for carbohydrates (Lieber et al., 1963; Lieber et at, 1965; Lieber
and Rubin, 1968). In all these subjects, ethanol administration re-
sulted in" fatty liver development that was evident by both mor-
phologic examination and by direct measurement of the lipid
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content of the liver biopsies. These findings revealed a, ris
glyceride concentration up to 15 -fold,

The etiological role of alcohol per se (in the absence of dietary
deficiency) in the pathogenesis of alcoholic liver injury has now
been extended from the fatty liver to the full spectrum of liver
disease, including cirrhosis. This result was achieved by using an
experimental model developed in the baboon ( Lieher and DeCarli.
1974). in which the sequential development of all the liver lesions
seen in the human alcoholic was reproduced. Of 23 baboons fed
ethanol, all developed fatty liver, 5 progressed to mild hepatitis,
and 6 had cirrhosis. An example is shown in figure 4. Maintenance
of a nutritionally adequate regimen despite the intake of inebri-
ating amounts of ethanol (50 percent of total calories) was achieved
by incorporation of the ethanol in a totally liquid oliet. On ethanol
withdrawal. signs of physical dependence such as seizures and
tremors developed. Ultrastructural changes of the mitochondria
and the endoplasmic reticulum were already present at the fatty
liver stage and persisted throughout the cirrhosis. The lesions were
similar to those observed in alcoholics and differed from the alter-
ations produced by choline and protein deficiencies.. At the fatty
liver stage, some adaptive" increases in the activity of micro-
somal enzymes (aniline hydroxylase and the microsomal ethanol
oxidizing system) were observed; the increases-tended to disappear
as hepatitis and cirrhosis developed. Fat accumulation was also
more pronounced in the animals with hepatitis, as compared with
those with simple fatty liver an 18-fold compared to a 3- to 4-
fold increase in liver triglycerides).

The demonstration that these lesions can develop despite an
adequate diet indicates' that in addition to correction of the nu-
tritional status, control of alcohol intake is mandatory for the
management of patients with alcoholic liver injury. Also, ethanol
per se must he considered a direct etiological agent in the patho-
genesis of alcoholic liver injury, independent of dietary factors
(Lieber et al., 1975). This finding, however, does not preclude the
possibility that dietary factOrs may contribute to and potentiate
the alcohol effect, which had previously been shown to be the
case 'in rats ( Lieber et al., 1969). No similar studies are available
for humans.

The Nutritional Value of Alcoholic Beverages

Ethanol liberates 7.1 kcal/g, but does not provide equivalent
caloric food value when compared tyl carbohydrate. As shown in



Hoare 4. Liver Nodules of a tic Baboon Fed Alcohol for 4 Ye

Fat is regularly distributed through liver nodules, surrounded by connective tissue septa.
The slide is tinted with ehrornotrope-aniline blue and magnified 60 times.

roin Lieber and DeCarli, 1974. Copyright 1974 by S. Karger (Basel).
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Fire 5. .Effect on Body Weight of 2,000 Kcal Ethanol and
Chocolate a
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The same subjects were administered ethanol and chocolate at different
times. The dotted line represents the mean change during the control period.

aFrom Pirola and Lieber, 1972. Copyright 1972 by S. Karger Basel).
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Body Weight Ch6ges After Isocaloric Substitution of
Carbohydrate for Ethanol'
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Body, weight changes after Isocaloric substitution of carbohydrate (50 percent
tal calories) by- ethanol were recorded for 11 subjects (means ±standard

errOis). The dotted line. represents the mean change in weight in the control

'aFrorn Piro la-and-Lieber, 1972. Copyright 1972 by S. Karger (Basel).

figure 5, gain in- body weight is significantly lower with ethanol
than with isocaloric amounts of carbohydrate (Pirola and Lieber,
.1972). Isocaloric' substitution- of ethanol for .earhohydrate as 50
percent of total calories in a balanced-diet (as shown in figure 6
results in a decline. in body weight (PirOla and Lieber, 1972). One
interpretation of this lack of weight gain with ethanol, coinpared
to %other sources of dietary adories, is the -possibility that chronic
alcohol intake increases the energy requirements of the body. If
this were the case, a higher rate of oxygen consumption should
be reflected. Indeed, in rats fed alcohol -as part of their totally. -
liquid' diet, oxygen consumption was slightly but significantly
higher than that of animals pair-fed he Isocaloric diet containing
carbohydrates instead of ethanol (13irola and Lieber, 1976).

Aniong the rhany mechanisms that could be poStulated.to ac-
count for an inefficient use of ethanol calories, one involves the
energy wastage secondary to an induction of liver microsomal
pathways. .

Efficient utilization of the calories of ethanol would be antici-
pated from a consideration of its major metabolic pathway, which
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involves the hepatic cytosolic enzyme alcohol dehydrogenase
(ADH).

CH3CH2OH NAD+

ADH (NADH

CH3CHO 14

on transport ch

From an energy point of view, this process appears to be an
economical one because the associat H-id production of NAD sip-
plies the electron transport chain with hydrogen equivalents and
yields high-energy. phosphate bonds. In addition to the ADH /
pathway, ethanol is also metabolized via a. hepatic microsomal /
ethanol-oxidizing system = (MEOS) ,(Lieber and DeCarli, 1970).
The exact quantitative significancej6f the enzyme system in vivo/
remains uncertain, but studies indiCate- that it could normally in/-

volve 20 to 25 percent of the oxidation of ethanol (Lieber ar 'id

DeCarli, 1972) and much more after chronic ethanol consumption
particularly at high ethanol concentrations (Matsuzaki, et.- al.,

-1977). The potential importance/ of this mechanism on the body's
caloric balance lies in the fact that, in contrast to the ADH pith-
way, MEOS results in the loss of chemical energy from bothlthe
substrate and the cofactor (NA PH) without any known effective

-- coupling to ATP synthesis. I

CH3CH2OH NADPH

CH3CHO +

H+ 02

NADP+ H2O2

MEOS

Presumably, the chemical en rgy is dissipated as heat and, inso-
far as it exceeds the body's the °regulatory needs, reprsents an
inefficient use of ingested, calo 'es. It is of interest that similar
considerations apply to the oxi ation of other drugs and endog-
enous substrates (such as steroid ) by hepatic microsornal drug-
metabolizing enzymes. These oxi ations have the folldwing gen-
eral formula:

2 RODP+ +II-120RH + NADPH + H+ + 0 H + NA

The prdposed hypothesis (Pirola a d Lieber, 1976) is thatzthe
inefficiency of microsornal drug-meta - - lizing enzymes' be of
quantitative significance in the energy balance of the body during
the repeated intake of drugs, especially thanol. ,
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The hypotheis is in keeping-with other animal studies in which
metabolic rates were increased by the administration of ethanol
and barbiturates in doses known to induce hepatic microsomal
enzymes. Thus, pretreatment with barbiturates enhanced oxygen
consumption in rats tested under various conditionsin the ab-
sence of drilgs, during hexobarbital anesthesia, and after the ad-
ministration of aminopyrine (Piro la and. Lieber, 1975).

There are, of course, many metabolic pathways in the body
that are not effectively linked to ATP synthesis. These pathways
contribute to the net wastage of calories to give a less-than-optimal
overall efficienoy of the body. In this respect, the microsomal
drug-metabolizing enzyme system is unique in its extraordinary
versatility and in its ability to be induced by a wide variety of
agents.

Another major theory for the explanation of the hypermeta-
bolic state produced by ethanol is an increased utilization of ATP
by the Na* -K4--activated ATPase after chronic ethanol feeding.
Israel et al. (1975) reported that in liver slices, ouabain, an inhib-
itor of the Na* -1C4-activated ATI3ase, can completely block the
extra ethanol' metabolism elicited by chronic ethanol treatment.
Dinitrophenol increased the rate of ethanol metabolism in the
livers of the treated animals only in the presence of ouabain.

The theory that increased utilization of ATP by the Na* -1c.*--
activated ATPase (and the resultant lowering of the phosphoryla-
tion potential) is responsible for the metabolic adaptation- that
occurs in rata after chronic ethanol treatment, and that a situation
develops that is very similar to that found after administration of
thyroid hormones or epinephrine, is intriguing. Certainly, the in-
fluence of ethanol consumption on hormonal actions deserves
further investigation. To date, few studies have been performed
to confirm these observations.

Under the conditions used by Israel et al., (1975), ethanol con-
sumption did not result in liver changes comparable to those seen
in human alcoholic liver injury; for instance, no fatty liver was ob-.-
served. Under conditions that mimic the clinical situation with de-
velopment of fatty liver, chronic ethanol consumption was not
found to be associated with increased ATPase activity (Gordon,
1977), and the increase in the rates of ethanol metabolism after
chronic ethanol consumption could not be abolished by ouabain
(Cederbaum et al., 1976). These findings indicate that the theory
of enhanced ATPase activity may not be applicable to the situa-
tion that normally prevails after chronic alcohol consumption.

. ,
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DiscuSsion of Papers
by Sniitil and Lieber

Dr. Mcbonald: Dr. Li has asked me to mention that Dr. Margen
and I, in our experiment with humans at the University of Cali-
fornia in Berkeley, observed a similar weight loss in nonalcoholic
human volunteers who were placed on an adequate diet. Thiawas
not one of the purposes of the experiment; but when nonalcohol-
ics were on an alcohol phase of the experiment, they consistently
lost weight. We also observed no decrease in absorption in.energy-
containing substances. So this would confirm what Dr. Lieber has
just said. If the MEOS can be blamed for the wasted calories, it
would seem that even less than 36 percent of the total calories as
alcohol would induce this system, because our subjects were re-
ceiving 22 to 25 percent of the calories as alcohol.

Dr. -Lieber: Here is a very important point, because we never
went down to that low level. I guess we Were anxious to have a
nicer effect, perhaps; that is why we used a larger amount. It is
important to know that even this relatively modest intake is as-
serting a similar effect.

Dr. Vallee: This is not a question at all, but rather a comment
on Dr. Smith's discussion. It is the implication that, by measuring
metal contents in sera, one can establish criteria regarding nutri-
tional status. I am sorry I did not hear about your new indexes _

for measurement of alcohol intakewhich I surely hope you will
tell us aboutbut I think that deserves a particular comment.

The amount of-'zinc which is around is distributed into mul-
tiple systems. Of the 92 zinc-containing enzymes, none is found
in serum. Alcohol dehydrogenase was never detected in serum, so
whatever moiety of that enzyme has anything to do with what we
are talking about, it is not likely to be found there. As a matter of
fact, I am unaware of a zinc transport protein, and I am unaware
of a zinc absorption protein in the sense in which that is known
about copper. I know Dr. Hurley is working on something. But we
have tried for 30 years, and other people have, andwe have not
been able to find it.

So when there is a change in zinc concentration in serum, I have
not the faintest notion what that means in these terms. In spite of
the fact that I reported some myself in the past and attehipted just
like anybody else to try to understand what that could Mean, I

64
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have the excuse now, which I had then, too, that I did not know
anything about it I do not know any more However, I think it is
about as wise to do zinc analyses, to assault that question in

rum, as it would be to do carbon, hydrogen, nitrogen, oxygen,
or sulfur determinations, on serum It will tell you something, but
I don't know what.

Dr. Schenke'r: Dr. Valley, perhaps you would like to tell us
which tissues are the most sensitive to changes in zinc content for
picking up la zinc-deficiency state, say of first marginally, and then
subsequently severe, deficiency.

Dr. Vallee: None that I know of That does not mean there
aren't any..

Dr. Schenker: That is interesting, because it was my under-
standing that other workers have shown that bone and testes
might be more sensitive to changes due to inadequate zinc intake
than say, liver or other tissues. Perhaps I am wrong inthat.

Dr. Vallee: yob-were asking aovery specific question, and I
gave you a very specific, answer. I did notay that zinc deficiency
would not manifest in certain tissues in a certain manner and
preferentially in some of their metabolic behavior. Dr. Falchuk
discussed this extensively in Euglena gracilis and showed you how
difficult it is to run it ,downwhere you might ultimately find
evidence of a lesion. What is the limiting step of a reaction, as
you saw, is extraordinarily difficult to establish. It is true that
certain organs seem to be preferentially affected, but analysis of
zinc content in tissues is probably too gross a measurement for
the diagnosis of zinc-deficiency state.

Dr. Lester: I would like to ask Charles Lieber squestion. You
have emphasized the importance of alcohol in the production of
various forms of pathology, as ,against changes in nutritional
status. Specifically, with liver disease, you have shown -beau-
tifully that alcohol per se can produce a variety of forms of liver
disease without deprivation of calories or other nutrients. My
question is, can any of the phenomena of alcoholism, histologic
or biochemical, be modified in the presence of either caloric
deprivation or deprivation of other specific nutrients?

Dr. _Lieber: Well, there are certainly circumstances where
adding insult to injury and adding malnutrition to alcohol would
aggravate the situation. In'1969, as a matter, of fact, I had a paper
in the Journal of Lipid Research which demonstrated that adding
protein malnutrition to alcohol would accelerate the development
of; a fatty liver. So in that particular case, one looks at fatty liver
as an end point, and the combination of protein malnutrition and
alcohol certainly had much more striking effects than malnutrition--
alone \or alcohol alone,



66 SMITH AND LIEBER PAPERS

But that was with fatty liver, and the question is, what about
cirrhosis? The situation is much more complicated, and t am not
sure that at this point we have an answer. Under certain circum-
stances, certainly malnutrition by itself, severe malnutrition in ex-
perimental animals, can result in severe liver damage, including
some cirrhotic changes. Under other circumstances, protein de-
ficiency, for instance, may protect against the action of known
cirrhogenic agents. Carbon tetrachloride cirrhosis, for instance,
can be prevented by a low protein diet. There h us been a puzzling
observation published in Scandinavia where they claim that the
incidence of cirrhosis in "skid row" alcoholics may be lower than
that in better nourished alcoholics. Of course, you know that
childhood cirrhosis in India occurs in the well-to-do families
rather than in the poor ones.

So I think it is a complex question. We need more data, and we
are trying to get them now. We are trying to study in our baboon
the relationship between protein malnutrition and alcohol, in the
development of cirrhosis. Unless we have an experimental answer,
I would not want to give you a theoretical answer beuse I could
imagine a situation where excess protein might be detrimental. As
we have studied recently, alcohol impairs the secretion of protein
from the liver, and results in protein accumulation in the liver. We
feel that this protein accumulation might, under certain circum-
stances, 'be detrimental to the liver. So under those conditions,
excess protein might conceivably not be beneficial. On the other
hand, of course, protein deficiency by itself has some damaging
effects. Because of the complexity of the situation, I would not
want to give you a black and white answer that affects the whole
field of liver disease. Only in terms of fatty liver can I unequiv-
ocally say yes; that is, protein deprivation potentiates the injurious
effect of alcohol and we have demonstrated that experimentally.



Detertninants of Absorption.
from the Gastrointestinal Tract*

John M. Dietschy

This paper deals with two aspects of alcohol metabolism:
ay the mechanism of absorption of ethanol and other longer chain
length alcohols and (2) the possible ways in which alcohol inges-
tion might alter the rates of absorption of other nutrients across
the gastrointestinal tract. In order to approach both of these
subjects, it is necessary to review the general features of the
various mechanisms that determine the _rates of solute transport
across the intestine.

The Two General Types of Transport Involved in the
Movement of Solutes Across Biological Membranes

Many complex types of transport systems have been described,
but only two are probably important to explain the movement of
most molecules into and out of many types of tissues. The first of
these is usually designated as "simple passive diffusion" and in-
volves the movement of individual solute molecules adross the
lipid-protein? matrix of the cell membrane. Because such move-
ment occurs across an "infinite" number of sites in the membrane
and is driven by the chemical activity of the molecule in the peri-
cellular perfusate, the rate of such movement is usually a linear
function of the concentrations of the solute molecule to which a
given cell is exposed. As shown in panel I of figure 1, the rate of
movement (J) of the solute molecule from the outside of the cell
Into the cytosolic compartment is equal to the product of the

*This work was supported by U.S. Public Health Service grants HL 09610,
AM 16386, and AM 19329.

'As with all transport phenomena, the velocities of the various processes to
be described depend on the chemical activities of the solutes in solution and
not strictly speaking,_on_their chemical concentritions. For the sake of
convenienc-e7hOwever, in this review the terms "concentration" or "mono-

_ molecular concentration" should be understood to mean chemical activity
in the specific sense.
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Figure Several Experimental Situations Encountered During-
the Monomolecular Movement of a Solute Molecule
Across a Biological Membrane
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In this diagram, C2 represents the concentration of the solute molecule in
the solution perfusing the outside of the cell membrane; C3 repreients the
concentration of the molecule in the aqueous phase in the cytosolic com-
partment inside the cell membrane. Cm in panel IV represents the concen-
tration of the solute molecule within the micellar phase. and K is a conven-
tional paztitioning coefficient dictating the relationship between Cm and C2

such that K = Cm /C2.

concentration of the molecule in the bulk solution (C2) and the
passive permeability coefficient (P) for that particular solute
crossing that particular membrane.

= (P)(C2) (1)

The passive permeability coefficient describes the amount of
solute that crosses 1 cm2 of the cell membrane per unit time per
unit cohcentratiOn of the solute to which the membrane is ex-
posed and so has units such as nrnol/cm2/sec/(rimol/cm3), which
reduces to the conventional units used for P of cm/sec.

When this value is niultiplied by. the concentration term,
describes a flux rate with the units of mass of solute moving across
1 cm2 of membrane per unit time, e.g., nrnol/cm2/sec, However,

-----in newly all experimental systems used to study intestinal trans-
,. port, the membrane surface area is unknown, and the rate of

movement is normalized to some other parameter of cell mass,
such as mg of protein, g wet weight, or cm length. Under these
conditions, the experimentally determined flitx, rates and passive

permeability coefficients are designated Jd - and Pd, respec-
tively, and hive units such as nmol/g tissue/sec (id) ) and.nmol/g
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tissue/sechnmol/cm3)(Pd). In such measurements, it is tacitly
-- assumed that the surface area of the cell membranes across which

transport is occurring has a constant relationship to the parameter-
of tissue mass utilivd and, further, that this relationship does not
Change under different experimental conditions.

This relationship can be designated as Sm, so that Jd/Sm equals
.1 and Pd/Sm equals P. Thus, for example, if a flux rate of

'10 nmol /g tissue/sec has been experimentally determined (Jd), and
if Sm is known to equal 100 cm2/g tissue, then a flux rate of

-.0.1 nmol/cm2/sec can be calculated. However, values for Sm are
seldom known for experimental preparations, so most transport
rates necessarily must be expressed as cid. The corresponding
passive permeability coefficients also must be normalized to the
same parameter of tissue mass (Pd) ) and so will not have the con-
ventional units of cm/sec.

Finally, it should be emphasized that P or Pd describes the
ability of a -particular solute to penetrate a particular biological
membrane and has meaning independent of knowledge of C2. In
contrast, the magnitude of J or Jd has meaning only when one

,also knows the solute Concentration at which the measurement
was obtained.

The second type of transport important in the absorption of
solutes involves the binding and membrane translocation of
molecules by sites on the cell membrane. Because such a process
involves the interaction of solute molecules with a finite number
of transport sites on the cell membrane, the kinetics of uptake
may be described by the following relationship.

(J )(C2)
Km + C2 (2

Here XII is the maximal velocity of transport the system can
achieve and Km defines the concentration of the solute molecule
at the aqueous-membrane interface (C2) at which half the value of

-,Jth is achieved. Again, both J and Jrn should ideally be expressed,
as the amount of solute transported per unit time per cm2 of sur-
face area However, as discussed above, this definition is not
usually possible in most systems of importance to the study of
intestinal transport; so these two velocity terms again must be
normalized to some other parameter of tissue mass, and the terms
Jd and 411.1 must be substituted for J and Jr", respectively,- in
equation 2.
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Monomolecular Diffusion of Molecules Through
an Infinite_ Number of Sites on the Cell Membrane

Effect of Solute Interactions With Other Molecules in the
Cytosolic Compartment and in the Bulk Phase on

Monomolecular Diffusion Rates

As is evident from equition 1, the rate of molecular diffusion is
determined essentially by only two factorsthe concetitration of
the solute molecule in the perfusate bathing the cell membrane and
the passive permeability coefficient for the molecule. Solutes may
interact with other molecules in the bulk perfusate and/or cytosolic
compartment and markedly alter their monomolecular concentra-
tions in solution; these interactions profoundly affect the rate of
transmembrane movement. As shown in panel I of figure 1, the
rate of movement of the solute from the bulk solution into the
cell equals the product (C2 ) (Pd ). However, as the molecule dif-
fuses into the cell, the coneentratiort of the solute in the cell water
begins to increase so that there is movement of the molecule out
of the cell at a rate equal to (C3 )(Pd ),2 as shown in panel H. Thus,
at any point in time, the net flux of the solute into the cell is
given by the following expression.

jnet (C2 - co(pd)

If the solute is not bound within the cytosol, rn,ethbolized, or
transported out of the cell, then C3 must eventually equal C2 and
jrd'et must equal O. Using a radiolabeled molecule, one can still
demonstrate the two unidirectional fluxes under this circum-
stance, even though net, movement has ceased. If, however, the
solute is rapidly bound to a receptor molecule in the cytosol, is
metabolized;nr-is-transported out, then C3 is Maintained lower
than C2 and there is a continuous net movement of the molecule
to the cell at a rate described by equation 3.

Finally, it should also be pointed out that the direction of net
movement can be reversed if the solute molecule is also being
generated within the cell. ?or example, in the fed state, the con-
cenization of fatty acid outside the adipocyte is higher than that
inside so that there is net entry of.lipid into the cell. With stimula-
tion of the hormone-sensitive lipase ,within the. cell, however, C3

2In this formulation, .the cell membrane is assumed to behave symmetrically
with respect to passive permeability so that the same value of P can be uti°

I lined regardless of the direction of molecular diffusion. Most experimental
data suggest that this assumption is correct.
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greatly exceeds C2 and there is net movement of fatty acid
out of the cell.

Interactions of the solute with mplecules in the bulk perfusate
also can markedly influence the rate of both unidirectional and
net solute movement. For example, in vivo steroid hormones are
usually bound to carrier proteins in plasma; fatty acids are largely
bound to albumin. In in vitro experiments, steroids and fatty
acids are commonly added to the perfusate using various proteins,
solvents, or detergents to increase their "solubility." In such cases,
however, the term "solubility" is misleading: Although the total
amount of the solute dispersed in the aqueous phase may be high,
the actual amount of the solute in tru' solution and available for
reaction with the monbrane (C2) may still be exceedingly low.
Furtherniore, the interactions between the solute and the carrier
molecule are often complex aid, if not taken into considerition,
may interject marked artifacts into the interpretation of the
kinetics of the uptake process- example of this is shown in
panel IV, where it is assumed that a solute molecule is "solubilt-
ized" in the bulk perfusate by using detergent-like bile acids that
form micelles and that the ratio of the concentration of the solute
in the micelle', (Cm) ) and in the aqueous phase (C2 )scan be defined
in terms of a conventional partitioning coefficient (K). Under
these conditions, the-following relationship would be true.

This equation c

KC2 Cm

be rewritten to yield

(vt) (cMrn

(4)

(5)

where M and Mm are the masses of the solute molecule in the
water and micellar phases, respectively, and V, and Vi represent
the volumes of the aqueous and micellar phases, respectively.3,
Mm equals the total mass of solute in the system (Ms) m \nus that
in the water phase (M, ), so the_expression Mi MR, can be
substituted -for Mm in equation 5 and, after rearranging terms, the
followintexpression is obtained.

,

V
Mt

+ Vw
(6)

3The volume of the micellar phase can be calculated from the concentration
of detergent in the perfusate and its appropriate partial specific volume;
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From this expression, the rate of uptake, of thesolite can be cal-

culated because j t is . ProportkinW to the term Mw. 1Vw ; i.e., to
C2' (assuming for the purposes of this illustration that C3 is 0).

The curves shown in figure 2 have been derived by this equation
to illustrate the effect of altering the, relative concentration of the.
detergent and solute on rates of intestinal uptake of the solute
molecule. In panel 1, the concentration of the detergent As kept
constant while that 'of the solute is increased. As is evident, under
this circumstance, jrzet increases in a linear relationship to the
total concentration of the solute in the .perfusate, -but- the
magnitude of the uptake rate is markedly dependent on K: When

_ Figure 2. Theoretical -Relationship 6Between the Rate.of ptake
of a Solute Molecule and the Concentraticin f That
Molecule in the Perfusate

It

MICELLEK--. 5 5 5 5 5 1 2 3 4 5 , I 2 3 4 50

.SOLUTE - - w - 1 2 3 4 5 2 . 2 2 2 2 1 2. i 4 5

RELATIVE CONCENTRATIONS OF MICELLES AND
SOLUTE MOLECULES IN BULK SOLUTION

Here the solute is partially dissolved in a detergent micelle. Panel I illus-
trates the situation where the concentration of rnic keptconstant while
the concentration of the solute is progressively increased. opposite situa
tion is illustrated in panel II The concentration of solute is kept constant
while the concehtration of micelles is increased. Panel III illustrates thildtua-
tion in which the concentration of both the micelles' nd solute is increased.
-in parallel so that the molar ratio between these two components of the solu-
tion remains constant.

In each case, the results' are shown for two experimental situations where
the partitioning coefficient for the solute molecule into the micellar phase is
either high or low. In this diagram, the units of solute uptake and concentra-
tion are arbitrary relative values. These illustrations, however, are based on
specific calculations as given in reference (1).
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el coricvntration of the soluIc is ke t constant and the
:.)ncentration of the detergent i increased, the rate of uptake
declines in a curvilinear fashion anti, again, the absolute value of
.1:r is markedly irifluenced by K.

Of particular importance is the set of curves shown in panel
where the corcentrations of both the solute and the detergent
have been increased in parallel so` hat the ratio between the two
is constant. In this circumstance, the relationship between girt
and the tot, i concentration of solute superficially resembles a
saturable" kinetic curve. Thus, the point to he emphasized is
that when uptake rates of solutes are measured from a solution
containing other molecules with which the solute can interact, the
observed values of Jd may he determined as much by events
within the bulk solution as by the kinetic characteristics of the
transport system in the biological membrane under. study. Under
such .circumstances, it is nearly impossible to interpret the meaning
of relative rates of uptake of different solutes or of the kinetic
characteristics of the uptake process unless appropriate mathe-
matical or experimental corrections can be made to distinguish the
true concentration of the molecule in solution (C2 ) from the total
concentration of the molecule (Ct ) in the perfusate (1).

Effect of Membrane Polarity on Rates of
Monomolecular Diffusion

The seci.,nd mayor factor influencing the.rate of molecular dif7
fusion of lipids across cell membranes is the passive permeability
coefficient for solute (eq. 1). The value of P is unique for a
given solute passing through a given membrane and is determined
by the polar characteristics of both the solute and the membra
Thus, for a particular solute molecule, P can be described b he
following expression ,3).

(7)

Here Km, Dm. and dm represent, respecti 'ly. the partitioning.
coefficient for the solute molecule between the lipid pnase of the
eell membrane and thetaqueous phase of the perfusate, the dif-
fusion coefficient for the solute in: the membrane, and the effec-
tive thickness of the membrane (2). The partitioning coefficient
is the overwhelmingly important term in -determining P because
dm is relatively constant for most biological membranes; for most
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solutes, Dm varies over a narrow range and the values of Km may
vary over a range as great as 1010 2,3). Thus, the values of P
very directly with the value of Km for a particular cell membrane.

'
Recognition of this relationship has provided a useful way to

assess and compare the "functional" polarity of membranes from
different biological systems. For example, as illustrated in figure 3,
the logarithms of the passive permeability coefficients for a series
of fatty acids in a particular cell membrane have been plotted
against the logarithms of the partitioning coefficients of these

Figure 3. Comparison of Passive Permeability Coefficients (P)
for a Series of Fatty Acids With the Partitioning Coef-

\ ficients of These Same Molecules Between Bulk Buffer
Solution and a Bulk Organic Solvent

i - 1

. _ - -- 3 4 5 _6
in PASSIVE PERMEABILITY COEFFICIENT(P)

IN A BIOLOGICAL MEMBRANE

The logarithm of K is plotted in arbitrary units on the vertical axis; the
logarithm E P is shown on the horizontal axis. Line A represents the situa-

tion in which the polarity of the bulk solvent and that of the membrane

lipids are i ntical.; line B represents the :'tuation where the organic solvent
is less polar; and line C rep_ resents the sit; ation where the solvent is more
polar. ..
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same fatty acids into three different bulk organic solvents. As
illustrated by line A, the addition of each -CH.,- group to the
solute has the same relative effect on increasing the movement of
a molecule across the membrane or in increasing its partitioning
into the bulk solvent; hence, the "effective" polarity of the solvent
and cell membrane must be approximately the same.

In contrast, lines B and C, respectively, show the results ob-
tained with two solvents that are either less or more polar than the
cell membrane. For example, in the case of example B, the addi-
tion of each -CH2- group to the fatty acid chain has greater effect
in twd ways on increasing In K than in increasing In P. The -CH2-
group principally undergoes hydrophobic interactions with compo-
nents of the solvent and the cell membrane, so it follows that, in
this case, the membrane behaves as a more polar structure than
does the bulk solvent.

Comparisons of this type, have been made between a number of
different solvents and a variety of different cell membranes. In
general, the membranes of most mammalian cells have been found
to be relatively polar structures. Thus, in a number of instances,
the membranes have been shown to behave in a manner similar to
a bulk solvent such as isobutanol rather than as a very nonpolar
solvent such as diethyl ether, benzene, or triglyceride (2,4,5,6).

Although they are useful, corn- risons such as these are cumber-
some to undertake and require that a number of different measure-
ments of K and P be made using various homologous series of
solute molecules. More recently, a second method commonly has
been employed to describe the effective polarity %of biological
membranes. This method involves determining the manner in
which the addition of a particular substituent group to any solute
molecule alters the rate of movement of that solute across a bio-
logical membrane or alters the partitioning of the solute into a
bulk organic solvent (1,2,3,6,7). In both instances, the following
equation describes the relationship between the partitioning of a
solute between a cell membrane (Km) ) or a bulk solvent (K) and
the aqueous phase of the perfusate and several thermodynamic--
,parameters ( 2, 3 ).

Km or K = e-'1Fw---1/RT (8)

Here _.1 is the free energy change associated with the move-
ment of one mole of solute from the perfusate to the membrane
(or solvent), R is the gas constant, and T is the absolute temperature.

It is difficult to obtain absolute values of :1 for a solute,
but the manner in which this thermodynamic parameter is changed
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by the addition of a substituent group to the solute can he experi-
mer'ally measured. Thus, the change in AF,, .1, i.e., the incre-
mental free energy change (6AP,, .11, brought about by the addi-
tion of the substituent group s to the solute, is given by the
following two expressions.

SJFw .1

'5Fsw

RT In ( Ps
Pc

Ks

K-

Equation 9 yields the mental free energy change associated

with the addition of group s to a solute, based on the measure-

ment of the passive permeability coefficients for the solute with
(Ps) and without (Pc 1. the substituent group_ . Equation 10 gives

the same value for substituent group s based on measurements of

the effect of this group on partitioning of the solute into a bulk

solvent.
In practice, 5,AFw 1 can be measured for nearly any ,substit-

uent group, such as -CFI2-, -011, -N1-12 and -COOH. The addition
of a polar group, such as a hydroxyl function capable of hydrogen
bonding with water molecules in the bulk perfusate, generally re-
duces the passive permeability coefficient or the partitioning
coefficient obtained with a given solute, l therefore yields a
positive value for 5,AF,A, .1.

In contrast, the addition of a nonpolar substituent group, such

as the methylene group which is forced out of the aqueous phase

by entropy effects and which undergoes hydrophobic, interactions
within the membrane or bulk solvent, generally increases the___

values of P and K and_gives a negate value for the incremental
110e energy change.4 At 3DC, (` value of RT is approximately
616 calknol, so a nonpolar suhe,ti, ?nt group that increases P or K

by a factor bf 5;,` 25-, or 125-fold is associated with a 6AFw,,I
value of approximately -1,000, -2,000 and -3,000 cal/mot,
tively. Convf.rsely, a polar group that reduces P or K by a factor
of 0.20, 0.04, or 0.008 would yield -5.A F, ..1 'values of +1,000,
+2,000 and *3,000 cal/mol, respectively.

4A &Ulla discussion of the intermolecular forces that provide the ther-
Modynamic explanation for the effect of various substituent groups on
permeability and partitioning coefficients is beyond the scope of this
paper. For a more detailed discussion of these s_gpects, see references (2)

and (11)
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Front this &situ apparent that measurement of
t values for various substituent groups provides a sensitive

method for characterizing the effective polarity of a particular cell
membrane and for comparing it to the membranes of other cell
typos and to various hulk solvents. Such data are now available for
a number of different tissues and solvents; representative values for
the hydroxyl and methylene groups are summarized in figure 4.

The addition of the hydroxyl function decreased the permeabil-
ity coefficient for solute movement across the membranes of the
muscle cell, adipocyte, gall bladder, and intestine by a factor that
varied from 0.14 to 0.61. The.se values correspond to 6,AF,-,.,11.1
values of approximately +300 to +1,200 cal/mol. In contrast, this
substatuent grouR reduced partitioning of the solute into very non--
polar solvents such as triglyceride, ether, and olive oil by factors
ranging from 0.035 to 0.011, yielding (5.t;'_,,.°,11,1 values varying
from +2,070 to +2,800 calf mol. These data indicat that the
membranes of at least this group of cells behave as relatively polar
structures (perhaps because they are relatively hydrated) and not
as very hydrophobic "lipid- membranes.

supported by the results obtained with the meth-
ylne groupalso shown in figure' 4 .Again, the addition of this
substituent group has much less: of an effect in increasing the
passive permezibility coefficients (g5A1-w' are all less than 550
cal mall than one would expect if the cell membranes behaved as
a very nonpolar structure analogous to the nonpolar solvents.
Thus, data chi tined in a number of different Itiboratories. for
many, different. cell membranes suggest that these membranes
(particularly the intestine) behave as relatively polar structuresat
least with rc.spect to the manner in which they affect the rate -of
transmInbrane, monomolecular solute diffusion

ximal I ates of Monomorecular Diffusion
Polarity of the Cell Membrane

r,ogn membranes behave as rela-
to.ely pc lar has Frofound implications with regard to
the on of inimy crlut,r from the gastrointestinal tract,.
partit-1-2 !y 0`;4' that have limited solubility. such as IipidA and

owls. The.e implications can best be understood by examining a
data raker Conn the lite'rature' (1)-: they are shown

figure' 5 In this example. he Iii,rive permeability coefficients
the is te':.tir-k: !akt' of a homologous series of saturated fatty

ex pen nlen; il'ay determined. It was found that P increased
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Figure 4. Incremental Free Energy Changes (5aF .1) Associated
With the Addition of Either the -OH or -CH2- Groups
to a Solute Molecule
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The addition of the hydroxyl function decreases the rate of memembrane
permeation and is associated with positive values; the addition of the meth-
ylene group enhances the rate of mernbrane permeation and is associated
with negative _values.- The effect of the a3dition of these two substituent
groups oirthe perm *ion of various probe molecules across the cell mem-
branes of a variety of tissues is shown ri the first column of data and the

00 effect of the addition of these same groups to the partitioning of various
probe molecules into bulk organic solvents is shown in the second. The data
presented in this figure are based on observations from a number of different
laboratories, as summarized in reference (10).
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Figure 5. Effect of the Relative Polarity of a Solute Molecule on
Its Maximum Rate of Transnriernbrane Movement
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The_pan-eirili column I represent actual experimental data obtained on the
--uptake of fatty acids of various chain lengths into the intestinal mucosa!

cell (1 ). The upper panel shows the logarithm of the passive permeability
coefficients and the masiPrium aqueous solubilities of the homologous series
of saturated fatty acids. The lower panel shows the logarithm of the maxi-
mum uptake rate, which equals the passive permeability coefficient times the
maximum solubility for each individual fatty acid.

The two panels in column II illustrate the effect of altering the polarity of
the biological membrane., Curves A, B, and C show the theoretical results ob-
tained where the membrane is made progressively less polar so that the addi-
tion of each -CH2- group to the fatty acid chain increases the passive permea-
bility coefficient by a factor of 1.58 (A), 2.32 (B), and 3.67 (C), These values
would correspond to values of --283, -517, and -801 cal/mol for
the group in these three respective situations. The results shown in
this -figure are based on experimental data in which the permeability coef-
ficients and uptake rates were normalized to V0 nig dry weight of intestinal
tissues.
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by a factor of 5 ' fc,r c icli - ('ll.,- group added to the fatty acid
chain. Thus, as shown by the solid line in the upper panel (panel l),
the logarithm of P plotted against the fatty acid chain length has a
slope of +0.16. In this same study, the maximum solubility of
each of these fatty acids w i determined in the perfusate and, as
shown by the dashed line, maximum solubility decreased by a
factor of 0.43 (slope of the semilogarithmic plot of -0.84) for
each :CH.,- group added to the fatty acid.

The rate of uptake of any of these fatty acids is equal to the
product of the concentration of the fatty acid in the perfusate
and its appropriate passive permeability coefficient (eq. 1), so it
follows that the maximum rate of uptake must equal the product
of the mz..i.imum soluhility of each fatty acid in the perfusate
times its passive permeability coefficient. When such values are
calculated for eaei fatty acid (as seen in the lower solid line of
panel l), the maximum rate of uptake decreases by a factor of
0.68 (slope of the semilogarithmic plot of -0.38) for each CH2--
group added to the fatty. acid chain. Thus for:this-hoirsidlogous
series of fatty acids, the_high-est-rate-s' Of transport are seen with
the more__polarnembers of the series under circumstances where

concentration of each fatty acid in the perfusate has been
elevated to its lirn.t of solubility, This relationship derives from
the fact that as -CH,- groups are added to the fatty acid chain,
mazimuiei soluhility decreases out of proportion (slope of 7-0.84)
to the increase in the passive permeability -coefficient (slope Of
+0.46). This latter relationship, in turn, results from the cell mem;
brane behaving as a relatively polar structure; in this instance,.

(5.,1Fw .-I'equals only 283 callmol.
The dependency of the maximal monomeric uptake rates on

membrane polarity is illustrated by the set of curves shown in
panel II. The membrane is made progressively less polar so that

,cit.,
.°1 is increased from the ekperimentally determined value of

283 cal,'mol (curve A) to -517 (curve B) and -801- (curve C)
cal/mol. In curve B, the membrane has been made less polar -to
the extent that the addition of a -CH,- group results in an exactly
equal incremental increase in P and decrement in solubility so that
the maximum uptake rate beconies independent of chain length
(curve B. lower peel II). Only when the membrane is made even
less polar are higher rates of uptake observed with the fatty acids
of longer chain length (curve C).
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Anomalous Behav the Monomer Diffusion of Polar, Small
Molecular Weight Solutes Across Biological Membranes

in figures 3 and 5, it has been assumed that the permeability
coefficients for a homologous series of fatty acids follow a regular
and prdic! [Ole pattern based on the number of methylene groups
in the fatty acid chain, In these instances, the addition of each

qoup increases P by a constant amount so that In P
is a linear function of the nudtber of carbon atoms in the fatty
acid.

A similar-relationship can he seen for steroids where, for exam-
ple, In P varies as a linear function of the number of hydroxyl
groups added to the sterol nucleus. Although such behavior has
been described for the penetration of many different classes of
solutes across biological membranes, it has also been consistently
reported that, for any homologous sSries of molecules, the smaller
molecular weight, more polar members of the series have anoma-
lously high permeability coefficients. For example, researchers
have reported data such as those shown in figure 6 in membranes
of the intestine, gall bladder. and adipocyte (5,6,10). Far the
fatty acids with more than six carbon atoms in the chain, there is a
linear relationship between In P and chain length. This relation-
ship does n t hold, however, for the shorter chain length fatty
acids, which typically manifest much higher passive permeability
coefficients than would be extrapolated from the behavior of the
higher molecular weight members of the series. Such anomalously
high rates of monomolecular diffusion have been reported in
nearly all biological membranes that have been studied for many
types of small molecular weight molecules, including short chain
length alcohols and fatty acids, urea, metLylurea, formamide, and
aeetamide ( 2,4, 5, 6, 8,9,10,11,12).

Such behavior has been attributed in the past to carrier- mediated
diffusion or to aqueous " pores" within the cell membrane, but
current data suggest that these high permeability coefficients are
due to an inherent property of biological membranes that allows
small molecules to pass relatively more rapidly between the struc-
tural components of the membranes than do larger molecular
weight solutes (3). It should be emphasized that if the permeability
coefficients for the Saturated monohydroxy alcohols in the
intestine were plotted in figure 6, they would form a second line.

identical to that shown for the fatty acidsbut displaced upward
by an amount -dictated by the rS VFW .1 associated with the

it substitution of the -OH group on the molecule in place of the
(OOH function. thus, ethanol is one of those smaller molecular
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Figure 6. Relationship of the Passive Permeability Coefficient to
the Chain Lengths of Various Saturated Fatty Acids

2 4 6 8 10 12

FATTY, ACID CHAIN LENGTH
(number of carbon atoms)

14

'This diagram illustrates that the shorter chain length, more polar members of
this homologous series have higher passive permeability coefficients than
would be expected from the linear extrapolation of the results obtained with
those fatty acids containing six or more carbon atoms.
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weight compuund: issoriated with an anomalously high passive
permeability coefficient,

Effects of Diffusion Barriers on Rates of
Movement of Lipids Across Biological Membranes

General Principles of Molecular Movement Across Diffusion
Barriers in Biological Systems

Nearly all of the discussion thus far has been based on equa-
tion 1----the rate of diffusion of a solute across a membrane is
determined by the concentration of the molecule in the perfusate
and its passive permeability coefficient. This simple situation is
probably never encountered in biological systems under either in
vitro or in. vivo cooditions; the concentration of the solute mole-
cule measurable it-, the bulk solution perfusing a particular tissue
or cell preparation is usually not the same as the concentration of
the solute molecule "seen" by the cell membrane. There is usually
a diffusion barrier, be it simple or complex, interposed between
the cell surface and the bulk perfusion medium.

The simplest situation is shown diagrammatically in panel I of
figure 7 and involves the movement of a solute molecule from the
bulk phase of the perfusate across a single cell membrane into the
cytosolic compartment. HoWever, interposed between the bulk
perfusate and the membrane surface are layers of water that are
not subject to the same gross mixing that takes place in the bulk
perfusate and through which diffusion is the sole means for mole-
cular movement (13). Obviously, there is no sharp demarcation
between such -unstLrred water lay_ ers- and the bulk solution of
the perfusate; however, functional dimensions for these layers can
be measured experimentally and such values are of critical im-
portance in dealir7, with unstirred layer effects in any membrane
transport system (6,14). Thus, in figure 7, C1, Co, and C3 represent
the concentrations of the solute in the bulk perfusate, at the
aqueous-membrane interface, and just inside the cell membrane,
respectively. Sw denotes the functional surface area of the un-
stirred water layer, d equals its functional thickness, and D is the
diffusion coefficient for the specific solute. In this formulation,
Sy, is similar to the Sm term described earlier,-but it represents
the functional surface area of the unstirred water layer overlying a
particular amount of tissue or cells. This term must be normalized
to the same paiwneter of tissue mass utilized in the Jd term, so it
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Panel I represents the, simplified situation in which a solute molecule is
moving from a bulk perfusate into the cytosolic compartment of a cell. In
so doing, it must cross two diffusion barriers, the unstirred water layers

outside the cell and the cell membrane itself. C1, C2, and C3 represent the

concentration of the solute molecule in -the-bulk perfusate, at the aqueous
membrane interface and in the eytosolic compartment, respectively. SW and
d represent the1effective surface area and the effective thickness,'respectively,
of the unstirred water layer; D is the diffusion coefficient for the solute
molecule_

Panel II represents the more complex situation, where the solute molecule
must move cram the bulk perfusate, e.g., serum within a capillary, to a target
cell, e.g., an adipocyte, through a complex diffusion barrier made up of many
different tissue spaces and cell membranes. In this situation, the values of
S. and d will be profc ndly affected by the actual anatomical pathway the
solute molecule must follow through the diffusion barrier.

cc mmonly has units such as cm' /g of tissue or c m length of
intestine.

In the situation shown in panel I, the net movement of ,solute
from C1 to C3 is given by the following expression,

(SlvdD)
C3)Pd (11)
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The f,r, term in thig equation describes the ne' ,te of movement
of the solute' across the unstirred water layer, ano ,lie second term
gives the net flux of the molecule across the cell membrane. In
the steady state, these two flux rates must be equal, and C0 may
assume anv value between the limits of Ct and 0. Ths. value can
be calculated from the following expression.

C? =
7d jrdiet

D
(12)

The term &I'd' SW D essentially represents the resistance encoun-
tered by the solute in crossing the unstirred water layer. The
higher this resistance is, the lower the value of C.,. This resistance
term is complex, however, and is determined by the physical -di-
mensions of the unstirred water layer- (d/S,N), by the diffusivity
of the solute molecule in the aqueous phase (D), and by the net
velocity of solute transport across the system (Jrdiet).

In many physiological situations, both in vivo and in vitro, the
diffusion barrier overlying a particular tissue essentially consists
entirely of such unstirred water layers. This is probably the case,
for example, in epithelial membranes such as intestine, gall bladder,
choroid rilexus, and bladder and when isolated cells are studied
under in vitro conditions. Under both in vivo and in vitro condi-
tions, the unstirred water layers overlying the surface of the
intestine commonly vary in thickness from approximately 100 to
800 Oil, depending on the rate of mixing of the bulk phase. It is
seldom possible to reduce this- thickness to less than 75 pM, even
with the most vigorous mixing that can reasonably be employed
under °i vitro conditions (4,6,15). On the other hand, the thick-
ness of the unstirred water layers surrounding individual cells
suspended in an incubation medium is probably considerably less
than 10 io 20 1.4m (10,16).

In many other tissues, the "diffusion barriers are much more
complex (panel II). For example, any solute that must move
from capillary blood to a target tissue such as an adipocyte or
muscle cell must necessarily pass through a complex series of cell
membranes and aqueous spaces. The total resistance encountered
during this diffusion process equals the sum of the resistances en-
countereld in diffusing through each membrane in series, i.e.,
(1/Pd )1 (1/Pd )2 + (1/1'd )3 + . , plus the sum of the resistances
encountered in diffusing through each aqueous space, i.e.,
(d/S,,,D) + D)2 + (d/Sw D)3 + .
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urtherni e, if the solute has limited solubility in the blood,
then the rate at which it can be delivered to the'opillaries of the
tissue also may be limited: this limitation can be taken as yet
another resistance to uptake of the solute by the target cells. This
tatter resistance term is a function of the reciprocal of the product
of the volume of blood flow per unit of Lime to the target tissue
(V) and the concentration of the solute in the hulk phase of the
bloodi.e liVei a (17).

Thus, in, many anatomically intact tissues, the rate of cellular
uptake is profoundly influenced by the magnitude of the total
resistance to molecular rriovement imposed by such complex dif-
fusion barri,zrs. This- total resistance, it should be emphasized, is
made up of such factors as the,rate of blood flow' to i particular
organ, the solubility of the solute in blood, and the rate of dif-
fusion of the molecule across -a series of unstirred water layers and

cell membranes.

Relative Importance of Membrane and Diffusion Barrier
Resistances in-Deterrnining Rates of Lipid Movement

Across Biological Membranes

It is apparent from equations 11 and 12 that extreme situa-
tions may he encountered in various membrane systems. First\
the rate of movementlof the solute molecule across the diffusion
barrier may be very rapid relative to its rate of movement across
the cell membrane; the term may be very much larger
than Pd n this case. unstirred 'layer resistance is negligible and
the rate -o! molecular penetration the ,ugh the cell membrane bey
comes totally rate limiting to cellular _iptake as described by the
following equation_

jrdlet

Second, the rate of movement of the solute molecule might be

very much faster through the cell Membrane than across the un-
stirred water layer; i.e., if Pd is very muchllarger than the term

In this case, the value of the term 4.ir/SurlD in equa-
tion 12 essentially equals the value of C1, and the value of C2,
therefore, approaches 0. In this case, the rate of solute movement

aturilly much more complex thin stated here 7

a fuller xplanation,
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cros,4 the illttusltill -barrier beconie6 wholly rate 11 iting to
cellular uptake; _ is described by the following equation.

= (141'

These two extreme situations, as well as the intermediate condi-
tion where both the unstirred water layer and membrane resistances
influence uptake rates. are shown in figure S. In this diagram, the
logarithm of the value of Jr-1D has hen plotted as a function of
the fatty acid chain length at several different values for unstirred
layer resistance. In these examples, it is assumed that the concen-
tration gradient between C1 and C3 is the same for each fatty
acid. Curve A represents the extreme case (equation 13). where
Sc cl is infinitely great and unstirred layer resistance is, therefore,
negligible. In this situation, Jdet is determined by the passive
permeability coefficient for each fatty acid so that the term In
Jr.,D increases as an essentially linear function of the fatty
acid chain length. However, there is significant deviation from
this behlvior as the diffusion barrier begins to exert a finite
resistance.

In the first example, curve B, fatty acids with two to eight
carbon atoms have such low passive permeability coefficients that
membrane permeation, is still totally -rate limiting, and the value
of In Jde1, D still falls on the linear portion of the curv-e (the,seg-
ment of lint B to the left of point x). In contrast, the passive
permeability coefficients for the longer chain length fatty acids
with 18. 20, and 22 carbon atoms are so high that uptake becomes
totally diffusion limited; these were described in equation 14. In
this cdse, the term JrdietID reaches a constant and limiting value
dictated by Sw lc! (the portion of curve B tope right of point y).
The portion of-curve B between points x and y delineates those
fatty acids where the unstirred water layer and membrane both
contribute in determining the rate of cellular fatty acid uptake.

When an unstirred water layer of even greater resistance is
introduced in front of the membrane, as shown by curve C, the
diffusion harrier becomes totally rate limiting to cellular uptake
for all fatty acids with more than 10 carbon atoms. The impOrtant
principle illustrated by figure 8 is that the higher the passive
permeability coefficient for a particular solute molecule, the
more likely that diffusion barriers in the intestine, rather than
those in the cell membrane, will be rate limiting to monomolecular
uptake.
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in this exarnple, it is assumed that the concentration gradient across the cell
membrane is the same fur each fatty acid. Under these conditions, the rate
of net uptake, r, will equal the product of the passive permeability coef-
ficient of each fatty acid times its concentration gradient. If no diffusion
harrier is present outside of the cell membrane, then the rate of uptake will
essentially be a linear function of the fatty acid chain length (curve A).

Curve C represents the theoretical finditigs that would be observed when
the bulk solution was stirred at a very low rate so that the diffusion barrier
wasirelatively thick; curve B represents the resti,s aoticipated at a higher rate
of stirring. For the latter two curves, point x illustrates the point at which
the diffusion barrier begins to exert significant resistance and uptake rates
begin to deviate from the lineartelationship illustrated by curve A.

Point v on these curves represents the point at which diffusion of fatty
acids across the unstirred water layer becomes totally rate limiting to cellular
uptake so, that is proportional to D and the quantity JiriD becomes
constant. These theoretical, curves are based on actual experimental data
derived in several types of 'epithelial tissues and reported in references 4, 5,
and 6.

Effect of Diffusion Barriers on Measurement
of Activation Energies

This recognition- -that either the cell membrane or the dif-
fusion harrier outside of the cell may be rate limiting to the uptake
of lipids in a particular tissuehas important implications with
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to the :nterpretution oi temperature t fleets tttl the inn
membrane movement of solutes, In the past, !he passive mono-

cul:u- diffusion of a solute across a biological membrane has
d to have low (.21 values and correspondingly low activa-

tion energies. Furthermore, in some instances, an abrupt change,
m apparent activation. t'llcr-V ha, ht'ell round when the tempera-
ture, is lowered, This effei t has been attributed to a temperature-
relikted philse change in the id molecules making up the struc-
ture of the cell mt-imbrane. Such ..behayior is illustrated -by the
'experimental curve- in panel 11 of fire 9. At the higher rate of

solute uptake of approximately for each ltl t' change in
temperature (an! actiyatio ener4y of ottly about 2,800 cal moll
the following occurs,. As the temperatureis lowered, however. a
"transition" point is apparently reached, below which the line
acquires a steeper slope, It may correspond to a Qiu value,
varying from 2,0 to 4.0, and to activation energies varying from
approximately 10,700 to 21,000 cal;mol, However, when such
data are corrected fur unstirred layer effects (curve B), the "transi-
tion" punt, disappears and r single linear regression euryti is
produced: it has a steep slope corresponding to a high activation
energy fur the passive penetration of this solute across the cell
membrane i 1Si.

Data such as these suggest that, in many instances, both the low
activation energies and the apparent transition points reported for
passive solute uptake across biological membranes are artifacts
caused by researchers' failure to recognize that the uptake of the
solute is diffusion limited at physiological temperatures.

At higher tempenitures, the low Qto value simply reflects the
low :Activation energy for the diffusion of the solute through the
aqueous environment of the unstirred water layer. As the tempera-
ture is decreased, a point is reached at which penetration through
the cell membrane, rather than through the diffusion barrier, be-
comes rate limiting, and the apparent activation energy abruptly
increases. Thus the "transition" point shown in panel II (figure 9)
actually corresponds to the point where the major resistance to
molecular uptake of the solute shifts from the unstirred w'ate'r
layer to the cell membrane (1S).

The resistance encountered by a solute in crossing the diffusion
barrier is also a function of the passive permeability coefficient of
that molecule (and. hence, the .17t term in equation 12), so it
follows that the apparent "transition" temperature seen in a given
membrane should vary .inversely with the P value for a series of
solute molecules, Such a situation is illustrated by the series of
curves shown in panel I of figure 9. Curve A represents the
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Thus, under most physiological u (where the
membrane transport sites are separated from the hulk perfusate, by
a diffusion barrier), this equation describes the relationship be-
tween the rate of uptake and the concentration of the solute. (or
lipoprotein) in the bulk perfusing medium, It should be ern-

therefore, that the value of id is influenced by the
resistance of the diffusion harrier, given by the expression diT;in/

as well as by the values of the Km and JiT terms,
This formulation has four important consequences. First, in

the preseent of a significant diffusion harrier, resistance id be-
comes es entially a linear function of Ci and the "saturable"
appearance of the kinetic curve is lost. This effect is illustrated by
the series of curves shown .in parcel I of figure 10, which were
derived from equation 16. In this example, it is apparent that
when the resistance term, i.e., diT/Sw1), is low (as in the case of
curve A), the rate of uptake exhibits saturation kinetics with
respect to C.1. However, when the resistance term is increased

. 500-fold (4s in the case with curve D). Jd increases in essentially a
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In panel I tho rate of solute uptake is plotted in arbitrary units on the vertical
and the concentration of the solute molecule in the bulk perfusate

ICI 1 is plotted- in arhitr,iry units on the horizontal axis. In this illustration,
it is assumed that the true Is:, value for the transport process equals 1.00.
This figure shows the effect of increasing he resistance of the unstirred %,va-ter
laya:rs overlying the transport sites 00 told on the apparent h: values
,K.:

In panel II. the apparent k, eulues are plott . against the resistance of
the unstirred water lavers as given by the quai1 y d S D. These theoretical
curves are based on ;aides for th various _rarneters of transport likely to he
encountered in biological systerns and a _ given in detai in reference (1fl .

linear fashion with respect to the concentntion of the solute'.
molecule in the hulk solution. Thus, in the rresence of a major
diffusion barrier. such linear kinetics are to be anticipated and
should not be (ions:trued zs evidence against tthe possibility that
the uptake process involves translocation by finite number of
transport sites.

-Second, the presence of a Siv,nificant ,diffusion harrier leads' to
g'ross overesjArnatain of the ,true Km Value for the transport
process. This effect is also shown diagrammatically in panel I of
figure 10, where the true Km value for the system is assumed to
equal 1.0 concentration units. As is apparent, as the resistance of
the diffusion harrier is increased over a 500-fold range, the appar-
ent Km ilut lK increases from 1.0 to 26,2 concentration
units. In fact, as shown in panel El, under these circumstances the
apparent K value increases linearly with the resistance of
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stated in :a c :Afferent way, if no diffusion r were pre.sen t
then this transport system would achieve S0 percent of the
maximal transport rate (TIT 1 at a solute concentration of 4 units.
In the presence of the high resistance harrier (curve D). the solute
would have to he raised to :15 concentrafidn units in the bulk
perfusate to -attain the same rate of transport.

Third, in the presence of a significant diffusion resistance. the
apparent Km v;:litte bee( qil.!; a dependent variable of IT. This
effect is illustrated by the series of curves shown in panel I of
figure -11, where the true Km value is again set equal to 1 con-
centration unit. As seen in panel I, under circumstances where the
diffusion barrier resistance is low, increasing the value of J,T1
10-fold has only a minimal effect in increUsing the apparent Km
value to 1.2 cbrientration units. However, a similar increase in

under circumstances where the diffusion harrier resistance is
increased 50-fold (panel II) results in an increase of K to 9,3
concentration units. Thus, because the J1 term enters into the
total resistance term in equations 16 and 17. Km varies directly
withA.T.

Fourth, the presence of a 'diffusion barrier :__ lead to over-
estimation of maximal transport rates (Jr) if these values are
estimated from double reciprocal plots. As shown in figure 12, in
the absence of a diffusion barrier:the relationship between Jd and
C1 is described by equation 2 and takes the form of curve A in
panel I. When replotted in the double recipr,oc form (p`anel II),
such a curve becomes linear and has an intercept on the vertical
axis_ that equals 1/J(T. However, when a diffusion barrier 'is

present over the transport sites, then equation 16 describes the
relationship between Jd and C1 and yields a curve such as
example B in panel I.

Equation 16 does not take the form of a rectangular hyperbola,
so plotting these data in the double reciprocal form does not
transfortn curve 13 into a straight line: Rather, as seen in panel II,
the curve turns sharply upward as it approaches the vertical axis
to intercept at 1/J,T. However, if, as is commonly done, the
experimental points are used to construer a linear regression curve
and this curve is extrapolated to the vertical axis {dashed line),
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Figure 11. Effect of the Maximal Transport Hates (Ord') on the
Apparent Km Values in the Presence of a Diffusion
Barrier of Low and High Resistance
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As in figure 10, the true Km value for the transport system is assumed to
equal 1.00. As, seen in panel I, under circumstances where the diffusion
barrier over the transport sites exerts only a very low resistance, increasing
the maximal transport rate 10-fold has only a minimal effect in increasing
the apparent, Km value from 1.0 to 1.2.

However, as illustrated in panel 2, if the resistance of the diffusion harrier
overlying the transport sites is increased by 50-fold, then Kit increases over
9-fold under circumstances where -.1,, is increased 10-fold, Thus, in the
presence of a significant diffusion barrier, the apparent Km value for the
transport system has become a dependent variable of J.
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Figure 12_ Effect of =1M-fusion Barriers on l)eterniinat {iii

Maxanum- Iran part Velocities (J A' ),by of Double
Reciprocal Plots

I

Paziel I shows two kinetic curves for the uptake of a solute molecule in the
absence (A) and in the presence (B) of a significant diffusion =carrier. In the
presence of the diffusion barrier, the value of Km is shifted to the right, but
both curves achieve the same value of J`cr. These same two curves are re-
plotted in panel II as the reciprocal of these two variables. It is apparent
that the linear extrapolation of the data points in curve B gives a value for
il,"11 that is much higher than the true maximal transport rate, i.e., I ,1,1 is
artefactually lower than 1 J:in

then an artefactually high value for Jrd" will he obtained. Thus, if
it is experimentally difficult to directly measure the maximal
transport rate for a particular transport system (because, for
example, of limited solubility-of the solute), then estimation of
this value from double reciprocal' lots will lead to an artefactually
high value for JT if a diffusion=barrier is interposed between the
hulk solution and the transport sites (20,21).



I he Kul farrier Molecules in Overcomaing
ffuion Barrier Resistance

Based derations. it is likely that the u
many ny their diffusion across the barriers 'er-
lying the intestinal mucosa, the Into acid micelle functions to over-
come this resistance. As an example of the magnitude of the

t of having the micelle present, one can calculate the rate-of
ty scid abs-5-rption that takes pItce both in the absence and in

the presence of the cleteitiont.
In the,case of steam: acid, the maximal rate cif uptake that
achieved without bile acid can be calculated from equation 14

to equa 1.35 noI, nun 100 nig tissue (assuming that thernaxi-
mum solubility of the fatty acid in solution equals 4.37 .01, that
ti ,qu cra° 100 me tissue, and that d is 137 uNI 11l.

In the presence of a bile acid Micelle, a much higher total c {gin
centration of fatty acid can he achieved m the hulk 'solution, and
a large mass of this solute, dissolved in the micelle, diffuses up to
the aqueous-membrane interface. It this results in an aqueous
concentration of the fatty acid in equilibrium with the micelle

of 1.37 phi, then the rate of uptake in this instance can be
caiculated from equation 1 to equal 12.6 nmol. min; 100 mg tissue
using'' a P value for 3tearic acid of 2,930 nmoljmin1100 mg

tissue Thus, the presence of the bile acid has facilitated
uptake of die fatty acid by a factor of 9.5.

Because the magnitude of the diffusion barrier resistance varies
directly with the passive permeability coefficient for a particular
solute (equation 121, it follows that the relative-effect of a bile
acid micellei facilitating lipid absOrption in the gut sh7Fiuld
Increase with increasing hydrophobocity of the particular lipid
'Under study. Such an effect, has been demonstrated: for example,_
'the presence of the detergent enhances intestinal uptake of the
fatty acids with 8, 12, 16, and 20 carbon atoms by factors of
1.05, 1.48., 3-.53, and 258, respectively, and of the still more hy-
drophobic cholesterol molecule by a factor of approximately 145.

Mechanisms by Which Alcohol Ingestion
Could Affect Intestinal AbAnotion

It is apparent that the chronic ingestion of alcohol could
theoretically alter the rate of uptake of a variety of different
solutes through many different mechanisms. In the case of pas-
sively absorbed molecules, for 'example, alcohol might either
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enhance or Liecra-e i he upi_ake partl -al_ lute IA sing
or increasing the unstirred layer resistance fin' e`st tiger the ites-
tinal villi. Such an .offect could be media:et: through an llteration
t)t t.ither intestinal o r mthis otil AlternativL ethanol

could alter t e p(ineahtli ,Ifiti, - a variety
of solutes b altering the et lecto, polart Mcrovillus
membrane. This type of alteration -would' be nam st h : a change
iii the incremental fret' ener!ties associated with v,..- ious substituent
igl-qups. Such a change, it should be emphasized, might he
ciatc1 with enhant,'ed absorption of some compounds and reduced
absorption of others, depending on their relative polarities and,
hence, their partitioning cocfriCit'lliti for distribution between the
aquerius phase of the perfusate and the cell membrane.

Similarly:ethanol coual also have profound effects on the , es
1-,orprHin of a.,,,-t Rely transported solidi--. these altera-

v Lions could he mL(1-iated through a direct effect on the transport
system- so t ft-at either JT:r or Km are ChanOCI, or they could he the
result Or ;11teratons in unstirred wilier I4ver resisti.int e. lf, for

.r.example, chronic ethanol intake decreased intestinal motilitN-
whi(Th, in turn. resuLcd' in an increase in the effective value of
d Sty, then the uptake of a v:iriet, of solute molecules by carrier-
mediated mechanisms could be significantly altered. The magni-
tude of these alterations, ho,kvever would he different for dif-
ferent molecules and would depend on the relationship between
the concentration of the solute molecule in the bulk intestinal
contents WI p, the Km value for the active transport process, and
the value of the term dJ,T Sw D.

Although little'work of this.type has been dote thus far. it is
now' apparent that there is sufficient information availableon
both. the theoretical and technical aspects of this problemto
carry 'out appropriate experiments to precisely identify the effect
of acute and chronic ethanol intake on the intestinal: absorption
of many different types of rkutrients. '
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[)r. Lester: Om -oncerini lolarnv elt
menihrant:s was that even hposom, _ red to he less 11edar than
one might have guessed dial they would be, I can undargtand how

ribranes might, be rather more polar than that out:, would
anticipate. of the` presence of polar proteins or o her
things. hut I notice 'hat h somes were dow.1/ on your list. limy
doyou oNpl;tin rIntt. in _heir only constituent is pitospholipid,
and-smce I assume that the thing that (.1,k-tot-mined their perinea-
ltility -nstics was t v acid that eAsentially hooked
cwqro theghee phospholipar r.

,111-. liietsciiv. 1 tinids that is Iruee, etiltt. ill nt'lle5ii , those daitt
support LI '1--. t:;t1.:t I 11 a ' the -rn deternin nt of cell membrane '---
permeation :.4. in lite', simply. 1 cholesterol, pliopholipal, anti
interactions with wattir, drat whole sum totztl. Those (Lila come
from work le,- Iliamond et al. Clearly, the ptic.sPholipid liposcno
and therNfortfa model of the cell meMbrane, if youJike, is just as
polar as most yell me,,tubranes. I presume that the sum total of
the polar,tv of -tint= membrane is determined by the interaction Sf
the polar head croups. -as well as,,,by rue hydrocarbon chains.

Dr. Lester: TI -its is rot trite.
Dr., Dietschy: Well, that utaa: or ; not he the "Fins is

the sum total of the net .p&fitrity of _ those .coups interacting,
and all I can say is that maythe water inoteeules get intercligit;nt..fd
and, in fact, behave as a more hydrated structure. ,Those are the
restrIts. Jerrod has voile into the therrdodynamic aintlysis of this
in get'-P--t detail ant! essentially says what I have saidthat there is
-1 very. liar rt'gion on the outside, _y nonpolar region on the
mstdo,

Pr Schenker: To bring us hack to alcc olisr,n, again, I am aware of
two ways in which alcohol can alter transport. One is the mechanism
that I think 'Dr. Lieher's group has shown and other:; including
our which is ZIartnage to the mucosa and maybe changes in
permeability., ,-)thor is the dated effect on active trans-
port at some amino ;Acids. This cum cs;pecizully at higher con.
centrationZ\

It the prim to, loczitioa Nf sodium poutSsitarri 111 the
hasolatoral Talt.mbra`nt% alid if the carrier, protein you will. the
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carrier mechanism. is in the brush border, and if there has to be a
coupling between the ATPase in the basolateraj membrane and the
carrier in the brush border, then how do you visualize the inter-
relationship between the carrier and the energy source? How do
you view this?

Dr. Dietsehy: The technical problems in measuring valid permea-
bility_coefficients_and-in=metsuring valid rate constants for active
transport are only now becoming apparent. So first of all, I

would have to say that if you,look back at much active transport
data or much "passive permeability_ " data they are invalid, be-
cause corrections were never made for unstirred layer effegts. I
don't mean Charles Lieber specifically, I am just saying in general.

What happens_ to the passive permeability coefficient if you ex
pose a membrane to alcohol? That could be now measured. But I do
not know if it has been- measured. The active transport kinetics are
profoundly influenced by -unstirred layers, and the corrections here
aremuch harder to make mathematically. So I am not really quite
sure we understand what the effects of any particular manipulation,
like.the administration of alcohol, are on the true kinetics of the
membrane. If the alcohol affects motility, motility affects Km
and Vmax values, through an effect on unstirred layers. It is true
in -erizymesMuch of the enzymology is suspect if you fail to cor-
rect for unstirred layer effects getting up to the active sites. Same
thing with transport.

Now the final question: First of all, I am not convinced that
ATPase and active transport have anything to do with one another.
The data are very indirect if you look at them. If you get some
profound effect on transport, you may measure a 20;percent
change- in sodium potassium-dependent ATPaSe; it is all indirect
coupling evidence. So first of all, I am very suspicious that the
two do not -have anything to do with one another; at least I
remain to be convinced. Second; again we get into the technical
problem of where you have manipulated the systernileither in vivo
of in vitro, and you have an apparent change in the kinetics.
Those kinetics are suspect. because none of the corrections has. -
been made. At this point, 1--do not know how to answer /your_
qUestion. I am saying I do' got think there are any valid measbre-
ments yet upon which AO make a decision about these things.
But that is my own personal bias.

Dr. [-Listed: One of the theories for the saturability of folic
acid transport holds that the polarity of folic acid is altered as it
goes through the unstirred layer because of pH changes in that
layer: I do not recall you -saying anything about the importance
qf pH.
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Dr. Dietschy: Well, if one has a molecule which can either be
ionized or not ionized, as a weak acid or a weak base, then in the
past the teaching was that the ionized form of a molecule does
not penetrate membranes. Well, that is clearly wrong. It gas
based on the wrong assumptions to begin with and failure again to
make the appropriate corrections. I think they do.

The charge does affect the degree of penetration, because a
charge determines how much hydrogen bonding you have in the
water. So any time you make a molecule charged to get a lower
penetration rate, it has a finite passive permeability. That is
quite clear from a variety of experimental work. If you get bulk
phase pH changes and therefore bulk phase changes in the dis-
tribution between a non-ionized and an ionized species, that has
profound influence on the rates of penetration of the two species
together.
-vNow the question I think you are asking is could a pH gradient

develop within an unstirred layer, and that as a group of molecules
move into that region, is there a shift in the distribution that is
dictated by an unrecognized shift in the pH gradient? think that
clearly does occur, in a sense, but we do not quite know how to
measure that pH gradient. I do not think it can be very big.



Effect of Ethanol on the Determinants
of Intestinal Transport

Linda L. Shanbour

Any discussion of intestinal transport, at least from a physio-
logical viewpoint, should take into consideration influences from
other gastrointestinal tissues. Figure illustrates the interplay-be-
tween the stomach, liver, pancreas, and small intestine. Alterations
in gastric acid secretion may influence intestinal transport by alter-
ing the pH of the environment kir the intestinal enzymes, involved
in the breakdown of foodstuff and thus altering presentation of
material for transport, as well as, possibly, by affecting the trans-
port process itself. Indirectly, alterations in gastric acid secretion

Figure 1. Interactions of Various Tissues of the Gastrointestinal
System
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may influence hormonal release mechanisms, such as gastrin from
the antral mucosa and Secretin and glucagon from the small in-
testine. These hormones rdiay then influence the pancreas and
liversecretin inducing pancreatic water and bicarbonate secre-
tion. and glucagon stimulating gluconeogcnosis in the liver. There
are obviously many other actions, but these are the major focus of
this paper.

Stomach

The stomach, which-receives high concentrations alcohol as
compared to Most other regions of the body, has received rel-
atively little attention in terms of basic mechanisms which may
be altered by ethanol. For many years, it has been assumed that
ethanol stimulates gastric acid secretion. However, in most lit-
erature reports of stimulated acid secretion, it is impossible to
discriminate be a direct action of ethanol on the parietal
cells or an indirect effect through the possible release of gastrin
from the antral mucosa.

In a preparation designed( to separate the fundic or acid-secreting
portion of the stomach from the antral or gastrin-releasing seg-
ment, the effects of alcohol on acid secretion in the dog were de-
termined ( figure 2). A laparotomy was performed, the stomach
was antrectomized, and the fundic portion was mounted in the
the double lucite chamber. Acid secretion collected at intervals
cannot distinguish between possible increase in hack - diffusion of

or decrease in the active secretion 'of Therefore, the lu-
nal solution was maintained neutrals and acid secreted was ti

trated continually with a pH stat technique.
A. second inethod, maintaining the luminal solution neutral

with TES buffer, was used to verify results (1), Figure 3 illustrates
the effects of ethanol as compared to pre-ethanol values in the
histaMine-stimulated preparation. Ethanol, at a 20-percent con-
centration (which is equivalent to one martini on an empty
stomach), decreased acid secretion to one-third of control values.
The.potential difference was also markedly decreased.

Some investigators have used potential difference measure-
ments to indicate damage or increased permeability of the mucosa.
HoWever, potential difference alone cannot distinguish between
increased tissue permeability and inhibition of active transport of
ions. An automatic voltage-clamp' system (2) was developed to
permit continuous' monitoring of PD and periodic determination
oL electrical current to calculate electrical resistance. A decrease
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ure 2. The Intact Fundic Chamber Preparation

Mucasol Current
Electrodes

Reference Electrode

Stirring0i
Ipstilling Tube

Calornel pH Electrode

Control Sid

Mucosal
Voltage Electrode

Drain rain

Serosal Voltage
Electrodes

Serosal Current Electrodes

xperimentalSide

Titrating NaOH
Instilling Tube

Mucosal
Voltage Electrode

in electrical resistance implies an increase in tissue permeability,
and increased resistance suggests inhibition of active transport.
Ethanol increased electrical resistance, thus suggesti tg a prime
effect on the inhihition of active ion transport in the gastric
mucosa. . .

Other studies on the isolated gastric mucosa, in which uni-
directional and net isotopic flux determinations were made, have
confirmed the inhibition of active ion transport by ethanol (3).
Concomitant studies have demonstrated that ethanol does not
alter the cAMP coritent of the gastric mucosa, but does detrease
ATP content (4). The decrease in ATP content may he the mech-
anism by which ethanol inhibits active transport of ions in the
gastric mucosa., These effects are ohserved only when ethanol is
present on the lumina' side of the gastric. mucosa. Intra- arterial.
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Figure Effects of 20-Percent Ethanol on Acid Secretion, Po-
tential Difference, Electrical Resistance, Tissue ATP,
and cANIP Contents in the Fundic Mucosa, Compared
With Pre -ethanol Values
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infusion of ethanolinto the stomach, at concentrations as high as ,\
30 percent. fails to produce any changes in the measured param-
eters (1).

To test the possibility that ethanol may stimulate acid secre-
tion by producing the release of gastrin from the antral mucosa,
the previous preparation was used with the exception that the
antrum was made into a pouch for the instillation of ethanol or
other test sub,,,anc-es (5). Ethanol 'in the antral pouch produced
essentially no change in acid output or potential difference in the
fundic chamber or in the serum gastrin level (figure 4). HoWever,
when glycine was instilled-in the antral pouch, acid output from

_the fundic chamber increased by approximately 70 percent, with
a slight decrease in the potential difference. Serum gastrin in-
creased by 50 percent. These studies suggest that any releaSP of
gastrin from the antrum is.. insufficient to stimulate tundic acid
secretion.

yancreas

Consideration of any net- of ethanol on intestinal ab-
sorption should include factors that may influence absorptive'`
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Figure 4. Effects of Ethanol and Glycine in the Intact Antral
Pouch on Fundic Acid Output and Potential Difference
and Serum Gastrin Levels as Compared With Controls
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processes, such as pancreatic exocrine secretion. The pancreas se-
cretes digestive enzymes, water, and electrolytes into the duodenum,
Until recently, it had been assumed that ethanol stimulates 'pan-
creatic secretion. However, Mott et..a.l.',(6), using human subjects,
and Bayer et al. (7), using conscious dogs have shown that ethanol
inhibits secretin- and cholecystokinin-stiMulated pancreatic secre-
tion of water, bicarbonate, and protein. The p_ reparations .pre-
vented acid from entering the duodenum, so the inhibition was
probably due to a direct effect of ethanol on pancreatic secretory
cells. We have tested this hypothesis by using the isolated perfused
rabbit pancreas preparation of Rothnadn and 'Brooks (8) and an
in vivo perfusion method (9). Figure 5 illustrates that ethanol in-
hibits: volume and bicarbonate output by approximately 50 per-
cent and markedly decreases protein output.
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Figure 5_ of Intravenous Ethanol on Pancreatic Secretion
and Tissue ATP and cAMP Contents, as Compared With

re -eth V:aues
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Studies have shown that ATP is necessary for pancreatic en-
zyme secretion (10) and that secretion of water and bicarbonate
depend on oxidative phosphorylation. Cyclic AMP has been im-
plicated as a mediator of secretin-stimulated pancrqatic water and
bicarbohate secretion (11). Ethanol decreases pancreatic ATP con-
tent, but has essentially no effect on tissue cyclic AMP content.
The decreaSe in ATP may be the mechanism by which ethanol

its pancreatic exocrine secretion.

-------- -Liver

Oral ingestion of ethanol may produce the-release of hormones
from the small intestine. These hormones may then -influencei_
other .tissues in the body. There is only one report in the litera-
ture, by Straus et al. (12), remonstrating an ethanol-induced in-
crease in secretin release. In this area of alcohol studies, knowl-
edge is severely limited. The lack is due primarily to the technical
difficulties in establishing the radioimmunoassays for the gastr&-
intestinal hormones.

Some excellent studies have been conducted ,on the metabolic
effects of ethanol on the liver. Unfortunately, many of these
studies have been conducted using an isolated perfused liver prep-
'aration or tissue slices, To determine whether the effects of eth-
anol on the liver are different when ethanol is administered _via a
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more physiological route, Le., orally, studies were designed to
evaluate the effectS of ethanol given orally versus intravenously on
the glucagon-mediated increase in hepatic cyclic AMP (13). Figure
6 summarizes the results of this study.

Each group is compared with saline control values. Ethanol, in-
fused intravenously to achieve blood alcohol levels ranging from
60 to 200 mg/%, did not alter hepatic cyclic AMP or ATP values.
However, glucagon (50 mg/kg) int.feased hepatic cyclic AMP by
approximately 2.5-fold, but did not alter hepatic ATP levels. When
ethanol was administered orally as a 20-percent solution, cAMP
levels more than. doubled, as compared with saline controls;' but
ATP levels were unaltered. The glucagen response in the presence
of oral pretreatment with ethanol was approximately 5.5-fold the
saline controls and more than double the glucagon -alone response.

The synergistic effect of oral ethanol on the glucagon-mediated
increase in hepatic cAMP was also demonstrated to be inversely
correlated with the blood alcohol level. This finding suggests that,
the more alcohol retained in the intestinal tract, the greater the
degree of intestinal hormones released. These hormoneS, when
released, may then activate hepatic adenyl cyclase, the hormone
involved in the formation of cAMP, or change the sensitivity of
the hepatic receptor to glucagon.

Figure 6. Effects of Oral versus Intravenous Ethanol Admin-
istration on lIssue cAMP and ATP Contents in the Liver
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The most likely candidati. s for hormones released from the in-
testinal tract are gut glueagon and secretin_ These hormones evoke
hyperglycemia under normal physiological conditions. Both hor-

n mones stimulate the production of aclenyl cyclase, but apparently
via different receptors (1=1). These results emphasize the impor-
tance of conducting integrated studs under as physiological con-
ditions as I ossihle.

Jejunum

The jejunum is the major gastrointegastrointestinal region for absorption,
and all enzymatic activity of pancreatic enzymes is performed in
duodenal and jejunal lumen. 'l'he absorption of amino ileitis and
small peptides is 80-percent complete in the upper 100 cm of the
jejunum. The jejunum actively transports sodium, glucose, and
amino acids and thus requires the expenditure of metabolic
energy.

Ethanol has been demonstrated to inhibit the absorption Of
glucose and amino acids,( 15. _ 17). The absorption of these sub-
stances is dependent, to a considerable extent, on the active trans-
port of sodium in the intestine. Dinda et al. (18) have reported
that ethanol inhibits glucose transport and mucosal to serosaf Na*
flux. but does not affect net Na* flux. However, in their studies,
the .presence of electrochemical gradients prevents definitive in-

ation concerning the effect of ethanol on active transport
of Na*,*

With the Cssing chamber preparationby which electzochem-
ical gradients across the mucosa can be maintained at zero, and
passive (unidirectional and active transport (difference between
unidirectional fluxes) can he determinedstudies were designed
to evaluate the effects of ethanol on the active transport of
sodium, 3-o-methylglucose, and L-alartine (10).

Figure 7 illustrates the effects of 3-percent ethanol on the
jejunum_ This concentration of ethanol may be found in the
human upper jejunum during moderate drinking (17). The poten-.
tial difference, which was determined periodically during the ex-,
periments, was decreased 'to approximately 60 'percent of pre-
ethanol values. The active transport of Na *, 3-o-mdthylglucose
and L-alanine were decreased to less than 50 percent of pre.,
ethanol values. These effects are observed when ethanol is present
on only the luminal side of the jejunal mucosa or on both sides.
However, when ethanol is present on only the serosal or blood
side, the values are essentially unchanged from controls.
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Figure 7. Effects of 3-Percent .Ethat' xol on Electrical Potential Dif-
ference and Active Transport of Sodium, 3-o-Methyl-

ucose and LFAlanine in the Jejunum
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Based on their findings that long-term administration of ethanol
given with bWanced liquid diets still produces fatty liver, other in
vestigators,,(2) have proposed that ethanol has direct toxic effects
on the liver. Ethanol inhibits the active absorption of Nat, 3-o
rnethylglucose, and L-alanine,- as well as enhancing possible,fluid
loss through increased permeability, so an effective nutritional de
ficiency could still exist, despite adequate and nutritious dietary
in take.
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Discussion of Paper by Shanbour

Dr. Schenker: I wanted to focus on one point: the decrease in
the ATP in the 'pancreas and in the stomach. I have two questions.
I wonder if yoti have any Morphological data on those tissues at
the same time to see what the mitochondria looked like? Do we
have any idea as to whether this is an abnormality in synthesis or
an increase in degradation of the ATP?

Dr. Shanhour: We have examined the pancreas. We have con.
ducted EM studies, and the pancreas looks pretty normal. We can-
not see any obvious histological damage with the ethanol.

Now, we have approached the ATP question in our studies on
the gastric mucosa, and we have looked at the effects of ethanol in
various doses on adenylate cyclase, phosphodiesterase, and various----
ATPases-le.g_. magnesium-bicarbonate ATPase), and we find a gen-
eral inhibition in the gastric mucosa. So it is 'still difficult for me
to answer whether the primary effect is in the synthesis or the deg-
radation of ATP. However, in the liver studies, where we have used
essentially the same techLiques and looked at the ethanol effects
on adenylate cyclase, we have essentially confirmed Gorman Be-
tinsky's work on stimulation. So in terms of the gastric mucosa, it
Ipoks like a general enzyme inhibition.

Dr. Lieher: I would like to ask two questions, but before I do,
perhaps. I can answer the question you raised at the very end. You
raped the question about what happens_in terms of absorption
when a liquid diet is given with alcohol, and whether there could
be a nutritional deficit. Well, one way we answer that is.by meas
uring the overall balance, by measuring the protein output in the
stools compared to the intake, and there was no overall deficit,. So
whereas segmerital absorption may he impaired, I do not know of
any good evidence that this results in overall impairment of at
least amino acid absorption. With regard to your studies where
you compared the effect of intravenous alcohol to oral alcohol,
and you mentioned that you were careful to maintain,;61- achieve,
the same blood level, was this peripheral alcohol, or did you
mean portal blood levels of alcohol?

Dr. Shanhour: It was peripheral blood alcohol levels.
Dr, Lieber: This raises the important issue: What the live

different- blood levels. depending on the two rocs.,



.114 -sliANROuR PAPER

administration. l think that is- air important conside tion when
you compare the effects.

Mini, another question concerns th'. inhibition .of iirotein secre-
tion by the pancreas under the influence of_alcahol. Did you have
an opportunity to see what happens in terms of tissue enzyme
levels? Was there r,etentioli -of enzymes normally synthesized-,--or
was thefe decreased synthesis?

.Dr. Shanbour: These are kudies that_we have not been able to
pursue at, this point. They are planned. looking more in this

s.. . .
direction.

Dr. Lieber: The question .is rgally, do you ever achieve, under
your experimental conditions by intravenous alcohol, a level Com,
parable to your portal blood alcohol level secondary to oral ad-
ministration? It is conceivable that your intravenous system~, did
not reach the same level, even.at this high concentration.

Dr. Shanhour: Thar is Possible.
Lumeng: There are two explanations for your finding. one

is the solvent effect of ethanol. Th'e other one could be that et
anol might he metabolized :by rnucosd, such as gastric muco. a

,contains ADH. Do you have anyevidenee hat the acetaldehyde 1-
formed in this chamber?

Dr. Shanhour: Some studies that we have just recently corn-,
pleted have demonstrated that the alcohol dehydrogenase activity\
in the gastric mucosa is Very low. Consideringthe amount of tissue3/4

we are exarnining,nd the level of alcohol, the amount that is`

metabolized should be a minor -factor under those conditions.

A)
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Recent Adv'anc'es in Zinc Bioche

111',1 ed haVO I Wen :iN COMO litre, Idealise
41 Loch mistry, _subject which I and to address,- relates to
alcohol or indirectly, I thought that I would hriefly
7,Lin.ey ,rall state 1)f /An(' blOChein 1St rV. a problem
uot discus ioto. Niach as the biochemistry of hulk
eonstituonts .41 Hi() ogical muter I fur example, proteins.' carbo-
hydrates. lipids, nucleic acids, and that of substances occurring

It quanittie:!.. vitamins and minerals such as Na *, K+.
c. C2' and Fi2+) are now subjects for general discussion, tanc has
not heen among them.

The role of zinc in biology has been studied for more than
but its actions have been elucidated only in the last

dectufe to a point where they can now he discussed in a
meaningful manner, `[here' is an ever increasing body of knowl-
edoe. but its integration continuos require attention. Clearly,
there is insufficient time to give all relevant background. but
will try to highlight what to me seems to he of the greatest in-
terest at the mOment, while delineating what is seemingly the
present frontier of knowledge.

Based on the work of \tcCance and Widdowson.it has been
known for-over a quarter of a century that the body of an adult
weighing 70 kg contains about 1 g of iron and 0.2 g of copper.
Surprisingly. there are about 2, -) g of zinc. This finding did notre:
suR in much increased scientific activity. It was not considered to
he of biological importance, hut, rather, thought to reflect the
passive accumulation of an environmental contaminant,

One might wonder why there is a difference in attitude re-
.gardiig -the role of zinc versus that of iron or copper? The reason
is obvious but not visible: Iron and iron salts are red. Hence,
macromolecules or other compounds containing this element call
attention to themselves, leading to ready purification and isolation
I for example, hemoglobin, identified and crystallized by Pryor as

*This work was iiipri'orterl by Grant -in =Aid ',IM-I5003 from the National
Institutes of Health.
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-ell as -on metabolism have been studied intene.ely
time and are II v the foundations of a medical specialty k

hematob
s:Ots c,a,ber brolc arc generally Hue

and also identify thenrserves quilt. readily, largely for that reason.
In fact, ihe first copper protein. haemot vanin. the oxygen carrier
of arthropods such as crustacea and xiphosera and of gastropods
iind cephalopds, was first recognized in 1847 by Ilarless, Copper
did not make it into intdi ine quite rly as iron, but then it is
nut quite as abundant.

I lltlti, the visible col o_ troll knd a 'opper in-( ems were de-
cisive to their early recd §nit ion, hilt zinc and its proteins are color-
less, and hence, do not give away their presence.1They were not
recognized until highly sensitive and accurate methodology be-
came available, e.g techniques such as emission spectrography

d atomic absorption spectrometry, to detect and identify zinc
1 other metals in proteins and enzymes regardless of the optical

properties.of the complexes.
Despite its wide distribution zinc! functional sits nificatle e, zinc is

not unique-to a single protein that occurs in large quantities and is
readily accessible as, e.g iron is to hemoglobin. Hence, its possible
biological function escaped notice, I was attracted to this "invis-
ible- element a long time ago and I will give a brief, highly per-
sonalized, and, hence, markedly truncated history.

In 1869 Raulin found that Aspegllus niger, the bread mold,
did not grow in the absence of zinc. The studies went completely
unnoticed. The next step took place in France, in 1877,'when zinc
was found in plants, vertebrates, and the liver. Not until 1934,
however, did both Bertrand and Elvehjem independently show
that _zinc deficiency results in a series of abnormalities in rodents.
In 1940 Keilin and Mann found that carbonic anhydrase is a zinc
enzyme, the first one to be discovered, and the first enzymatic
role for zinc became known. For the next 15 years, many bio-
logical studies of zinc attempted to relEite its presence to carbonic
anhydrase function.

In 1954 in collaboration with Hans Neurath. I foundby
means of emission spectrogn hy that zinc is an enzymatically
essential constituent of carhoxypepticlase A. The establishment of
that method gave the first impetus to systematic search for and
studies of rind enzyme; the advent of atomic absorption spectros-
copy 10 years later accomplished the rest. In the next few years,
we found zinc in carboxypeptidase B, and, importantly, in the al-
cohol dehydrogenases of yeast and horse liver, The yeast enzyme
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had -0110. PaNI t day ant hall searched
for it in liter, amonct.other sou

because this symposium Is devoted to the question tut ethanol
metabolism, it Is appropriate to ctive some backeround retarding
onr ,,nther studies. I hey \vette not ,,nt Iny accidental. Work done
at-malt l900, hy Nathan Kaplan, Sydney Colowick, and Alvin
Nason. all of them at the NIcC Pratt institute, had initiated
st uti!os Of AMC Clot ICLOIlcy 111 Aeuruspora crassa :mild round that
in contrast to the normalthe deficient orgiunstris did not exhibit
iticohol dehydrogenasa: activity, l'nderstandabl,., it the time, they
interpreted the unding to mean that a zin-requiring enzyme was
rcsitons:Hc for the synthesis of alcohol dehydrogenase, For I,ktk
of suitAble methods, the obvious could not he tested,

Oil founding of our laboratory. one of our first experiments
concerned the metal iintilysis of yeast alcohol dehydrogenase, and
tvt found It to contain I g-atoms of zinc per mole. At that time,
the physical chemist, Chiutles Coryell of NUT, teas one of the few
who hohved that metals might be important in biologyan
article of faipi at that time. I went to see him and said, -Charles,
I have what seems to me a most improbable finding: yeast alcohol
dehydrogenase contains zinc and the enzyme's function depends
on It Would N.toLl have exiweted that'!" Ile looked at me, thought

minutes, and _said, "No, but now that you have fOund it, I

will explain to you why it is there,- Ile did, but we and many
others are still trying.

Our earliest inonenzymatici tvllrk in 1956 dealt with alcdhol
and zinc metabolism in cirrhosis, and we found some relation-
ships, The work revealed that, the zinc content of serum and liver
of such patients decreases, but its excretior, in urine increases.
This finding has heen confirmed widely since, but decisive thera-
peutic results have not yet been reported.
. In subsequent years, biochemistry generally, and the charac-
terization of enzymes specifically, rose to unprecedented heights
in terms of opportunities for isolation and study by methods
hitherto unavailable, and we developed and applied such pro-
cedures to isolate and characterize metalloenzymes. For some
reason, attributed erroneously by some to our persistence in
pursuing riot_, sv(`, found a number of zinc enzymes. Actually, I
must give credit again to emission spectrography, which is quite
free of bias even though some of our best friends claimed that our
_,Iot.ctrot-aoh contalood a "built-in- zinc line to he recorded when-
ever we analyzed any enzyme. We have a number of examples,
however, that show this supposition to he much exaggerated.



120

Very ttuickIN ltli, the ,p ie,t (eutiine. %%hat tld ono learn
iwoui this element %%hat 1, it, unction? Zinc ha() ner
getalereti a great deal of tarttiLKiamti op on. par ipam-N, putt_

Irr 1.1101111C:1111. . (11.1110 1.11111111101111.

1. ;\II!!!.1, 1, not :Ind it

titIt'S ilia Vicki colored product,: it fact. It is rea.,otiallly inert.
riitii;11 a, any element can he. \ lit' huther %%all the

t- tt'il lee 1.1-4e (II 011`1110t1C.' tli(), it St't'Illed
miprobable. And o. the l'IlIVI-V,C110,` 1 1 ` . 011 P(irt 311l'e

Milt' then, a matter oh the concurrent ad it chemistry.
hot.inv, hit telterms microlnolog.-. zinci

Ni has no t.nd of e
thing and in tmything.

l'hus there ha,; been a trentendous explOsion of knowledge and
derstandin, work:1.!; from litany disciplines have partict-

pati.(!;til 04tahlisii a !levy discipline that is metallo-
hiovheinKtry, eneomptis:4Ing that of nine. Although there were but

zinc motallindizvri.':4, arhonic arillydrase antl earhovvpep-
tidase. in 1951, 1,v 1977. there were 92, Table 1 gives !ionic
aniple-;

Table 1. Sonic Zinc Nietalloenzymes

Alcohol dehydrogenase
D-Lactate cytochrom redueta-se
(ilyceraldehyde-phosphate

dehydrogenase
Phosphoglueomutase Yet t
RNA polymerase
DNA polymerise
Reverse tranocriptase iai,i myel bUst i virus
Mercaptopyruvate sulfu ransf erase / cot/
Alkaline phosphataAp co/i
Phosphtdipase C Racinus mereus
Eeueine ammopeptrd Pill kidney and lens
Carboxypeptidase A Beef and hurndn pancreas
Carboxypeptidase B Beef and pig pancreas
Carboxypeptidase (; Psudwnwtas stilt:0Ft
Dipeptidase Pig kidney
Neutral proteas Bacillu.s sp.
Alkaline protease Fscherichia freutidit
AMP aminohydrolase Rabbit muscle
Aldolase Yeast; AspergrIlus awe,-
Carbonic: anhydraae Erythrocytes

Aminoleyulinic acid du hydra Beef liver
Phosphornannose isomerase Yeast
Fyruvate earboxylase Yeast

yeast; horse and human liver
yeast
Beef and pig I
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estahlt-litil the criteria h'y which they
\.,-re:.iiaracteri.'.cd. but ., enly did not identify .ill id them

it/Nin,.., tV iny means- wo can he hold Iii ount-
lode tor .1 !lumber of !nem cleliN-dren2,enase is at the top

1: planisind
m lAer pLitHnlarlA that it tile horse,

charact,,r14.tics. properties. iiuI
ewli Li treetion I ttni.se in tins list. Suff 10' II It)

,,t% that there .s ;el least ono zinc enzyme among the six classes at
T11 :fllerCion tinilictitri ttf ont.ylltes: oxIdureductztos.
r.i.instr.tases. hydroiases. I i mer:1,es, .inel 'vases. (hat some

to he ere great ,41,111)1'1e,: thus.
1-zI1 thlo:ek I it i ii ii t tIi .1:11theS1:-.::

porphyrui-, %vas ',in Imexpected addition to th tNt imiliefly,
many tIti to iolceel in the -.synthesis of nucleic iicals
1 .\, ;rid HAA-(1ql(it111 1):\ -111(1 RNA polyinerases, re-
specte.ely, a tuidni %%Inch came as another reat sensation to
.C.Inost

t o tic, polo!, I ck. it 1 I av a few words reLtarding the
manner in c% hien zinc interacts ',kith onzynies and how this nngllt
dIffer for ,,ar..oas z.mc nietalloen.-.111e--.. and also to discuss a few

'deraik about human alcohol vdranae, whah ve have
:solated and purified recently after trying for about l Vetiii I

will touch tiler) 011 otne of the cunsoqucncos of zinc. deficiency.
both in io:ter and iiwher orYanisms. partictilzirly humans, hut will
Ii i the reles.int (feu-01s of metzlholic studies to 1)rs, ralelluk. 1,i,
and Hosroil am I to Dr. llurlev, for the teratolooical consequences
which were not anticipated. .:Ict the en(1, 1 will sa.y a few words
abgait hit cc cc I t ii i wit nk) tile rick!, ht.t.iwie that rektios
To the (1!-Luok,-ry /iilc re-rs, trimscriptase from on-.
eooluc

IC one were to play a 'Hirlot t inopfatuc chemistry re-
gardini m-ral, and their 11,4ands were to -;av -zinc,- the
reply wall lit sulfur ,- much ;N the reply to -eidelnliC would he
"0ViLtt. 'Li knowl,(hi, of inor!!anic chemistry would hail one to
expeet; sulfur to he the :Ln-eilointnant znie simnel Iii errzymes. But
ii ii N not ,n M It in fttmui= anhydrase'., Roth the primary Si

f wen( ut I three=dimensional structure have been established long
- since and show that the zinc atom is hound to three hisCidines.

Nor. for that matter, in carboxypeptidase an enzyme on which 1
-.licit( 2.;

In this c;_iso, elwre in t ciii hist Hines. residues lHi and =69,
etid one olutamic acid_rt-sidne =72: hence zinc is hound to two

and one 0\ N'L;en. mu Ii as i thi i,i in thormoly.-;in

I
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Figure 1. Zinc Ligands at the Auto,- r o trhoX\Iieli'tidc

HIS 196

GLU 72

fdtiro II, I hi- 1_1 r. quence anti t ,nsio t tire

;in thrt, hat ;11s0 twOn stuthetl, Ltrid, in all
tho. nitTal is hound in a most unusual manner

inpaed with nioclel <V stems will not discuss the details cif

thi implications, Inn n have elahorated the entatic state hypoth-
esis. stat,.-: that the ,feometry t'114yillt", metal coordination
ts hpghly irrt..trular and has low syminotry ctmtpared with that seen

,on.,,enti,gla! ittels, this vxoniciry relating In sonic manner to
the nieHantsin of :teflon. In ant` rV Iti. all of the N-rav s
f ileen porrornwd uli en/vni,s containing: zinc or other

art. itn,Htent with this prediction. .pparently, Inochem=
ical 11- liar told characteristic ways to hind and handle
inetals ,u h tilt ill cnitratic activity. 1 herehy they il-riul-

f hiological specific-
V innumerahle, dif-

arran,feni,:.nts of the vanotN cum! news of hu,10!wai
1m_

ivp Snik if ;flutmi (1,,hyd course, is organized
differntly atiain. There ,:ulfur (Intim' atoms are actually involved;
in fat:t., two ey.stemos and 0110 hist1(11110, l.c.. Iwo sulfurs awl ono

talieottly alle-nient 7114 rollii(Imis diversity
it _required which can only ht. ahtet,p(i
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Owd filtH e fourth coordina
or I lie horse and !Inman hker

oer e,ich 1 tin. Ivo)
hoo, ,- a N.t,t1 ,)1 four ,iric

) 1 h h to. arc it e I t.'s' H iI \ \ 1 ) 1 1 s, tv,t) intdos
itfl Allki I, Wm 111oH, 1 !IIIIItror -. at of the subunits.

lho second tour of LW() 4111C atoui's is ilot :LCLIVO: It is hound to tour
cyteines. awl hence four sulfur donor atoms fill the coordination
sphere, no further site is open fOr any interaction of Vkait'r or sub_
trates lidul 0 Fhose zinc atoms are hound very firmly. They

it ow outcr than perhaps structure ,.litillhAat tn A
or --4ructurtl atoms exists in the Ituiti et

t\fl) itt ls not present in the yeast enzyme.
'.%un't d won (In that further except to say that X-rav structure

:Analysis, as determined -by Bran16n and coworkers, has found the
coordination ii the active sue zinc to he entatic. -lne is indis-
pensable the .tctivny ot these en/Nines, c,en thou,Th, of course,

iii substituting- Atme with cobalt or cadmium
hotit [hese denvatikes are catalytically active. lhe chemical

prf,o,_!-!;,-, of these elements are ,flivantaLteous to probe the actiye
t-enter environment. So much of our vork On this and other zinc

nzymes .1-1;,s dealt with exubanvino- it fur other elements. liut
thesc aspeet.4 or the ..o.1..k are nut really pertinent her

1-or this audience. I 'must spend a moment on human atcohol
dehydroellase`. Certainly liver alcohol dehydrogenase i. the
enzyme primarily resIwnsible for oxidizing the hulk of the (th-
arml consumed, 1)r. Luh.r. no doubt, will have comments about

Figure 2. Ligands of the Catalytic (left) and Structural (right)
Zinc Atoms in Horse Liver Alcohol Dehydrogenase

CY546 CY5103

F-120 or OW CYS 7
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an e%ent, iivrazole was thought to
dl 1:e.'rich tO dehydrog,enase. I Ins comilound. and many

of its derk 1%t", were ,,h:itight to hind to zinc. ,ilthough this wa.s
tnosih.- ,ind never now difficult to see how

0.!!!

Dr. lictiume and I first tried. with Dr Von Warthurg. Wtin Iii
a research II! ii tahiu-ao,ry to Isolate ow

human but ow 1,-.0tao,m cit tEnzynws from a complex
tis,ue like the human hver proved difficult to say the least. Never-

wo '.crc- dcl. t SIIOW that It IS 4111C dld
110( '4;0'04E1] Ii puritymo it to homogeneity: Nlore recently.Dr.

,t al purified form vhile orking on his thesis.
With assistance front menthers of the laboratory staff. particularly
Dr. 1-Ziordan. he designed ;.in iiffinity chromatographic procedure
Io; liikui it Icc 1-niethylpyrazole through an arm H16 .A long.

hi WAS then ti.) an iiisoluhle carrier. resulting in an
affinov-vhnimatooraphic column that selectively hinds alcohol
dehydroeehases from tiny source. The inhihition constant, K. for
alcohol dehydrourenase is particularly favorable. Pyrazole is an ex-
cellent and selective inhibitor of the enzyme. Now the Theorell=
Chance mechanism postulates that. for catalysis to occur. the se-
quence of coenzyme followed by substrate hinding is obligatory.
When substituting an inhibitor, like pyrazole for substrate. an
ahortive complex forms. i.vhich: In the present instance. causes
alcoh()I dohydrogenaso to hind to the pyrazole column, while
all other proteins pals through. However. thcc suhstrate, ethanol.
%viten in excess, will then co-mpote with the enzyme for ,I-methyl-
pyrazole and displace it, thereby elutin g the enzyme. followed by
subsequent catalysis resulting in NADI! and the itldehydes.

-Fhe douhle ternary complex affinity chromatography used here
was Based on the validity of the Theorell-Chance mochitnism pro-
posed, the successful isolition of the enzyme. indeed. confirms-it.
Elution with ethanol dissociates the enzyme from the pyrazol,,-,
column, resulting 1H all active enzyme homogeneous hy phvsico-
cheinicil criteria inc i preceding peak of varying height, the
nature of which I shall mention later on Drs. Li and liosron vill
elahorate ccii his problem in their presentations.

rho procedure requires about S hours to isolate human liver
alcohol deh,,,drooenase in contrast to our earlier efforts=-2-1!2
years with Dr. Von Wartburg and then. later on, another 2 years.
with Dr Blair --wirhotit ,acluevin(f purification anywhere close to
that obtained now the'suhstrate specificity of this pure material
turns out to he quite hroad. Ethylene glycol will do nicely as a
suhstrate as will methanol.
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Iwo arc how Iirahly hilt' D-ate( 1.1 tI

cl.ttic attnittics (.1 t.ity tow:.trel meth. t I .triki

vitil methanol and
eth-le he tilt he h Idled It. admitiKtering Cthan()L'r,010 pOIIltlal

Alh till 1111.4 firkill()11 / pl-mil.1CtS that cause;
the t tilt tilt 111.

1 yitaractoristic.:. ot norsy and human VI 1,a4ingly
similar I flgtLl- ail, althou,,I1 there al't' tune Wife torms
the I m and hI, 'rho tnvstery remat ,vily the, 11 s liver olll

.;4) 4)1 .eti elizynly of winch it presumably needs so little;
Live prepared the horse more-, than title

etuaiylv for a prohlem which that spot:Los flirt "' not havo. Humans,
in "ad. seen1 to have been shortchanged, but I hope to say a

ahout that Iii a mmute.
A tarts' um of Work has 1 t- the enzyme, ttf

-cm.tics and catLL ic f1rtlllertie but all of it
(In inllltlry material. in fact, nitwit if it has lone on crude'

2

tissue extracts. I hse amine(' on agar slab sand gels. and
the genetic prooitsition that have boon advanced are based on
%Oat one nwht consider somewhat uncertain biochemical founda-
tions, llowover. zdthough thoro are clearly tnany isoenzymes. the

Figure 3. Properties of Horse and Human Liver
Alcohol Dehydrogenases
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are not known definitively. Vti have isolated the enzymes
m the rabbit. the rat, the and the' human by means of 4-

methylpyrazole column chromatography, and we are now address-
ing the isolation of isoonzymes from the human material to under-
take ininetic other ';111Lsfit'S Vt Imre material

Dr. Li has pursued the problem en Indianapolis anti Iias tll,taint'el
the a, and 3, and -I hands, identified previously by Ilarri, awl co-
workers. In addition to t best' eate'athtldii ! hands, he has also observed
an anodic species which he has called "the anodic band.- Ap-

intly this hand had not heen observiid by other investigiitors
aMly it had not been reported. This lack is probably he

the enzyme responsible for its occurrence disintegrates rapidly
unless the liver specimen is fresh -and oven then it does. not seem
to he detectable human livers studied so far and to the same
(Iiiree. Yet, working in collaboration with them, we have now
isolated and,tweilied this material unit variations of the new
double ternary complex affinity chromatograph method.

I am not going to preempt Drs. Li and Bosron's "thunder";
they are going to report on this work later on. Suffice it to say
that our collaboration with them resulted in he isolation and -

purification, in homogeneous form, of a nets' tdcohol &hydro.
genase that has a high Km and a very high Kt toward 4-methyl.
pyrazole -the latter so high, in fact, that the enzyme remains
virtually uninhibited, except by extraordinarily high concentra-

Otherwise its characteristics are the same as those of the
other bands, and L. 's form constitutes about 16 percent of the

al liver enzyme. We have named it II-alcohol dehydrogenase;
characteristics have been described in a manuscript that has

just appeared iProc, Nat Acad. Set., 74, 4378, 1977). Its de-
tection may well require a reappraisal of present views of the
genetic basis of formation of this enzyme.

I will insert a word f(ir. Dr. Noble's sake because he considers
it important that the pulthe he aware of the biochemical prob-
lems underlying alcohol oxidation ahuse. While Dr. Li and I were
writing this manuscript, we were reminded that the daily news-
papers have hecome accustomed to reporting on the "carcinogen
ofThti week.- The country has been placed into a state of chronic
"ctucinophobia,- to coin a word. As best as one can tell, if we do
what is implied by all the well-meaning advice given, we should
progressively cease to eat or drink most anything that comes our
way because virtually all food or heverages might contain a ear-
cinowifi, and, hence, be lethal. Our data- do not bear on that
phobia and such concern may he justified, but much of the
discussion regarding those public health problems re3mains
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ii t het It ss lien compared with those irding the
ethanol problem.

This is hardly hype thetical: It is real. Then is no question that
etllailoi consumption can he both toxic and lethal, and there is

nit certainty !hAt 111( .rh1(11 :mil mortality are direct results
tit It ill, tl WA Lhe tthVIMIS rheiniCai haSIS (if those

icts hivesiwateti with such reluctance that one might wonder
whether #lr not the known chemical on of the resulting dis-
eases arc either ignored or rationalized zisvt.i,,. Some 10 to 15 mil-
lion affected individuals in this country are afflicted, with some
110.000 a-ear dyliw, I am told. I fence in this instance, no guess

required, aunt I :On :InIal,t'd lhe Lick of support fur intensive
Mori---7nical studies. One is compelled to %yonder whether or not
these circumstances denote unwarranted indifference. Compared
with -carcinophohia,- there is very little public discu.ssion, and
considtring the known effects of ethanol as compared with those
postulated for infinite numbers of other agents, the expenditures
fur either are even more discrepant than might he reasonable. I

trunk the ethanol problem is one of the most widespread, press-
ing, anti intriguing problems yet to be dealt with in terms of
toxicology and medicine.

Well, little time remain._ to say much that should he included.
In rapid order no I should say that a large ,number of orga-
nisms can he rendered zinc deficient, the flagellate Euglena gra-.
eclis (figure 4), which Dr. Falchuk will discuss, being one of these.
His studies of its cellular metaholism arc of general import regard-
ing the furwtion of ,zinc in nucleic acid, protein synthesis, and cell
division. As a consequence, the teratological consequences of zinc
deficiency to he discussed by Dr. Hurley can he appreciated better
in biochemical terms.

A number of diseases in both animals and humans are zinc re-
lated. ft has been known since 1955 that swine fed a calcium -
fortified diet develop parakeratosis, a conditioned zinc deficiency.
The zinc content of the diet is normal, but added calcium renders
ere amount of zinc present insufficient for normal growth. Cessa-
tion of growth, weight loss, and ultimately death are accompanied
by collagen infiltration of the skin and esophagus. Dr. Prasad's
and other investigators') work on dwarfism in Egypt and Iran,
whore zinc deficiency results in arrest of growth and sexual de-
velopment of humans, has been discussed widely, and I will not
dwell on it further.

Three years ago, a genetic disease, first described in 1942, acro-
dermatitis, enteropatnica, was shown unequivocally to be a zinc
deficiency. It manifests with dermatitis, diarrhea, and alopecia in
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Figure 4. Electron Micrographs Comparing the Ultrastructure of
gracilis grown. 10 Days With or Without Zinc, Re-

spectiv.ply

A

End{ e
Ntimelbaniria

B

10 day Z n -- aiffi'ient nunedium

Osmcophilir material
of unknown nature

Lipid

10 day- Ln-ileficiunt medium

The zinc-deficient organisms are significantly larger; their cytoplasm contains
an abundance of pararnylon, and large masses of dense osmiophilic material
presumably rich in lipid. The size difference is actually greater than is appar-
ent, because the micrograph of the zinc-deficient E. gracilis is shown at some-
what lovier magnification so that the whole organism can be included, i.e., X
8500 and 6500, respectively.
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childhood and romp:lined by menial rt:tardatton, getieraLlY
first 'ten to tn fa hoso airlictocl ha\ b(.11 kll().1V11 to sitrvit.t.
lint) puhtrty, but the thscaso has boon fatal, ilmvover,

uu l" spottilt :mil curatiko swill I figyro 51r The
naiad apparently ryprrsonts I: first titsiamx C011ipitCIV
Inc ot'llt Writ rtl 1111111all t I ist&,c, NoithrrNit the tin tho

Fast rf tiie pathdphystolk:Liv htiL 1111:111c11(li
then Is a pruned instance
!in and a hutuan disease
tit study it in a dtvistkr:. inann.:

Interest inolv the impact of I already beet
apparent in surgical patiews .\ group o krs in New Zalantl
has reported V Nyndroint lit' to intraternms ali-
ment:loon oo,,,tentei.ccionly. Flit patients in question were fed
exclusn,ely suhse tueilt ttr massivu resection of "variou:o
parts of their intestinal tracts I Ise the remainder of the tracts,
were insufficient to allow adequate absorption of nutrients_.
llattt lit, del.cloped a ,4yildroine that resembled the signs and s,-trip
toms de-ribed In tieraciortnatitis enterwpczthica in virtually all

Figure 5. ArtiA's Rendition of the ConseqUences of Zinc Therapy -
in A. Enteropathwa, Refore (left) and After (right)
Therapy

a on, ._,onc relationship het \\von
-s: presumably. It will hi posible

7

/INC 1111 !UWE) IN
ACHODI 1 M/111115FM 1 PM I 111A
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.details. Addition of zinc to the intravenous .feeding promptly re-
versed ail manifestations. 'Thus, zinc may be expected to join cal-
cium, magnesium, sodium, and potassium in the care of surgical
patients.

I thbught I would close on a rather personal note retrospective
to my entry into this field many years ago; to me. it reflects the
field's and growth. Time precludes the presentation
of details, but zinc has turned out to be involved in virtually all
phases of metabolism, a great surprise to me, but one that is not
exactly unpleasant.

In a way,ahe manner in which I got involved is somewhat "off -.
beat," as Is often the case I was working on .blood preservation
for the Office of Scientific Research and Development in a joint
Harvard-MIT project at the end of World War II and decided to
investigate the preservation of normal and abnormal leukocytes.
Hence, I separate,d_ them from. erythrocytes by flotation on human
serum albumin., a novel procedure Liven. I examined the leukocytes
by emission spectrography, and surprisingly, normal leukocytes
contained a_relatively large amount of zinc. while that of leukemic
leukocytes was markedly diminished. In a paper submitted in ---
1947, we said "It is possible that there is a zinc enzyme con-
cerned with myelopoiesis, and that there is some disturbance of
this. enzyme ih leukemia.- -I had Vuled out -that it was,cafbonic
anhydrase,-the only Zinc enzynie then known'., e

The reverse transcriptases from oneogenic type C viruses
ruses that cause leukemia in a number of species) participate in the
incorporation of viral into cellular DNA. In view of the presence
of zinc in DNA and RNA polymerases and its essentiality to their
action, it seemed reasonables to suspect that this-element was also
preseht in the reverse transcriVtases.

Unfdrtunately these enzymes were available. in amounts too
small. to perform metal analyses with equipment then available.
However. -inhibiticin -studies with chelating agents indiCated the
presence of a-,functional metalbut not its identity, of course. We.
therefore developed-a new, instrument with detection limits sill-
ficient to detect transition and IIB elements in picogram quantities
of enzyme, of -wiiich in- turn we could only obtain microgram-_
amounts. The result, a microwave excitation emission' spectroni
eter, can identify and quantitate from 10 -11 to 10-5 g-atom of
metal in 5 IA containing about 1 'microgram of protein with 5-

-
percent, preCision.

Dr. Auld 'devised the- iniFromethod, using onesingle drop of a
sample from a Sephade'c microcalumn used to purify the enzyhie
from avian myoblastosis virus. Zinc, protein content, and activity.
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were determined in all Sephadex fractions, resulting in a peak co-
incident for all three parameters. Two g-atoms of zinc per mole of
enzyme were found in the most active material.

Since then. we have analyzed the analogous enzymes from:
mouse, monkey, gibbon, ape, and balloon viruses with analogous
results: lAll of them are zinc enzymes. Zinc is clearly critical to
cellular division, replication of DNA, formation of RNA, and pro-
tein synthesis. A metabolic chart now shows where zinc is in-
volved in translation, transcription, and formation of zinc proteins
and enzymes (figure 6).

Clearly, zinc biochemistry is not wanting for opportunities to
perform imaginative work to define its role, including that in
alcohol metabolism.

Figure 6. Zinc in Nucleic Acid and Protein Metabolism
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Italics indicate zteps dependent on zinc enzymes or zinc proteins.
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Effects of Zinc on Cellular
DNA and RNA Metabolisre

Kenneth H. Falchuk

It has been more than 1,00 years since zinc vas found to be
indispensable to the growth of Aspergillus niger (1), and almost
that long since its presence was established in plants and animals
(2,3).

It is now evident that zinc is essential to normal growth and
development of all living .matter (4). Zinc deficiency results ie.
major abnormalities of composition and function, although the
manifestations are complex and can' vary, depending on the par-
ticular species studied (4.5,6.7,8). An increasing number of dis-
eases are proving to be related to zinc deficiency, both in animals
and humans (9.10,11,12). Zinc deficiency during pregnancy re-
sults in congenital malformations ,of the embryo, particularly by
affecting growing or proliferating tissues (13). The consequences
of more subtle metabolic interactions; as in alcoholic cirrhosis
(14) and other diseases (15), and the basis of genetic or terato-
logical defects (16) have not been examined widely.

In spite of the major advances establishing both the partici-
pation of zinc in enzymatic catalysis and many aspects of presum-
able mechanisms, knowledge concerning the roles of this element
in cell division and the associated metabolic_ events is surprisingly
sparse. The reactions in which zinc is essential and in which its
failure to occur becomes limiting to cell growth have not been
recognized, defined, or integrated.

We initiated a series of experiments with E. gracilis, strain Z, a
eukaryotic organism which w_e=found-gritable for studying the bio-
chemical-basithe requirement of zinc for growth, and'particti
larly, for defining the metabolic consequences secondary to its de-
ficiency (17). The organism is _obtained in homokeneous form;
its growth is sensitive and responsive to the zinc content of the
medium; and it can he disrupted readily to allow definitive

This work is supported, in part, by Grant-in-Aid GM -15003 from the Na-
tional institutes of Health.
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measurements can subcellular ganelles as well as such metabolic
ally critical components'as nucleic acids, proteins, carbohydrates,
lipids, phosphates, metals, etc. Decrease of the zinc concentration
of the culture medium from 1045 NI to less than 10-7 M arrests its
growth ( figure 11, Concurrently, its zinc content ( table 1) de.
creases' to less than 10 percent of that of zinc-sufficient cells. Rais
ing the zinc tontent of the medium to 10-5 Ni completely restores
normal growth within 36 to 48 hours (17,184.19).

number of striking chemical changes accompany-the prolif-
erative arrest induced by zinc deficiency. Cellular DNA content
doubles; cell volume increases; the protein content and jEfuridine
incorporation into RNA bofh decrease: and peptides, amino acids,
nucleotides, polyphosphates, and unusual proteins accumulate.
Further, the intracellular content of Mn, Mg, Ca, Fe, Ni, and Cr
increases from 3 to 35-fold (18,19), and we recently found that
the Cu content of the orgahism increases as well (table 1).

As part of our aim to determine the basis for the proliferative
arrest, we undertook to detail, delineate, and define those steps
of the cell cycle of E. gracills affected by zinc deprivation. Toward

Figure 1. Growth of Zinc-Sufficient (+Zii) and Zinc-Deficient
(-Zn) E. graciiis Grown in the Dark

Zincsufficient medium contains I / 10-5 M Zn2*; zinc - deficient medium
10-7 M Zr12'.
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Tablet, Metal Content* of ( Zn) d (-Zn)
E, gracilis

Ietals (+Zn) -(-Zn)

7..11 5.s0 0.50
Mn 0.01 U.35
Mg 3.00 15.00
Ca 0.20 -1.00
Fe 1.60 12.00
Ni 0.19 0.24
Cr 0.12 0.36

*pg 107/cell

this end. we have examined the DNA content of u iient
and -deficient cells by means of laser excitation' cytotluarometry
1 201.

Aliquots of cells were 1 d for n tlys of DNA content by
flow cytolluorometry. The .ells were stained! with propichum di-
iodide solution and analyzed in a cytofluorograph (Model .1801,
Rio physics System, inc.. Mahopac. N.Y,I. The flow system of this
instrument allows passage of one cell ut a time through a 100 -
micron Orifice (ltestrictor valve) into a flow chamber where lam-
inar flow is induced by a sh-ath of water. The cell traverses
through exciting, monor hroma* radiation from an Argon ion
laser beam tuned to emit at ,18r; rim. The resultant fluorescence
of propidium diiodideDNA 'con plexes of the cell nucleusis
converted to an electrical signal by a photomultiplier; the output
is displayed on the horizontal axis of a cathode ray tube. The sig-
nal also enters a multichannel pulse height distribution analyzer
(Model 2100, Hiolphysics Systems, Inc.. Mahopac, N.Y.) where
the frequency distribution of the pulses as a function of the Mag .
nitude of the signal is stored in a memory unit and subsequently
displayed as a histogram. A total of 100 channels are used, ancl,
the abscissa of the histogram reflects-increasing linear values of
the fluorescence signal. The numbers of cells recorded in each\
channel are registered simultaneously on a printout tape system,
allowing quantitation of the number of cells fluorescing at a
characteristic intensity.

Inc ubiltion of mammalian cells with li.NAse, prior to staining,-
has been shown to obviate interference by---RNA in DNA analysis
(21.221, as was shown to he true also for E. gracilis (20).

The histograms of DNA content of cells in each phase of the cell
cycle have been identified by using synchronized cell population
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(20). Log phase vultures t ontain organisms in all stages of the cell
cycle. A histogram from a log phase culture of E. gracilis-stained with
propidium diiodide and analyzed in the cytofluorograph is shown in
figure 2. The major fractions of cells are in 01. with an unreph-
eated genome; the remainder are in S or in or NI phase of the
cell cycle.

The DNA content of early stationary,, nondividing cells was
examined next. Figure 3 compares the pattern of early stationary
phase zinc-sufficient cells with that of zinc-deficient cells, ob-
tained when cell division ceases. The histogram of zinc- sufficient
cells demontrates that the majority, although, not all, of the cells
in stationary phase are in 0t, with a smaller number in S. In con-
trast, the pattern of nondividing zinc-deficient cells is typical of.
that of S.09, The latter tells have previously been shown to
cease dividing on depletion o zinc in the growth media (19),

The resulting histogram of DNA content suggests that as the
nonsynchronously growing cells in the zinc-deficient media are
deprived of zinc, those cells that are in S do not continue to G9,
and those that reach G.-, do not proceed to mitosis. Moreover, a
small fraction m G1 is also present. To further detail the effect
of zinc deprivation on the 01 to S transition, early stationary
phase zinc - sufficient cells, known to he mostly in GI (figure 3),
were incubated in media deficient in zinc. Figure 4 illustrates that,
following incubation in this medium, there is a 25 percent increase

Figure 2, Schematic Diagra
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Figur( comparison of DNA Histograms of (+Zn) and (-Zn)
E. gracilis
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The majority of (4-Zn ) cells are in Gt with a small, fraction in S. In contrast,
nomlividing (-Zn) cells are mostly in S or 02, with a small fraction in 01

in cell number, followed by cessation of growth. Addition of zinc
to the medium confirms that the absence of zinc is responsible for
the inhibition of cell growth. Within 24 to 36 hours of the addition
of zinc, the cell numbers increase by 200. percent, reaching those
expected for a zinc-sufficient culture. The cytofluorometric anal-
ysis of these cells (figure 5) demonstrates that, prior to the addi-
tion of zinc, when cell division has ceased, almost all cells 'in-
cubated in zinc-deficient media are in Gt phase. Hence, zinc
deprivation of cells in GI blocks their progression into S. Addition
of zinc to these cells reverses the block of their cell cycle, restoring

ti
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Figure 4. Growth Characteristics of Early Stationary Phase +Zn)
Cells Incubated in (-Zn) Media

5
AYS

Following incubation there is a small increase in cell density, followed by
a cessation of cell division. On raising the zinc content to 1 x 10-5 M, there
is a striking increase in cell division, the final density reaching that expected
of a ( +Zn) culture.
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Figure 5. Comparison of the Histogram of DNA Content of
E. gracilis Incubated in (-Zn) Medium Prior to and
Following Addition of Zinc
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Following cessation of cell division, the majority of the (-Zn) cells are in,
C. with a small fraction in S. On addition of Line, the number of cells
blocked in O decreases and A histogram typical of log phase cells results.



140 FALCHUK

the normal pattern ut'divisiun of cells, which becomes identical to
that shoWn in figure 2. Clearly, the biochemical processes essential
for cells to pass from into S, from S to and from G2 to mi-
tosis depend on the presence of zinc, and its deficiency can block
all three phases of the growth cycle of E. gracilis.

Indirect evidence suggests that zinc is essential for the function
of DNA polymerase of E. gracilis (23). I-IoweVer, the results of our
cell cycle studies led to the conclusion that the limiting steps lead-
ing to the abnormalities of the cell cycle and the consequent pro-
liferative arrest cannot be restricted solely to impaired DNA
synthesis.

Studies of E. Gracilis RNA Metabolism

Relative to zinc- sufficient cells, zinc-deficient E. gracilis in-
corporate 31-1-uricline into RNA at a reduced rate (19). However,
they _accumulate peptides and amino acids and their protein con-
tent is reduced (18). These observations focused on derangements
at the level of translation in zinc-deficient cells. Such derange-
ments could pOtentially be responsible for both the observed
blocks of the cell cycle and the proliferative arrest because on-
going RNA and protein synthesis are required for G1. S, and G2.
Alterations in their synthesis could then block the cell cycle at
each of these stages (24,25,26.27).

Accordingly, we next focused on the details of the role of zinc
in RNA metabolism of E. gracilis as another possible basis for the
observed chemical lesions. We first examined the RNA polymer -
ases I and II from zinc-sufficient E. gracilis (28.29).

The enzymes were isolated from cells harvested in the log phase
of growth. A cellular homogenate was precipitated with am-

onium sulfate and the pellet was dissolved in 0.15 M ammonium
stilite buffer. At this stage, the RNA polymerases are hound to
DN.-: The DNA was precipitated with protamine sulfate, leaving
the RNA polymerases in the supernatant. The preparation was
then 6hromatographed on DEAF-Sephadex A-25. The enzymes,
now free of DNA, were purified further by either affinity chro-
matograp y on a DNA cellulose column or by chromatography
on phosph cellulose. Polymerases I and II have been purified to
homogeneit

As shown m\table2, both polymerases are entirely-dependent on
an exogenous DNA template for activity. The product of their

enzymatic reaction is RNA. as evidencecl_by an absolute substrate
requirement for tikionucleatide triphosphates and by digestion of
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the product hy rilionuc As with other polymerises, the
gracilis enzymes are inat°t ive in the absence of Mg+2 or NIn
Both these DNA-dependent polyincrases are homogenous on
polviii.lylamide gels, ancl their estimated molecular weights, de-
termined on SDS gels, are hot we 650,000 and 700.00R. for beth
polymera:vs, They in po of multiple

Table 2. Properties of E. t 'ra 'Poly
merases I and II

Proporty

Template dependence DNA ._ DNA
Product RNA RNA
Activating metals Mg, Mit Mg, Mn
NI. ISDS-PA( E 650,000 7110,000

a-Arnim-11cm differenti ttes type 1 I from t,1)e I RNA polymerases,
The activity'of the polymeraso I is not inhibited hy a-amanitin at
concentrations up to 200 pg/ml. In contrast. increasing concentra-
tions of cy-amanitin progressively decrease and at 0.1 mg/ml nearly
abolish activity of RNA polymerise lit figure 6).

Inhibition by 1,10-Phenanthro me

The answer the question of metal dependence clearly'hasto
be approached by undertaking studies of inhihition with metal
hinging agents which, while conserving material, give first a valu-
ahle indication of the involvement of a metal in activity.

The chelating agent, 1,10-phenanthroline (OP) has proved
exceptionally suitable to stekly the inhibition of zinc metallo-
enzyrries (31). To determine its effect on E. gracilis RNA poly.
merases I and II, the effect of OP concentration on enzyme.
activity was studied, A stock solution' of OP, 10-2 M, was
diluted .variously to range from 10:2 to 10-7 M. The concentrations
of template, nucleotide, and other components were standard
in all assays. Throughout, Mg2* was the only activating cation.,
The effects of the nonchelating isomers. 1,7-, or 4,7.phenanthroline
in- the concentration range from 1 to 3 x 10-1 M was determined
also.,
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Figure
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The Effect of a-Amanitin on the
Polymerases I and II

of RNA

{a-AMANITINIL kogirni

Inhibition Studies With Other Chelating Compounds

The effect of other chelating agents on activity was studied as a
function of their 'concentrations. Stock 'solutions of 8.hyclroxy-
ouinoline-5-sulfonic acid. EDTA, cx-c.t'-h ipiricly1 or 8-hydroxyquin-
ohne, all x 10-2 M, were dilutal with metal-free water to pre-
pare dilutions ranging from 10-6 to 10-2 M, adjusted to pH 8.
Assays were performed with H} pg enzyme and under standard

'Conditions. Magnesium was the activating metal its all cases.
Both polymerase I and Il are inhibited by saturating amounts

Of chelating agents (table 3). 1.10-phenanthroline and EDTA in-_
hibit both their activities completely. Other chelating agents such
a' 8-hydroxyquinOline 5-suffonic acid, EDTA, and et-bipyridine,
also at saturating concentrations, reduce the RNA polymerase II
activity from 70 to 50 percent. At saturating amounts, the non-
chelating analogs of 1,10-phenanthroline, 4,7-phenanthro-
line,. do not inhibit either polymerase. Hence, the inhibition by
the 1,10-isomer must hr+ due to chelation of a functional metal

'atom,
The...relative -,ensitivities polymerase I and n to 1,10-

phenanthroline were sti-clied in detail over a range Of inhibitor
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Table 3, Inhibition of RNA Polymorases
Lfncl 11 by Chelating Agents:-

,V.I/V,,=; 100
Again

1 .41

Laing
1,111-Phenanthroli4
EDTA

S-1lydro4voinpline
Sulionart

Liipy,liPne

Nonchidating Analogs
1,7 -Phenanthroline

70
55

.100 100
100 100

colleen ,tire 7 I. Both RNA polytheras\Y rand II are in-
Minted by this agent but with different pk1 's,5,2 and1341,.re-

tikely, 'further differentiating them, t2 S,30). Collectively.
these results wer ahnost diagnostic of the presence ;And funs
ticmnal essentiality ol= zinc rather than of any ether C:311 al-
though Le., SLICh st tal les cane Ot he decisive,

Studios of Metal Content of
Graeili$ RNA Polymerases

The presence of Atnichlometric quantities of metal or course,
essentlal to ,verify that holat.ing agents eNert their etfe.ct by hind-
um to a functional ;Ind or ,;tructurally essential metal!

Tlw presence of Zn, CU, or Fe. could account for the hA rved
nil-111.111km of the E. gractlis RNA polyrnera, These element:5 and
'In were determined by rotyave -excitation emission specArclm-
etry after removal Motal-penching agents imd low molei.tilar
weight protein contaminants by {gel exclusioa chromatography or
dialvk against .metal-free buffers, The'elements and protein Nk"ere,
rnei,sured qtrantitatively with high precision in fractiOns contain -
incq wt.ivity----Whon absolute arnouno; of medal varied rtont
In -11 to IO-1.1 watoin and utilizing 0.6 pg of enzyme Ili ror
analysis, a defermination that would have hen technically
.possible only d 'ONUS af40.

'rhe gracilis RNA polymerase I II conttiin 0.2 pg of In/
rrw, of protein. keeriinV: In mind the yet provisional nature of

.1
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Figure 7. The Effect on Enzyme Activity of Incubating RNA
Polymerases I and II With 1,10-Phenanthroline
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Both poly merases I arurIf a-re inhibited, by this ebelatimi, tlgent, with pki's
of 5 2 and 3,1, respectively,

the moloculLir woights of those polyMOrases, whieh form the
of tho met ill protein ratio..the-stoichiornetry of both is-essentially,
the ....arno: Le.. 2 -atorn Of vane per mole (table I) (28.:30).

Table -I,' Metal Content of RNA Pol-ymerases I
and II Nleasured by Microwave Ex-
citation Spectroscopy

P Iv raw r aso
Intro
meml-

ZN
g-atpg. mg Prot,

1 0.1'2
11 0, 0

0,19
0,21

9 0

Fe, Co. :1111 2 e,-atorra-rnoIe
Metal content is exprwssed, .nrwatorn per mole of 650,000
and 7011.000 fo4 the RNA polymcrases I and II, resper-
tively.

k 4

t..
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sum of-cii. ;i11.1 \In is less than 0.2 mole. Thtis
Roth KNA 1"1Y111"r1.-q' I awl RNA polymerase II trom zinc-
sufficient E. aracllis /Ira inetalloenzymes. t'oncurrently, in
our the etikaryotii: 11N.Vilepomient 11NA polvmera_se

u:;iti if zinc per II I :cul.tr v el:di', 001).000 (O91.

:4 tidies With

co:it:num-4 2.1

f lei (-Zn) (;

that RNA polymerise I and II from I -t-Zn)
,-;Ills' elLivines 11o,2;',1 suggested that theme-

ilism :nzymes nuoht be affected in (-Zni cells mid
twirled us tufty RNA polymerise function in those orga-

nisms 110 have- found that i-Zni gracths contain a smith.. Un-
usual RNA polymerise that is also a zinc metalloenzymo Ia 3I.
I his difference in Zile content of RNA polyinerase in (-Zit) ci:Ils
confirmed that (tofu-R.(1ex of this metal indealaltered the me-
tabolism of RNA polvnWrasos and, further, highlightid the need
to investigate its RNA products. Consequently. we compared the
amoums t,1 RNAs -synthesized by both i "1.111 and i-Zni cells. The
total 1(N.\ from I +Zit I tend I -Zn1 cells was isolated by a standard
phenol ethanol extraction.

'rho various RNA classes ill the total RNA's were sett r: Ii--
using a series of affinity colunms, 0,-toplastnic mRNA contains :1
poly segment, which is absent in other RNA's, Oligo-(dT1-
cellulose columns will hind only the poly \ containing mRNA
and. thus, afford a rapid purification method I f 11. The RNA's
that did riot hind to the Oligo-ian-cellulose column were chro-
matographed on a dihydroxyborylamino ethyl I DRAEI cellulose
affinittl column. This column binds transfer RNA and separates it
from tile hulk of ribosomal RNA and the minor amino;a_cylated

transfer fractions I:15i. By sequential Ilse of these columns,
the three minor classes of RNA were obtained. Each fraction was
hydrolyzed in preparation for analyzing their,baso composition

-using high pressure liquid chromatography.
E. gracile, contain 20 big of ANA 1'06 cells. This value is

virtually unaltered by zinc deficiency Itable al. In both cases, the
total -RNA Content is consistent. with values obtained for E. gracilis
grown to early stationary phase1361.

The total RNA is resolved into three fractions by sequential
chromatography un Oligo-IdTi and D.BAE celluloses. The mRNA'
fraction binds- to Oligo-IdTi-cellulose, and approximately'90 per!
'Cent or more of the RNA does not bind. This larger RNA fraction
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Table b. =RNA Content-
(-Zn) E. Gracilis

Lcettib;

4inc-Suff ( +Zn), an -Deficient,

T()tal EtNA
- 10"

1-Zau mai ; Transle

71

uer are the earl = 1 SiDi a six p p rations

is then applied a DBAE ccllulc ,t column that separates the
tliNA from the ribosomal fraction: The =punts of ribosomal,
transfer, and messenger RNA obtained by these methods are sim-
ilar to those reported by others for eukaryotic organisms, includ-
ing E. gracilis (3(i. In (-Zn) cells, the fraction of the total RNA
present as rRNA is slightl less, while that present as tRNA i
essentially the same as +Zn) cells (table 5 .' In contrast, the
mRNA content of (-Zn) cells, 11 percent of the total RNA, is
almost twice that of (+Zvi) cells (table 5). ,

The analysis of base composition' of the various RNA frac-
tions, determined by high pressure licidid chromatography, is

highly reproducible, varying by about 1 to 2 percent in multiple
experiments (37).

The base compositioris for ribosomal, transfer, and messenger
RNA from (+Zn) cells are in agreement with the values obtained
for F. gracilis using other methods (36), For rRNA (table 6), the
purine and pyrimidine contents are identical for (+Zrt and (-Zn)
cells: For tRNA._ we analyzed only for the four major bases and
found that the guanine content decreases in (-Zn) cells from 34
to 24 percent. while the cytosine content increases from 27 to
38 percent. The adenine and uracil contents='are identical
(table (i) ------ ;me

The base composition of mRNA from (-Zn) cells differs strik-
ingly, Figure 8 compares the chromatogram of an mRNA from

Zn) cells with that of an mRNA sample from (-Zn) cells elute('
front the cation exchange gel of the high-pressure liquid chro-
matogram (rIPLC). In the former, only four bases are found. They
are identified as uracil (U), guanine (G), cytosine (C), and adenine
(A), respectively, based on their elution volumes from the (FIPLC)
system and the 1:V spectra of each fraction. In contrast, the
mRNA from (-Zn ) cells (figure 8) contains seven major peaks and
several minor ones. The uracil, guanine, cytosine, and adenine
fractions in this chromatogram also have been identified by their
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Fable 6. Base Compositiol or E. Gracilis RNA
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Each value the ni..an
11011-0 8 ) that

h analyses.

char. ( 'Ira. ming Rk Lions rept ..-
haso, wb &cdm4Emaarc pro unknown hat which aro not
round in eonx rho ealculiiled C: A +
ratio, or me m Et& a stiMples, 1,6 for (+7..n) and

china- Thus. mRNA from (-Zn1 vontztins(:;ZI:111!
tional and thc fatui the known major mirmes and pyn-
malin .s is noarly double, as compared to the inliNA from (+Zn)
colEs.

Figure 8. Ifigh-Rressure Liquid Chromatographic Analysis of Base
,..Cornpos RQn of mliNA from ( +Zn) and (-Zit) E. gracilis

mRNA from t-Zn) (left) and (-Zn) mA U cells were acid-hydrolyzed prior
to analysis bybAm ressure liquid 'Chromatography. The 0 4- C/A + U ratio
of the m1tN 's from both +Zn ) and (-Zit) cells differ, being 1.6 and 2,9, re-
spectively In addition, a number of bases are present in the mRNA from
-Zn I cells which are absent in the control (+Zn) cells.



11 re viinous inecl stns through winch tilts clefit'it'itc`v
conk RNA illd DNA Illitilh(111tilll 1,2SI. III particular. we
htltt mphasized recently the essentiality of zinc or the function

)trth DN_\ and It NA polymerises. We have also noted the int-
tor 1.,1111t1 for the .ii in, H 4 inc, :c nzynics,

and or .imaiiiiniqn of these and
other metals ll nucleic.acal polymerise .iction and par-

ularly, fin the base composition of the resultant RNA product,
has Iltat e'urn exammed l'his is of interest because one

mnce tit zinc deficiency ill E. g-raci/is-is a 35-fold increase
in racellular NIn and a 5-fold increase in Nig content (lS.20).
['his. together with earlier experiments using micrococcal DNA
polymerise L. coil RNA polymerasc (39), and viral reverse

(-10I demonstrating that the ha e composition of
the nucleic acid product synthesized in vitro varied according to
the particular activating cation employed, prompted us to examine
the role of these metals in determining the composition of the
products. thus, we have determined the effects of varying Mn(11)
concentrations on the incorporation of bases into RNA produced
by RNA polymerastis I and II from I 1-Zn1 cells and the single,
unusual RNA polymerase from i E. gracilis. These experi-
ments were carried out in cell-free systems, and the incorporation

('MP. 1:Mr, or AMP served as the criterion of the base com-
position of the resultant RNA.

of various Mn concentrations on the relative in-
corporation .,'MP and ('MP into RNA by the different E. gra-
ciiis RNA lyrnerases are shown in table 7. Increasing the Mn
concentration from 1 to 10 mM in assays with RNA polymerase

II from 1-1-Zni cells decreases the ratio of LIMP to ONIP in-
corporated from 1.7 to 1.0 and 2.1 to 0,8, respectively. Similarly,
in assays of the single enzyme from 1-7,n) cells, this ratio decreases
from 3.5 to O.I. Thus, the base composition of RNA synthesized
by iliilytnerases from either cell typo varies as a function of Mn
concentrat am.

These stuutes show that the total RNA content per cell is not
altered by zinc deficiency li-ireover, each of the RNA
classes ribosomal, transfer. ,issengeris present in these
cells, Thus; changes ill the of each RNA class synthesized
would not appear to be 1.-.1ble for the biological effects of
-zinc deficiency in E, gracals. A remarkable difference does exist,
however, between the comp). infiNA from (-7,n) and

cells. The mRNA from i-Zrit cells has an unusual base corn-
position as demonstrated Ir, the twofold increase of its- C
A bitse ratio and the presence cif significant amounts Of bases
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other til.in urA I. guanine, 'n and adenine (figure S).
nit ,e MR:\.11. i ttthii for different pro-

4t11:h. ,111ft'rt.'ili't, III mItNA haw composition i.iro
most nniin the ratio tit ti' ( A + hases has heen
foond

the l.t iii fll IZNA eompk,sitton of the ile,,ree ohserved he-
tween I -/ni and I _7:11 oh, not 1,0,41 reported pres.iouslY m
cells deprived of ,.sseitlial nUt nr9It -7 it as-.t function cif growth or

evel.. stai4e. 11)e-rehire, the cliwigc in composition of in10. A
from ceils reeal critical differences in tlicir infi.NA mouth
oftsm, Mse most he the consequence of either an alteration in
H pricf.4scs th,r r.,.11,11.. the Illy e. of hoses
into mli.\,\ etc ill, Accumulation 01 uil(N.\ molecules coding-
largo irilount.s of a specific proleiliNI. have obtained vvidencv

1ggesinc4 that the' in the ,...ontnt of other metals NilCh
Nfn In 1-/.11) l'elk could play a role in the production of such
natNAs itahle 7i. those rsults, toeother with the finding of a -

...angle RNA polvmerase in f -Zn I organisms, represents the first
major metabolic diffe-rence hetween these and t+Zni organisms
whrise manifestations %,vould provide a basis for the arrest of cell
division in this organism. 1 hus, inRNA 'plays a central role in the
translation of, information from the genuine into proteins, which
in turn. determine the phenotype. The mechanism by which
genetic in formation is faithfully translated into Proteins is de-
pendent on the base composition and sequence of mliNA mole-
cules. These two Variables are involved in binding mli.NA to ribo-
some% and determine the ir-oMo acid composition of the proteins
synthesized. Our dem(mstration of the unusual composition of

Table 7. The Effe [NInti I on the Relative
L'MP/MP Incorporation by E. Grdellis
RNA Polymera_ses*

\1ni 111
rn M

RNA Poly merase

Single Enzyme From
(-7,n) Cells

2.1

1.7

3.5

1.5

0..I

*Analogous re- stilts Tree obtained on comparing the relative
tneorporationsolUMPiAMP:
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Inuit i ./.111 11.11, ni organisms, transla-
tion,(1 altcrod, I() the formation ()I' prod-
uct rII iranslat vith unusual ;inuni) acid compo,,t lop and
ter chang,e, in the rate of synthesis of specific proteins that'mav lie
(.;1;),or f.s.---c/111:11 ;ri)-ohu.iv- 1.) collidaY fu r/1'1109. Iih 011-

twr111.11:[!t--; ;o:nIcia 1--/.111 F. gCaelliS ( 111,1

pL(111,-, i I I 1 (1:1,' 1)14`r1 WWLIIIIt'fliid, 11111V In terms (II until
protein :trill changes in amino 'acid contents. I lie effects of such
iltcritions in protein metabolism would he decisive and result in
the trrest of cell division misms because ongoing,

,protein synthesis is required h ) 21 26. 27. 12I.

extended to orb( in,. derangements: tt

metabolism 1)1 proteins invok,d III !h.., formation or t:ssues and
or:2;iiir, could lead to the developmental abnormalities character-

it, of 1-',4t)
Mese Audios are pan of an ongoing investigation aimed at

ultlitifyintf tilt' 1)110(4min:3d basis fur the role of zinc in tell di-
vision. The); have led us to explore details of hoth 1)N..1 and RNA
inetaholisni in hot h 4-Zn I and I-Zn) cells. whose importance re-
main, to he further elucidated, In general, hmveVer, the present
systematic studies are rcletritt)I, to understanding the essential role
of zinc in cell division and development and also direct attention
to a novel moth, of regulation of the metabolism of 111.1cleic acids

and with profound implications for their mechanism,
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Discussion of Papers by
Vallee and Falchuk

1)r. Russell: l)r Vallee.. In ihi last ha\ h eivporiet
\vitt, six ,onc.ilencient cirrhotic-, \vho were also night=

Ni,iht blindness Its about I month after cessation of
tilcohol abuse, i wo of these patients flail abnormally- low serum
vitamin A levels. and they were treated with vitamin A and did
not rvspond. They also had lo\.\ serum zinc levels, and the dark
adaptation responded within .1 week sifter leplacing the zinc. 'rho
ocher patients had normal :serum vitamin A values but abnormally
In nine levels. lVithin kl Ftaw (LW S or replacing 'zinc. in tho form of
zinc sulphate, their dark adaptation curves came back to normal.

my comment is that this may Ime"ii new thing thiit we ought to
look for more often in our alcoholic subjects who are zinc de-
ficient. Nly question is whether there are !,00d, quantitativc:' data
in ed in a
Ainc=deficien individ u al?

humans how ethanol metabolism is actually

valleei -ro the hest my knowledge. no good data exist.
Vo certainly have never done this. and in fact our effprts to relate
zinc metabolism to human disease in terms of cirrhosis date back
'20 years. I 'really have not done any more. But there is a point

terribly interested in your comment on nighl blindness. As
a matter of fact, if you were to go hack and look at the papers in
the .Vett, I.:ngland -Journal of Medicine. you would find that we
comMented on this. :\C the time, I was particularly interested,
but I think it is sometimes good to point out on these occasions
that the literature does ctiittain information not one's oWn. but
other people's. There is it gon-cloman named Bliss who worked at
Simmons Colleo'e in Boston. Ile worked on alcohol dehydrogenase

reductaso in eve ['Amin and claimed that it was thesame
enzvoie \vo saw, asalcohol dehydrogenase. And indeed the alcohol
dehydrogenase seems to attack that particular alcohol-tack:10e
pair.

I then talked to -soil +a Iptatallle iii BoAton at the City iro:-;bitai who
wore knowledoeablo about t irrhosis and was,-uided to a paper by

Tatek, i think, in l9:36. who had reviewed alyi:mlutely everything
he had ever seen about Hrrhosis and then some and he talked
about night blindness. Well. I knew Bliss, who has long since died.
and i n 0 comment in our papers simply on this matter of



DiSC[SSIUN

anitil A Anil In lit idintlfie-o, Sint. Imo, I hail Hi my labora-
tor% an e pert on ,,ision, Dr, Franz I anion. from Holland, and I

him about this problem. Ile wrote a review later on it in
to pfivs. Acta, and he was absolutely certain that the''on-
i,. [,'[m, s not dele,,orogenasc. II, saki li I1:-td

,1,-hyIrt),4(ala,t, bui was not the same en-
ut since then hi has written that llp, LtIwIll 2 or

in a BLI..t- review, I think that the are
iteresting, and I also really ,do believe tun fact, I :Iii

kultl `,f InkcduliJus) that this has set for 21 \ears and nobody has
wr taken a recent real look at it. I think I would have, probably.
if I Hadn't had other

Dr. .,--;chenk`or: It has I) .en said and written that in pet)ple with
alcoholism :,mtl liver disease, scrum zinc ItI ralk. I this (410 to
decreased intake, hripaired transport of zinc. via the gut, decreased
storae zane, increased urinary ehimnation of the cation, or
some t inn:nation these! \Oat do we know iibout these sort of
things? .

Dr. Vallee: the r 1ti, nothing, is ki 1101.h-

tu. That isn't tt, there isn't a lot Written. But nothing is
km)wn. I don whey( that the matter of the qationsinp of 1.1111:

t() a'k'ullid metabolism has really over been studied
seriously in the manner in which you've asked. It is astt,tinding, I
would lust simply like to add to that one item.

thore is one particular protein, metallothionine -1 I am
von have learned if which we found about 20 years This

protein ha'' inq'lleaCCLISI'd of being everything, from a detox,tier
a storage agent; its role has never hen known. The truth is. no-
body knows if there is a storage protein for zinc. and it isn't even
known how it is transported in serum. Nor is it known how it is

,,ibsorbed. It is conjectured upon. but how all of that might relate
alcoholism. I haven't the faintest idea.
I Ir. Noble: I foetid 14/1.11 and VLIIHILIk,

e'xtre'mely inirvuing. !hey raised a question in my mind ahotit
some t,f the studies we have been doing, on the effect t,f alcohol on
brain prOtem and its. metabolism. We have actually found a de-
crease in ItN,\ synthesis as well as in DNA synthesis, and I think
I'' tihenker has been working on that area. too. We have been
tiCarching for a mechanism to explain why we it these decreases

the brain. In a couple of the places we have looked at, one is
Ih h.\ poly 111 ritSI .11)(1 the other is the LIINA sViithelase,S,
found a ticurriisr in the act way of both those enzymes. Now. this

1,11:If 1'010 AMC plays in the findings we
have obtained here.
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Valchiii, I he interrelations all of these sl tt'ms,
whether it be the Ir.\ polvmerases or the ItN_\ pok.merases, zind
all the i.%ay down, art' so complex. Hien. are so many factors in-

ei.en just in terms of tli.N.k syntlietase function, what it
How [RNA hinds:, 1.. factors, the

1,ictors and tbc roloaNino factor', many elf which art,
,,r1; tit.terly characterized, particularly in mammalian systems,
and certainly in hrun, I think it would lit' dimerons to make any
conclusions ii.tscd on the dcereased activity unless you knew all

factors involved. What zinc would he doing in that condi-
th IL I think, as totally unknown, and I think that is something
that really needs to tie explored.

Dr. Vallt: l think that having findings such as ytltt do, it

\vould really he worthwhile to see whether or not this is a me-
talloenzyme. It is no longer that difficult. It is now about a,

than!, to look for as one used to look whether or not an
enzyme had NAD dependence or not And so I think there is
certainly a reason to look, The caveat that Dr. Falchuk brought
up is surely correct. Those data atat Dr. Falchuk showed, I think
as far I am concerned, are very important, There :Ire major
fundamental changes in the -gvnetuc material, environmentally
conditioned in a manner that you simply could not possibly
guess at, Not only is the coding obviously influenced intrinsically.
but environmental changes occur,

Dr. Schenker: In connection with Dr. Noble's question,
molor if I could ask 1)r. Lieber a (ItiostiOn. In the animal sys-

tem that 1)r, Noble and Dr. awari have used to show the changes
in UN.% in the hrain of animals drinking alcohol for a prolonged
period of unit., I wonder. Dr. Caviler. if anyone has ever 41ssayed
the tissues of the animals that have been on-the liquid alcohol
thet to ritually il..H.rmine what the zinc concentration would he
in various tissues of these animals- to see whether prolonged
alcohol ingestion of the type that Dr. Noble has discussed has,
in fact, induct-ti measiirahlo chawit in zinc level in these tissues.
1 was unal.vare of any such data,

Dr. Lieber: I don't believe there are such data, and the reason
11Hdit'd at those, although we have thouitht about it,

keep imr rats in galvanized caiI, - and .1() wo felt that there
was not much noun in donut that iL we :shifted the way we,

tine :wirito14, Thiin prohably do that of these
days:

lorlev. . I have mime! Dr. Lieher's answer. If
alcohol awre-it pin prodoro rootanolic zany rioncy, then it
;couldn't mat tor df the rats have galvanized arts rir not, although
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the-re si ould still lie ;in t »it I Stmt a
would he the 'Idea- way,

Dr, Licher: It is my mide muting that whateker /Mc de-
ficincy has produced c; he easily corrected with zinc admin-
istration, o,cit in the pre, alcola. hlie.1. that we \\
lt..e.e to rid of our ka 011.rd uGw 9. a , mr trroCI or ,,,ific

11r. Hurley: Dr. Falchuk, 'in meutse th Amngt the
with manganese zind magnesium, do you think that

metals arc actually suhstnutir, ror the a m m the enzyme and
therehy prodocinLf. a different effect?

Dr. Valch.uk. first of all, tlte .inswer m your questi m has two
No 0110 1.010WN R, mm. What the r It either of vane or of

mi.: and magnesium or any of the other metals is in the
actual function (if the RN and DNA polymerases, There aro
many liNTotheses-that 'have to do with binding 0 'late and
hindiniz of nucleotidm hut that i.4n't really, known sp ically, So
to hogin 1th, there Ls no way we can actually m »wit maanswer to
Lion front a functional point of view.

I think it IS clear that hoth enzymes, or all of the enzymes we
'late. contain 2 g-atonts of zinc. And you cannot dialyze that

zinc out, either By routine dialysis or dialysis against a (+elating
agent, The effect or th, ,iddition or manganese and magnesium is
phenonienological. Now, and we know the specifics of what
these metals do. there is no way that your question can he
iti.swered, Inc I chi not think at this time thai they are Ding in
and replacing 4nic as a motalloonzyme.



Effect of Ethanol on'Zinc Metabolism

da S. Prasad

Zinc 1) #fici one in Iluman Subjects

Iii the tall of 19.)s, Dr. lanies A, Ilalstecl brought to my aI
Lion a 21-year-old pattrn'. at Saadi Hospital. Shiraz, Iran,
looked like a 10- year-old and had severe anemia. In addition
to dwarfism and anemia, hey had hypogonadisni, hopatospleno-
megaly. rough and dry skin. mental lethargy,-and geophagia. The
patient ate only bread made of %them flour, and the intake of
animal proteM was negligible: He consumed nearly 1 pound of
clay daily. and on further investigation it was clear that the anemia
was related to iron deficiency. There was no evidence for blood
loss. Shortly thereafter, 10 additional cases were studied in Shiraz,
Iran. In our initial report concerning this syndroine, it was specu-
lated that i deficiency of zinc was probably a complicating factor
accounting for growth retardation and hypgonadism (11. We Were
convinced that the growth and gonadal effectA were not due to
iron deficiency, because under experimental conditions iron de-
ficiency does not affect growth or gonadal functions.

Subsequently. similar cases were investigated in Ca
We Were able to study such patients extensively and concluded
that, indeed, several of their clinical manifOstations were related
to a deficiency` of zinc 12,3-1. This conclusion was based on the
following information. The zinc concentrations in plasma, red
cells, and hair were decreased. Radioactive Z.inc-65 studies revealed
that_the plasma zinc turnover_ rate waS greater, the h exchatige
able ini(11 was 'smaller, and the excretion of zinc-65 in 'stool and
urine was less in the patients than in the'control subjects. Finally,
a controlled' trial with zinc supplementation resulted in reversal of
the clinical features, thus supporting the hypothesis that 'Zinc de-
ficiency existed in human subjects. Poor availability of zinc from
the village diet, excessive loss of zinc due to sweating, and blood
loss due to hookworm infestation were considered to he the major'
factors aceounting for zinc deficiency in,Egypt.

Nlany etiological factors,i responsible for zinc deficiency in
..humans have heen ri c OgriPzeil in the,, past decade (4), Besides
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nuttltletIr,il teens, h Er disease'- li1i ihsorptiun, certain renal dis-
urns, at rode rmtltttu, entoropathica, sickle cell anonna. and

parenteral nt ion are some of the conditions in which zinc
!N; may ho complicating feature.

1 ne !arnica! matillestarions of human zinc lel leney include
gn,\Nth mai-dation, hypogonadism. rouLli skin. ,ihnormal oral
q]trr ose roleranc cur.e, 94'neral leilnc-gy. and poor ippetite. Pour
!Aoutill healino iii marvinally zinc-deficient patients has been re
ported by sevrtd investigators. Other manifestariofts, such-. as
..iiseeptalnlity to in ams and lymphopenia, have been reported
Isi esperimental Lirle tle'fie ient animals. Fetal ahnlirin alities and
twie. lora; !!hanges. as a result. in. /Ain' deficiency durun4 pregnancy.

also been reported in animal models.
imt defit'ioncy may he seen in patients with iteruderma-

'nteropaihica, patients on total parenteral nutrition; and pa-
tients ten l,e'nicillaniinc therapy. In such cases, skin changes seem
to predoc mare and consist of parakeratosis or moist eczematoal
dermatitis, must severe in the peri-oral, -anal and -orbital areas, and
alopecia. In itcrodrmatitis enteropathica, dermatological mani-

tanons also include progressive bullous-pustular dermatitis of
tremities and the oral, anal. and genital areas; poronyChia;

and ilupenia. Diarrhea, malabsorption, steatorrhea, Ittetose in-
tolerance, merital apathy, retardation of growth, and hypogon-
adism have heen also'reported in acrodermatitis enteropathica.

Laboratory findings of human zinc deficiency inejude a de-
creased level of zinc in plasma. red cells, hair, and urine. Zinc de-
ficiency may he associated with hyperzincuria in liver disease,
sickle cell anemia, certain renal diseases, after injury and surgical

burns, acute starvation, and as a result of total parenteral
nutrition.

Zine-65 studies show an in lasma zinc turnover rate and
a decrease in *!, Lhour exchangeable pool. ,Zinc balance study re-
veals a riositive retention of zinc. The activity of ribonuclease in

plasma may he increase .end, following supplementation with
zinc, the activity of alkaline giho sphatrise an plasmii increases.

Biochemical Effects of Zinc

Marry enzymes need zinc for their function (5). During the past
15 years, at least 30 enzymes that require zinc for their activity
have been identified. related' enzymes from different species are'
included. then more than 70 zinc metalloenzymes would he on
record. Zinc is present in' several dehydrogenases, aldolases,
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peptidases, iind phosphati .; Alcohol dehydrogenase, car
peptidase, carbonic anhydrase, and alkaline phosphatase are
examples of zinc. metalloenzymes.

Zinc plays a significant role in RNA and DNA synthesis and
catabolism of RN.-V. RNA and DNA polymerases, and RNA-
dependent DNA palyrberase in the reverse transcriptase of avian
myeloblastosis and other viruses have been shown to be zinc rne-
talloenzymes. Recent studies suggest that thymidine kinase is a
zinc-depenclent.enzyme and is very sensitive to a lack of zinc (6).
The activity of RNase is inhibited by zinc, thus the catabolic rate
of RNA is zinc' dependent. Growth retardation, so commonly the
result of zinc deficiency, is most likely due to its effect on nucleic
acid metabolism and decreased protein synthesis,-

Zinc content of testes and bone decrease within 3 weeks of in-
stitution of zinc-restricted diet in rats. A decreae in the zinc con-
tent of rat kidneys and esophagus becomes apparent at the end
of 4 to 5 weeks of dietary zinc restriction. Carboxypeptidase,
thymidine kinase, arid alkaline phosphatase appear to be very

-sensitive to iinc restriction, inlisrhuch as their activities are af-
fected adversely within 1 week of dietary manipulation in rats.
Recent- studies indicate that there is a specific effect of zinc on
testes and that gonadal function in the zinc-deficient stag is af-
fected, through some alteration of testicular steroidogenesis and
spermatogenesis.

Effect of Alcohol on Zinc Metabolism

Metabolic studies suggest that chronic alcoholism alters myo-
cardial metabolism, even in patients without objective signs of
heart or liver disease (7). The liberation of the zinc-dependent en-

- zyme malic dehydrogenase (NID11), and the magnesium-dependent
enzyme isocitric dehydrogenase (ICDFI) suggests alterations of
citric acid 'metabolism and altered membrane permeability as a,
consequence ofx_hronie---alcohtilim. In the cardiomyopathic state,

cytoplasmic enzymes (including the zinc-dependent enzyme
A lactic'-dehtdrogenase .(LDE-1) and aldolase) were liberated by the

myocarchum, both at rest and after exercise, indicating a diffuse
cellular derangement. The studies suggest that repeated ingestion
of alcohol may result in permanent alteration in the cellular
metabolism and, in some Patients, an irreversible alcoholic.

cliomyopathy.
In acute- studie following alcohol ingestion, zinc was liberated

by the myocardium. Zinc was found in higher concentration in
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the coronary vein than in arterial blood. Following alcohol inges-
tion,. the activity of alcohol dehydrogenase (zinc metalloenzyme)
increased in the peripheral venous blood as plasma zinc level de-
creased. Similar observations with respect to plasma zinc and
other :zinc metalloenzymes WI! and NIDI-1 have been made in
myocardial infarction.

in another study, normal. volunteers, after fasting __ 10 hours,
were given 6 ounces of chilled vodka by mouth ISI.. lore than 3
hours after ingestion of alcohol, peripheral venous blood samples
were obtained to determine zinc and copper levels. Urine samples
were t,btained as follows: fasting early morning specimen before
alcohol ingestion and complete urine collection during first 3
hourS and second 3-hour periods following alcohol ingestion. The
urinary data were expressed in pg/g of irinary creatinine. A sig-
nificant decrease of serum zinc was ob.erved in patients 1 to 3
hours after intake of 6 ounces of vodka, parallel to the decreased
serum levels of zinc. There was a significant increase in the urinary
excretion m these patients. The increased excretion of zinc may
have been due to loss of available bindiiig-sites for zinc on the pro-
teins, thus rendering zinc more diffusible. Increased cellular per.'
meahility as a result of alcohol ingestion may also account for
release of cellular zinc and its excretion by the kidneys: The.in-
crease in serum levels of copper could also be related to increased I

cell- membrane permeability and a release of copper-containing/
proteins into the serum. Copper isqhowever, bound more tightly;
to proteins than is zinc, and may/ thus compete favorably with
:zinc for available binding sites. '111 extent of acetylation of proL
teins, amino acids, and amines due Ito alcohol has not been stud ie I

i
extensively, and awaits further exarinination. /

Vallee et al. (9) have shown ti1 hat patients with alcoholic cit--
rhosis of the liver excrete abnormally large amounts of zinc in tie
urine, even though their serum zinc levels are low, These obseNa-
Lions have heen confirmed by MI* other investigators, Zinc c/on-
tent Of the cirrhotic liver was itIsc found to be decreased, 'I' rlese
findings have particular significanc0 inasmuch as alcohol dehi dro-
genase is a zinc enzyme responsible for the initial step in th -, me-._
taholism of .alcohol. Previous ohser ations have indicated that a

iCertain percentage of alcoholic subjects also excreted increased
amounts of zinc even though clinic, 1 or laboratory evidence of
chronic liver disease was absent (10). The serum zinc levels /of the
alcoholic subjects tend to he lower in !ompariton to thecdntrols.
An absolute increase in renal clearance of zinc in 33 perixnt of -

the alcoholics demonstrable at both n r al level and lorl.r serum
zinc concentrations has been observed (1 Thus the measurement
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of renal clearance of zinc .may be clinically utilized for etiological
classification of chronic liver disease due to alcohol in different
cases. Excessive ingestion of alcohol may lead to severe deficiency
of zinc. In one case. acquired zinc deficiency due to alcohol was
characterized by mental dist lirbances. widespread eczema craquele,
hair los;s, stoatorrhea, and dysprotenemia with edema 112L Ther-
apy, with zinc reversed these manifestations. A similar clinical
syndrome has been seen among Ugandan blacks addicted to
banana gin.

Wang and Pierson (13) have reported that the zinc content of
alcoholic rat liver declines promptly within 2 weeks of alcohol in-
gestion. A more gradual decline of zinc content in muscle was
seen in t heir experiments. Alcohol-treated rats have significantly
less zinc i their mitochondria as compared to the controls. Al-
though 1.. -r and muscle mitochondria were exposed to similar
plasma al. oho' lewls, liver mitochondria were considerably more
,affected in regard to zinc depletion as compared to the muscle.
Absence of alcohol-metabolizing pathways in the muscle indi-
cates that other zinc-dependent enzymes are also. inhibited by
alcohol. These observations indicate that the'effects of alcohol on
zinc depletion are not specific (or liver.

Recent studios by Yunice and Lindeman (14) indicate that both
ascorbic acid mid zinc exert protective effects in ethanol-intoxi,
rated rodents. Alidulla et al. (15) have reported that ethanol in-
hibits the activity of delta-aminolevulinic acid dehydratas in rats.
and this effect of ethanol is reversed by administration of zinc
in vitro in experimental animals

In summary, the effects of zinc deficiency in humans and ex-
perimenuil animals have boon reviewed. The pertinent data with
respect to the effects of alcohol on zinc. metabolism have been
discussed briefly. The circumstantial evidence implicates an ad-
verse effect of alcohol on zinc metabolism. Definitive studies
must be carried out to fully understand the implications of these
findings in hum in alcoholic subjects.
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DiseussiOn of Paper by P-asad

Dr. Rudman: I have two questions, Dr. Prasacl. First of all, as
far as the endocrine characterization of the hypogonadisrn in the--
zinc deficient children, if this is really an end organ effect of zinc_
deficiency, then they should have high levels of LH and FSEI in
their plasma, that is, a state of hypergonadotropic hypogonadism.
I wonder if LEI and FSH have been measured. Second questiOn is,
dealing in the interpretation of the serum zinc level, this is an ex-
tensively protein-bound cation, and a lot of it is bound to albumin,
isn't that true?

Dr..Prasad: Quite abit is bound to albumin.
Dr. Rudman: So that hypoalbuminemia will lead to low zinc

levels. I am thinking of the interpretation of the serum calcium
level, for example, in people with hypoalbuminemia. If we plotted
serum calcium in the patients with liver disease,- we would see an
apparent hypocalcemia because of the hypoalbuminemia; on the
other hand. if we plotted the free or nonprotein-bound calcium,
that value might not be reduced. So I am just wondering how you
take into account the hypoalbuminemia in interpreting the serum
zinc level.

Dr. Prasad: With respect to your first question, we do not have.
very good data on FSI-1 and LH from the Egyptian dwarfs. I was
there almost 14 years ago, and at that time, techniques for FSFI
and LH assays were not available. However, I think that sickle
cell disease patients with growth -retardation were also an ex-
ample of zinc deficiency, and we have data on those patients.
They do have high FSH and LH. With respect to the binding of
zinc to albumin I would ,say approximately 59 to 55 percent is

ried by alburrilin, but the binding is not very tight. It is also car-
ried by ceruloplasmin, transferin, haptoglobin almost every pro-
tein will tie it up. And if I am not mistaken, [think somebody has
tried to correlate the serum zinc and the albumin level in the liver
disease patients. and they have not come to any correlation to the
same extent as you see with calcium and hypoalbuminemia. So it
is important. I would say that it must have some effect, because
so -much of zinc is carried. but I do not know to what extent it

portant.
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l)r. `Beard: I nyol e really know the amount of zinc
that is bound in plasma?-

Dr, Prasad: Yes, I think there ire very good data on that. We
reported this in an extensive study in 1970 in the Journal of Lab-
oratory and Clinical Medicine. There is no more than 3 to 5 per-
cent, that is ultrafilterable, and this 3 to 5 percent is hound to-the
amino acids in the ultrafiltrate,, and the rest is bound to the pro-
ems. The binding to albumin is not very tight. Binding to eerttio-

plasmin and alpha-2 macroglobulin is very tight. In other words, if
you do competition experiments with histidine and 'sortie other
binding agents, the protein hangs on to it.

Dr. Beard: I was curious because we had been Mg filtration
'cones, 5(1 microns, and we were getting around 98 percent that
was bonnet, and I thought it was extremely high. Do you know
whether or not alcohol per se can change the bindipg, acutely and
chronically?

Dr. Prasad:- Well, I think this is something which really should
be looked at, because I think some investigators have tried to cor-
relate the hyperzincuria with amino acids in the urine, and that
has not panned out_ So it is possible that we are altering:the pro.
tein: binding, site, particularly in view of the fact that the acute
effects that I have seen in 3 hours seem to indicate that it must
du something right at the level of protein binding. It would he a
good experiment. I have not done it.

Dr. Li; Dr. Prasad, I wonder, in the experiments where you
show the decrease in alkaline phosphatase activity, could you re-
store the activity by addition of zinc?

Dr. Prasad : Not in vitro. But you do if the induction is done in
vivo. a matter of fact, none of the zinc enzymes that I know
ofthis is quite different from lysyl-oxidase where you can, with
respect to copper enzyme, but not with respect to zinc.

Dr. Dietschy: I am interested in the geophagia exhibited by the
zinc-deficient human. Rats will also show this, and I was wonder-
ing if you feel that it is an attempt at supplementation or whether
it actually aggravates the zinc deficiency?

Dr. Prasad: Well, my first impression was that gee phagia made-
orse. This was just because of the hulk, and we felt that they

ng a pound of clay a day in Iran, that must have some
adverse But I think Dr, Smith is here, maybe he can tell his
experience in the rat. He thinks that perhaps, at least for the rat:,
when they cat clay, this has a. protective effect. But I know of one
different study in human subjects, and that is from St. Louis.
They reported on iron metabolism and showed that geOphagia
does inhibit iron absorption.



Effect of Ethanol on
Magnesium Metabolism

Janes D. Beard

In 1954, hypomagnesemia was described in alcoholic subjects
with delirium tremens 10),. Because the symptoms of these pa-
tients were similar to symptoms of magnesium-deficient rats
(14), it was %tiggested that delirium tremens might be the cesult
of magnesium deficiency. These observations stimulated con-
siderable research in the area of alcoholism as well as in the area
of magnesium metabolism in general. Most of the_alcohol investi-

,gations were carried out before 1969. With the onset of atomic
absorption spectrophotometry in the mid, 1960'x, improved, pre-
cise?, and rapid methodology became available; this technology -
also contributed to increased' research concerning magnesium
metabolism in human disease. However, since 1969 there has been
an almost. complete ahsene of research on the effect of ethanol
on magnesium metabolism. Indeed, the majority of the research
conducted concerning tunagnesium metahcilism has been per-
formed on iyndividuals following abstinence from alcohol. Further-
more, throughout the available literature, few studies have been
conducted on animals.

Because one of the major purposes of this NIA AA-Sponsored
workshop is to discuss recent gains in knowledge concerning the
effects of ethanol on nutrient balance, I am chagrined to state
that the current state of the art on the effect of ethanol on mag-
nesium metabolism is the same asltwas in 1969.

This presentation wilt` focus on the following: (1) magnesium
metabolism following abstinence from alcohol, (2) effect of
ethanol. on magnesium metabolism, (3) current advances in mag-
nesium metabolism, and .14 I recommendations for future research.

Magnesium Metabolism.Following
Abstinence From Alcohol

The majority of the research effort in examining alcoholic s
lowing abstinence from aleithol is included iu i.rticles and hooks
published in 1969 and 1971 (8,9. 11,17.22,23). In these studies,
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a number of investigators, reported similar findings. The studies re-
vealed that a majority of the withdrawing alcoholic patients
showed the following; (1) hypomagnesemia, (2) reduced mag-
nesiurn content in muscle, (3) reduced exchangeable magnesium,

retention of significant amounts of intravenously administered
magnesium and (51 positive total magnesium balance, In general,
evidence indicated a correlation between reduced serum magne-
sium concentrations and the appearance of withdrawal signs and
symptoms. The more severe withdrawal states (i.e., delirium
tremens) were frequently associated with the greatest reduction
in serum magnesium concentrations. However, hypomagnesemia
frequently occurs in alcoholics in the absence of delirium tremens,
and,. indeed, normal concentrations of magnesium can 17), found
in patients with delirium tremens. Thus, the time the sample is_
°honied following cessation of drinking should he determined.

Many alcoholics may present with normal or slightly reduced
serum magnesium: levels. There can be, however, a sudden fall,in
serum magnesium concentration between 14 and 24 hours after
the last alcoholic drink. This decrease in magnesium is correlated
with the onset of signs and symptoms and a reduced threshold
for photomyoclonus. If magnesium is administered, the seizure
threshold is increased. The rapid decrease in serum magnesium is
associated with a concomitant increase in arterial pH and re-
duced Pco,. Both hypomagnesemia and alkalosis are known to
be associated with hyperexcitahility of the central nervous sys-
tem. However, the precise relationship between hypornagne-
semia tind alkalogis needs to he elucidated. FurtherMore, the
mechanism that might cause such a sudden shift in magnesium
level is unknown. .

More recently. it has been reported that patients with alcohol
withdrawal seizures had significiintly lower tirterial and eerehro.
spinal fluid (CSFI concentrations of magnesium than did con-
trols or individuals who ul delirium without antecedent alco-
hol withdrawal seizures (5). However; the CSF samples were
obtained 5 to 12 hours after the seizure; thils, it is difficult to as
certain whether the re,loction in (:SF magnesium could have
resulted from the seizure, or even whether the'values were lower
at the time-of the seizure. Excess suscoptihility to seizures
served in magnesium-depleted rats was prevented when cerebro
pinal fluid magnesium concentrations were replenishxl, although

increased plasma magnesium concentrations alone were inef-
fective I 6 ).

j
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Effect of Ethanol on Magnesium Metabol:sm

No long-term balance study has been conducted using enough
subjects to determine if the chronic ingestion ofethyl alcohol can
produce a negative magnesium balance-and thus lead to magne-

. sium deficiency. Because of. frequently observed hypomagnesernia
and "magnesium deficiency" in chronic alcoholics; investigators
turned their attention to the kidney for a possible explanation
(12J6I. It was found that ethanol given normal and alcoholic
subjects resulted in an acute increase in magnesium excretion. The
onset' of the magnesium .diuresis was very rapid and usually oc-
curred during the first :3 hours following ethanol administration.
The increased magnesium excretion was not accompanied by al-
terations in renal blood flow or in glornerular filtration rate. In
addition, the magnesium diuresis .was independent of the water
diuresis. Thus, it was suggested that increased urinary magnesium
loss could contribute to the Magnesium depletion in alcoholics.

In a subject depleted of magnesium for 49 days, it was found
that ethanol administered during the last 8 days did not increase
the urinary excretion of magnesium during this time nor was
there any change in stool magnesium (7). This article is cited
quite often to indicate that, on a chronic basis, alcohol may not
contribute to increased magnesium loss. However, it is usually
not stated that this study was conduCted on only one subject.

Several other studies: have been conducted in which alcohol
has been consumed over varying periods of time, ranging,from 15
to 30 days (17), However, it is difficult to analyze the data be-
cause each subject is presented individually, and no actual data
are summarized. However, it is obvious from inspection that dur-
ing the period of alcohol consumption there are only minor
fluctuations in the serum magnesium concentration. It would
appear that there is an enliancement of urine magnesium; however,
this is difficult to ascertain. It is obvious, however, that urinary
magnegium excretion falls rapidly following cessation of ethanol
intake (17;22,23). These data are difficult to interpret because
these were not balance studies,- Thus the question remains as to
whether alcohol significantly increases magnesium excretion dur-
ing chronic intake.

In rats that received 36 percent of their total calories as eth-
anol for I weeks, it was found that there was no significant dif-

in muscle magnesium' as compared to that of opair-fed
controls (20). Because the naiscle magnesium was normal, it
was Fr55umld that there was no mtignesium deficiency in these
animals. However. this was not a balance study, and, indeed,
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considerable inagnesiu deficiency can occur with normal Muscle.
concentrations or magnesium.

More recently, the acute effect of ethanol on serum magnesium
has been determined. Following administration of ethanol to rats,
it was found that there was a gradual increase in serum magnesium
that reached significance following 4 hours (18). This alteration
in serum magnesium was also found in dogs (19); in this study, a'
significant increase in .plasma magnesium was found to occur for
10 hours following the administration of ethanol (3 g/kg body
wt.). In addition, the 24-hour urinary magnesium excretion level
was determined, and it was found that during the first 6 hours
there was .a significant increase. in magnesium excretion in the
ethahol-treated animals. Thereafter, no significant difference was
observed; indeedl very little difference in the 24-hour urinary ex-
cretion was found between controls and ethanol-treated animals.
It is of interestthat the increase in serum magnesium was associ.
ated with increased Poo., and reduced pH, a finding opposite to
that observed following cessation of alcohol intake (22,23).

We haVe just completed a dose-response study performed over
2-1 hOurs, Eight rats were used for each close of ethanol; the saute
animals received, at different times, the same volume of watet, as
the ethanol solution. It was found that with the lowest dose
(0.75 g 'kg as a 25- percent solution), there were no alterations in
th plasma m;wnesitifil coneentration-th initial increase in urine

-magnesium was found, but on a 24-hour basis, no significant chi-
fereinie was observed. Initially, with the higher doses of 1.5 g/kg
and 2.23 g, kg, we found an early increase in plasma' magnesium
concentration and, greater urinary outputs of ,magnesium; hut,
again, the 21-hour urinary magnesium in the ethanol-treated
animals was almost identical to that of the animals that received
water. Thus. irk using different doses of ethanol, there appears to
he no marked difference at least on an acute basisin the 24-
hour urinary excretion of magnesium.

From this brief review, it is clear that there is little information
availale on the e ffect s of ethanol on magnesium metahokm.

Current Advances in Magnesiu
Metabolism.Studies

lc xc°0llent review's have appeared recently dealing with' the
re tit tato, of magnesium metabolism in health and disease

Based on tlo articles, it is difficult to envision that
dii.tary restri cton a could result in magnesium deficiency
in.ignesuirn' rs sound .in most all foods. Green vegotahles,.meat,.
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and sea I particularly high in ma iun The average diet
for individuals in the l!nited States ciitains afipix mutely
350 mg or magnesium per day. On such a diet, approximately 30
to 10 percent of the 02gested magnesium is absorbed in the gas-
trointestinal tract. Fractional magnesium absorption varies with
intake. Thus, if the intake is mre:keit. absorption is reduced;
when dietary magnesium is reduced, alkorptio is increased. Once
magnesium is absorbed, it is primarily handled by the kidney.
Thik, the status of body magnesium balance is largely regulated by
the renal excretion of this cation.

The body or an average adult hun`fan contains approximately
2,000 inEti of magnesium, Over 60 percent of the total body
magnesium is found in bone. Thirty percent of the bone magne-
sium is freely exchangeable. Muscle magnesium represents ap-.
proximately 20 percent of the body's stores, and it appears that
approximately 20 to 30 percent of muscle magnesium is in an
exchang,eable. pool. Thus, less than 20 percent of the body. mag-
nesium is found extracellularly, In plasma. only 20 percent: of the
magnesium is protein bound; thus, 80 percent of.the plasma mag..
nesiurn is freely filterable at toe glomerulus.

Nlasele Magnesium is found to he decreased during titag
depletion in some, although nut all, animal stndies, and this find-
ing has prompted many investigators to use muscle magnesium
concentration as rin index of total body magnosiUM stores: Re-
gently, it has been demonstrated that there is a direct correlation
between muscle magnesium and muscle potassium concentration
(2). When muscle magnesium has been found to The reduced.
muscle potassium has also been reduced. Furthermore, during po-
tassium depletion ( without an alteration of magnesium .balance),
the concentration of both of these cations is reduced in muscle.
Muscle magnesium may he low and associated with lc w. normal,
or increased total body-magnesium, further invalidal he use of
muscle magnesium as an index of toutl body magnesium.

An excellent correlation between total body magnesium and
bone magnesium concentration has been found. Thy fact that
serum _magnesiu was found to correlate closely with hone mag-
nesium stores during both hyper- and hypomagnesernia suggests
that, for clinical purposes, serum magnesium k a reliable indicator
of total hotly magnesium, Thus, it appears that brine and extra-
cellular magnesium are magnesium pobls available to replenish soft
tissue magnesium deficits during magnesium depletion,

Recent advameT.t in the renal handling of magnesium have be
made (1), Over 180 m Eel of magnesium is filtered at the glo-
merulus every 2-1 hours, but only 3 to 5 percent, of the filtered
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magnesium is tx,,reted ut the thus, there appears
effective process of tubular reabsorption of magrwsitum Alagne-
slum reabsorption by the kidney is largely controlled by a 'l'm
melting time) mechanism. The Tm for magnesium reabsorption
is set very close to the filtered load of magnesium present at nor-
mal plasma cone( ntrations of magnesium. Thus. increased magni
sium can he observed by increasing the filtered load of magnesium.
This could occur by either an-increased .glomerular filtration rate
(C EEO or increased plasma concentration of magnesium, or both.

:Thus, hypermagnesemia is usually associated with magnesuria.
A variety. of factors reduce the tubular reabsorption of magne-

sium. These factors include the following: extracellular fluid
volume 0XpailSio/L renal vasodilation, osmotic diuresis, diuretic
agents, cardiac glycosides, hypercalcemia, and high sodium intake.
The reduced magnesium reabsorption following extracellular fluid
volume expansion is of particularr interest in relation to alcoholism.

FtesultS from our laboratory have demonstrated that dogs re-
ceiving chronically administered ethanol, as well as well-nourished
alcoholic patients, showed an increase in the extracellular fluid
volume ( ECV) (3,4,13). Magnesuria of ECV can occur despite a
significant reduction' in the filtered load. The expansion of the
extracellular fluid volume was primarily isosmotic with normal
sodium concentrations and was therefore similar to the expansion
observed following ;C'V by the infusion of saline,

Summary: Recommendations for Future Research

We know very little about the effects of ethanol on magnesium

metabolism.
. First, we should determine if ethanol can produce magnesium
\deficiency based on a negative magnesium balance. These studies
;should he conducted with both normal and restricted diets. If a
-.negative balance for magnesium is found, is it the result of dietary
deficiency, reduced absorption in the gut, increased urinary excre-
tion, or a combination of any of these?

Second, what is the mechanism of the, acute increase in serum
magnesium and increased urinary excretion following the ingestion
I', ethanol? Possibly more important, what are the mechanisms

iniolved in the sudden reduction in plasma magnesium following
-abstinence from alcohol? Studies shciuld he designed to investigate
the possible mechanisms. Are these rapid changes caused by shifts
in tee distribution of magnesium?
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Third, the lack of research in other areas of magnesium metab-
olism should he recognized. This cation is essential for activating
a variety of enzymesystems involved in cellular metabolism (21);
what would be the effect of given deficits or shifts in the distribu-
tion of magnesium if fottnd, for example, on oxidative phosphory-
lation of mitochondria'? `1711,us-, a variety of biochemical experi-
ments should; he conducted in4conjunction with ethanol.

Improved techniques are available, so it is hopes' that with prop-
erly controlled studies, new information will be forthcoming to
explain the effects 'of ethanol on magnesium metabolism.
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Pathogenesis and Effort of
Phosphate Depletion in-the Alcoholic

Jarn P. Knoche'

Abstract

Phosphorus -is cri:.irallv important in el. ery known pathway` of
energy metabolism. Its compounds -are Itiund in every cell and -

supporting structure of the hoe. Although the biochemical,
physical, and physiological rdks of phosphortiS have been studied
exLfltikt`iy, the patIlophy siiilogy of phosphorus de ti cien6". ha;

=

not.
We have observed that chronic alcoholics may be seriously de-

ficient in phosphorus. The mechanism Of the deficiency ib un-
known! Evidence reviewed that either phosphorus deficiency.
or hypmphosphate, 11a, or perhaps both.. may In implicated in a
variety- of scrums iisorders that commonly complicate chronic
alcoholism.

Fry pophn,phatemia commonly occurs in patients with severe
chronic dchholism. 'the type of alcoholic patient most likely to
bedymie hvpophosphatemic is one who drinks heavily and eats

Such .hypophosph atema may not occur untiha patient is
admitted' to a hospital for complications- of,alcbhopsm. A normal.
serum phosphorus concentration at the time of admission maybe
rapidly replaced by profound hypophosphatemia within 1 to -1
days, in association with administration of nutrients laCking ade-
quate phosphorus supplementation. To detect this ahnormality,
it i n ,e0ssary to measure serum phosphorus concentration at the
time of admission and at least daily for the -first 5 days of hos-

In c cri5tra.t, some patien_ 1 r onstrate hypophosphYtemia -of
modost,d at the tame of admission to a -hospital. Such pa-
tients are usually in active alcohol withdrawal, and it is likely in
tMse cases that the hypophosphatemia is the result of respiratory
alkalosis Severe phosphorus deficiency. indicated by a marked
depression a total muscle phosphorus i7ontent, may exist in the

17:3
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isphorns itiettt

'hronic Aloholic
pooh., appryxiintitel: onc-half r f pa-

r t itospir,ili.,,icd for treatment ur
thi, ;I., serum pho,phortis fell to Low %-alues i loss than

; I rernain,11 at th:it hI.,! for 1 or 2 tlay.s, a sharp rise of
iospnokinase .t; ',IL I1.v 1 (1.1.; iii -,1'rtlnl n'IIy pc-

cunifid t 11. liek-au se ti f these lim:ings, we measured phosphorus
r-onlnt, ,;;1.tr171yte cont,nt. and, in 'quilt patients,. transmeni-
.r.ir, ; f;,,Tcn!1,! ell-. 1 lattor is a :wil:;;It Ivo

.1111;m. ptnahilitNi to moiug.alant ions and or socliiiin
transport .Altogethr. t' !Well comlucted on 21 such

sruin l'11K activity 1. a elevated, ranging between
2011 vitt tut t Int,ritational units, nil. The value for total niuscle

,-4,11tont noi roll controls N 29 Illinois 100 g fat-
fr., dr.- o id f'1. 'I he ai.crage value in the patients with
chronic dism wo studied is 20 lulls Hq)S. if )%Vei'St

t Fl Indic:tics a severe phosphorus
,I ti, :1 f Niirict al MUNCIC in a 0 kg mzin

14710

I he L.! fret. (Iry solid fraction t, skeletal Am.;:cle
I iillx. Ill ir,lrin 11111,ric cilltellt ilf 1)111).-;-

2 17.) Inia Is. If we allow. for at ;411rinkag.ii of
normal total muscle

I e Al.:crave total
in', alcoholic.:

ii;;;- lint l st, ;I it thcir
oc..; ;:' 1_000 ! thrir

ninti)k. This figure,
oossioi s in othr 'tissues

r ism, of Pho,phoruN Deficien
in Chronic Alcoholism

I tit% in :alcoholism
It iii,- alcoholic's develop capricious

rttt intake of phosphorus
partial rolt in some people. In normal r)ntrols,



PM rmit.Erriti. IN HIE .1..(111101_1(' 175

I. I I, Possihle -71e
Phosphorus 1 t ciencv in
.Ucoholie

InA(10( 2.00 ko

\ omit itiq iii t Dtaerht.i.

Der.ingtql I) Nivta 1

Ac1(1,),,,

p , deficiency is (-.xcept ionally rare because all
41.1tural ha%..e a high phosphorus content, l lovevcr, a diet

1,11 1,11, ospecially iii commit:non with phosphate-
hindlift; ttntaruls, (.:in, n t!ine, loacl i pl)(kpllortis
(lt Icin

Many Lidi tiii, alcoholi have tic vom iting and diarrlie
Ilowev,,,,r, the phosphorus ontell, ga.stric contonts 101.v, and
even voluminous diarrhea is not for significant phos-
phorus losses in stools 1:omitting. and diarrhea per .-,e prnhahly
do not account for major losses of phosphorus.

Experimental magn deficiency itt humans induces
itinctkitud I1V hyroidism. In association with this

condition, serum phospho tends to hecome slightly elevated,
;tild phosphaturm ocLurs. 1'1 ,haturia could result from a slightly
increased 'iltered load of phosphorus, ,-11coliolics often hecome
hypoinioinesenhr and maii,no.siurn deficient, so such factors could
play a rt,lt In ph, ,,,pilnrIK defieieney.

In unreported studies by Matter. tttlt1 Ills coworkers on human
volunteer--; whit 'retested IarY mr,ount.,-; :rho') whiskey daily
for many weeks, phosphAtuna mope:trod, but not until serum
inatrnsium concentration fell to ahnormally low levels (7). In
our mo -,t. recent studios or -dicletai muscle composition in pa-
tien,-. %veil aleoholte il yopathy. we found that magnesium con-
tent, normally tllnlol 11)0 g: fat-1 roe dry solids, was significantly
lower Hui normal 1 fu 0.01 ). averaging 5.7 mmols in the

1111K. We (N) haV evidence that, in these patients, mag-
nesium deficiency coexists with phosphate deficiency.

It was recently reported that plasma levels of 25-hydroxy-
vilamin 1 are ahnormally lo,.v in chronic alcoholics without liver

`. r. It eorns t hilt t state' could lccount for de-
creased formation 1.25-hvdroxy-vitamin 1)3, which could in
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trt (1,,,.r..,. -4 par:Hon:nit Suelt
lentl,.. uf iinivnosiuni defit-iont.:

alit! r phosphaturist. %%hen the st,ert,
illr=tt.t! ttt Ilospit:t1. there Hits (Men
e urine Pt tit- tick NtA 01.1'

4)1 tilts . [1,1t11.11L, tAl 0..tt,t1 (i.11 ;)t 11110,-

101111'11:, 1:i first 2 1 hour untie despip. a pour preedinv, dietary
:wake Anil repirsii(try silk:dais-. Huth of the latter in-

fluent es hypopnosphaturia. I It OA t.l'Cr. thy
ile,litoesired rapidly with the ath.ent of hypophos-

!,i,,,,,,. ph, tithaittria at the mt. ot admission kvaA
rH,11..,! t 1.\-rpr.iducttiin paratIlorinune was nut studied.

11cent stntlies slitiv.11 that Othal101 IN LI pOt:.1)L 1:111,1)1' 111

;11 k.a1(`It1)11111 I (:1). 111(11.1CVS

-A-1-1_1111 i-tnit...entrallo It has heen rt.-
port.-(1 !Hai tlt.ere,ettis intestinal alisurption tit pllo:-;phorus 11th.

:ma% induce plluspllaturta Lind niagnestirta 0 1 1.
,i. I: it feet, ally' :t rule in phusphorth: deficiency in al-

etiititlit:s ca., not ttt.el.

ph,i I I he phosphorus so hherated retutily diffuses
r pc )1*, If in or mtrzieellulnr urt.tanit. phos-

into flit' ,t rtlnl :Illit is excreted Into the urine, The itteeltartisrn is
in the pile-Id-torus deficiency well in patielits

thaitt..;t: ketoaeldusis -mulles often der,olup ketoacitiosis
iistiuukers They may also untleru transient

periods of t't), retentiiiii and -..t.spiratory actiltKis as a result of
:wine ;t1, onoitt: intoxication. It seents eoncen.:thle that
en het phospht,rus wastmg.

Nlechanisms of .1cote Hypo! h

punin.d onl earlic r. soon. rt. Alt:of-mites have ahundant
ul 04;illic :n rho' urtirp 11L the 1,1111C uf admission to the
iuspii,e, I lit.; condition disappears rapidly, so that by the

Hid hospcial day, the urine 1eeonies fret' of
appea.-s. 'I ht. possihle

Illnill 'H hyprifill(),I)/1111-1111:1 are shown in tahle 2. It must he
:issinned that phosphorus 1s heinig incorporated into cells.
II ettidd ..ce.ir h.; an anaholie stimulus provided I-cs' adrnine-Aritt
of ntllrle'nt or ,i., rt`,.ult of aline hyperventilation with resptratory
alkalo-tH flee :i.1--t. of 111,, rapid diffusilninv rif CO,), acute hyper-
entilation I associated with a sharp rise in Iritrzwellular pll. This
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yt. ,i.1,1.,;11 lc in, ar,2,..t:1!1- )ili P-1)11:iti iiittrittit

i'',1 ,1()!I i.ijulhhrILIIII Wit 11 -4k.rum
I i(J41 thiiiit iii tn tnIic tti 41(11.4COiltv ii ittii it 1ttrinN or ineidiint ti riiii lily ltlttK

ti). tVtlt hypuului,Thaternia in patients
i1arati4 Hui( ideuhulkin.

-4111 riiiiiminiiinded ty ,urroi tIivi
In. 1 ir tiP n \k.H1 iii ,d,,111(111+: VITtldrRk.41. :It-;(1

4() tt iivpiiiiukuhaternia. I lei hypi)uliiikphateinta
tr. .% it h frticp)-4t. in hi i tn ri tv.rt than that auelated tvith
adininkrrariiiiii f illi,. I hi, neiehankirn 1)1 thk rtpnt K re-

'T '147rt"g';!:14',11 'IPtali,` nt tructike hv liver iielk (121i
die eat:flf, piiiikuhuriliiil".:1 ttf ulurose

fruct(pu, frunt()kinasei
it fri tt I ltir,:Kin Itt itr:ltittIK c)f VI1I('(6-
pil,t,ilAt,' ;flinty !h, nt lvitv if glukinai thereby regulating
tIlt ttirukt f htth InttniiI ph(),1)111)rti.-,;. Iii iii)ntrasti Iil(r(a
ii i nceut rar friiiit(,- 1 =;tltt.phit In nut

I pi-phph,irylati,}n h unregulated andti
primutirailid alter nittitik=

if frku-t(),4 thAn lIIit K.
pr)Pl,r related It, int ract,ilular uhosph()rus

I r;ilq tifli. 1111011111i ihat it filly he ii.-;helitteti with
darnage Fill. lhtk. when inort!amc Olds-

the iivtiuila,in id liver celk; suf.
ti witty. Own k an iitivattnii if ,Illidearninase 1121. Arionylic
(,urtp(Iiind, within th II urn irrovvrsiblv thitiornwked and

?r t i rltIn if C(114,41 NIT content. 1131 , Tho
ttltivlit ciniiiitfrund , tro t-unv(-rtn(1 In inu;iit- Irloitie impairs
vlycidv :11(1,,I;kn ;12i Inhihitam f glyroly-u-
c(irnrnunly ri,ults in acuto lactic aridnsii. her thv Lillular

1



\ I I" .1! lettl eft, mos an re-

:_ cellitlAr in lir\ (Ili For such
)11- nut ht. winimisteittd intrattlitaisly tit ;my

esliee ilreatlx likely to have leosr tianiage caused
tin (1.51

I n t-in,d niece hi' itnlilirate d in the patlio-
,4elle,is Aei t in the v,ithdrAwinu Alcoholic
is te.crproduc it in-ailm It hAs been known for many years
that par h tr [nay develop a greater depression
ot serum pill iffictitrat IN after administration of glucose...
than tht normal personsiliii. Recent studies 1 171 have` shmai that
ex.perimental phosphorus deficiency INag;40r:acs insulin release in
response to Triperekeelliiii. I his characteristic has nut been ex-
;Inunt.(1 in the witialra%ing but le et 1111}. seems

vo it itsititlr.

Consequences of Phosphorus Deficiency

There an ttl rt e lirciveel, gross .structural effects cif phosphorus de-
ficiency (as oppc I ter hypophosphatemialdsteornalacia, a proxi-
mal myopathy, and n. Undoubtedly, othercorlse-
quences will become, apparent With further study.

Pure phosphorus deriewpv indtved 1,:y dietary depr_ ,lion and
try administration of phosphate-binding antacids L-; assoclated With
muscular weakness, paresthestas, bone pain, a decline of serum
phosiinorus concentration, and ancreased calcium excretion into
the urine (1.til. Recent studies I 1S,19) have shown, that in males
rvith experimental phosphorus deficiency._ the increased calcium
exerotain into the urine is matched by innkil -ed calcium ab.sorp-
non by the gut. -Therefore. no net charage calcium balance
tie curs. however, this is not the as in phosphorus-
deficient t.vomen tend !it excrete more calcium int( \O-e urine theln
they absorb from the gut..

The response to hypophospha. TrIla e i mohtitiatieun of phos-
phorus (nun the skeleton in an apparent attempt to correct hyr.
ttophosphatnua and the associated decline of cytoplasmic phos-
phorus 11 51. ,v4 hone is mohilized.ealcium is also liberated, thus
prodthting hyperciqcinuriit in adult humans and dogs, serum
calcium almost alw'ttys remains normal.Ilowevetr in rats, puppies,
and possibly in e.hi 0re__ti="purr, phosphorus deficiency may cause
hypercalenna ization of hone apparently occurs by-
tle action of 1.25-1010., vitamin list and requires the presence
of parathyroid hormone. Synthesis osf .1,25-(01-09-vitamin Da
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irm Hi phi 1..4o.wrIc \ 1221 I hit it'll! it"
2.t-t Of %It H el...isinat-si di tits mot ,t1

tiefeeiRt ot
f1:11.1.:11; (I. H"--. t hat nt till! 111111(fr an!.

yr-;',)1'111 I th,`Lah('il'In III 310 )11citli-", .;1101.11(1
;It'd

it krtilt )11(lit,111
Ci)(111.1 1),[1`1,111:111,1,i :1 their plio,plitirti-: deficiency %%Litre

prolon,ed tit =t=.tr. 1110 -:Atrtirn ttleetrolvtit proftie
Liv st".1tre alcoholics 71iLlt.':.:1 this oct.urrence. Hies(' pa-

le.pitealeentia if proportion io dkpression of
concentration, lit, poplittspliatemia. and liv-

ptuti fin d:11.4, i.1-.issical lor chrome steatorrhea.
in:ty i.te tinphealeil Fi t sittoitialacia. Ilteo..ever, these laid-

ttcelir 111:10pondently in iliellcoholie. If oste-
ntal.ttia ii Ii ittse it,it:ents. it must he sulichnical becati:Lat

t, rarely it-:!..t.tent/..t.11. (ortversolv. It kitterns- possihle that overt
Ii (fit ii 1- seldom identified lii the alcoholic despite phos-
pn)riH t.ittlielencv littc.tuse the associated livpornagnesittnia and
magnestine deolotion in.tv sti15eient11,- depress 'partithornwne.
release -;k: -.,tifticitti! Hutt. is not. mobiliiatil itt resOlt in o5t(r)
inatititia, I 'nfortimatitly, t.ht-: area 11i" not boon exammet1 in pa-

. riplit, %viol 1:hiunir 'tinh -ii
In non3lcoholics. pho,;phortis deficiency per se Ictai.k to a

proximal ri.,:opatliv niopiitliv stands in sharp t:on-
trast it rhabdorayolysis, which appears with acute severe hypo-
phosphaiemia. In, cbronic phospllorcis (iericienc% -. patients c)n,-
phut' of profound pr >x inn-MI muscular. %ye:dines:4 and therefore
often. tlicultv t.valkine. ustennialacia I, usually prose and
inio. 1,5 . 1--,,'.oc.lato,(1 with frank 1-Hnit, pain and a tendency
fracturos. In -;ut.h pant phosphokinase and,. aldolasv
ictiv;ty aro nIttst t 1ft on ..%-tifiati nornial !mitts. However, patients

di-4111:1%. lvii? iit t :1ikoirw, ro-
l!iwt ii.JooinaLic:a.

It contra.-4 tt rhalidomyoly,ii with anti' tvtrt hypoplmspha.
hypi,ph,,,plmt,,tn:d in ;;.,iienis with chronic phosphate de-

ficient's.. is usitall. ntt lb alt ranots between 1.5 and 2.5:rrigicl
1,V11,.t bit t h ro mial in,opat hy of chronic phosphorus deficiency
is r.latt,r1 to 'hetin' nivopatIly with proximal wasting itt alcoholics
is tmcli.ar.- R Pnt ovidl.nro wc,;t;.. that 25-011-vitamin 1)3 may
ht nlportani musclo protPin cyntliosis 12-11 and ion
fluxes -;arropla;mic rot ictilom 1251. C'on:.4o(1ticiltly. it is prohahly
trnportant in miliclo contraction, khither the allegedly low 25-
C)) i-vitamin 1),) levels in chronic alcoholics hear a rMationship to
:their weziknris and proximal myopathy is unknon.
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expert' ,Itta: animals. growth H rtp y )7); pro-

,:rt,)tinH ;iik-.ph.,1111, In I diet.
been assochited NAith phos-

pniirus deficien.-> stiiikes phosptiortis iteticitait ilog,s,
th.lt 1111L,C1. !..11011.11-,

mrivantry. Others have oliser\ed inappr.ipriate losses of magne-
tit,' linfle iii experimental pho-Thuru, deficiency 12Cd.

also observed that -;.kolotal ini4cle potussiurn content fell mod-
cratek- ..s.perunental Iihuspbutus deficiency 1271.

It has also iieen well documented that experimental 1411.):1111()RIS
tittUIt'Iit: Ma Ii re:Absorption of bicarbonate t2tS1 and glu-

1291 in the pr iiiiI tubule of the kidney. Thus, phosphorus'
ilett . a situationsimilar to the Vancuni syn-
donne. is notable that, in nuniv of the clinical reports of so-
matic cell unction resulting, from phosphori.is tic

1,;;21, renal glycosuria, renal ambloaciduria, and renal tubular
have otten coexisted. Such findings may also occur in

ricIotts. %%inch in many Instances disappear rapidly follow-
ing administration of vitamin I), There have been occasional re-
ports of severe, generalized proximal tubular dysfunezion in pa-
tients with serious alcoholic intoxication, Whether or not these

ilysfunctions ,.vere related to phosphorus deficiency (Jr 'simul-
tanpous in.[1(,11 ota ne.phr()Euxin has not been clear 12).

Severe experimental phosphorus deficioncNt may diminish the
retibsurptive capactty for bicarbonate in the proximal nephron
2.si. Phosphorus ileficiem'y also diminishes renal ammonia pro-

duction 1201 and apparentiv causes intracellular alkalosis (28). Al-
rhoutTh one sivould arnicipato that a proximal hicarhonate leak,
dimint.shed inumuma production, alio the virtual elimination of
liii t!r ihctptiitt from the urine would all result in -severe meta-

acidosis, such is not the case. Studios by Emmett iind his

associates 1h on phosphorus-deficient rats showed that siltfa:lent
i)I(t!ht)IijLt ii,hluu truii tutu ., pari pas.qii with rndhilization
(4 calcium and phosphorta s. to forestall metabolic acidosis. F:i
un liii 11IIV tI t It'll Will(' IS IVI11 a a ph:1rMaCOlOgIC tool 4,0

fli,/!'k (Th1111..AI H.111 of bone bicarbonate, metabolic acloosis
promptly follot.vs.-Ilypercalcinuria also occurs in humans Nvith

cxpertmental phosphorus deficiency y 118.19i, ,4) it would seem
quite likek that the forev;oing itch- usm must prevail.

Finally. depressed 11i((14t lit iltiutinri occurs with experi-
mental phosphorus deficIency (33). It is notable that many years
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f.rItilandcr .1n1 A:=0,,c1,itt.,., I hl.),A;1`i that unIrvntett
he s work, t titly !I it were
11111("ti1 )11 k% I th inoroarne pho3phate. IIii effect occurred without
mtdin therapy. Whether or not phosphorus deficiency plays a
role in tilt. ,iticosc intolerance often oh.:crwd in patients with al-

:Ind 10,er ti,,ase.nas not !won 0N:untr1d.

Consequences of Acute Severe ilyi»hosphatenua

I ht. Licuto scv hypopho many in
,,tance,, are quite difi-rent from those simple chronic phos-
phorus deficiency. uut-'anding effects include impairment of red
cell function, acute hemolysis, rhabdornyolysis, impaired leuko-
cyte function, and profound disorders of the central and periph-
ral nrt. A0 Nil' In t titbit' 31. NI an of these disorders appear to

he related failure to deliver adequate oxygen because of the dis-
ordered red cell metaholitan induced by phosphorus deficiency.
Additional possible consequences of acute hypophosPhatemia arc
shown in table I.

'14o serious effects of acute hypophgphatemia on red c=ells
have been well characterized l 35, 36, 37): One is anatomic,
characterized hy a sequence of increased red cell rigidity, decreased
red cell v(),,,inc, and, finally, homolysis. In most instkinces. hemol-

Tahle 3. Definite Consequences of Acute
Hypophosphatemia

1 Impairment of Red Cell Function

llemolyns
3. Disordered I elnkocytu Function

1. IthandomyolysIs

5 No SyAern.Dy netion

Table I. Possible Consequences of Acute
Hypophosphatemia

1. Myocardial InAufliciency

Platelet Dy%tunction

Ilepatocnular Dysfunction
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in association with livpophosphatenna has occurct'cl when
phosphorus deficiency is profound and when complicated by,

metabolic ac iclosis. The clinical situations in which het- olysis has
,yetirred have been with chronic alcoholics during withdrawal and
patients with uremia who have been overtreated with phosphate-
binding uttacids. It has heen sho vn that when red cell ATP content
falls to A value of 15 percent or less of normal, acute heniolysis is
likely to occur. This finding explains why hemolysis is generally
seen only in the presence of acidosis: the latter depreses red cell
glycolysis sufficiently to prevent ATPlormation.

Functional disturbances of the red cell. induced by phosphorus
-icticncv, are much more common. In the presence of hypophos-

phatenna, 2.3-diphosphoglyeerate 12,3-1)PG) synthesis falls to :ow
levels: the affinity of hemoglohin for oxygen increases markedly
so that the oxyhemoglobin dissociation curve shifts to the left
07i: 'Pius, a low 23-DPG impairs capacity to deliver oxygen to
pc npli,ral tissues. If this condition occurs in association with
acidosis, the ialissociation curve shirts hack to the right, pro-
motes release of oxygen from hemoglobin independently of 2,3-
DPG, and thereby counterbalances the defect in oxygenation.:

I lowaq,er, alcoholics .ire, peculiar in that they are not only
phosphorus ;deficient and hypophosphatemic, but they almost
always display acute respiratory alkalosis during withdrawal.
This condition poses an exceptionally difficult and potentially
disastrous problem of compromising oxygen delivery to tissue.

In the presence of a low 2.3-DPG unassociated with a disturb-
ance in blood pH: the decreased capacity for oxygen release at
peripheral tissues must lead to an increase of cardiac output.
This situation occurs because the heart reacts in response to
peripheral oxygen needs. It has been calculated that a decrease
in ro-d cell 135n k from a normal value of 26 mm Hg to 20 mm Hg,
a value observed in patients with severe hypophosphatemia, would
increase the demand for cardiac output from a normal value of
5 1/min to 12.5 1 /min (381. If such a need were superimposed on
other circulatory demands, especially in a patient who had
premised myocardial function due-to malnutrition or perhaps to
alcoholic cardiomyopathy, one could readily appreciate why heart
faiiure may occur in the withdrgwing alcoholic. Current unpub-
lished experimental studies by Fuller and his associates (39) on
phosphorus-deficient dogs showed a steady increase of end-.
diastolic pressure, a decline of cardiac output. and an impaired
pressor response to angiotensin 11.

50 h hole o das used erein refers to the value for oxygen tension
when 50-percent saturated, temperature 3r C, pit 7.40.
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lath! \ lit'anSt` L" dial` t)ttll)tit ills
:hcre,k, the cap,ici!y ow4eill,v red cells L.

I aliM.IPITI !IV tiraV not prevail in the clog becatiSe dOg
red lls appmently (It) not decrease production of 2,3-DPG when
phosphorus deficiency 1. Induced in till:: 111,111110r. l hel.f011.' thi)St`

appk.;11 [hal Illy()Can11;11 function per se
inip,iired e. phospoorus dcociency. Fins important observation

I liae great botirnel on myocardial insufficiency as observed
he patients expriciicing alcoholic withdrawal. Thus, O'Con-

nor and his i,isisociatcs have described congestive heart failic in
patients receiving hyperahmentation without adequate phosphorus

ilso became photihoros deficient
It ilii: been shown that acute hypophosphatc mia impairs leuko-

function. Studies by Craddock and associates (41) have
tmpairment of chemotactic activity as well as of phagocytic

Punt titill. 1,,,ith functions can be restored to normal by correction
of hypophosphatemia. It has been postulated that severe hypophos-
phaterma, by impairing ATP synthesis, prevents formation of
iiilequate t.rwry fin. interaction of myosin and actin in leuko-
ytes and is responsible for tile abnormality of phagocytosis.

luchtman and hk assiwiales have 'shown that livnonhosphatemia
may prevent format inn of phosphoinositides, important in cherno-
taxis and dissolution engulfed bacteria It is tempting to
speculate that such defects related to hypophosphatemia ill the
withdrawing chronic alcoholic could he related to their high in-
cidence of bacterial infection.

Thrombocytop nia, decreased platelet survival, and ai
platelet function have been observed in dogs made phosphorus
deficient 114). To my knowledge, thrombocytopenia or impair-
ment of platelet function as a result of hypophosphatemia has not
been documented in humans.

Acute rhandonvoly,is is common in paients with severe hypo-
phosphaternia. ,In many instances, this finding is not associated
with overt clinical signs of rhabdomyolysis such as muscle pain,
swelling, tenderness, or paralysis. However, it may be severe and
can be associated with myeglobinurta and acute renal failure. In
such patients, we have demonstrated not only acute severe hypo
phospiNitemia but also, as discussed earlier, a marked deficiency of
skeletal mu,.4cle phosphorus content. Experimental studies on dogs
127) have shown that feeding them a phosphorus-deficient diet in
conlunction with phosphate-binding antacids for a period of 28
days leads to an electrochemical myopathy. This symptom is
characterized `by a decline in resting membrane potential, a de-
cline of muscle phosphorus content, and increases in sodium and
chloride contents.
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slight di mignsiu and Ilotassiui content also
In these stud . malnutrition was preventyd by gavage
the animals a eiic t that was complete except for its lack of

phi Similar to some alcoholics who have not yet become
acutely hvokipbosphatemie, there was no elevation of CPK

.irv. and .1i-we rh.loiltarivolvsis did not occur:
In further attempts to establish a model more closely

t' dogs were fed a phosphorus- and calorie-
bling that seen in the patient with chronic alcoholism,
win

otherwise balanced, diet in order to induce a 30-percent weight
loss 1 I II. At this point, the dogs were hyperalimented with a
phosphorus- deficient diet providing 1-10 cal kg per day. These
do.g, developed rhabdomolysis, preceded by acute severe hypo-
phosphatenna. I'sing additional dogs prepared in a similar manner,
provision of 1.0 g of elemental phosphorus each day completely
prevented acute rhabdomyolysis, despite the hyperalimentation.
We tentatively -oncluded from these studies that phosphorus de-
ficiency per s. loduces an electrochemical myopathy closely re-
sembling the subelinical myopathy observed in many patients
with chronic. alcoholism before acute hypophosphatemia super- -

vens, Thus the ('PK activity in both humans and experimental
animals with phosphorus deficiency ( but without severe hypo-
phosphatemial was normal. However, with induction of acute
severe hynophosphaternia in either humans or experimental
animals with preceding phosphorus deficiency, acute necrosis
of skeletal muscle occurs. Finally, acute necrosis of skeletal
nuisele can be prevented by providing sufficient phosphorus in

the diet to prevent hypophosphatemia.
Disorders of the central nervous system have been well char

acterized in patients with severe hypophosphatemia (36). In those
instances, a sequence of symptoms compatible with a metabolic
enephalopathy may occur: These include irritability, appre-
hension, muscular weakness, numbness, pirreSthesias, dysarthria,
con fusion, obtundation. convulsive seizures, coma, and death.
This clinical syndrome has been observed in patients who have
not manifested other apparent causes for encephalopathy, but
who have been treated with intravenous hyperalimentation. It is

-also seen in patients during withdrawal from chronic alcoholism.
In the latter instance, the clinical picture is similar in some re-'
spects to that seen in deliriuM tremens. However, the distinctive
hallucinations of delirium tremens have not been observed. Ob-
viously, both conditions may coexist.

There appear to be It least two important metabolic derange-
ments responsible for the central nervous system abnormalities
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hypa isolialemia First, an in dequate supply inorganic
phi.-ihoru.s ion- would directly impair metabolism of carbohy-
drates and therefore limit the production of \I) to maintain
cellular function. Second. the decline in rod c ell 2,3-[)PC content

trectly impair release of oxv.i!on to the brain.
rt ON I raNis aiki her coworkers three o

tients
111 t

r ilen;:ta(--anie hypiiphosphatemic during hype
non dev sias about the mouth and in the extrem-
ities, in ntal ()mut ain, and hyperventilation. These three
patients demonstrated marked shifts of the oxyhemoglobin dis-
soiation curve to the lilt because of abnormally low P"(-). Two
whiase valus Nvere 15 and 16,5 showed diffuse abnormal-
ities of their FEW .s, these disappeared after treatment.

The best evidence that hypophosphatenna can produce an
encephalopathv ha been the observaftai that it does not occur
ni patients receiving hyperahmentation if sufficient phosPhorus

fion,nied 1,revent hypophosphaternia. An additional problem
may coexist in a patient with alcoholic withdrawal. These pa-
tienN characteristically hYperyontilate. When hyperventilation

the ensuing respiratory alkalosis becoriw severe, there may he
a sharp decline in cerebral blood flow I This condition, in con-.
junction, with a decreased release of oxygen from hemoglobin as a
result of decreased 2.:1-DPG content of red veils, could have dev-

:atat consequeves on cerebral function.
Finally. consideration should he given' to the possibility of liver

damage as a result of phosphorus deficiency. Studies 1461 have
suggested that acute, severe hypophosphatemia may impair hepa-
tocellular function. In patients with alcoholic liver disease, oxygen
extraction was diminished in the presence of severe hypophos-
phatemia. !led tell 2,:i-DPC content was low. Correction of hypo-
phosphatemia was associated with increased red cell 2,3-DPG. and
hepatic oxygen extraction. Such studies have great potential im-
portance aml could explain the well-known clinical observation
that many alcoholics tend to become worse during the first week
of hospitalizatior This finding could he related to the inadvertent
production of hypophosphatemia,

In summary, this paper has reviewed the characteristics and con-
seioences of phosphorus deficiency and hypophosphatemia in
patients with chronic alcoholism during their management in the
hospital, for acute complications. It seems apparent that phos-
phorus deficiency may be responsible fair some morbidity in these
patients. The extent of the harmful effects of phosphorus de-
licioncy and hypophosphatemia have been only superficially ex-
amined. Whether or not avoidance of phosphortt§ deficiency in
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focts is unknown.
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Discussion of Paper by Knochel

Unidentified Voice: With regard to your comments on the al-
coholic and vitamin D metabolism, I think this area has not been
looked into very much. Wt. have looked uow at 30 alcoholic C
rhotic patients who have stopped drinking a month prig;`, and in-
half of these patients. there is initially'a low 25-hydroxy-D level.
However, each one of these patients, who were low to begin with,
was able to respond to vitamin D. replacement with elevation to
normal or supernormal levels of 25-hydravy-D, with a similar rise
in serum calcium. So alcoholic cirrhotic:, appear to he able to re-
spond to vitamin D as long as they are not drinking.

Now, the question is. does alcohol itself either interrupt the 25-
hydroxylaZion in the liver? Or possibly, vitamin D is shunted into
inactive metabolites for a period after stopping alcohol, much in
the same way as after phcnobarbitol. I think we need to look a lot
more at what happens to vitamin D in the alcoholic patient.

The question 1 have is with the problems in phosphorus -that
you have shown and the low muscle levels in the alcoholicswhy
do you think we do not see osteomalacia very often in alcoholics?
The main bone lesion in alcoholics is osteoporosis.

Dr. Knochel: Maybe for three reasons. When alcoholic patient&
come in, they may have hypocalcemia out of proportion to their
albumin concentration. This picture is similar to any patient with
osteomalacia. But at the same time, if they are phosphorus de-
ficient, this condition might shut off their parathyroid hormone
production. They may be also hypomagnesemic, which would
block the effect of pm-athormone on bone. So for these reasons,
full-blown osteomalacia may just not happen in the alcoholic.

Unidentified' Voice: Right. The one other thing is that when we
placed our patients on vitamin p (this has been seen in some of
the renal patients now, getting replacement) half of them, as their
25-hydroxy-D levels went up, showed an abrupt rise in parathy-
roid hormone from formerly fairly low levels.

Dr. Knoche!: This finding could be due to magnesium. The fact
is, that when you give magnesium to these alcoholics, within min-,
utes their parathorrnone levels become enormous.

Dr. Halsted: I wonder if you can give us some praCtical ap-
proaches to therapy in the alcoholic, based on what we now know
about phosphate metabolism.

189
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Dr. Knochel: Sure. much phosphorus given intr:tv tinuusly
can precipitate calcium in various tissues; for that reason. our
policy is that you do not give phosphorus salts intravenously until
hypophosphatemia occurs. Many or these patients can have such
bad muscle necrosis that they correct their serum phosphorus and
may be hyperphosphatemic, especially if they have renal failure.
That is why it is mandatory to measure serum phosphorus first. If
the alcoholic patients become hypophosphatemic, we have been
giving half of their ordinarily daily potassium supplement as po-
tassium phosphate, and that has been adequate to maintain serum
phosphorus above 1.5. You clonot get in any trouble. This dose
of phosphorus does not lower serum calcium Whether or not it
helps the patient in the long run I cannot say, but our staff thinks
it does.

Dr. Li: What do you estimate to be the incidence of severe by-
pophosphatemia in the alcoholic?
- Dr. Knochel: We see an average of five a week.

Dr. Li: That many. You know, a while ago, Bud Beech, at
NIAAA, sent out letters to several people around the country to
review records regarding its incidence. At Wishard. a county hos-
pital, we reviewed consecutively by computer almost 5,000 pa-
tients and Consecutive admissions. There were close to 6,000 de-
terminations, and we found 10 patients with phosphorus below
1 mg percent; of these, 3 were terminal cancer patients. 2 had
severe diabetic ketoacidosis. and I think 5 were alcoholics ad-
mitted because of pancreatitis and ketoacidosis, or else severe
liver disease and ascites. And it could be that we are just not
recognizing the population you are,describing.

Dr. Knochel: Two things. I think you have to measure this
condition daily, within the first 5 days, to make sure it does not
happen. But the odd thing is that Jay Stein, for example, had a
paper 15 years ago from Oklahoma City claiming that 50 percent
of their alcoholics became hypophosphatemic. Since I have
written on this, Jack Lemmon in Milwaukee tells me there is so
much of it there that he does not want to see any more of it. So
I think it may, be timing, or it may be how aggressively these
people are treated. You know, if they are just put in a ward, sort
of ignored, and are not given nutrients, they are going to become
hypophosphatemic.



Effect of Ethanol on
Human Mineral Metabolism

Janet T. McDonald

The purpose of this research was to investigate the claim that
wine has "something different" that distinguishes it from other
alcoholic beverages (1). Wine ,has been heralded for its ability to
stimulate apptItite and facilitate digestion, and there have been
implications that wine also has a beneficial effect on the absorp-
tion of nutrients (2). Therefore, Dr. Sheldon Margen and I de-
signed a metabolic balance experiment to test this hypothesis. The
study took place in the Human Nutritional Laboratory, otherwise
known as the Pe:-.thouse, at the University of California, Berkeley.

Study Design

Six healthy male volunteers, with a mean age of 25 years, were
selected for the study. All were occasional consumers of moderate,
nonintoxicating amounts of alcoholic beverages. The men were
housed in the Penthouse, a closed metabolic unit, for the duration
of the experiment, except for occasional supervised walks. No
visitors we:e allowed.

The study lasted 75 days and consisted of a 34:lay equilibration
'period followed by four 18-day experimental periods. These were
(1) wine, (2) dealcoholized wine, (3) ethanol, and (4) deionized
water. The sequence of the four periods followed a randomized
block design. Each man served as his own control.

A formula diet supplemented with crackers, Sauka, and tea was
divided into four equal feedings served every 4 hours between
9 a.m. and 9 p.m.' In addition, a 250 g' portion of one of the test:
beverages was served at each meal: (1) California wirer with -an
alcohol content of 11.5 percent v/v or 9.3 percent w/v (g/100 ml),
(2) dealcoholized Zinfandel~ wine,2 (3) a 9.3 percent w/v pure
ethanol solution in deionized water, and (4)"deionized water. The

1Courtesy of the Department of Viticulture and Enology, University of
California, Davis.

2Dealcoholization was achieved by distillation in a film evaporator at 45 °C
and 40 mm Hg. This process removed about 45 percent of the original
volume, which was replaced with an equivalent volume of distilled water.
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total amount of test beverage given was 1,000 gld During the
wine and ethanol periods, the total dosage of alcohol, given
amdunted to between 22 and 25 percent of the total calories,
pending on the subject's size'.

Caloric allowances were adjusted to keep body weight constant
by adding to the basic formula another formula containing carbo-
hydrate and fat, but no protein or minerals. During period* with
no alcohol, an increased amount of the carbohydrate-fat formula
was substituted for the calories contributed by alcohol. Further,
more, during periods when ethanol and deionized water were
given, a solution containing nitrogen and minerals in the same con-
centrations as present-in a liter of the Zinfandel wine was -added to
the basic formula. Additional vitamins and trace mineral supple-
ments were administered separately to make the diet adequate in
all known essential nutrients, Choline was also given (one 250-mg
capsule at each meal).

Accurate 24-hour urine collection; were made. Stools were col-
lected in 3,day pools. Six-day sweat collections were made once dur-
ing each metabolic period. The diet, urine, stoolsond sweat were
analyzed for sodium, potassium, calcium, phosphorus, magnesium,
and zinc. A fasting venous blood sample was obtained at the begin-
ning of the study and at the end of each metabolic period to measure
all of the elements just mentioned except zinc (many of the samples
for zinc determination were hemolyzed). Data for determining
balance were compiled in 6-day pools and tested for significance
by the correlated paired t test.

Results and Discussion

Generally speaking, the men tolerated the experiment well.
There was no evidence of intoxication during alcohol periods. The
blood alcohol level of the subjects was 20 mg/100 ml 1 hour after
a meal; no alcohol could be detected 3 hours postprandially. No
diuretic effect of alcohol was observed.

Mineral Balance Studies

There were no significant differences in fecal sodium or potas-
sium excretion between the various test beverages. Figure 1 shows
the mean daily urinary sodium and potassium during each of the
four periods. Valt.es for urinary sodium during wine and ethanol
administration were not- significantly different from those during
water administration, as would be expected, because no diuretic
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Figure 1.. Mean Daily Urinary Sodium and Potassium of t-+:
Normal Subjects During Administration of Wine,
Dealcoholized Wine, Ethanol, and Deionized Water
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effect of alcohol was observed. Urinary sodium during th.e deal-
coholized wine period, however, was significantly less (p < 0.01)
than that during the ethanol and water periods. Consistent with
this finding was a`very low urine osmolality during dealcoholized
wine feeding. Thereason for this is unknown.

Significantly more potassium (p < 0.01) was excreted in the
urine during ethanol administration than during feeding of the
other three test beverages. This finding was consistent with the
high urine osmolality observed during the ethanol period. The
reason for the increased urinary potassium with ethanol (and not
with wine) is difficult to explain unless the - congeners in wine play
some protective tole. Due to the increased urinary potassium with
ethanol, mean daily potassium balance was negative (-111 mg)
during that period; this rate was significant at the 1 percent level.

Differences in urinary calcium between the foul regimens were
not significant. Fecal calcium, however, was signifiCantly greater
when subjects consumed ethanol or water, than when they
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consumed wine or dealcoholized wine. The mean apparent absorp-
tion3 of calcium was 34 percent for wine and dealcoholiied wine
versos 16.5 percent for ethanol and deionized water. Figure 2
depicts mean calcium balance for each of the four experimental
periods: Mean daily calcium balance was negative in all but the
dealcoholized wine period. The differences in balance between
wine or dealcoholized wine and ethanol or water.were significant.

Urinary phosphorus was significantly greater during alcohol
periods than during nonalcohol periods (p < 0.01 difference of
approximately 100 mg/d). As with calcium, significantly more
phosphorus (p 0.01) was excreted in the stool when subjects
received ethanol or deionized water than when they received wine
or dealcoholized wine. The mean apparent absorption of phos-
phorus was 74.5 percent for wine and dealcoholized wine versus
65 percent for ethanol and deionized water. Figure 3 portrays
mean phosphorus balance for each of the test beverages. Balance
was slightly negative during wine, ethanol, and water administra-
tion, but markedly positive (+113 mg/d) during dealcoholized wine
feeding. The differences in balance between dealcoholized wine
and the other three beverages were highly significant (p < 0.01).
The positive balance was due to a combination of both low urinary
and low fecal excretions of phosphorus.

There is some suggestion from these data that there is some-
thing in wine and dealcoholized wine (e.g., the congeners) that
tends to improve abswtion of phosphorus slightly. With wine,
however, the increased urinary phosphorus counterbalances the
increased absorption, resulting in no change in balance. We do not
understand why wine had a more pronounced effect than ethanol
on urinary phosphorus, but it may be because absorption was
significantly greater during wine administration, and phosphate is
easily cleared by the kidneys. Another possibility is that there is
some synergistic effect of the alcohol and the congeners in wine
on phosphorus metabolism.

,The differences in urinary magnesium between periods were
small. However, as with the previous two elements, the subjects
excreted significantly more fecal magnesium when given ethanol
or deionized water than when they were fed wine or dealcoholized
wine. Mean apparent absorption of magnesium was 46 percent for
wine and dealcoholized wine versus 35.5 percent for ethanol and
water. Figure 4 shows mean magnesium balance for the four experi-
mentW periods. Balance was negative throughout the experiment.

3 Dietary intake fecal output
dietary intake

100 mean apparent absorption ^



E OL EFFECT ON it«I IV MINERAL METABOLISM 195

Figure 2. Mean Calcium .Balance of Six Normal Subjects During
Administration of Wine, Dealcoholized Wine, Ethanol,
and Deionized Water

E

WINE DEALC. ETHANOL WATER
WINE

Output by w7.y of sweat, feces, and urine is plotted cumulatively, in that order,
upward fre_!en the bottom of the bars_ Intake is shown by the horizontal
dashed line and balance by the distance above (negative balance) or below
(pdsitive balance) the intake line.
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Figure Mean Phosphorus Balance of. SO( Normal Subjects
During -Administration of Wine, Dealeoholized. Wine;
Ethanol, and Deionized Water
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Output by way of sweat, feces, and urine is ploVd cumulatively, in
that order, upward from the bottom of the bars. Intake is shown by
the horizontal dashed line and balance by the distance above (nega-
tive bklance) below,( positive balance) the intake line.
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:lean Magnesium Balatice of Six Normal Subjects
During Administration of Wine, Dealcoholized Wine,
Ethanol, and De ionized Water

WINE DEALC. ETHANOL WATER
WINE

Output by way of sweat, feces, and urine is plotted cumulatively, in that
order, upward from the bottom of the bars. Intake is shown by the hori-
zontal dashed line and balance by the distance above (neptive balande) or
below (positive balance) the intake line.
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This finding is difficult to explain. Intake of magnesium aver-
aged 335 mgid, very close.to the recommended dietary allowance
(RDA) of 350 mg for men in this age group. It is unlikely that the
RDA for magnesium is too low. It is possible that the men who
participated in this study were accustomed to higher intakes of
magnesiuM in their prior diets. and that, with time, they would
have adapted to the lower intake. This situation -could be true
also for calcium and phosphorus.

Considerably more zinc was excreted in the' urine during admin-
istration of alcoholic beverages than during administration of non-
alcoholic ones. The mean difference was about 0.percent and

- highly significant (p 0:61). Our urinary zinc-values tended to be
higher than that generally -aoosidered normal for healthy human
adults_ This finding could be due to a consistent rnethodologic
error or contamination. Nevertheless, in comparing the values be-
tween periods: evidence exists that alcohol enhances urinary
excretion of zinc, even in normal subjects. ,It is well known that
patients with alcoholic cirrhosis excrete abnormally large amounts
o1 zinc in their urin

Most of the zinc ingested was excreted in the stool. Signifi-
candy_ more zinc was excreted when ethanol was fed than when
wine or-dealcOhoEzed wine were given (p < 0.01). There was a
less significant difference in fecal zinc between water and dealco-
holized wine (p 'c 0.05). Figure 5 illustrates the zinc balance data
for the four test periods. Balance was positive for -wine and
dealcoholized wine and negative for ethanol and water. The dif-

. ferences were significant.
In addition to increased urinary potassium, phosphorus, and

zinc, there was als-, increased urinary nitrogen with both wine and '°
ethanol administration (8). Alcohol may affect the metabolism or
renal tubular reabsorption of these,, substances. Muscle contains
considerable amounts of all of these elements, so some .muscle
catabolism may have-occurred during periods of alcohol adminis-
tration. The urinary creatinine excretion of the subjects does not
support this hypothesis, but recent reports have suggested that the
correlation of creatinine excretion with lean body mass has little

. physiological validity (9,10). Muscle damage, as assessed by serum
levels of creatinine phosphAinase followinglthanol ingestion by
nonalcoholic young men ,maintained on a nutritionally adequate
diet, has been reported by others ( l).

The decreased fecrd output of calcium, phosphorus, magnesium,
and zinc with wine and dealcoholized wine was presumably due to
increased absorption but may have, in addition, reflected a de-

c- crease in the, endogenous secretion of these elements. This result
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Figure 5. Mean Zinc iialance of Six Normal Subjects During
Administration of Wine, DealeoholizedWine, Ethanol,
and Deionized

20

15

10

WINE DEALC, ETHANOL WATER
WINE

Output by way of sweat, feces, and urine is plotted cumulatively_
in that order, upward from the bottom of the bars. Intake is
shown by the horizontal dashed line and balance by the distance
above (negative balance) or below (positive balance) the intake line..
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apprireltly was due to an effect of one or more of the many con-
geners present in wine and absent in a calorically equivalent
amount of pure ethanol. The natural acidity of wine (average pH
of 3.5 for table wines), in contrast to pure alcohol, also may have
played a role in creating a more favorable intraluminal environ-
ment for absorption. Further experimentation is required to deter-
mine the underlying mechanisms.

Serum Values

Serum levels of sodium, potassium, calcium, phosphorus, and
magnesium did not change appreciably during the .course of the
experiment, indicating that alcohol M the amounts and for the
length of time Oven in this study had no effect on this parameter.
Results of previous experimental studies in this area are conflicting.
In almost all of the reported studies, however, either the subjects
were alcoholics or alcohol was administered_ acutely in large doses;

serum ion levels were measured within a few hours.

Concluding Remarks

Results of this investigation do not iMply that prolonged use of
large amounts of alcohol has no serious consequences on gastro-

..-------intestinal or other bodily functions. Although some effects of
alcohol observed in this experiment could be considered delete-
rious, it seems that temperate amounts are not particUlarly harm-

ful, and wine, if one enjoys it, may, when taken with meals, have a
beneficial effect on absorption of certain nutrients.

I -would like to comment briefly on a few of the problems of

'alcohol research. The primary aim of this investigation was to

determine the effects of wine versus pure alcohol on certain
metabolid.responsesOne of the first effects of consuming cohol

is -the recognition 'of-its characteristictaste and: smell, followed by
mild epigastric sensations when the beverage reaches the stomach

(12). From an experimental viewpoint, these effects are nnportant.
It is difficult to devise _a' dummy control drink that pleases the
palate but contains no ethanol. -Without a proper control beverage,
distinction is almost impossible between the effects of alcohol
per se, whatever the forth , and the -effects of drinking, with the
'tiny social and-,, emotional factors involved. It was not fea-
sible, however, to disguise the four _test beverages,- and similar
efforts by Orevious investigators have not -been successful either:
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Another problem in the area of alcohol research is the lack of
uniformity in the type- and amount of beverage used by various
investigators, making comparison of data from different labora-
tories extremely difficult. Wine, in particular, has a complicated
composition (more than 300 components) with many variations,
depending on the variety of grape used, the climatic conditions
under which the grapes were grown, and the processes of fermen-
tation and aging employed_ Prior to our experiment, it was
anticipated that standardization of wine research could be insti-
tuted and, it was hoped, continued. Unfortunately, the wine
used in this study was of rather poor quality and disliked intensely
by all subjects. The concept of using a standardized wine (i.e.,
from the same source and of the same type) for research, never-
theless, is an important one. For future studies, a wine of un-
questionable quality (as judged by a panel of experts) should
be chosen.

The data obtained in the present experiment by the balance
method suggest that the nonalcoholic constituents of wine given
in moderate amounts enhance the absorption of certain minerals,
but do not lead to conclusions with ,respect to the mechanisms
involved. The balance techn4ue tells us if the subject ingested
enough of an element under study to cover measured losses, but
it tells _us nothing about what happened to the element in-the
body (13). Such information is difficult to obtain without using
radioactive tracers. Tracers are particularly valuable because they
obviate the formidable problem of contamination. Perhaps a
combination of the tracer technique and balance method should
be used in future experiments.

-Further research is needeji-fa determinethe minimum amount
of wine that exert a measurable effect and to determine
which constituents of wine are responsible for increasing absorp-
tion. That research will involve the complex task of separating
and purifying the numerous components of wine and- making
then- available for experimental puioses. Standardization of
wine, as mentioned earlier, would have to be a prerequisite. It
would be of interest, also, to learn whether the nonalcoholic
constituents of beer and distilled spirits exert effects on absorp-
tion similar to those of wine. The final question that will have to
be answered is, "Of what clinical benefit_ is this information, and
how can it be applied," V'

Finally, most of the alcohol studies to date have either been
performed with alcoholics or have involved _the administration of
extremely large doses of alcohol to nonalcoholic volunteers. Wry
few studies have tested the effect of moderate doses of alcohol, in
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'various forms, in normal individuals. for extended periods of time.
This sort of information is clearly needed. The United States is
attempting to formulate a national mitrition policy, which is long
overdue. In this policy should be a statement about safe limits of
alcohol consumption i-low much can the average person drink
,withi5ut harmful effects? At this point, we don't know. Future
studies on alcohol should attempt to answer this question.
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Discussion of Paper by McDonald

Dr. Li: There is some data in the old German literature that
beer enhances iron absorption. Have you seen this, or do you
know whether wine does that?

Dr. McDonald: We did study wine. I had not mentioned iron
today because we had a problem with our fecal samples, with
contamination. Fecal samples were homogenized in a colloid mill
and were contaminated with iron, so I did not present these data.
It is hard to say what happened. There was no difference in
urinary iron, however, between any of the beverages.

Dr. Lester: I think the work is especially fascinating becauie
your studies show differences that seem to be ascribable to wine
per se as against alcohol. I have looked at this literature, and it
seems to me that your studies are among the first to show an
effect of the nonalcoholic part of alcoholic beverages, so I think
they are very significant. One or two specific questions, if I may
Question one, although I did not see it in your summary, I thought
I saw in one of your first slides that dealcoholized wine caused
decreased urinary sodium excretion.

Dr. McDonald: No, that is not right.
Dr. Lester: Secord- questiorow does one go about dealco-

holizing wine? You said a word about it at the beginning, and I
missed the word, and what is the residuum that is left?

Dr. Modona ld: The dealcoholization was also done at Univer-
sity of California, Davis, by distillation in a film evaporator at
45°C and 40 mm Hg. This process removed about 45 percent of
the original volume, and as I mentioned, other volatiles -went off.
Some of the volatile esters were lost. But.the 45 percent of the
original volume that was lost was replaced with an equivalent
volume of distilled water. In order to use deethanOlized wine, you
have to come up with a synthetic mixture _and replace it that way.
I do not think at this state of the art anyone knows how to- (16
that. .

Dr. Beard: Dr. McDonald, I am curious as to whether the same
amount of alcohol/kg was- given via pure ethanol compared to
the wine.

Dr. McDonald: Yes.
Dr. Beard: Then I would predict that you would have had

higher blood alcohol revels from the ethanol than from the wine.

203
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This was demonstrated many years ago. Thus, using pure ethanol
as reference, about the closest you get is vodka, and then Scotch,
or gin, and then bourbon, and then wines and beer. Now, if you
take the sarne amount of ethanol/kg, you get fantastically much
reduced blood levels from beer, table wine, etc., as compared
to the same amount of ethanol from other forms of alcoholic
beverages. And I was wondering if you found those differences,
and whether they may have helped to explain some of the results.

Dr. McDonald: No, we did not find these differences. We did
not draw the first blood until '60 minutes after the meal,/and the
levels were so low that any difference might possibly have been
within the error of the method. Twenty mg percent is just quite
low, and we did not see any difference. It was the same with both
wine and ethanol.

Dr. Beard: The other question I had concerned your comment
that you had a significant reduction in the urine osrnolality, and
from the data presented I would find that difficult tip ascertain.

Dr. McDonald: We had a very low potassium and very low urea
nitrogen with dealcoholized wine, so there was a very low urine
osmolality.
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Effect of Ethanol ©n Fo late Absorption*

Charles' I-1. Halsted, Janice Ott, Ann M. Reisenauer, and
John J. Romero **

Intestinal malabsorption may` be a significant contributing
factor in the poor nutrition of alcoholics. Previous clinical studies
demonstrated a frequency of diarrhea in about one-third-of binge-
drinking alcoholics (1), which may be associated with poor ab-
sorption of dietary fat (2); of orally administered labeled thi
amine (3), 15f folic acid (4), and of vitamin B12 (5); and of sodium
and chloride perfustd in the jejunum (6). Other experimental --
studies have shown that ethanol, administered in vivo or intro-
duced to in vitro systems in concentrations similar to those ob-
tained in the small intestine during active drinking (7), impairs
intestinal transport of certain amino acids (8), stimulates intes
tial mucosal adenyl cyclase (9), and may inhibit mucosal Na, K-
dependent ATPase (10).

Folate deficiency is the most common cause of anemia in the
alcoholic population. Contributory causes of alcoholic folate
deficiency include dietary lack,' inadequate hepatic storage (11),
the possible development of a serum protein binder (12), and
intestinal malabsorption (4,13,14)Three clinical studies hav'e'
deMonstrated that 3H- labeled pteroylmorioglutamyl folate (3H-
PG -1) absorption is impaired in poorly nourished, binge-drinking
alcoholics (4,13,14).

In an initial study (4), 13 alcoholics were administered 3H-PG-1
orally, 1.6pg/kg, within 24 flours of admission to a hospital.
Tissue folate saturation was accomplished by means,of the simul-
taneous administration of intravenous PG-1, 30 mg, found to be
adequate by measurement of its distribution, metabolism, and
excretion. Compared to a group of hospitalized nonalcoholic con-
trols and to a group of 10 stable alcoholics studied after 2 weeks
of hospital care, the rise in serum radioactivity was Significantly,
less in-the group of recent drinkers.

*This work was supported by National Institutes of Health Grant AM 18330.
*We are grateful to Boris Huebner, M.D, for assistance in interpreting his-

tologic changes and to Elizabeth Gong for technical help.

207



208 HALSTED ET AL.

The more direct method .9f jciunal perfusion was subsequently
used to measure the'niucosal uptake of 3H-PG-1 in binge-drinking
alcoholics (13). Following jejunal intubation and perfusion of an
isotonic solution containing 25 mg/1 of 3H-PG-1 and glucose,
16.7 mM, the disappearance of the label from 30 cm of perfused
jejunum was significantly less in eight poorly nourished vagrant
alcoholics than in three middle-class alcoholics who had eaten
normally during their binge. Repeated studies showed improVed
jejunal uptake of 3H-PG-1 after 2 weeks of abstinence with a
nutritious diet.

The administration of ethanol, 192 g per day, with a nutritious
hospital diet for a 2-week period, suppressed the jejunal uptake of
3H-PG-1 in only two of seven subjects: These studies suggested
that the combination of poor nutrition and recent alcohol inges-
tion impaired the intestinal absorption of 3H-PG-1. Further
analysis (14) indicated that, in the initial group of 11 patients, the
poor jejuna' uptake of 3H -PG -1, as well as of sodium, correlated
with a low serum folate level on admission to the study.

The third study measured the effect of the dietary induction of
folate deficiency, with and without concomitant ethanol admin-
istration, jejunal uptake of 3H-PG-1, water, and sodium (14). Two
alcoholic volunteerp, previously stabilized in the hospital, ingested
a folate-depleted diet together with ethanol, 200 g per day, until

--tissue evidence of folate deficiency developed. Serum folate levels
became- subnormal after 3 weeks, and megaloblastic erythropoiesis,
of the bone-marrow was observed after 6 weeks. The jejunal
mucosa, obtained byCrosby capsule, remained normal to light
r- icroscopy at this time. Jejuna' perfusion of the glucose-saline
solution containing 3H -PG -1 was perfortned during the initial con-
trol period of abstinence, after developrrient ormegaloblastic bone
marrow, and a third time, after correction of folate defielencY-__by_
2 weeks of oral folic acid therapy, 5 mg per day: During this latter
tine, ethanol ingestion continued at the same daily dose. When
folate depletion had been achieved at 6 weeks, perfusion of each
patient showed \a sharp 'decrease in the jejunal uptake of 3 H-PG-1,
glucose, water, and ,sodium. The uptake of each substance re-

- turned to control levels after folic .acid therapy despite continued
-ethanol ingestion.

In a third subject, folate deficiency with megaloblastic change
it the bone marrow was acciieved after 9 weeks of diet without
ethanol, Jejuna' perfusion at this time showed no change. in the

, uptake of 3H-PG-1 or of glucose, but did show a decrease in Ab-
sorption to net jejunal secretion of sodium and water. The effect
of ethanol alone was studied in a fourth subject in whom jejuna'



ETHANOL EFFECT ON FOLATE ABSORPTION 209

uptakes were compared after a 3-week period of hospital diet sup-
plemented by ethanol, 300 g daily, and again after a 2-week period
of abstinence_ No change was observed in the jejuna' uptake of
3I -PG -1 and glucose, and net jejunal secretion of water and
sodium was observed after the period of ethanol ingestion. Thus,
in this prospective study of four patients, either ethanol ingestion
or folate deficiency induced by diet was followed by decreased
jejunW uptake of water and sodium, whereas the combination of
these two factors resulted additionally in the malabsorption of
glucose and 3 1.

.

The role of protein deficiency in intestinal folate metabolism
and absorption was tested in another study in which rats were fed
liquid diets containing no protein and 36 percent of their calories
as ethanol (15). Compared to controls fed varied combinations of
ethanol and protein, no changes were observed in the uptake of
-3H-FG-1 from perfused jejuna] loop_ s or in the activity of jejunal
dehydrofolate reductase. -

Other researchers have shown decreased jejunal uptake of water
and sodium chloride during jejunW perfusion of recently drinking
alcoholics (6). A recent study has demonstrated-that 2-weeks' ad-
ministration of either ethanol and a folate-deficient diet or of a
folate-deficient diet alone to normal volunteers is followed by de-
creased jejunal uptake of water and sodium (16). The independent
role 'of folate deficiency in altered gut function has been demon-
strated in the rat, in which induction of folate deficiency is fol-
lowed by megalocytic changes in the epithelial surface epithelium
417), decreased uptake of labeled thiamine ?18), and net jejunal
secretion of water and sodium (19). Thus, the combination of
dietary folate deficiency and continued exposure of the small -in-
testine to ethanol may explain the diarrhea and malabsorption of.
3H-PG-1 of chronic alcoholism.

Although these data indicate
1 that pdorly nourished, Nate-

deficient alcoholics have impaired intestinal absorption of 3 H-PG-1,
they are incomplete with respect to the effect of alcoholism on
the availability of folates- from natural sources. Dietary folates are
predominantly a mixture of ptsroylpolyglutarnates that, during
the process of intestinal absorption, are hydrolyzed to pteroyl-
monoglutamate by an enzyme (folate conjugase) in the small
intestine mucosa (20, 21, 22). Thus, folate malabsorption coal
result from impaired activity of Mate conjugase, decreased
intestinal transport of PG-1, or a combination of these factors.,

We have chosen the nonhuman primate as an animal model in
which to study more fully the effect of alcoholism on folate ab-

sorption and metabolism. In previous study of babo ns, Lieber
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and de Carli showed that the chronic ingestion of ethanol as 50
percent of total calories was followed by a Spectrum of hepatic
injury; including fatty and inflammatory changes and, ultimately,
cirrhosis (23). Although these studies were interpreted to show an
injurious effect of ethanol on the liver independent of malnutri-
tion, the data did not exclude altered nutrient aksorption as a re-
sult of chronic exposure to ethanol. Other earlier studies showed
that the gastrointestinal tract of the rhesus monkey is susceptible
to dietary folate deficiency (expressed as diurhea), in association
with rapidly developing ruegaloblastic anemia (24).

Materials and Methods

Monkeys of the species Macaque radiata, weighing 3 to 5 kg add
of both sexes, were purchased after removal from their natural
habitat. Each animal was trained to ingest a totally liquid diet. as
its sole source of fluid and calories. The diet, identical to that used
in the baboon study, was isocaloiic and contained 16.6 percent of
calories as protein (casein), 21.4 percent as lipid (corn oil and
olive oil), and 62 percent as carbohydrate (dextrin-maltose). Vi-

:taming and' minerals were present in adequate amounts, including
an excess of folic acid (500 mg per liter). Over a period of adapta-
tion, five monkeys received a similar diet in which ethanol was
gradually replaced for carbohydrate to a final level of 50 percent
of total calories. The animals were paired by sex and initial body
Weight, The dietwas offered as 100 cal/kg to the ethanol group,
while each control animal was fed amounts equal to the ,previous
day's intake' of its pair. Each monkey' was weighed twice weekly,
and the average daily caloric intake per kilogram was calculated
for each month. a

Folate ,status Was monitored by determining serum and red cell
folate levels in -blood drawn- at monthly intervals (26). Addi-
tionally, monthly measurements were made of complete blood
count and serum levels' of total, protein, albumin, alkaline
phosphatase and glutamic oxaloacetic transaminase (SGOT). At
3-month intervals, the monkeys were transferred to hanging
metabolic cages for 5-day collections of urine and feces. This
procedure permitted subsequent analAii of excretion of average
fecal lipid (27) and nitibgen excretion (miCro-Kjeldahl method)
and at the 6:month- interval, of complke nitrogen balance.

After 3 months, surgical lapuotomy was performed on each
animal. About 2 g of liver was removed for microscopy and meas-
urement of folate (26) and protein concentration (28). After
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subsequent digestion with exogenous hog kidney folate conjugase,
total hepatic folate was measured using two organisms, Lactobac-
cillus easel, and qtreptococcps faecalis. Use of the two organisms
permitted an estimate °X the methylation of hepatic folates as the
difference in values, divided by activity for L,. teasel, multiplied by
100. At laparotomy, the jejunal mucosa of each animal were
sampled through an elliptical incision. The mucosa were subse-
quently analyzed by light and electron microscopy and measure-
ment made. of activities of sucrase and lactase (29) and folate con-
jugase (30). .

One month after surgery, folic acid absorption was measured as
-follows. Each fasting animal was administered 3H-PG-1, 25 pg/kg,
by stomach tube. The compound was proved pure by previous
DEAE column chromatography. Two hours following administra-
tion of the labeled folate, each animal received 5 mg of folic acid
intramuscularly as a tissue-saturating dose. Isotope recovery was
measured in urine collected during th.2 following 72 hours. Counts
were corrected for quenching using a quench curve and also by in-
ternal standards.

Results and Discussion

After 7 months of feeding, all animals maintained weight or
showed a slight gain. However, as shown in figure 1, the daily
caloric intake required for weight maintenance, calculated as aver-
age daily calories consumed per kg body wt, was significantly
greater in the ethanol-fed monkeys from the second .month on-
ward. This finding could not be ascribed to intestinal malabsorp-
tion, because fecal fat and nitrogen excretion. expressed as a per-
centage ied daily intake, was no different between the groups at 3
and -6 months (table 1). Complete nitrogen balance at 6 months
showed no changes between the groups (figure 2). These data con-.
trast with those of Rodrigo et ,a1., who showed increased urinary
nitrogen excretion and negative nitrogen balance in rats fed 36
percent of their calories as ethanol for 24 days (31). The findings
are consistent with' the "empty calorie "" concept of ethanol as a
food, which Pirola et al. suggest is due to the loss of hydrogen
equivalents through the hepatic tnicrosornal ethanol-oxidizing sys-
tem (32).

Liver specimens obtained by surgical laparotomy at 3 months
defrionstrated -fatty deposition within the parenchymal cells of
each ethanol-fed animal. By electron microscopy, in addition to
fat droplets, the puenChymal cells showed mitochondrial swelling
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Fijure 1.° Caloric Intake per kg Body wt/d, Based on Average
Values Calculated for Each of Seven Months
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Means ± SEM shown;.* indicates significant difference between groups.

Table 1. 'Pee* Fat and Nitrogen Excretion in Ethanol-Fed and
Control Monkeys, as Percentage of Amount Fed per riajr =

Fat Nitrogen Fat Nitrogen

Ethanol fed 15_0±1.34 2.4±0.3 10.4 0.9 6.3±0.3

Control fed 17_5 ±1.58 4.1 ±0.6.. 1;.3± 6.2± 0.5

with prominent cristae and also apparent early collagen deposition
Within the space of Dime (figure 3). Further evidence that ethanol
eeding was associated with hepatic injury included the observa-
tion in the, ethanol-fed animals of a 2-fold rise in SOOT at 3
months, followed by a 6-fold rise at 6 months. Allcaline phos-
phatase was not a sensitive indicator of early hepatic injury (table
2). No changes were-observed in serum proteins. Light or electron
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Fide 2. Nitrogen ce at Three Months
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NITROGEN BALANCE
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Each bar represents a single animal. With pairs shown vertically. Daily data
calculated from average during a 5 -day collection period.
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Figure 34 Electron Microscopic Appeirage of liver from Control (left) aid Ethanol.Fed

(right) Monkeys
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Table 2. Liver Enzymes at Three and Six Months

Ethanol fed
Control fed

SOOT pa,

3 months 6 months

Alkaline phusphatase p/L

3 months . 6 months

77.5- 14
30.4 =6.53

I-40.3 321.2=30,6 440=48.6
308 ± 36.5

microscopy revealed no differences in the small intestinal
mucosa.

The changes in the hepatic parenchyma are similar to those de-
scribed by Lieber and de Carli, who found fatty changes with
mitochondria' -enlargement and measured increases in hepatic tri-
glyceride and collagen and activity of the microolnal ethanol-
oxidizing system in baboons fed a similar diet (23). Rubin et al.
described distorted mitochondria with dilated smooth endo-
plasmic reticulum in surface epithelial cells of gut niucosa of rats
fed _ethanol for 9 months and in jejuna) biopsy specimens of al-

. coholic patient volunteers who had received 150 to '200 g of
ethanol/d for 2 months (33). The present data suggest that the
hepatic parenchymal cell is more sensitive to ethanol, because
these cells, but not the epithelial cells of the gut, were affected
at this early stage of ethanol feeding.

As shown in table 3, the hepatic folate concentration in the
ethanol-fed monkeys was significantly less than that in the con-
trol animals (p < 0.001). Hepatic protein concentrations were
similar in the groups, so it is likely that these data reflect an
actual decrease in parenchymal cell folate and not greater con-
tributions of fat to the weight of the livers of ethanol-fed animals.
As shown, the percentage of methylated folate was significantly
less in the liver tissue from the alcohol-fed animals (p < 0.01).
Hepatic folate deficiency did not correlate with hematopoietic

Table 3. Hepatic Folate and Protein Concentration
at Three Months

Falate pg/G % Methylated Protein mg/G

Ethanol fed .4.28±0.38 55.7 ±1.8. 180.4i-13.8

Control fed 7.01±0.59 65.8±3.4 191.8±24.3

P <.001 <.01 N.S.
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Table 4. Serum and Red Cell Folate Levels

Red cell (ng/rni)Serum (rig/m1)

3 months 6 months -nths 6 months

Ethanol fed

Control fed

5.7 ± .93

4.7 k.46

5.7 ± 1.09

3.3±J4

62_-1±7_13

53.0±- 3.02 34.1±9.56

deficiency :. None of the animals became anemic, and serum and
red cell folate levels remained unchanged throughout (table 4).
The red. cell folate levels were` considerably lower ,than normal
huinan levels (34).

Other researchers have described levels in this range in the ba-
boon, suggesting distinct interspecies differences (35). Mainte-
nance of peripheral blood folate status may be ascribed in part to
the excessive provision of dietary folate (50,ug/kg body wt), even
though, as described below, folate absorption was impaired in
the ethanol-fed animals. The lack of correlation of the effect of
ethanol feeding on hepatic and circulating folate suggests that the
latter site is preferentially spared at the same time as hepatic
storage capability, and methylation is diminished.

Following administration by gastric gavage of purified 314-FG-1,
followed by an intramuscular tissue-saturating dose of folic acid,
significantly less radioactive label appeared in the 72-hour urine
collection of the ethanol-fed animals than did in the controls
(table 5). These results could reflect altered renal, hepatic, or in-
testinal function. Creatinine clearances were similar in the two
groups. Previous work suggests that the hepatic injury of ethanol
results in less hepatic retention of labeled 3H-PG-1, a factor that
should enhance, rather than diminish, urinary folate excretion
136). We hav,e previously demonstrated the adequacy of tissue

Table 5. Absorption of H-PG-1

%

Ethanol fed

Control fed

4H recovered°

18.8:±1.9

43.81'5.8

Note: p < 0.005
arn 72-hour urine after gastric gavage.
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saturation by this method in an alcoholic patient (4) and conside=r
it unlikely that lowered urinary excretion in the ethanol-fed
animals represents loss of the isotope into depleted tissue. These
data are most consistent with impaired intestinal absorption of
31-1-PG-1 in the ethanol4ed monkeys. The activity of jejunal folate
conjugase, as well as that of jejunal disaccharidase, was not im-
paired by ethanol feeding (table 6), so the present data suggest
that intestinal hydrolysis of pteroylpolyglutamate is not impaired
by chronic ethanol feeding.

Table 6. Jejunal Enzymes After Three Months

Folate conjugase Lactase Sucrase
nM /mg protein pig protein pig protein

Ethanol fed 1.45±.54 25.3 ±6.1 312±139

Control fed 0_86±.17 23.8±3.7 479± 152

Conclusions and Research Needs

A prospective study of the effect of prolonged ethanol adminis-
tration on hepatic and intestinal folate metabolism has, been
initiated using a nonhuman primate model. After 3 months of
feeding 50 percent of calories as ethanol, the data have shown a
greater caloric requireenent for weight maintenance in the ethanol-
fed animals; however, there vas no evidence for dietary at or ni-
trogen malabsorption. The 'decreased folate concentration in the
liver may be ascribed to a combination of diminished intestinal ab-
sorption of folic acid and altered hepatic metabolism, as suggested
by impaired methylation. We anticipate that continued ethanol
feeding will result' in progressive hepatic injury, which may be
assixiated with more severe impairment of folate metabolism.
Further studies on this model will focus on the following areas.

1. Correlation of predictable progression of hepatic injury with
altered hepatic synthesis of pteroylpolyglutamate, the storage
form of folate. Following absorption as pteroylmonoglutamate,
folates are reconjugated to pteroylpolyglutamate in the liver (37).
Impaired hepatic pteroylpolyglutamate synthesis can be evaluated
by chromatographic analysis of liver folates after parenteral injec-
tion of labeled 3H-PG-1 (38). Results between the groups can be
correlated with microscopic assessment of hepatic injury.
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2. Evaluation of the effect of chronic ethanol feeding on hy-
drolysis and absorption of pteroylpolyglutamates. The finding of
similar activities of mucosal folate conjugase in the two groups
does not exclude the possibility that chronic ethanol feeding im-
pairs the intestinal hydrolysis of pieroylpolygltitamates. Micro-
seopic changes in the epithelium may develop with more pro-
longed feeding of ethanol A recent study has shown impaired
activity of brush border surface disaccharidases in-chronic alco-
holics (39). We have recently described the presence of two
mucosal folate conjugase activitiesone intracellular and the other
on the brush border surface (40). Our hunian jejunal perfusion
studies indicated that the in vivo hydrolysis of pteroylpolygluta-
mates is primarily affected by a surface-active rotate conjugase
(41), so it will be appropriate to study the specific effect of
ethanol on the brush border surface enzyme. The availability of
synthetic 14 C-labeled pteroytheptaglutamate will permit future
comparisons of absorption of this compound, administered si-
multaneously with 3H7PG-1.

3, Evaluation of the effect of dietary induction of folate de-
ficiency on intestinal and hepatic folate metabolism. In view of
the morbidity,,(severe diarrhea) (25) and possible mortality to be
expected from induction of folate deficiency in the monkey, we
have chosen to_ save this aspect of the experiment until last. By

- removing folate from all diets, it will be possible to study the ef-
fect of folate deficiency, with and wiLhout continued ethanol
administration, on peripheral blood folate levels, on intestinal
folate absorption, and on hepatic synthesis of pteroylpolyglutamate
storage folate, again correlating these data with microgcopic
evaluation of the injury.
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piseussion of Paper by Halsted et al.

Dr. Schenker: I think I heard you say that it is not completely
straightened out whether folate is transported by an active process
or not. What seemed to be the difficulties with regard to determin-
ing the mechanism of transport of folate? That is my first ques-
tion. And the second question is, in your monkeys, you expressed
your folate concentration Ln the liver as per unit weight. What
about the total size of the liver in the monkeys? Was it larger? If
you were to multiply it by that factor, would the difference be
smaller?

Dr. Halsted: Well, let me answer the second question first..1 do
not know what the total weights of the livers are because they are
still in the monkeys. I guess this gets down to the problem that
everybody deals with, how do you express enzyme activity in the
liver? If fat is increasing, weight of the liver also increases. We. have
also expressed the results on the basis of per mg protein, and there
is still a significant difference.

Dr. Schenker: There are some ultrasound techniques whereby
you could perhaps determine the total mass of the liver, and that
was really what I was getting at. We are using it in patients in
terms of determining drug-metabolizing activity, and I think that
might be something you might want to consider using.

Dr. Halsted: Thank you. As for mechanimiis of folate absorp-
tion, I think it is surprising that people have worked in this area
for 15 or 20 years, and the answer is still elusive. I think the best
evidence is that folic acid absorption is a saturable process, and it
can be stimulated with glucose. Congenital folic acid deficiency in
humans has been reported, which suggests that there is a specific
carrier mechanism. Whether this means that there is an active
uphill transport or whether something else is gOing on is unclear.
There is another theory. It holds that the polarity of folic acid is
changed as it goes through the unstirred layer because of pH
changes, and this somehow affects solubility and transport.
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The Effect of Ethanol
on Folate Metabolism*.

Robert S. Hillman

Studies of the incidence and character of hematological ab-
normalities- in alcoholic patients Shave directed attention to an
apparent toxic effect of alcohol on folate metabolism. This
interference with normal folate supply to hematopoietic tissue
results in marked disruptions of cellular proliferation, maturation,
survival, and function. However, the defect in cellular maturation,
that is, abnormal DNA replication and cell division, is the recog-
nized hallmark of folate deficiency. Clinically, it is first recog-
nized by the appearance of megaloblastic erythropoiesis on
examination of the bone marrow, followed by the development of
a macrocytic anemia.

The direct relationship between alcohol and folate-deficient
megaloblastic erythropoiesis was first established by Sullivan and
Herbert (16,17). Since then, survey studies of chronic alcoholic
patients have shown low serum and/or red cell folate levels in 50
to 80 percent of such individuals, with up to 60 percent having
associated hematological abnormalities (6,18). The effect of
alcohol ingestion on the serum folate level is dramatic. When
'normal individuals are placed on a diet containing little or no
folate and asked to drink sufficient alcohol to raise their blood
alcohol levels to approximately 100 mg/100 ml, they demonstrate
a dramatic reduction in serum folate levels. These reach a deficient
range within 24 to 48 hours('). This effect can also be seen with
acute intravenous infusions of alcohol. It is quite different from
the behavior of serum folate levels in subjects maintained on
deficient diets alone (8). It is also significant in terms of tissue
folate supply; megaloblastic erythropoiesis will follow within as
little as 10 days as a result of this level of alcohol ingestion.

The ability of alcohol to induce a tissue abnormality is closely
related to the state of folate nutrition. As demonstrated by the
Sullivan and Herbert study (16) and the work of Lindenbaum and
Lieber (13), folate supplementation will counteract the toxic

*This work was supported by U.S. Public Health Service grants No. AM -13732
and AA00196.
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effect of alcohol on folate metabolism. Furthermore, in a Seattle
survey study of chronic alcoholics, the relationship of food and
alcohol to the incidence of hematological abnormalities was clearly
demonstrated (5). Patients with abnormal hematopoiesis tended
to drink the equivalent of more than 4 to 8 ounces of 100-percent
ethanol per day and eat less than one meal per day. Thus, any
study of alcohol toxicity on folate metabolism must be aware of
and control for the level of folate nutrition.

Although simple dietary deprivation of folate plays an impor-
tant role, it is not the only reason for abnormal folate metabolism
in chronic alcoholics. At least two other mechanisms have now
been identified. As discussed by Dr. Halsted, alcohol= interferes
with the absorption of folate in patients with poor folate nutrition.
However, similar to the dietary deprivation situation, this toxic
effect cannot explain the dramatic fall in serum folate levels and
the rapid induction of megaloblastic erythropoiesis. Therefore,
attention must be directed toward a toxic effect of alcohol on
internal folate metabolism.

When the rapid 'depression of serum folate levels by alcohol was
first appreciated, Eichner and Hillman carried out a series of
studies looking for an alcohol-induced error in the measurement
of .serum folate (7). Alcoholic plasma, alcohol,- acetaldehyde,
lactate, and triglycerides were tested for, their effect on the L. casei
bacteriological assay system. No inhibitory effect could be de-
tected. In addition, subsequent studies using the, milk binder
radioisotope assay of serum folate have confirmed the effect of

:alcohol on folate levels, ther6by ruling against a simple measure-
ment error (15). Studies of folate binders in the plasma of alco-
holics have also failed to reveal any nonspecific effect of alcohol
which might interfere with folate delivery to cells (4).

A more productive area of investigation has been the study of
internal folate kinetics. Beginning with the- first measurements of
tissue uptake and handling of folate, it has been possible, using
nonisotopic folate, to show a change in tissue avidity for folate
in association with folate deprivation (2,3,9). As the methodology
for kinetic measurements has improved, studies carried out on
alcoholic humans have demonstrated normal or increased uptake
and tissue binding of tritiated pteroylglutamic acid, regardless of
the state of folate nutrition or alcohol intake (1,12,19). As
estimated by the Johns et al. (11) washout technique, the apparent
rate of pteroylglutamate reduction, rnethylation, and storage as a
tissue-bound methyltetrahydrofolate pentaglutarnate was similar
for normal, folate-deficient, and alcoholic subjects. Perhaps the
only suggestion of an alcohol-related defect was a slight increase
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in storage and/or a decrease in utilization of ,14C methyltetrahy-
drofolate in alcoholic subjects. However, this finding must be
interpreted in the light of the use of a 14C-rnethyltetrahydrofolate
isotope that not only is of low specific activity, but also contains
equal amounts of the d-isomer, a form of the vitamin that-may not
be used by human tissue.

Studies using a rat-animal model have provided much more
satisfactory data. McGuffin et al. were able to show that acute
alcohol ingestion in the rat results in a rapid depression of serum
folate levels, at a time when liver folate stores are relatively
intact (14). These results are similar to those experienced with
human studies. It has also been possible to establish the isotopic
and chromatographic techniques required for measurements of
folate clearance from plasma, hepatic uptake and storage, rates of
folate congener and polyglutamate formation, and finally, folate
release into bile.- As a result of this work, a specific toxic effect of
alcohol on the hepatic handling of folate can now be demon-
strated (10). In the normal rat, the intravenous injection of
either 3H pteroylglutamic acid or 14C methyltetrahydrofOlic acid
is followed by a rapid ,uptake' of 40 to 50 percent of the isotope
into liver over a 1 to 3 hour period. Each isotope then follows a
distinctly different pathway. In the case of 14C methyltetrahydro-
folate monoglutarnate, there is an almost immediate excretion of
the isotope into bile, so that by 3 hours there is little or no residual
activity present in liver. None of the isotope is incorporated into
the liver pentaglutarnate pool, and the excretion into bile is not
associated with a change in the character of the folate. In con-
trast, following the uptake of 3H pteroylglutamic acid into liver
tissue, it is rapidly reduced and methylated to form 3H methyl-
tetrahydrofolate monoglutamate. As a part of this process, 15 to
20 percent of the material is also converted to the pentaglutamate
form of methyltetrahydrofolate. The remainder is then excreted
into bile, either as methyl- or formyl-tetrahydrofolate mono-
glutamate, for recirculation through the g_ ut. This then forms a
characteristic enterohepatic cycle.

The size and behavior of the enterohepatic cycle in the rat is
quite significant. As much as 50 percent of a single tracer dose of
isotope will move through the cycle in a 6-hour period. In addi-
tion, the role of the cycle in determining the serum folate level is
easily demonstrated. Interruption of bile folate flow by common
bile duct drainage results in a rapid fall of the serum folate to
levels of 40 percent of normal within 4 to 8 hours. Thus, the
enterohepatic cycle provides an excellent potential target for
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any to. xic effect of alcohol on either gut absorption or hepatocyte
folate metabolism.

The presence of such a defect has now been demonstrated.
When the kinetics of the enterohepatic cycle were studied in
animals maintained on a folate-free diet for 3 days rind compared
to animals on a deficient diet plus alcohol by intragastric instills-
tion, isotope uptake by the liver was normal or increased in both
groups of animals. At the same time, the folate-deprived animals
demonstrated a reduced incorporation of 3H pteroylglutamic
acid into the methyltetrahydrofolate pentaglutamate pool.
Instead, the folate appeared to be shunted into a larger than nor-
mal methyltetrahydrofolate monoglutamate pool and into bile.
These results suggest a normal mechanism in the hepatocyte for
mobilizing polyglutamate stores to maintain bile and serum folate
levels in periods of folate deficiency.

When folate-cleprived animals were treated with alcohol, the
behavior of the folate isotopes was quite different. Although
14C methyltetrahydrofolate uptake and excretion into' bile were '-
not affected, alcohol ingestion resulted in a major shunting on
3H pteroylglutamic acid into the pentaglutamate storage pool.
A major reduction of folate excretion into bile then resulted, and,
as confirmed by bacteriological assay, there was a concomitant
decrease iri the total amount of folate flowing through the en-
terohepatic cycle. These findingi are summarized in figure 1. In
the arcoholic animal, any folate coming to the liver for the purpose
of reduction and/or methylation will preferentially be shunted
toward the pentaglutamate pool or maintained within the hepa-
tocyte as a methyltetrahydrofolate monoglutamate. The result is
a reduction in bit folate flow and a drop in the serum folate level.

The mechanism behind this alcohol effect is still 'unclear. One
possibility is the formation of an abnormal type of folate such as
ethyltetrahydrofolate, which would be unavailable for normal
export into bile. A second might be a specific alcohol effect on
the conjugase system of liver, which would. interfere with the
:mobilization of the pentaglutamate storage pool. However, a
direct demonstration of reduced levels of carboxypeptidase in

coholic rat liver has not been possible. An increased use or
storage requirement for folate by the hepatocyte as a part of the

alcohol induction of the microsomal enzyme system is another
possibility. This relationship has been suggested as a reason be-

hind the apparent folate deficiency perienced during diphenyl-
hydantoin (Dilantin) ingestion.- Fin lly, recent -work by Dr:
Wagner would suggest a direct toxicity alcohol on the hepato-
cyte export pathway for folate.
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Figure 1. Effect of Alcohol on Folate Circulation
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In the alcoholic animal, dietary deprivation of folate and alcohol ingestion
reduces folate transport across the gut wall. In addition, alcohol interferes
with the kinetics of liver folate storage and excretion into bile and further
reduces the normal flow of folate through the enterohepatic cycle. As
demonstrated by tracer isotope studies, alcohol ingestion results in a shunting
of folates returning to the liver for reduction and methylation into either a
pentaglutamate or a methyltetrahydrofolate- monoglutamate pool az the
expense of bile folate excretion. This action results in a rapid and significant
fall in enterohepatic recirculation of folate and the level of serum folate
available to tissue.

Our understanding of the relative importance of hepatic folate
storage and enterohepatic flow is only beginning. The-demonstra-
tion of a toxic effect of alcohol on folate kinetics has been re-
stricted to the liver and enterohepatic folate cycle, but the poten-
tial importanbe of such a toxic effect may reach out to all
peripheral tissues. Many tissues may, in fact, act similarly to the
hepatocyte in accepting various folate congeners, performing the
reduction of methylation steps and actively incorporating new
folate int) pentaglutamate stores. Thus, as methods become
available, it may be possible to show that alcohol has a universal
toxic effect on folate utilization, resulting in major disruptions in
internal folate metabolism at all tissue sites. This possibility is an
important and exciting area for future investigation.
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Discussion o Paper by Hillman,

Dr. Henderson: What happens to the erythrocyte level of
folate when the plasma goes down so precipitously? Does it
drop, also?

Dr. Hillman: They are very insensitive to all of this, because
most of what you are looking at is a trapped type of polygluta-
mate in red cells, which is not going any;Vhere. It is just sitting
there, and you have to wait for a whole new population of red
cells, produced under these adverse conditions, to appear. If you
do that, you wait for 3, 4, 5 weeks, then the red cell folate level
goes down. But in terms of the 48-hour to 1-week time, you do
not see any change in red cell folate.

Dr. Henderson: Have other tissues been examined in this
regard?

Eri. That is the problem. For the other tissues, there
are a lot of methodology requirements, and a lot of hard work
is needed.
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The e-Uptake of Folate
by Isolated flepatocytes

Conrad Wagner, Donald W. Horne, and William Briggs

The following report presents some recer._ 0,ociies on the uptake
of folate by isolated hepatocytes and some preliminary data on
the effect of ethanol on this process. These in vitro experiments
complement the in vivo studies 'presented by Dr. Hillman and are
particularly appropriate to consider at this time.

For the past several years, we have been working with the
isolated hepatocyte system in order to establish it as a model for
the study of the transport of water-soluble nutrients. This system
has been used to measure the transport kinetics of amino acids (1);
bile acids (2), and other small molecules (3,4) into the liver cell.

The major form of folate found in human plasma is (l)-5'-methyl-
H4 folate. Uptake of this corn-pound, by isolat4c1.4rat hepatti-
cytes (3) follows the time course shown in the first figiare. It
shows that the rate of uptake is linear for'at least-10 minutes, and
that uptake continues to increase up to 90 minutes. ,At this time,
tissue-to-medium concentratiorrratiop are greater than 1.0. Qthr
studies have shown that at Nast 80 percent of the 5- methyl -H4
folate taken up is unchanged and unbound after this time The
uptake is saturable with increasing substrate concentration,_ is
competitively inhibited by analogs, and is inhibited by __various

compounds that-interfere' With energy production. Examples are
also shown iri figure 1. The presence of 10 mM sodium arsenate
(an 'inhibitor of high-energy phosphate formation) and 0.1 mM
5 -formyl-H4 folate (a substrate analog) inhibits the uptake- of
0.25 pM folate. On the other hand, 10 mM sodium
azide (an inhibitor of electron transport) stimulates the rate of
uptake.

Of necessity, uptake measurements of this type represent net
flux. A stimulation of the net flux by an agent such as sodium
azide may be explained as an actual inhibition of efflux. A similar
phenomenon was observed by Goldman, who reported that the
uptake of methotrexate by L-1,210 cells was stimulated by
sodium azide; this effect was explained by an inhibition of
efflux (5). Figure 2 shows that sodium azide inhibits efflux of
labeled 5-methyl-H4 folate from the hepatocytes.

-74 0 - -
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Libeled 6-metiarl-H4 folate and the-test compound were added to the cells
shntdtaneously at sera time The uptake of 0.25 AM 5-rnethyl-H4 [G 3H]
folate was measured over the next 90 minutes in control cells (a) and cells

'with 10.mM sodium azido (A), 20 mM sodium arsenate (o), and 0.1 mM
5-formyl-144 folate (0).
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Figure 2. Inhibition of Efflux of 5:Methyl-H4 Fo late from
Isolated Hepatocytes

20 50 40 50
TIME ( MIN)

The cells were incubated for 15 minutes in the presence of 1.66 pM 5-methyl-
H4 [G-31-1] folate and 10 mM sodium azide. The cells were washed once in
5-methyl-H4 folate- and azide-free medium at 39° and resuspended in fresh
medium with (s) and without (o) 10 mM azide.

The effect of ethanol on this up_ take process was investigated
next. These results are shown in figure 3. Part A of figure 3
demonstrates that the in vitro addition of 40 mM ethanol to the
uptake medium markedly stimulates. the rate of 5-methyl-H4
folate uptake. This stimulation -is also.seen in part B of figure 3.
In -these latter, experiments, shown in part B, the hepatocytes
were isolated from animals that had received 4 gm/kg of ethanol
1- hour. -prior to sacrifice. The- isolated hepatocytelvere then
incubated with and without 40 mM ethanol. There is no differ-
price in the-rate of uptake of the substrate by either the coni. is
of parts A and B or by the ethanol-stimulated cells of parts A
and B. This finding indicates that although the in vitro presence
of ethanol enhances the rate of 5-methyl-H4 folate uptake, prior
acute administration,of ethanol does not.
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Effect of Alcohol on Uptake of 5-CH3-114P eGlu

Miff
Min

A. Male rats weighing approximately 200 g were used for isolation of hepa-
tocytes. The resulting cells were incubated in the akience (I) or presence
(a) of 40 mM ethanol, and the uptake of 0.25 AM 5-methyl-H4 [G-3H]
folate was measured.
B. The uptake was the same as for A, except that the hepatocytes were
isolated from animals which had received 4 g/kg of ethanol by stomach
tube .1 hour before sacrifice.

It should be noted that stimulation of uptake by ethanol is not
_immediately apparent. The effect of ethanol is apparent after

20 miluarattagTeatest after 40 minutes. Thus, a metabolite
of ethanol may be responsible for the stimulated uptake. In other
experknents, the substitution of 40 m111 acetaldehyde for ethanol
in the in vitro experiments did not result in any stimulation.

The increased rate of uptake in the presence of ethanol is rem-
iniscent of the effect of sodium azide (figure 1). We therefore
.sought to determine if ethanol inhibited efflux. The results of
one such experiment are shown in figure 4. There is a small but
measurable inhibition of efflux by ethanol. This effect is not
always seen and the results are variable, which may be due to the
fact that the maximum effect of ethanol on uptake is observed
after 40 minutes incubation. When efflux is measured, most of
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Figure 4. Effect of Alcohol on Efflux of 5-CH3-H P

200

40 mM 1<t0H

CONTROL

20 40 60
Mira.

'Flepatocytes were incubated for 45 minutes in the presence of 0.25
5- methyl -H4 [G.31-1]-folate. The cells were washed once with 5-methyl-H4
folate-free buffer at 370 and then incubated in the presence (0) or absence
(a) of 40 ruM ethanol.

the preloaded substrate has left the cell by 40 minutes, and small
differences would not be obserited.

These studies have shown that there is a saturable, energy-
dependent uptake system for (0-5-methyl-H4 folate in the isolated
rat hepatocyte. Uptake is stimulated by sodium azide'and ethanol.
The stimulation by azide can be explained by a primary inhibitioii
of the efflux system. The stimulation by ethanol may also be due
to an inhibition of efflux, but this effect is variable.

These results show that efflux of 5- methyl -H4 folate is not
simply a reversal of influx and may be linked to different processes
in the cell. These in vitro studies also tend to support those of
Hillman on the in vivo effects of ethanol administration on the
disappearance of folate from the plasma.
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D-A cu ion of Paper by Wagner t al.

Dr. Lieber: I wonder whether I may have some additional in-
formation concerning that remark you made that acetaldehyde
did not reproduce the effect. Could you tell us what level of
acetaldehyde was used? What was the measurement of the acetal!
dehyde in vitro and how did you actually perform that experiment?

Dr. Wagner: The uptake experiments were carried out with
40 mmol ethanol. Instead of using 40 mmol ethanol, we used
40 mmol acetaldehyde.

Dr. Lieber: Now 40 mraol acetaldehyde is, of course, a huge
amount.

Dr. Wagner: Yet, it is, but we saw no effect.
Dr. Lieber: I do not know what it actually would mean, except

that if you add 40 -mmol acetaldehyde and do not block its con-
version to ethanol with pyrazole, you actually should have the
ethanol effect, because most of the acetaldehyde is going to be
converted to ethanol.

Let me just point out two major pitfalls of acetaldehyde experi-
ments. This comment pertains both to what we heard today and
also what we heard in terms of the effects of acetaldehyde on
protein synthesis. If one adds acetaldehydeririAtro, there are two
major pitfalls. One, it is rapidly converted to ethanol unless one
blocks that conversion, and, therefore, if one is interested in the
effecti of acetaldehyde, one should always be careful to block its
conversion back to ethanol. And second, even if one does that,
the capacity for the cell to metabolize acetaldehyde is such that
the level very rapidly falls to almost zero. So it is very important
to keep giving acetaldehyde, infusing it continuously or adding it
continuously, and monitoring the levels. Otherwise one may well
see no effect because there is no acetaldehyde left within a
Matter of minutes. So these are two important pitfalls that
one should probably be aware of if one performs experiments
with acetaldehyde.
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Intestinal Thiamine Absorption:
Normal Characteristics and-

Effects of Ethanol
Anastacio M.. Hoyumpa, Jr.

Abstract

Thiamine deficiency is a common feature of chronic alcoholism
in humans and may lead to impaired neurological and cardiovas-
cular functions. To understand the pathogenesis of thiamine de-
ficiency in chronic alcoholism, the normal characteristics of intes-
tinal thiamine transport were studied in rats, and the effect of
ethanol was determined. Results indicate the presence of a dual
system of intestinal thiamine transport in-rats. At low thiamine
concentrations (< 1.0 AM), transport' is a saturable, carrier-
mediated, sodium-dependent active process; at higher concentra-
tions (>1.0 tiM), transport is a passive process. Ethanol impairs the
active, but not the passive, component of thiamine transport by
blocking the exit of the vitamin from the cells. Thiamine entry into
the cells is not affected by ethanol. Further, there is evidence suggest-
ing that ethanol impedes thiamine transport across the serosal
membrane by-inhibiting Na-K ATFase activity in the basolateral
membrane. Additional studies are needed, however, to confirm
whether active thiamine transport is truly dependent on Na-K
ATPase activity.

Chronic alcoholism is frequently associated with thiamine de-
ficiency. Poor intake of the vitamin is perhaps the main cause
(1,2), but 'decreased activation of thiamine to thiamine pyro-
phosphate (3) and reduced hepatic storage of thiamine in patients
with alcoholic fatty liver (4) may be important also. Moreover,
there is evidence in animals to suggest that other nutritional dis-
orders, such as folate (5,6) or pyridoxine deficiency (7), may con-
tribute to decreased thiamine absorption. Finally, alcohol may
impair theintestinal absorption of thiamine (8,9). Because of the
last consideration, studies were conducted to determine the char-
acteristics of normal intestinal transport of thiamine in rats and,
subsequently, to determine the effect of ethanol.

237.
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Methods

Thiamine transport was measured both in vivo and in vitro in
rats. First, using isolated, well-vascularized intestinal loops, in vivo,
the rate of disappearance of 35S-thiamine hydrochloride from the
intestinal lumen was measured by determining the difference be-
tween the quantity of thiamine introduced into the loop and the
amount recovered from the lumen and wall of the intestinal seg-
ment after absorption was allowed to proceed for a period of time.
Second, measurements of net transmurai flux of 14C-thiamine
hydrochloride were obtained in vitro, using everted intestinal seg-
rnents. (10). Movement across a concentration gradient was deemed
present when the serosal-to-mucosal concentration ratio became
significantly greater than the initial ratio of 1. Third, to further
characterize normal thiarriine transport, unidirectional tissue up-
take of 14C-thiamine hydrochloride across the brush border
membrane was measured, using 3H-Dextran as a nonabsorbable
marker of adherent mucosal volume (11). The technique was also
adapted to determine the transfer of thiamine from the tissue to
the serosal compart,ment (12). Uptake into the tissue, as well as
movement from the tissue to the serosal fluid, was shown to be
linear with time up to 5 minutes and with dry tissue weight (12).
Finally, unidirectional uptake and net transmural flux were meas-
ured, in vitro, under short-circuit conditions (13,14).

Characteristics of
Normal Intestinal Thiamine Transport

Data obtained from in vivo studies showed that at low concen-
trations of thiamine, ranging from 0036 to 1.5 irM, absorption
from all segments of the small intestine was a saturable process,
with the rate being greatest in the duodenum and least in the
ileum (15). In contrast, the rate of absorption in the duodenum,'
jejunum, and ileum increased in linear fashion as the lumenal thi-
amine concentration rose from 2 to 560 ALM.

These findings were confirmed and extended by in vitro studies
(15). Examination of net transrnural flux revealed movement of
G.2 iLM against a concentration gradient so that the serosal-to-
mucosal ratio increased to 1.5; for 20 pM thiamine, the ratio re-
mained 1.0. The difference was significant.. Moreover, inhibitors
such as pyrithiamine, dinitropheriol, N-ethyl maleimide, and
ouabain reduced the serosalimucosal ratio to 64; 70, 72, and 86
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Apercbnt of normal. These inhibitors did not affect the rm flux of
20 pM thiamine.

The unidirectional jejunal uptake of low concentrations of thi-
amine was found to be saturable (figure 1A), consistent with the
earlier in vivo results. pyrithiamine, a structural analog of thiamine,
exhibited competitive inhibition on the jejunal uptake of low con-
centrations of thiamine. In contrast, pyrithiamine did not in-
fluence the uptake of high thiamine concentrations that were non-
saturable (figure 1B), In addition, uptake of low concentrations of
thiamine was significantly reduced in the presence of anoxia, how
temperature, and replacement of sodium ion with equimolar n an
nitol. These conditions had little or no adverse, effects on the up-
take of high concentrations of thiamine.

In recent years, the water layer adjacent to the lipid membrane
of the brush border microvilli has come to be recognized as an
'important determinant of the kinetics of transport (16). Stirring
serves to reduce the thickness of the aqueous barrier and thereby
facilitates transport of solutes (16). The effect of mechanical
stirring of the incubation media at 900 rpm was therefore ex-
amined in relation to thiamine transport. Stirring reduced the km
of thiamine from 0.634 pM to 0.374 pM, but Kmax was not af-
fecf6d and the permeability constant, P, remained unchanged.

Studies with electrical short-circuiting maneuvers indicate that
thiamine at low (but not high) corrcentrations can be transported
against an electrical gradient (15).

Taken together, these findings suggest the existence of a dual
system of thiamine transport, across the rat small intestine. At low
thiamine concentrations (< 1.0 pM), transport is a saturable,
carrier - mediated, sodium-dependent active process that proceeds
against an electrochemical gradient and is affected by changes in
the thickness of the water layer brought about by stirring. In con-
trast, at high concentrations (> 1.0 pM), transport is predom-
inantly a passive process, unaffected by structural analogs, meta-
bolic inhibitors, or stiriing.= A similar dual system of intestinal
transport has now been shown for folates (17) and vitamin A (18).

Effect of Ethanol

Acute Ethanol Studies. The intragastric or intravenous
istration of ethanol in single doses, 50 to 750 mg (but not 25 trig/
100 g body weight), produced in 1 hour a significant reduction
(average 38 percent) in the absorption of 0.5 pM thiamine from in
vivo duodenal loop (figure 2A) (12). Once attained, the degree of



figure 1. Unidirectional Jejtmal Uptake of Low and High Concentrations of Thiamine

k Low CONCENTRATION B. HIGH CONCENTRATION

PYRITHI.AMIt

MffochN posiOprOpoirt

01 02=03 04 05 1.0

THIAMINE CONCENTRATION (NM)

2.0

' r=4 ?ia)PIAL CDITIOL (Ili!)

pe-N.flpinBANIN (pi)

IDOID TO

ihailaflom

20 30 40

THIAMINE coNcENIRATION ()AI

t'Pyrithiamine 1 p14 inhibited the upttke of loW concentrations of thiamine (panel A); the addition of 200 of

110 no effect on the uptake of high concentrati ons ofilvamine (panel Reproduced from refcrence:

;,(15) pith pub shees perdision, Copyright 1975 by The Williams & Wilkins Co.

I) i
1.4 'lid



Figure 2. Effect of Alcohol on Absorption from Intact Duodenal Loop of Low and High Conceni

trations of Thiamine
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inhibition was riot dependent on the ethanol dose, and it was re-
versible within 24 hours. The smaller the dose given, the quicker
was recovery (12). This ability of ethanol to inhibit the absorption
of low concentrations of thiamine appeared to be specific, inas-
much as an equal volume of saline or isocaloric amounts of glucose
did not influence thiamine absorption. N6ithet was the effect re-
lated to the osmotic action of ethanol. In contrast, the absorption
of high concentrations of thiamine, 17.5 and 35 IN, was not af-
fected by the intragastric administration of ethanol 750 mg/100 g
body weight (figure 2B). Similarly, the net flux of low thiamine
concentration (0.2 !AI), but not of high concentrations (20 /AM);
was inhibited by 2.5-percent ethanol placed in the. mucosal and
serosal compartments (figure 3).

To determine the possible site of ethanol action, the effect of
ethanol on thiamine tissue uptake and subsequent transfer from
the tissue to the serosal compartment (thiamine exit) was ineas-
ured. Tissue uptake of low concentrations of thiamine (0.2 and

3. Effect of Alcohol on Net Flux of Low, and High Con-
centrations of Thiamine
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Figure 4. Similarity Between Ethanol (I) arm Ouabain (II) Effect
on Thiamine Transport
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Both agents allowed uptake of thiamine across the brush border membrane
to procied 'normally, but they inhibited thiamine cellular exit across the sero-
sal membrane. Reproduced from reference (12) with publisher's permission.
Copyright 1975 by C. V. Mosby Co.

.5 M) was not affected at all by intragastric administration
of ethanol 750 mg/100 g body weight (figure 4, rA). In contrast,
ethanoksignificantly reduced the serosal exit of the same concen-
trations of thiamine (figure 4, IB). As did ethanol, ouabain al-
-lowed tissue uptake of thiamine across the brush border mem-

' brane to proceed normally (figure 4, ZIA), but it blocked the exit
of the vitamin across the eterosal membrane (figure 4, LIB). Neither
ethanol nor ouabain affectecV the uptake or exit of high concen-.
trations of thiamine. Ouabain is a known inhibitor of Na-K
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ATPase, which is believed to play an important role in active trans-
port, so these results suggest that ethanol may impair thiamine
ierosal transport by inhibitin% Na-K ATPase activity in the baso- .
lateral membrane of the intestinal epithelial cells.

The effect pf ethanol on basolaterefmembraneNt-K ATPase ac-
tivity was: therefore directly assessed apd correlated with serosal
thiamine transport (19). When 0.5 M ethanql was dirpctly added
to the membrane preparation, Na-K AT ase activity vtras reduced
by 59 percent. Ethanol 0.1, 0.2, 0.3, 0.5, 0.7, anci 1.0 M added in
vitro reduced Na-K ATPase to 94, 78*, W, 41*, 28*, and 17*
percent of control value (*p < .001), respectiVely. In addition; 1
hour after the intragastric administration ofethanol 50, 100, 250,
500, and 750 mg/100 g body weight in vivo Na-K ATP e activity .
declined to° 73*,-52*, 52*, 62 *, and 48* perRent of c ntrol value
(*p < .01). The same in vivo doses of ethanol ed thiamine
serosal transport to 82, 48*, 50*, and, 51* percen of control
(*p < 05), respectively. The plasma ethanol \concentration ea-
pable of inhibiting Na-K ATPase and thiamine transport was at.
least 60 to 70 mg/100 ml. These data clearly shOw an association
between ethanol inhibition of basolateral mernbraneNa-K ATPase
and decreased thiamine ierosal transport, but determining whether .

this association is one of cause and effect requires further study.
Chronic Ethanol Studies. So far, the data cited have been ob- I

tained after single acute doses of ethanOl were given to normal
rats. The relevance of these observations, however, tothe patho-
genesis or thiamine deficiency in chronic human alcoholism is
uncertain. Therefore, the effect of chronic ethanol adminiaration
on thiamine transport was studied (20): Rats were fed an ethanol-
containing liquid diet as described by DeCarli- and Lieber (21).
Contrbl animals were fed a similar mixture, except that ethane))
w replaced by isocaloric amounts of dextrin - maltose. One liter
of each . mixture contained 0.725 mg of thiamine. After 6 to 8
weeks, thiamine tissue uptake and serosal exit were measured and
co __elated with basolateral membrane Na-K ATPase activity: Results
showed that chronic ethanol feeding did not alter the rate of thi-
amine uptake or exit, and Na-K ATPase activity remained normal
(20). Furthermore, the thiainine pyrophosphate content of the
liver, heart, brain, and jejunum-of rats fed the DeCarli-Lieber,diet
for as long as 4 months was normal (20). It was noted, however,
that at the time of the transppit and Na-K ATPase measurements,
the ethanol concentrations, in the plasma and intestinal lumen
were only 40.2 ± 19.4 ( n -=.16) mg /100 ml, and 3943-± 1'5.3 (n -z
14) mg/100 ml, respectively. From serial measurements of tail
vein blood, it was found ,that there was considerable fluctuation in '
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ethanol plasma concentrations throughout the data, reflecting
the nocturnal feeding habit of the animals. High ethanol levels
considered legally inebriating in humans were noted toward mid-
night. whereas low levels were found toward noon when the trans-
.port and Na-K ATPase measurerrients were obtained.

Some alcoholics are known to consume more alcohol at certain
times than at others. To simulate this clinical condition and to in-

crease ethanol concentrations to levels attained at night, rats fed
the ethanol diet for 6 to 8 weeks were given an additional single
close of ethanol 250 mg/100 g body weight. One hour later, thi-
amine transport and Na-K ATPase activity were measured. -There
was a 56-percent and a 44-percent decrease in serosal transport
of 0.2 and 0.5 uM thiamine with a corresponding -68-percent fall
in basolateral membrane Na-K ATPase activity (19). The ethanol
concentrations in the plasma and gut lumen were 185 and 318
mg/100 ml, respectively. Tissue uptake of thiamine remained
normal.

The difference between the normal thiamine transport sand
Na-K ATPase activity following chronic ethanol administration on
one hand, and the inhibition of thiamine transport and Na-K
ATPase activity after the additional dose of ethanol on the other
hand, may lie', at least partly, in the difference in ethanol plasma
concentrations at the time of the transport and enzyme measure-
ments. It should also be noted that these studies only measured
thiamine transport rate across a segment Of the jejunum during a
very brief period of the day. They were not designed to evaluate
overall absorption of thiamine- from the entire gastrointestinal
tract. Such a study was done by Balaghi arid Neal (personal Corn-
inunication). - Rats were. given 10-perceniz-alcohol as the only
source of drinking liquid for 8 weeks, and the excretion of thiz
amine in the feces and urine was measured.. These- investigators
noted increased fecal excretion of thiamine and decreased urinary
excretion of thiarriine, consistent with malabsorption of the-vi-
tamin: yet, as we did, they found the tissue thiamine content to be
normal:,

Conclusions

Based on studies in rats, intestinal thiamine transport is clearly
- governed by a dual system: active for low or physiological concen-

tiltions and passive, for high pharmacological concentrations. Eth-
- Ool- inhibits the active, but not the passive, component of thi-

amine transport. Uptake or transport across the brush- bo-rder

111 7 - 7) - 1 7
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proceeds normally in the presence of ethanol, but thiamine exit or
transport across the serosal membrane is blocked and is associated
with inhibition of Na-K ATPase activity. We did not study the
mechanism, by which ethanol reduces Na-K ATPase activity, but it
is under active investigation by others. Available data suggest that
ethanol may adversely affect Na-K ATPase activity by altering the
microenvironment of this membrane-bound enzyme (22). The
parallel reduction in thiamine serosal transport and Na-K ATPase
activity supports the hypothesis that ethanol impWes thiamine
transport by inhibiting Na-K ATPase. Holer, to establish that
Na-K ATPase truly modulates thiamine transport, it will be neces-
sary to show that increasing Na-K ATPase activity also enhances
thiamine serosal transport. The observation that vasopressin
treatment increases both Na-K ATPase and intestinal thiamine ab-
sorption in chicks (23) is an important bit of supportive evidence,
although it is not known from that study which transport step is
affected.

In chronic ethanol administration, inhibition is dependenlmore
on the ethanol concentration than on the duration of exposure to
ethanol. This animal model may tie .intermittent, with normal
transport taking place when the ethanol is low and noninhibitory.
Under such-Circumstances, thiamine content in various tissues may
be maintained at normal levels for at least,4 monShs, as seen in our
study. However, when high ethanol concentrations are reached,
malabsorption may predominate. Any intermittent malabsorption
may bec6rne more significant if associated with marginal thiamine
intake, as is often the case with alcoholic patients.

Future Areas of Study

From these 'studies, it is apparent that multiple steps are in-
volved in thiamine intestinal transport. However, we have investi-
gated only some aspects of the entry and exit steps. Other aspects
of thiamine transport, which have not been discussed here, require
further investigation. These should include the characterization of
thiamine-binding protein as a possible important component of
thiamine uptake, the study of thiamine phosphorylation and de
phosphorylation as intracellular events that may be affected by
alcohol, the investigation of the possible role of cyclic AMP, and
the manipulation of Na-K ATPase activity to determine if it truly
modulates thiamine serosal transport.
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Discussion ©f Paper by Hayu»pa

Dr. Halsted: Your group. has previously' shown that rats made
,folate-deficient have poor thiamine transport. Have you looked at
basolateral ATPase activity with Mate deficiency?

Dr. Hoyumpa: Yes, we are currently setting up the study. We
have done some preliminary studies, and unfortunately I am not
prepared to'give you the results yet.

249



Effect of Ethanol on
Vitamin B6 Metabolism

Lawrence Lumeng

My assignment is to discuss the problem of vitamin Be defi-
ciency in chronic alcohol abuse and to review the present knowl-
edge of the nature of this abnormality. In the alcoholic patient,
two factors are important in facilitating the early development of
a primary vitamin B6 deficiency. One is that alcoholic beverages
contain, negligible amounts of this vitamin (1,2), even though
ethanol contributes substantially to total caloric intake (3). The
other is that, based on recent dietary record analyses, a high
percentage of healthy Americans' actually ingest less vitamin Be
than the recommended dietary allowance (4). Moreover, as will
be discussed, chronic alcohol abuse also produces impairment in
the metabolism of vitamin Be, thus leading 'to an increased re-''
quirement. In the face of an already marginal intake, these condi-
tionin factors- can become crucial determinants.

It is unfortunate that, in the clinical evaluation of vitamin Be
deficiency, the findings tend to be nonspecific and to occur only
when the deficiency is already severe. The most specific is probably
sideroblastic anemia, reversible by vitamin Be administration (5).
The incidence of this finding in chronic alcoholics has been
estimated to be 20 to 30 percent. However, even the development
of this abnormality is probably the end result of multiple factors
(6,7,8,9). Therefore, the clinical evaluation of vitamin Be defi-
ciency in the alcoholic is imprecise and insensitive, and more
accurate assessment must rely on the measurement of either the
functional integrity of vitamin B6-dependent pathways or of the
content of the vitamin in tissues and body fluids.

Recent studies indicate that measurement of the concentration
of vitamin Be compounds in plasma is the most reliable indicator
of the state of vitamin Be nutrition (10,11,12). The predominant
form of the vitamin Be compounds in plasma is pyridoxal phos-
phate, PLP (13). As we have reported, it is derived almost entirely
from hepatic synthesis and behaves as a relatively stable, albeit
small, circulating storage pool of the vitamin B6 compounds in

the body (14). It is firmly bound to, albumin and its concentra-
tion correlates with a high degree of certainty with the intake of

`vitamin Be in normal animals (12), including humans (15).

251
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Figure 1 shows the results of a study in which weanling rats
were fed diets containing 0 to 100 pg pyridoxine daily for 9 weeks.
Growth curve analysis indicated that 24 pg/day is the optimal
intake for these animals. Plasma PLP content increased as a func-
tion of dietary intake of vitamin B6, over the entire range examined.
In tissues, PLP and pytidoxarnine-P (PivIP) are the stable storage
forms of the vitamin (13). Skeletal muscle, by virtue of its total
mass, is by far the largest tissue storage depot (16). As is apparent,
plasma PLP concentration exhibits a very high degree of correla-
tion with muscle PLP content. Accordingly, the measurement of
plasma PLP should represent a reliable and sensitive indicator of
the state of vitamin B6 nutrition. Its concentration reflects not
only the degree of undernutrition, but also of storage. On the
other hand, PLP in brain and in liver has already reached satu-
rating levels with relatively low amounts of pyridoxine intake,
4 and 12 pg/day, respectively. These results demonstrate that the
measurement of plasma PLP is a reliable and sensitive indicator of
the state of vitamin B6 nutrition, because its concentration re-
flects not only The degree of undernutrition but also the degree of
storage. The postulated interrelationship of PLP in plasma to, that
in other tissues and organs and the role of protein binding in the
body economy of this coenzyme are depicted in figure 2.

14

Figure 1. Pyridoxine Intake pg/d
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Figure 2. Postulated Interrelationships of the Vitamin B6
Compounds in Various Body Compartments
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Pyridoxine (PN) and,pyhdoxal (PL) are presented to the liver via the portal
circulation. Binding of PLP and PMP by extracellular and intracellular
proteins (Pr) protects these coenzymes against hydrolysis. The principal
PLP-binding protein in plasma is albumin and in skeletal, muscle, glycogen
phosphorylase. Phosphorylase, alanine arninotransferase, and aspartate
aminotransferase are major PLP-binding proteins in liver. In plasma, PLP is
the major vitamer; PMP is only a minor component.

Baker and coworkers (17) were among the first to examine the
problem of vitamin Be deficiency in alcoholics by blood concen-
tration measurements. They studied 172 hospitalized alcoholics
and correlated the circulating concentration of a number of
vitamins with the degree of liver disease. Abnormally lowered
serum folic acid was the most prevalent, followed by B6 and then
B1. For these studies, total B6 content of serum was measured
by protozoan, assay. The incidence of low serum Be was almost
40 percent in patients with alcoholic cirrhosis,30 percent in those
with fatty liver, and about 20 percent in those with normal liver
histology.

Since that time, a number of studies with more precise methods
have firmly established that a high percentage of chronic alcoholics
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with or without liver disease exhibit abhorrnally lowered plasma
PLP levels (9,18,19,20,21,22). Figure 3 shows the results of a
study from our laboratory, designed specifically to examine the
incidence of vitamin B6 abnormality in acknowledged alcoholics
who were free of liver disease (20). The plasma PLP content of 6
such subjects was compared with that of 94 control subjects. As
shown by the lower regression line, the mean plasma PLP concen-
tration of the alcoholic population was significantly lower than
that of the control group, the upper regression line. This rela-
tionship held true for all the age groups examined, even though
plasma PLP in healthy individuals normally declines with age.
Thirty-five of the 66 alcoholic subjects exhibited PLP values

Figure 3. Plasma PLP Concentration of Alcoholic and Nonal-
coholic Men, Plotted as a Function of Age
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the lower, of the alcoholic antil, (open circles).
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e.below 5 ng/ml, which, in our laborator5,, is the low limit of normal.

Thus, depending on the population surveyed, the incidence of
abnormally lowered plasma PLP in alcoholic subjects may be ashigh as 50 percent, even when they are devoid of liver disease.
This finding has been confirmed by Davis and Smith (21). How-
ever, in agreement with the studies of Baker and coworkers (17),
these investigators have shown that the incidence of low plasma
PLP in alcoholics with liver diiease is higher, and may be as high
as 80 to 100 percent.

Because deb-eased serum PLP levels tend to occur more fre-
quently in the setting of prolonged alcohol abuse-and to associate
with other manifestations of malnutrition, it is probable that
inadequate dietary intake of vitamin Be is a major cause of this
abnormality. However, there is- now good evidence that alcohol
oxidation itself, and also liver disease, can profoundly alter the
metabolism of vitamin Be and PLP and, thus, can contribute to
the development of a deficiency state.

In 1970, Hines and Cowan observed that the net conversion of
pyridoxine to PLP is impaired in drinking alcoholic subjects (7).
Although the effect of_liver disease was not ruled out in this study,
the findings suggested that alcohol itself (or its oxidation) may
directly interfere with the metabolism of vitamin 136. Figure 4
shows the principal pathways of IMP synthesis and degradation
in mammalian tissues. Synthesis of PLP from pyridoxal is cata-
lyzed by pyridoxal kinase. PLP synthesis from pyridoxine is
dependent on both pyridoxal kinase and pyridoxine-P oxidase
activities. Pyridoxamine-P is synthesized from pyridoxarnine,
catalyzed by pyridoxal kinase. The conversion of PMP to PLP is
dependent on pyridoxine-P oxidase and various aminotransferases.
The degradation of PLP is mediated by alkaline phosphatase. In
the liver, pyridoxal can be further oxidized to form pyridoxic,
acid, catalyzed by aldehyde oxidase.

In order to study the effect of ethanol itself or its oxidation on
the metabolism of vitamin Be, we began investigation first with
human red blood cells. Erythrocytes possess the full complement
of enzymes for the synthesis of IMP, as well as for its degradation
to pyridoxal (20). In the red cell, pyridoxic acid is not the end
product of PL? degradation. Hence, with this exception, the en-
tire metabolic pathway for vitamin B6 metabolism can be studied
in erythrocytes. Moreover, because erythrocytes dp not metabo-
lize ethanol, the effects of ethanol and its oxidation product,
acetaldehyde, can be examined separately.

As shown in figure 5, the intact.erythrocyte, when incubated
with pyridoxine for 2 hours, accumulates substantial quantities of



256 LUMENG

Figure 4. Known Pathways for the Synthesis d De dation of
PLP in Mammalian Tissues
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PLP. The time course is nonlinear, because, concurrent with syn-

thesis, there is also degradation of PLP, catalyzed by a membrane-

bound phosphatase. Ethanol, in concentrations as high as 70 mM,

did not affect the net formation of PLP at all. However, as shown

here, acetaldehyde, in concentrations as low as 0.05 mM, signifi-

cantly lowered the accumulation of PLP in the erythrocyte.

Similar results were obtained when pyridoxal or pyridoxine-P was

the substrate.
The effect of acetaldehi*rde can be due either to inhibition of

PLP synthesis or to accelerated degradation. In order to separate

these events, the experiment was repeated with hernolyzed eryth-

_ rocytes. Because the phosphatase which breaks down PLP is

bound to the erythrocyte cell membrane, it can be removed by

centrifugation. PLP synthesis can then be examined, in the

hemolysate supernatant, unhampered by degradation. As shown

in figure 6, the synthesis of PLP from pyridoxal was not affected by

acetaldehyde. Similar results were obtained with othersubstrates
for example, pyridoxine-P--and also with intact cells, when

phosphatase activity was inhibited by 80 mM Pi,- These results

indicate that acetaldehyde does not inhibit PLP synthesis.
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Figure 5. The Effect of Acetaldehyde (Acd) on the Net Synthesis
of PLP from Pyridoxine (Poi) by Human Erythrocytes
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We therefore arrived at the hypothesis that acetaldehyde
mediates the derangement in vitamin B6 metabolism associated
with ethanol abuse by accelerating the degradation of PLP. How-
ever, because the liver is the principal organ responsible for the
oxidation of ethanol, as well as for the synthesis of PLP from
dietary precursors, validation of the hypothesis requires that the
effect of acetaldehyde be demonstrable in that tissue. It Must
also be demonstrated that the effect is independent of the nutri-
tional status of vitamin B6 and that it can be blocked when

,ethanol oxidation by the liver is inhibited. Moreover, the effect
should be observed both chronically and acutely.

To test the above hypothesis, experiments were then performed
on rats.. One group was fed a liquid diet containing an excess of
vitamin B6, and another, a diet deficient in vitamin 86. In each
group, the experimental animals received 36 percent of their
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Figure 6. The Effect of Acetaldehyde (Acd) on the Net Fprma-
tion of PLP by the Supernatant Fraction of Hemolyzed
Human .Erythrocytes

MINUTES'

The substrates are pyridoxal (PL.) and pyridoxine-P (PNP).

calories as alcohol, while the control animals were pair-fed diets
with ethanol isbcalorically replaced by dextrin-maltose (figure 7).
After 45 days; all animals were sacrificed and liver PLP content
was measured. The experimental, alcohol-fed animals in . both
groups exhibited significantly lower liver PLP levels than their
corresponding controls. Therefore, chronic alcohol ingestion
lowered liver PLP content, irrespective of whether the diet was
sufficient or deficient in vitamin Be.

As indicated, the effect of ethanol oxidation should also be
demonstrable acutely. This factor was examined with the use of
isolated perfused liver. Figure 8 shows the effect of perfusing
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e 7. The Effect of Chronic Ethanol Ingestion on the Hepatic
PLP Content of Pair-Fed Rats
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Animals fed the vitamin B6-sufficient diet consumed 50 pg of pyridoxine
daily. The vitamin B6-deficient diet contained no pyridoxine. The liver PLP
cotlant of the vitamin B6-sufficient rats was measured after 52 days and
thatol'or thp vitamin 96-deficient group, after 42 days.

livers isolated from vitamin 86 -sufficient animals with ethanol. In
the absence of ethanol, little or no change in liver FL? content
occurs during 3 hours of perfusion. By contrast, perfusion with

18 mM ethanol lowered liver PLP in almost every instance. As
shown by the bar gaph on the right in figure 8, the mean decrease in

liver PLP content produced by ethanol was more than 3 pg/200 mg

protein. Interestingly, other laboratories have reported that the
administration of ethanol to rats increases the urinary excretion
of nonphosphbrylated vitamin E5 compounds (23) and that the
perfusion of rat livers with ethanol increases the release of non-
phosphorylated vitamin B6 compounds into the perfusate (24).
The findings here presented are consistent with and provide an
explanation for these observations.
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B. The Effect of Ethanol (18 inM) on the Hepatic PLP
Content of Isolated Perfused Livers from Vanillin B6-
Sufficient Rats

HOURS

Perfusions were performed without added pyridoxine. The PLP contents of
livers perfused without (o -0) and with ethanol (o-o) were measured at the
beginning and at the end of the perfusion. The bar graph compares the mean
tSD) changes in hepatic PLP content for the two groups.

A deleterious effect Of alcohol on PLP metabolism could also
be demonstrated in perfused livers isolated from vitamin B6-
deficient rats. Because the animals are B6 -deficient, it is experi-
mentally more convenient - to measure PLP formation by the liver
in the Presence of a-vitamin precursor. As shown in figure 9, per-
Usionwith 1.2 mg percent pyridoxine increased liver PLP content

by more than 4.14/200 mg protein in 2 hours. The inclusion of
28 roM ethanol in the perfusate significantly reduced liver PLP
accumulation. The effect of 4 methylpyrazole was then examined.

7:This compound is a potent -inhibitor of alcohol dehydrogenase
and Prevents the oxidation of ethanol to acetaldehyde. It had no
'effect.on PLP formation in the control situation. However, it
.completely abolished the effect of ethanol. Therefore, when
alcohol oxidation is inhibited, PLP metabolism is restored to
normal. These data substantiate the results shown earlier with
they human erythrocytes and indicate that it is acetaldehyde, not
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Figure 9. The Effect of kthanol (18 mM) in the Absence
and Presence of 4-Methylpyrazole on the Hepatic
PLP Content of Isolated Perfused Livers from
Vitamin R-- Deficient Rats

1.1*- p < .02 -p
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The livers were perfused with 1.2 mg of pyidoxine added to 100 ml
of medium. The mean (t SD) changes in epatic PLP contents are
shown.

ethanol, that mediates the deleterious acti ri.of ethanol oxidation
on PLP metabolism.

As indicated previously, the action of ace aldehyde appeared to
be ohe of stimulation of PLP degradation an not of inhibition
synthesis. How this might occur has recen ly been elucidated,
The enzyme principally responsible for PLP degradation is the-
plasma membrane-bound alkaline phosphatase\(25). Studies wi,h
this enzyme showed that acetaldehyde does not ncrease its specific
activity. Thus it appeared that the stimulatory ffect of acetalde-
hyde must. be to increase the availability of PLP or hydrolysis by

302-349 0 -
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aline phosphatase. Most of the PLP in liver cytosol is tightly
and to proteins (27). However, a small but significant amount

of it is either free or loosely bound, as this, portion can be removed
by dialysis or gel filtration. Whether or not PLP is protein bound,
and how it is bound, greatly affects its susceptibility to hydrolytic
,cleivage. As shown in figure 10; PLP existing freely in solution is
'rapidly hydrolyzed by alkaline phosphatase, present in the liver
plasma membranes. In contrast, PLP that is tightly bound to
cytosolic proteins and that is not removed by dialysis is almost not
hydrolyzed at all Therefore, protein-binding of PLP protects it
against degradation. Moreover, a considerable degree Df protection

Figure 10. The Effect of Dialysis and Plasma embraneAssociated
Phosphatase on the PLP Content of Hepatic Cytosol
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----The-infUbation mixture contained 50 rral TEA-HC1 (pH 7.4), 5 mid MgC12,

and, where indicated, 0.72 mg cytosolic protein, and/or 0.23 mg plasma

membrane protein. The concentration of PLP in the presence of undialyzed
cytosol is indicated by the open triangle (A). The level of PIP does riot
change significantly in the presence of dialyzed cytosol plus plasma mem-
brans (A-A). FL? (200 ng), in the free form, is rapidly hydrolyzed by the

plasma rnembrane-associated phosphatase (a-). The addition of dialyzed
cytosol to 100 ng PLP protects significantly the hydrolysis of PLP mediated
by thephosphatase activity in plasma membranes (I o).
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against degradation appears to be extended also to ?LP added to
cytosol that is only loosely bound to proteins. These and other
studies have led us to believe that protein-binding and the hydrol-
ysis of unbound PLP are important mechanisms for regulating
the bodS, content of PLP. In the normal state, the tissue content
of PLP is determined principally by protein binding. PLP syn-
thesized in excess of this binding is rapidly hydrolyzed by alkaline
phosphatase. Thus there is a dynamic equilibrium between syn-
thesis and degradation, with protein binding serving as an intra-
cellular buffer and the modifier of the rate of PLP degradation (26);

The manner by which acetaldehyde acts to increase the availa-
bility of PLP for hydrolysis is shown in figure 11. When rat liver
cytosol is dialyzed against 30 volumes of buffer for 24 hours,
only about 20 percent of the PLP is removed. In the presence of
7.5 and 15 mM acetaldehyde, considerably more PLP is removed
in dialysis. Similar results have been obtained with PLP and

Figure 11. The Effect of Acetaldehyde (Acd) on the PLP Content
of Rat Liver Cytosol
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Cytosol was dialyzed against 30 volumes of a buffer containing different con-
centrations of Acd; the PLP remaining in the dialysis bags was measured as a
function of time of dialysis.
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erythrocyte hemolysates. Thus acetaldehyde, at high concentra-
tions; displaces or facilitates the dissociation of PLP from protein-
binding and, in this manner, promotes PLP degradation. In agree-
ment with this interpretation, we have also demonstrated that
acetaldehyde will inhibit the activation of purified apotyrosine
aminotransferase by PLP. The kinetics of the inhibition show a
mixed competitive-noncompetitive pattern. The activation of
ornithine decarboxylase apoenzyme by PLP is similarly inhibited
by 'acetaldehyde. We infer from these, studies that not only does
alcohol oxidation itself accelerate the, degradation of PLP, but
that, with chronic excessive alcohol ingestion, the' body storage
capacity for vitamin B6 is also lowered. Both 'processes would
contribute to the development of vitamin B6 deficiency.

Chronic alcohol abuse and alcoholic liver disease can also result
in other abnormalities of vitamin B6 metabolism. Hines and
Cowan have reported that chronic and heavy alcohol consump-
tion may cause an impairment of erythrocyte pyridoxal kinase
activity (28). They have also reported the appearance, in the
serum of drinking alcoholics, of a large molecular weight sub-
stance that inhibits erythrocyte and hepatic pyridoxal kinase
activity. The significance of these findings is difficult to evaluate
because (1) their findings have not been reproduced by other
laboratories; (2) the origin of the serum inhibitor and its rela-
tionship to pyridoxal kinase, which is an intracellular enzyme, are
unknown; and (3) it is unknown to what extent the level of
pyridoxal kinase activity in erythrocytes and other tissues con-
tributes to the regulation of the cellular and body economy of
PLP. It is known, however, that the total and specific activity of
pyridoxal kinase of erythrocytes in humans can vary widely

among.racesJ29).
As noted previously, the incidence of vitamin Be deficiency is

higher in alcoholic patients with liver disease than in those with-
out liver disease. There is now evidence that liver disease itself
will impose additional stresses on vitamin Be metabolism, by
mechanisms other than those already discussed. Thus Baker and
coworkers (30) recently reported that chronic alcoholics with
liver disease exhibit an abnormality in their ability to use food as
a source of folate, thiamine, and B. More important, Mitchell
et al. (22), Rossouw et a]. (31), and Labadarios et al. (32) have
recently reported -that PLP degradation is accelerated in the
presence.of liver disease.

In summary, I have _reviewed the different pathways by which
the excessive use of 'alcohol can produce stress on nutritional
balance and on vitamin B6 metabolism. Because alcoholic beverages
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have high caloric value but are empty in nutritional value, they
promote the development of primary nutritional deficiency by
preempting food intake. Furthermore, alcohol ingestion and
alcoholic liver disease can interfere with the normal processes of
vitamin B6 metabolism, e.g., absorption, storage, conversion to
biologically active forms, and degradation. These .conditioning
factors can occur concurrently, thereby accelerating the develop-
ment of vitamin' 86 deficiency. Evidence has been presented that
acetaldehyde, the oxidation product of ethanol, interferes with
the metabolism of vitamin B6 by promoting the degradation of.
PLP. It may also lower the tissue storage capacity for vitamin B6.
In patients with alcoholic liver disease, intestinal absorption of ,

vitamin B6 from food sources is impaired, and PLR degradation
is accelerated. Because of these conditioning factors, discontinua-
tion of excessive alcohol ingeition is a necessary step in treatment.
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Discussion of Paper by Lumeng

Dr. Hillman:" The recent work done by Drs. Pierce and Solomon
appears to confirm what Dr. Lumeng has just talked about. Dr.
Pierce, in a series of _alcoholics from Seattle, was able to show a
fairly high incidence of low PLP values in serum. But he could
slit* no correlation between the low PLP values and.the incidence
of so-called ring sideroblastic anemia, said to occur in the tissue
because of the low values. And I think, therefore, that we have
very little faith that this measurement actually_ , from a hernato-
loecal standpoint, was telling us very much.

Also, Dr. Solomon had tried to repeat Hines, and Cowan's
work in terms of pyridoxal kinase levels in red cells in alcoholic
anemias, both megaloblastic, with rings, without rings, every
variety you could think of. After a long struggle, really, he
demonstrated that there are a lot of other factors you have to
worry about. Not only is there the nutritional status, which
people did not control for at all in previous work, there is the
problem of racial characteristics, as Ernie Beutler has shown.
Blacks have much lower kinase levels than whites, and you have
to know the racial makeup of the group you are studying.

There is also something that I think everybody should have
expected, and that is,- if you have a severe anemia, you have a
young population of red cells out in circulation. And just like
any enzyme, whether it is hexokinase or any red cell enzyme,
pyridoxal kinase is very high in young cells. Therefore, if you
look at the very severely ill alcoholic, you will find high pyridoxal
kinase levels in the circulating erythrocytes. The final answer
always comes down to, what about the PLP- level inside the cell?
And you have to realize, at least for the red cell work, nobody's
been measuring the key cells back in the marrow. You are meas-
uring a cell that has lost all of its mitochondria and nucleus and
everything that was important to pyridoxine, so you are meas-
uring a residue.

At least, in terms of looking at something as simple as saturated
transaminase, there is clearly no deficiency of PLP in that de-
nucleated cell that arrives in circulation. I do not know what to
say about the cell inside the marrow, and perhaps Larry would,
like to comment. It seems to me that the key factor is whether
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PLP is getting inside the mitochondria of the cell that is trying to
make porphyrin. We have not really learned much of anything
until we actually study that transport or the content of PLP inside
the mitochondria.

Dr. Lumeng: Thank you for your comments. As I indicated,
sideroblastic anemia, no doubt, is a result of multiple factors, and
Be deficiency is probably only one of Multiple factors. The
problem, of course, as you indicated, is that nobody has looked at
B6 metabolism of the erythroblasts or immature red cells. 1 think
much work needs to be done in that area. You are interested in
A-ALA synthetase, and that enzyme, of course, is intrarnitochon-
drial, so it is therefore important to study how B6 ever gets into
the. mitochondria. Being hepatologists, we have been interested
mainly in the liver, but I think we probably should look at the red
cell precursors as well.

Dr. Henderson: Larry, in the case of liver, how do you envision
acetaldehyde influencing PLP degradation or dephosphorylation?

Dr. Lurneng: We envision acetaldehyde as an agent that will
release free PLP from its .bound form. Free PLP can then be
readily hydrolyzed by membrane-associated PLP phosphatases.

Dr. Schenker; I will make two very brief comments about
Larry's remarks concerning some of the work going on- in our
laboratory. There is no question that, in the presence of liver
disease of almost any typewhether it be chronic, like cirrhosis;
acute, like viral hepatitis;. or obstructive, like carcinoma of the
pancreasindependent of alcohol, and independent of nutrition,
apparently, there is an abnormal handling of plasma PLP. This
abnormality, I think, has been adequately shown. Interestingly, it
appears that a major component of this. abnormal handling of
plasma PLP is an increased degradation of the PLP. So if one
infuses a bolus of PLP into patients and kinetically follows the

_disappearance curve, one finds that there is a major increase in
PLP degradation.

The question -is why this happens. :There are several possibili-
ties. And, actually, the reason for my sabbatical here is to try to

-find out with Drs. Lumeng and Li precisely why it happens. One
possibility is that there is an abnormalbinding, a decreased binding
if you. will, of PLP to plasma proteins. Using nonradioactively
labeled PLP,' we were unable, by equilibrium dialysis experiments,
to show, a decrease in the binding of PLP. However, PLP in plasma
is bound very, very avidly, to the extent of about 99.8 percent, so
it is obvious that we might easily have missed a very small decrease
in binding without radioactively labeled PLP. We are now hoping
to synthesize some radioactive PLP. We hope it will be stable
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enough, and we can run these experiments in cirrhotic plasma and.
find out if there is or is not an abnormality in PLP binding in
cirrhotic plasma.

The second possibility, which is not exclusive of the first, is
-that there may be an increased metabolism of 'LP by the cirrhotic
liverif the liver is very important in degradation Of PLP. Unfor-
tunately, no one (to my knowledge) knows just how important
the liver is to the handling of PLP. Again, we are hoping to de-
velop these kinds of studies over here using the hepatectomized
dog model that Drs. Lumeng and Li have worked on previously.

My last comment is that, by using dogs, unanesthetized dogs,
without any nutritional deficiency, and by infusing a single dose
of alcohol, 3g/kg, we, have been able to show that there is a de-
creased net formation of plasma PLP from pyridoxine. There is
nb question about it. The question is why this happens. Studies
are in progress in our unit, and we hope to have more data later.



Deficiency of Carnitine in
Cachectic Cirrhotic Patients*

Daniel Rudman

Camitine is synthesized from lySine and methionine. Lysine is
methylated at its e amino group by S-adenosy 1-me thionine, to
form trimethyllysine, and this compound is then decarboxylated
to farm -y-butyrobetaine. In the rat, steps one and two occur in
most tissues in the body. However, the final step, the hydroxyla-
fiori of -y-butyrobetaine to carnitine, is essentially restricted to the
liver. To produce a state of camitine deficiency in the rat, one has,
to satisfy two conditions: First, one has to exclude exogenous
carnitine from the diet, and second, one has to reduce the intake
of dietary lysine and methionine to well below the minimum daily
requirements.- When that occurs, the rat can readily be made-
varnitine deficient. According to studies in the literature, cdrr'
tine deficiendy in the rat leads to growth retardation and fatty
liver;

So far, there have really been only a handful of reported cases
of carnitine deficiency in humans. Most reports have appeared in
the neurological literature, and these usually have presented as
myopathy, sometimes with muscle atrophy. The histology shows
lipid-filled vacuoles in the muscle. These are explained in terms
of the physiological role of camitipe in providing an essential
step in the transport of fatty acids from the cytosol into ti'e mi
tochondria, the sites of fatty acid oxidation.

So the current view is that camitine deficiency in humans is a
rare syndrome, usually related to some problem either in the bio-
synthesis of carnitine; .or in the transport of carnitine to its site of
action within the muscle cells;- or, in some cases perhaps, to a
problem in the acyl carnitine transferase that is essential for carni-
tine to perform its function of fatty acid oxidation.

The origin of our study is the recognition that protein calorie
malnutrition is quite prevalent -within hospitals. Our surveys in

Presented in its entirety in -The 'Journal of Clinical Investigation, 60:716-
723, 1977. Copyright 1977 by American Society for Clinical Investigation.
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. several hospitals have Shown that, on general medical and surgical
services, we are now approaching a 20- or 30-percent prevalence of
significant protein calorie malnutrition. In view of this high prev-
alence of nosocornial protein calorie malnutrition, we undertook
a study to see if there were also a prevalence of carnitine de-
ficiency within the hospital population._ The study proceeded in
three phases.

The first phase consisted of a survey of about 240 patients with
vancius disease categories, as well as of 16 normal individuals, for '
free and total serum carnitine. 'The levels were measured using the
method of Marquis and Fritz (1) in a fasting, morning blood sam-
ple. In. the normal individuals (table I.), the mean ±SE total'
carnitine was 79 ± 3 pM and free carnitine 49 ± 3 pM. None of
ehe disease categoOes we looked at differed significantly from the
normal serum carnitine levels, with the single exception of 36 al=
coholic cirrhotic individuals who as a group, showed hypocarni-
anemia. In 14 of these 36 individuals, the carnitine levels were
correlated with certain nutritional characteristics, such as the
creatinine/height ratio, midarm muscle circumference (MAMC),
triceps skinfold thickness (TSF), and plasma albumin, as well as
certain liver tests bilirubin and prothrombin time (table 2), The
14 hypocarnitinemic cirrhotics had substantial protein calorie
malnutrition. Their creatinine to height ratio was only 68 percent
of normal; they showed profoundly reduced midarm muscle cir-
cumference; the triceps skinfold was just about gone; and, in ad-
dition, they had advanced hepatocellular disease. The latter was
reflected by low serum albumin, high serum bilirubin, and pro-
longed- prothmmbin time. One might argue about the degree of
hypoalbuminemia, to what extent it reflected their protein calorie
malnutrition, and to what extent it reflected their severe liver
disease;

-We 'went on to the second phase, aimed at pinpointing the
mechanism of the hypocarnitinemia. Six severely hypocami-
tinemic dirrhotics were drafted for the second phase of-the study.
Their clihical characteristics (table 3) consisted of cirrhosis of long
duration (6 years or mole), severe anemia, hyipoaibuminemia,
jaundice, .prolonged protVombin time, extensive ascites in most
instances, as well as severe malnutrition (indicated by the cre-
atinine/height ratio and triceps midarm muscle circumference).
These patients were severely anorectic; they were spontaneously
consuming only about 600 or 800 calories a day and only about
18 or 20 gams of protein a day. These patients were studied for
18 days in the clinical research center and compared to normal
controls (table 4). On days 1 to 6, the spontaneous dietary intake
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Table 1. Phase A of the Study: Fading Serum'Camitine Concen-
tration in '17 Clinical Categories

Group Num- Male/
ber Female

Age

Aveiage

Fasting Serum
Carnitine

(mean ±SE)
Range (total/free)

err-

Ncirmal 8/8 42 121-50 79t3/49±,3
Sack pain 12 7/6 46 30-55 85±12/53±8
Uterine myorna 10 0/10 53 32-50 67±10/41±7
Rheumatoid

arthritis
12 4/8 40 25-54 75±6/42±6

[schemic heart
disease

14 10/4 63 41-63 71±5/41±4-

Chronic obstructive
lung disease

12/4 58 43 -65 .84±7/51±7

Carcinoma of the
breast (stage I)*

21 0/21 '54 34-63 80±4/54t5

Carcinoma of the
breast (stage IV)t

14 0/21 50 37-66 63.r.15/39t10

Carcinoma of the
colon'(stage I)*

15 9/6 53 47-64 85±6/56±S.

Carcinoma of the
colon (stage IV)t

12 6/6 56 42-62 62±10/38±12

Malignant mel-
anoma (stage 1)*

9 4/5 38 24-42 65±9/49±8

Malignant mel-
anorria (stage IV)t

11 6/5 40 3356 63±12/38±7

Acute myelcitytic
leukemia

14 10/4 '36 27-48 78±9/40±8

Alcoholic cirrhosis 36 24/12 . 52 39-67, 51±9§/32±5§
Regional ileitis 9 6/3 . 31 26-4 67±11/40±6
Cerebral vascular

disease
12 6/6 67 48-71 83±10/53±9

Cholelithiasis 14 6/8 g2 41-76 80±11/52±6

Diet was uncontrolled.
*Localized lesion without detectable involirernent of regional nodes or dis-

tant metastasis.
tone or more metastatic lesions. '

P < 0.05 for comparison with normal group.
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CompoliOn of $utritional indexes and No Albumin, Bilinbin, and Protkombin, in 16 Non*

Hyparnitinemic 4(1,22 Noimocunitinemic Cilhotics

Emma Plasma Prothrom

'Albumin Bilitubio Timg,

79±3/49±3 084 108t5 DO 13±0.1 0.8.4.2 10417

powitinernic 36±4/17t3$ .68±6* 71±5$ 2.3±7' 1,4±0.3* 6.1d7$ 1.9.3±1.11
,

intact
dloarnitinemic

&loth!!

Mrs from normal with P 0,05,

68 ±9/34 ±6 79 ±6 801* 901 2,9±0.6E 3,8p.6* 13,3'10,6.

a
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Table 3: Phase H of the Study: Clinical ad Nutritional Evduation of Six Normal Subjects and

Si ifypocarnitinernic Cirrhotic Patients

Ageilfx

Known duration of des
, yr

lieroatocrit,

Albumin, g/100.1111

elliruhini mg/100 ml

Proilfrombin time.

Creatinute clearance,

Agites'

MAW, '1 of standard

Dr, °fondant

Creatinintilit index, % of standard

Spontineow daily intike:

corie

protein

St rumarnitine (total/free). at

,0 'kites was graded ai follows:

positive"puddle sign:

flank dullness up to anterior axillaq line

.44+, dullness extends radial to anterior

++++114domett tense with hid wave and evert

tDunng phase A of the study.

Normal

(average

SE) 1

311 (11412F) 51/F

382 21

45.t,3 L6

0,61,1 3,5

120,05 15

1181 52

0

10t±.4

1156

110.4

70

15

43

Cirrhosis

5 6

611F 431F 5211 481F 65/M

6 8 12 7 10

30 25 27 26

2,4 2.5 L3 2M 2,2

5,3 7,7 4,9 5.0 8,2

17 20 16 13 15

74 48 71 83 44

4+ +++ 0++ +4+ 4+

65 67 70 61 64

22 11 30 15 20

52 56 41 53 62

2,780115 920 L120 830 610 1,160 850

86t6 20 31 21 18 20 16

76t5/52t6 2016 30/15 26111 1815 33/17 19/12

axillary line; abdomen distended but not tense; fluid wave; umbilicus lat;

ed anpilicus; diaphragm elevated.
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Table 4. Average Composition of Diets in Phase B for Six Normal
(N) and Six Cirrhotic (C) Subjects*

Nutrient Dt Cy RDA
Days 1-6 Days 7-12 Days 13-18

N Cc

wgmm .mmibmb

Calories 2,400 2,790 1,068 2,430 210 2,410 ,180
Carbohy-

drate, g
334 155 289 325 284 338

Fat, g 110 40 105 63 105 57

Amino
acids, gt

56 91 82 86 82 79

Lysine, mg, 800 4,800 400 3,230 3,400 3.230 3,160
141ethionine.

mg
1,400 2,400 205 2,050 2,170 2,050 2,040

L- carnitine, 0 410 29 < 10 < 10 250§ ,250§
Jrnol

*For a 70-kg adu male.
*Either as dicta protein, infused amino acids, or both.

This value assumes zero carnitine in the -carnitine-free" diet.

of carnitine, lysine, and methionine was measured, together with
the simultaneous serum and urine levels of carnitine. During days
1 to 6, our normal controls were eating healthy amounts of cal-
ories, carbohydrate, and fat, spontaneously consuming 91 grams
of protein and more than the minimum daily requirements of ly-
sine and methionine. They were eating about 410 limol carnitine
a day. In contrast, the six hypocarnitinemic cirrhotics, were spon-
taneously eating only about 1,000 calories a day and taking in
only 22 grams of protein. Their intake of lysine and methionine
was only one-half to one-fifth the recommended daily allowances.
Their spontaneous intake of carnitine was only 29 Amol a day.
Thus, during the first 6 days, we established that our hypocarni-
tinemic cirrhotics had a subnormal intake of lysine and methio-
nine, the two precursors for endogenous carnitine synthesis. They
also had a nearly zero intake of exogenous preformed carnitine.
Both of these factors, of course, would predispose to carnitine
depletion.

Because there is no information in the literature on the carni-
tine content of food, we took 25 foods and measured the quan-
tity of carnitine in one serving of each. Meat (animal muscle) is
rich in carnitine, but most othor foods have vanishingly low
levels. One of the implications of ti,ese data is that when a hepa-
tologist puts cirrhotic patients on low-protein diets, in order to
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protect .ncepi dopathy (a maneuver that is very often
done, the patients' source of exogenous carnitine is removed.

During days 7 to 12. we put both groups of patients on a carni-
tine-free diet. By infusions of standard amino acid solutions in
the cirrhotics, we brought their daily intake of lysine and methio-
nine up to the same levels as those of the normals. The latter pro-
cedure was carried out to see whether, when these patients were
brought up to a normal intake of lysine and methionine, they
would then correct their state of carnitine deficiency.

Finally, in the last part of the metabolic study, with the dietary.
intake held the same as during the second period, both groups re-
ceived a supplement of 2.50 pmol of camitine per day by mouth.
The results of these studies are summarized in figure 1. During the
spontaneous intake (days 1 to 6), normal controls excreted about
400 prnol of carnitine a day. In contrast, the hypocarnitinemic
cirrhotics had virtually no carnitine or very low levels of carnitine
in the urine. Now during days 6 to 12, both the controls and the
cirrhotic patients were placed on a carnitine-free diet, rich in ly-
sine and methionine. The normal controls maintained their normal
serum carnitine levels. Their urine carnitine levels dropped to
about 100 pmol per day and stabilized there. The cirrhotics
showed no improvement in their carnitine levels on the lysine- and
methionine-rich diet. Their serum 1_. Jrni tine levels drifted down as
low as 20 i.nnol/1, and there was some further reduction in the

F g_ ure 1. Fasting Serum and Urine Total Carru-
tine Values (average ± SE) in Six Not:-
mal and Six CuTbotic Subjects During
Phase B of the Study

1E, IZ

Nutritional intake during days 1-6, 7 -12, and 13-18 is
described in,table 3.

714 79, - la
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urine carnitine. During days 12 to 18, when we gave the cirrhotic
patients supplements of 250 pmol of I,-carnitine a day, we were
able to correct the carnitine deficiency state, at least the chemical
state of carnitine deficiency. For the first time, their serum carni-
tine levels rose to the normal range and there was a sharp increase
in their urine carnitine levels as well.

In developing conclusions fr-,m this study, I want to first point
out that, from the rat work, we know that the turnover rate of the
body pool of carnitine is about once every 15 or 20 days, and that
urine carnitine is a metabolic end product. So urinary excretion of
carnitine per day is essentially equal to the daily intake of dietary
carnitine plus the endogenously synthesized carnitine. The picture
of carnitine metabolism we see in normal 'human subjects is that
they are eating about 400 prnol a day on a typical American diet.
They are excreting about 400 pmol a day, and, apparently, endog-
enous synthesis from lysine and rnethionine is turned off. When
these normal individuals are put on a carnitine-free, lysine- and
methionine-adequate diet, their urinary excretion drops to about
100 pmol a day, which seems to represent the endogenous pro-
duction of carnitine under these circumstances. This amount
represents an adequate amount of carnitine, because on the
carnitine-free diet humans show no signs of carnitine deficiency.

Now what about the cirrhotics?-We have shown that within our
hospital there is about a 30-percent prevalence of carnitine de-
ficiency in the cirrhotic population. This carnitine deficiency re-
sults from three factors. First, because of the profound anorexia
of these patients, often compounded by the prescription of low-
protein, meat-free diets, the patients are taking in virtually no
exogenous carnitine. Second, because of their anorexia, and
sometimes because of their low-protein diets, their intake of lysine
and methionine, the precursors for endogenous carnitine synthesis,
is subnormal. And third, in ti-e advanced cirrhotics we studied,
the capacity for the third stet of carnitine synthesis within the
liverfrom lysine and methionineapparently has been lost.
Even when supplied with adequate amounts of lysine and me-
thionine, these patients were unable to restore their serum or
urinary carnitine levels.

Now, what might the clinical significance of this finding be? In
the inborn cases of carnitine deficiency, the clinical picture is one
of periodic neurological symptoms, with an abnormal EEG, some
hepatocellular disturbance, and a fatty myopathy. I think hepatol-
ogists will agree that all three of these features are seen from time
to time in cirrhotic patients. So we have to ask how many of these
clinical manifestations of the natural history of cirrhosis may be
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contrihuted to by carnitine deficiency as a mechanism. To what-
ever extent, it should be readily correctable because, as we have
shown, with carnitine supplements one can restore normal serum
and urine carnitine levels within a few days in these end-stage
cirrhotics.

The last thing I would like to point out is that there is a very
recent paper by Kahn in Clinica Chernica Acta reporting from
India on a group of Kwashiorkor children with abnormally low
serum carnitine leVels. The data are comparable in degree to the
serum carnitine levels we found in our hypocarnitinemic
cirrhotics.

Reference

1. Marquis. N.R.. and Fritz, I.B. Enzyrnological determination of free car-
nitine concentrations in rat tissues. .l, Lipid Res., 5:184-187,1964.
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Discussion of Paper by Rudman

Dr. Knochel: I think your observations are very important.
However, in the last 20 or so patients with overt alcoholic myop-
athy, we found that the fat content of their muscle is ,not in-
creased. My question is did any of your patients have elevated
serum creatine phosphokinase (CPK) activity?

Dr. Rudman: We did not look at the CPK value in our patients.
To whatever extent alcoholic myopathy has a hypocarnitinemic
etiology, you would expect to see lipid-filled vacuoles, because
they are a classic histology -In- carnitine- deficiency- induced
myopathy. Therefore, the alcoholic myopathy you are seeing is
not the lipid-vacuole variety. Your comment would tend .to sug-
gest that most cases. of alcoholic myopathy are not primarily due
to carnitine depletion.

Dr. Schenker: The first question that I have is have you tried
to see whether patients with acute viral hepatitis would make
carnitine from the precursors? Then you could use them as their
own cortrols. Second, do you have to have a cirrhotic lesion in
order to see carnitine- deficiency myopathy?

Dr. Rudman: No. We have not made any observations on acute
viral hepatitis. Where we showed patients of the other 15 cate-
gories, the impression we got is that it istard to produce carnitine
deficiency in humans. The subjects included some very si-k
people, some very malnourished groups, and some with metastat.....7
carcinoma, people who had been on carnitine-free diets because of
IV feedings for weeks, Yet their serum carnitine levels were
normal.

We concluded that the mechariism for endogenous carnitine
synthesis, including the last hepatic step, would protect an in-
dividual against carnitine deficiency, even if the individual were on
a totally carnitine-free diet for a long time. We also concluded that
a cirrhotic lesion or a very severely damaged liver is required to
produce carnitine deficiency.

Dr. Lumeng: The major function of carnitine in skeletal muscle
is fatty acid oxidation. Have you examined this aspect in the cir-
rhotic patients?

Dr. Rudman: No, we have not done that yet. You would pre-
dict that. We have followed several of these cirrhotics with
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hypocarnitiner tl-,. autopsy table and compared their tissue
carnitine levels with those of eight normally nourished individuals
who had died (usually from acute cardiovascular causes), after an
acute illness of less than 3 days. The hypocarnitinemic end-stage
cirrhotics invariably exhibited subnormal tissue levels of carni-
tine in 6keletal muscle, heart, liver, kidney, and brain. We saw
Only one-quarter to one-third as much carnitine in these tissues as
in the normal tissues. So this finding verified our conclusion, from

.serum and urine data, that these patients truly were carnitine
depleted.

Now that comes to your point that the main function of car-
nitine is to make it po 'le for the various tissues to use long-
Chain fatty acids. as a metabolic fuel. And you would predict that
these tissues would be impaired in their ability to use fatty acids
as a fuel. The patients with carnitine deficiency as a whole should
show a high respiratory quotient (RQ), being unable to lower the
RQ with fasting. Because of the depletion of carnitine in the liver,
the patient should have lost the ability foftketogenesis, so that in
the -starved state ketosis would not develop. As yet, we have not
tested these important parameters.

Dr. Wagner: Have you looke'd for excretion of 7-butyrobetaine
or accumulation of the precursor?

Dr. Rudman: Thanks for the suggestion. If our hypothesis is
correct, that there is a block at the third step, then there should
be an accumulation of one or two of the preceding intermediates,
y-hutyrobetaine or perhaps the trimethyllysine. We have not
looked for either of those yet, but We will.
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Plasma Amino Acid Measuremen
for the Detection of Alcoholism:

Current Status*
Spencer Shaw and Charles S. Lieber

-Abstract

Studies of the effects of alcohol on amino acid metabolism in
the baboon have led to the observation that, following chronic
heavy alcohol consumption, the level of plasma a-amino-n-butyrie
acid (AANB) is increased markedly. Similarly, increases in plasma
AANB were observed in human volunteers given alcohol along
with an adequate diet under metabolic ward 'conditions, The
measurement of plasma AANB provides a sensitive and highly
specific biochemical test to detect and assess chronic heavy
drinking. It is especially useful for screening ambulatory popule-
Lions and for evaluating the outcome of alcoholism rehabilitation.

Studies of the effects of alcohol on amino acid metabolism in
the baboon have lead to the observation that, following chronic
heavy alcohol consumption, the level of plasma ci-amino-n-butyric
acid (AANB) is increased markedly (1). Similarly, increases in
plasma AANB were observed in human volunteers given alcohol
along with an adequate diet under metabolic ward conditions' (2).
The application of the measurement of plasma AANB as a bio-
chemical test for chronic heavy drinking in the alcoholic, however,
was complicated by the fact that the plasma level of AANB is af-
fected by dietary factors. Indeed, dietary protein restriction or
deficiency results in a decrease in the plasma level of AANB (3,5)
and such abnorrnalities=frequently may be present in the alcoholic.
Therefore, in order to use plasma AANB levels to assess chronic
heavy drinking, it was necessary to control for nutritional status.
Control was achieved by simultaneously measuring plasma
branched-chain amino acids that are known to reflect dietary
protein intake (3,5). For convenience, a represtentative branched-
*This work was supported, in part, by grari s from the National Institute on
Alcohol Abuse and Alcoholism; the National Institute of Arthritis, Metab-
olism, and Digestive Diseases; and the Veterans Administration, Medical
Research Service.
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chain amino acid, leucine, was selected, but similar results were
obtained with each of the other branched-chain amino acids.

The level of AANB expressed relative to leucine was found to be
increased approximately twofold among active alcoholics when
compared to that of controls (6). This increase was reversible within
1 week after cessation of drinking. The rise occurred among ambui,
latory as well as hospitalized subjects. Furthermore, there was a
statistically significant positive correlation between the level J f

AANB/leucine and the degree of alcoholism assessed by National
Council on Alcoholism criteria of alcoholism, alcohol intake
histories, and a psychological questionnaire (6).

Further investigation of the relationship of AANB to leucine in
alcoholics and nonalcoholics revealed that the increase in AANB/
leucine due to alcohol consumption was not linear over the entire
range of leucine values. Therefore, we recommended the replace-
ment of the use of a simple ratio with experimentally derived
curves (7). In addition, it was found that the sensitivity of this test
for chronic heavy drinking could be improved by the simultaneous
measurement of 7 glutamyl transpeptidase (GGTP). Using this
modification, along with the experimentally derived curves, one is
able to detect approximately 80 percent of active alcoholics
sampled within 7 days of drinking, with only a 2-percent rate of
false-positive determinations among controls (7). This test was
found to be much more sensitive than a measurement of blood
alcohol level and also more useful because blood alcohol does not
distinguish acute from chronic alcohol consumption. Furthermore,
it was as sensitive as but much more specific than, GGTP.

The usefulness of the measurement of AANB to detect chronic
heavy drinking among patients with nonalcoholic liver disease is
more limited because of the frequency of false-positive tests
(8,2,9,10). However, among these patients, this test is less fre-
quently abnormal than is GGTP (8).

Recently, the increase in AANB due to chronic alcohol con-
sumption has been questior,d and has been attributed to non-
specific liver damage (9,10). Other research groups, however, have
confirmed a reversible increase in AANB relative to leucine follow-
ing chroni6 alcohol consumption (Ellen Gordon, personal com-
munication). Furthermore, in the rat model of alcohol consump-
tion, which does not develop liver damage other than steatosis, an
increase in 'AANB /leucine has been reported by several groups
(10,11). In liver slices, this rise has been shown to be due, at least
in part, to increased hepatic production of AANB by alcohol (12).

In patients with severe liver damage unrelated to alcohol, the'
level of AANB relative to leueine may be increased due to low
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leucine values. This situation has frequently been observed in pa-
tients with advanced liver damage such as cirrhosis (13,14,15) and
may be attributed, at least in part, to portal systemic shunting as-
sociated with hyperinsulinemia and hyperglucagonemia (15). Such
patients with clinically overt liver disease do not usually represent
a diagnostic problem with respect to latent alcoholism. Further-
more, in the majority of patients with moderately severe liver
damage unrelated to alcohol, increases in AANBIleucine were not
observed by our group (2,6) or others (16).

Measurement of AANB as a biochemical test for alcoholism has

been found extremely useful in detecting latent alcoholism among
ambulatory subjects (including white-collar workers), as well as in
monitoring the success of alcoholism rehabilitation. Among such

subjects, we are able to detect approximately 80 percent of the
alcoholics. In many instances, the presence of heavy drinking was
no suspected, but was later corroborated after a positive blood
test, family invest.gations, or` determinations of blood_ alcohol
levels. To date, we have studied 350 subjects and have observed

1 positive tests among 150 alcoholics, and only 4 false-positive
tests among 200 controls.

In conclusion, measurement of plasma AANB provides a sen-
sitive and highly specific biochemical test to detect and assess

chronic heavy drinking. It is especially useful for screening am-
bulatory populations and for evaluating outcome of alcoholism

rehabilitation.
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Ethanol Consumption and Free
Amino Acids of Rat Plasma and Liver

Jeng M. Hsu

Recent studies have indicated that the plasma ratio of u-arnino-
n-butyric acid to leucine (A/L ratio) was elevated in ambulatory
and hospitalized alcoholics (1). This finding suggests that the
increased A/L ratio may become an objective empirical marker
for the detection and assessment of alcoholism (1). In order to
test this hypothesis, we have looked at the A/L ratio and other
amino acid concentrations in the plasma and liver of rats follow-
ing chronic ethanol ingestion.

Experiment

Two-month-old male rats of the Sprague-Dawley strain were
housed individually! in stainless steel cages at room temperatures
of 25°-28°C. They were divided into three groups of six rats
each and were fed' Purina Chow. The first group (control rats)
received tapwater and Chow ad libitum. The second group re-
ceived 20-percent (V/V) ethanol as their sole drink and Chow,
ad libitum. The rats in the third group received a solution of
sucrose (which has an equivalent caloric value to the 20-percent
ethanol) and were pair-fed to the ethanol-treated rats.

After 6 months on the dietary regimens, the rats were fasted
for 18 hours and sacrificed by cardiac puncture. The fasting blood
was collected in a kleparinized centrifuge tube and the plasma was
separated and stored at -25°C. The whole liver was perfused with--
saline-isotonic solution, removed, and weighed. An aliquot of each
tissue was homogenized in distilled .water to yield a 5-percent
homogenate. Then followed centrifugation, after which the tissue
supernatants and the plasma were deproteined with sulfosalicylic
acid. Free amino acids were analyzed by ion-exchange chroma-
tography with a !Technicon automated amino acid analyzer.
The data were aralyzed statistically by means of Student's t-
test.
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Plasma-Free Amin© Acids

Table 1 shows the results of free amino acid concentrations in
rat plasma following chronic ethanol consumption. Ethanol had
no effect on the values of essential amino acids. However, the rats
drinking sucrose solution for the isocaloric substitution of ethanol
had a decreased level of isoleucine as compared to that orthe rats
consuming ethanol. Among the nonessential amino acids, the
most striking differetice was the marked increase in the concentra-
tion of a-amino-n-butyric acid in the ethanol-treated rats. Thc
g-owth was approximately threefold over the control rats and
fivefold over the sucrose-drinking animals. Chronic ethanol con,-
sumption also resulted in a, pronounced increase of free oialthine
and glutamic acid over control values, On the other hand, the

Table 1. Free Amino . Acids in Rat Plasma Follow
Ethanol Consumption

Amino Acids Control 20% Ethanol Sucrose,:

WM/100 ml
Essential

krginine 18.131 2_42' 14.261 3.54 1'3.171 3.62
Histidine 6.211 2.89 6.69± 1.35 7.951 1_19
Isoleucine 11.931 2.92 '15.48= 2.12 .9.78= 1.11
Leucine 20.781 4.86 24.05= 3.01 19.191 1.92
Lysine 37_901- 3.41 63111,01 36_851 6.85
Methionine 5.181 0.20 F 61± 1.22 6.491 1.02
Phenylalanine '8.861f" 1.38 .. 95± 1.08 10.441 1.50
Threonine.,

yrosinc
20.971 3.25
10.41= 1,61

32.30110.55
10.34± 1.32

28.86110.40
11.24= 3.00

Valine 22.80= 5.04 27.89= 3.00 19.241 2.56
Nonessential

Martine 40.531 .6.17 48.66=12.43. 115.51=23.554 -r
AABAb 2.881 1 28 _-10.52' 3 39' 1 93= 0 7r,
1,11 Cystine 2.67= 0,8'7 2.78= 0.64 1.081 0.43
Glutamic acid 36.361 4.64 53.721 9.46' 691821 2.56r
Glycine 36.99= 6.51 34.05! 9.83 34,81= .3,51
Ornithine 5_49= 1.81 10.92= 2.98` 12.7-32!- 1.354
Proline 6.57= 1.91 7.`22` 3.94 8.10± 1.63
Serine 18.831 3,49 ,. 22 ',./8= 1.62 36.691- 3.630 -e
Taucine 50.79=17.33 5 87118,92 37.6 110.02

";Wean of six rats '3.10.
'beriiirtino-n-butyric acid,

P < 0.01 or P 0.05 versus control.
dp < 0.01 versus control,

P< 0.01 tir P < 0.05 versus ethanol.
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sucrose solution as the sole drinking fluid increased the amount of
free serine, glutamic acid, and alanine when compared to the rates
of the other two groups. There was also an inerersed ornithine
level of the sucrose-drinking group over the control.

.Liver-Free Amin© Acids

The liver-free amino acid levels of the rats receiving 20-percent
ethanol, ©r isocaloric substitute of Sucrose solution for ethanol,
and the control animals receiving tapwater are sommarized in
table 2. As with plasma, the values of all individual essential

Table 2. Free Amino Acids in Rat Liver Following Chronic
Ethanol Consumption

Amino Acids Control 20% Ethanol

(pM/100 mg
dry wt.)

Essential
Arginine 0.07110.011d 0.07210.054 0.07610.020
Histidine 0.39710.060 0.46110.109 0.36010_063
Isoleucine 0.64310.179 9.64610.141 0.45510.084
Leucine 1:12010.340 1.247±0:263 0_78310.125
Lysine 1.36610.358 1.55710.228 0.92710.122d'
Methionine 0.28110_109 0.26510.095 0.168-10.077
Phenylalanine 0.59410.172 0.64110.138 0.44410,084
Tyrosine 0.26310.103 0.33010.134 0,26110.089
valine 1.05010_283 1.17310.261 0.83110.187

Nonessential
Alanine 3.91910.400 4.07410.974 4.07810.385_
AABA 0.14910.130 0.42910_158c 0.16210.109.-.
A axtic acid 0.99510.213 1.1781-0.318 1.00110.256
1/2 Cyst ine 0.06310.032 0.05610.036 0.07610.032
GABAb 0.76510.187 1.6071 0.171c 0.91210.26e
Glutamic acid 1.84910.422 "1.25810.113c 1.15710.255d
Glycine 2.69810.450 3.34510.563 2.59410.617
Ornithine 0.96910.428 1.59110.442c 0.934-10.109'
Proline 0.58210.251 0.4271-0.165 0.42910.164
Serine 1.28410,291 1,43810.7,68 1.33110.342
Taurine 2.872'1'1.717 4.06211.885 0.5081.0.132d.e

'Mean of six rats ±S.D.
by-amino-n-butyric acid.

P -TT, 0.01 pr P < 0.05 versus control.
d P 0.01 or P.< 0.05 versus control.
e P 0.01 or P < 0.05 versus ethanol.



HSU

amino acids in the ethanol- treated rats were about the same as
those in control rats. On the other hF.,id, the rats drinking sucrose
solution tended to have low values of the three branched-chain
amino acids. In additiun, free lysine levels were significantly re-
duced as compared to either those of the controls or those of the
ethanol-treated rats.

Of the nonessential amino acids, chronic ethanol consumption
resulted in a marked elevation of both a- amino -n- butyric acid and
T-amino-butyric acid levels. Also, there was an increase in orni-
thine and a decrease in glutamic acid. The rats receiving sucrose
solution showed a marked 'rob of taurine and a significant reduc-
tion of glutamic acid.

Ratio of a-Amino-n-Butyric Acid to Leucine (A/L)

The data in table 3 indicate that the A/L ratios in both plasma
and liver were markedly increased after ethanol feeding. These
changes appear to bc specific, inasmuch as the A/L ratios were
normal in sucrose-drinking and pair-fed rats.

Table 3. Ratio of a- amino -n- Butyric Acid to Leucine (A/L)

Tissue Control Ethanol Sucrose

Plasma 0.1394 0.437b 0.101
Liver 0.129 0.3444 0.207

'Mean of six rats.
bP < 0.01 versus control or sue

Conclusion

Our findings support the earlier observation of Lieber and others
(1) indicating an increase in plasma a-amino-n-butyric acid to
leucine ratio in the hospitalized alcoholics and in baboons fed
alcohol as 50 peitent of their total caloric intake. In addition,
the parallel increases of the A/L ratios in the plasma and liver
further suggest that the increase of liver a-amino-n-butytic acid is
the cause of the increased plasma a-amino-n-biltyric acid, which
in turn results in an elevation of the A/L ratio. However, the
mechanisms whereby long-term alcohol consumption results in
amino acid abnormalities are still unknown. Further experiments
are needed -to disclose the nature of the metabolic derangement.
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Alcohol, Acetaldehyde, and
Albumin Synthesis*

Marcus A. Rothschild, Murray Gratz,
and Sidney S. Schreiber

Introduction

Ethanol is metabolized sequentially to acetaldehyde and to
acetate. During this process, protein synthesis has been shown to
b.-, inhibited (1,2,3,4). However, the mechanism whereby the

. metabolism of ethanol results in these alterations in protein
synthesis not clear. and the offending agent has not been iden-
tified. Increased levels of acetaldehyde have been noted in patients
with chronic liver disease secondary to ethanol intake. and acet-
1clehyde I and not ethanol) has be, hshown to interfere with cardiac
muscle protein synthesis. In fact, acetate itself has been suggested

as the mediator of ethanol toxicity in isolated cell systems. The

present review summarizes the acute effects of ethanol and acet-
aldehyde with and without the metabolic inhibitors 4-methyl-
pyrazole and disulfiram, in livers derived from fed or fasted
dOnors. The extremes of nutrition are thus contrasted in terms of
acute effects of the metabolic responses to ethanol.

Donors

Fed or 24-hour-fasted rabbits, weighing L2 to 1.4 kg, were used
in all studies. The standard rabbit chow (Wayne Rabbit Ration,
Allied Mills, Inc., Chicago, Ill.) consisted of 15 percent protein,
2.5 percent fat, and 18 percent fiber; the average intake was 80 to
120 g per day.

Peifusion Solution

The perfusion solution consisted of washed rabbit red cells
made up to a final hematoerit value of 25 to 27 percent with Krebs -

Henseleit bicarbonate buffer maintaining 3 g/100 ml of rabbit or
bovine albumin, 0.08-percent glucose, and amino acids as listed, in

table 1.

This work was supported, in part, by grants from the Veterans Administra-
tion, National Institutes of Health Grant HL 09562, and the Louise and
Bernard Palitz Foundation.
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Standard Perfusion So lu

Parameter Concentration

Amino Acids
alanine
aspartate
cYsteine
0..trarnine
-glutamate
tycine

praline
phenylalanine
serine
arginTrie
histidine
ioucine
lysine
threonine
tyrosine
valve
isoleueine
meth on -Inc
tryptophan

Glucose
Alhumin
1ieparin
pH
Gas
Hematocrit
Buffer

rrn )

0.40 mid
0.05 mM
0.30 mM
0.69 tntil
0.15 mM
0.30 rriM
9.12 rnM
0.10 rnM
0.15 mM
0.15 mM
0.06 inN1
0.35 n01
9.15 mM

-0.20 mM
0.02 mil
0.31 mM
0.05 mM
0.03 rnM
0.05 mM
1 gliter

30-35 giiiter
10,000 U/liter

7.4
95% 0-i-5% CO2

26%
Krebs-Henseleit

In the alcohol studies, 95-percent ethyl alcohol was added to
the perfusion solution at an initial concentration of 0.22 percent
by volume; this level was maintained by the constant infusion of
ethanol during the experimental-period.

Perfusion

The techniques for removal of the liver and its perfusion have
previously been described in detail (5). Briefly, under light ether
anesthesia, the Nees were exposed; the portal vein was cannulated
proximally while ay.' liver was in situ; and perfusion was started
immediately. The inferior i''ena eava was cannulated below and
severed above the diaphragm; the liver was removed and reoriented
on a platform in a heated. humidified box; and the portal vein
inflow cannula was transferred to a pump system.



ALCOHOL, ACETALDEHYDE, AND ALBUMIN SYNTHESIS 297

Perfusion directed into the portal of 1.0 to
1.4 ml of liver per minute. The perfusion volume of 140 to
170 ml was recircuiated and oxygenated by a disc oxygenator
that received the output from the inferior versa cava. Bile was
collected from the eannulated hiliary duct.

Albumin Synthesis

Tho [14 c carbonate technique was used label the hepatic-
a_rginine intracellular pool, AOnine is the immediate precursor,
nor only of the arginine residue in albumin, but also of urea, so a
direct product precursor relationship exists. as has been described
by Swiek. Reeve et al and McFarlane (6,7.8). This technique has
been examined in detail in numerous piiblications.

After minutes of perfusion (control and experimntal),
100 AJCi of [14C1 carbonate (specific activity, 5 mCirmmol ) were
injected directly into the inflow tube to the portal vein. and the
perfusion was continued f ,r 2-1.2 hours.

Albumin synthesis was determined by the following formula:

Albumin synthesis

albumin guanichno C
prcific activity-

synthesized urea C
specific activity

perfusate alburniti

Synthesized urea carbon-specific activity is presumed to equal he
precursor arginine-guanidino carbon-specific activity.

Analytical Methods

The total protein in the perfusion sohition was measured by a
biuret method, and albumin partition by a Kern microelectro-
phoresis unit.

Albumin was isolated from the perfusion solution by prepara-
tive acrylamide gel electrophoresis. The_ perfusion solulion was
treated with a largeexcess of nonradioactive urea to ensure that
the isolated albumin was not contaminated with high specific
activity [14c] urea. To ensure purity, samples of the isolated
albutnin were examined by qualitative polyacrylamide electro-
phoresis and immunoelectrophoresis at a 6-percent protein level.

In those perfusions where bovine,,albumin was used. albumin
was isolated by two alcohol-trichloroacetic acid separations with
Lntervening dialyses. These techniques have been shown to result
in clean albumin preparations with the same [14C] guaniclino
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carbon- specific activity as those isolated by immunochemical or
acrylamide gel methods.

Lactate. pyruvate: and alcohol levels were obtainjd with Sigma
Chemical Company kits 846B, 726. and 331 (Sigma Chemical Co.,
St. Louis, Mo.). Samples of perfusion solution blood were ob-
tained at 30-minute intervals. and the concentrations of lactate
and pyruvate were determined on each sample.

In order for the [14C] carbonate method to be valid, the rates
of synthesis of albumin and urea should remain constant during
the experimental period. Otherwise, situations may arise wherein
the major portion of urea is synthesized when the specific activity
of the arginine is different from that when the albumin molecule
is synthesized. This situation would lead to falsely low or high
values for albumin synthesis.

Urea synthesis was monitored at 5- to 15-minute intervals
during -the perfusion, and livers 'that did not have a stable urea
synthetic rate were not used. Eleven perfusions were discarded
for this reason.)

. Furthermore, in at least one study in all groups, albumin
synthesis was measured by an immunochemical method along
with the 14C-0O2 method, using high-titer monospecific antibody
against rabbit albumin.

lmmunochemical quantitation of the newly synthesized albumin
was determined by the method of Mancini et al. (8a). In -six
replicates, the 0.95 error ( P = 0.05) of the measured diameters
averaged ±7 percent. A plot of the square of the diameter versus
concentration of antigen standards was made on linear graph
paper, and the unknowns were determined from the graph. All
batches of antiserum were tested against various dilutions of
rabbit serum to ensure the presence of only a monospecific
antibody. Also. the antiserum was tested against bovine albumin
to test for the absence of cross-reaction.

The data derived by the two independent methods agreed
quantitatively in 24 of 32 combined studies. and qualitatively in
the other 8 studies (9).

Because alcohol might inhibit the release of newly synthesized
albumin, the rate of release of labeled albumin was studied in
both alcohol and control perfusion solutions. Labeled albumin
was detected in the alcohol and control perfusion solutions by at
least 35 minutes after the [14C) carbonate injection, indicating
no delay in release of the labeled albumin. The total albumin
carbon [14C] guanidine activity was achieved by 90 to 100 minutes
in both alcohol and control groups; by 150 minutes, no additional
increase in activity was noted. If release had been delayed by
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alcohol, the Oak total I4C activity of the released albumin would
have occurred later. in addition, the increment, in rabbit albumin
levels and in the perfusion solutions containing bovine albumin,
was steady during the control and alcohol studies, further support-
ing the conclusion that alcohol did not impede t he release of
preformed albumin.

DNA-RNA Determinations

After perfusions, the liver was chilled by the gentle injection of
25 ml of ice-cold 0.25 M sucrose (RNase-free, Schwartz/Mann,
Orangeburg, N.Y.) in TKM buffer (50 mM Tris-HCI, pH 7.5-25 mM
KC1-5 mM MgC12). The liver was weighed, minced, and homog-
enized in 2 vol of the same buffer in a glass homogenizer with a
loose-fitting Teflon pestle. DNA was determined by the indole
method of Ceriotti, as modified by Keck (10). The determination
of RNA was essentially that of Fleck and Begg (11). Total protein
was determined by the method of Lowry et al. (12).

Polysomal Isolation

Polysomes were isolated from the whole liver, after the 2,1/2-
to 3-hour perfusion, employ'ng the tethniques described by Blobel
and Potter, as modified below. After homogenization in 2 vol of
0.25 M sucrose-TKM buffer,- nuclei, debris, and mitochondria
were separated by a 10-minute spin at 15,000 g. The supernate
was layered over a 1.38 to 2 M sucrose discontinuous gradient in
TKM buffer containing cell sap as an RNase inhibitor, as suggested
by Blcbel and Potter (13). After a 20-hour spin at 105,000 g
(Spine° 40 rotor), the bound polysornes sedimenting into the
1.38 M sucrose layer were removed, treated with 1/4 vol of
20-percent Triton-5 percent sodium deoxycholate solution, and
recentrifuged through 2 M sucrose in TKM-cell sap for 20 hours,
as above. The pellet obtained from this interface has been shown
to represent the polysomes that had been bound to the endoplasmic
reticulum, and the purity of this fraction was confirmed.

The unbound or free polysomes sedimented through the 2 M
sucrose and were harvested as a pellet after the initial 20-hour
spin. The pellet was frozen at -20°C and treated identically with
the bound pellet obtained 24 hours later.

In livers from fed donors, the large quantity of glycogen present
prevents effective isolation of the free polysomes. Thus, in these
livers, amylase was added to the postmitochondrial supernatant at



J 00 HOTRSCHILD ET- AL.

a final- concentration of 70 U per rill. After 30 minutes at -VC
with gentle stirr=ing, the same quantity of amylase was added, and
-gentle stirring was continued for another ,30 minutes at !PC. In
studying fasted free polysomes isolated with and without amylase
treatment, no effect of this amylase treatment on polysomal
aggregation was noted.

Polysome Analysis

The polysomes, bound and free, were suspended in 1 ml of cold
distilled water, and '16 to 2:0 absorbance units (260 nm) were
layered over a 34 ml linear sucrose gradient (0.3 to 1.1 M in TKM
over a 2 ml cushion of 60-percent sucrose). These gradients were
spun at 25,000 g in a SW 27.1 rotor at 4°C for 2 hours, and the
resultant 'gradient was analyzed in an Isco 'ultraviolet analyzer
(Instrumentation Specialties Co., Lincoln, Neb.) at 254 rim
(model VA-4).

Polysomal Labeling

The pattern and extent of polysomal RNA labeling was deter-
mined by the addition of r31-1) uridine; 1.5 mCi (26 mCi per
mrnol) M the perfusion solution during the 21/2-hour perfusion.
The isolated factions (bound and free) were analyzed as above in
an Isco ultraviolet 'analyzer, and 1 tn1 fractions were collected;
0.1 ml was plated on Whatrnann No. 3MM discs. The discs were
'treated sequentially with ice-cold 5-percent trichloroacetic acid
containing nonradioactive uridine for 19 minutes, washed with
ice-cold 7-per&mit trichloroacetic acid, cold ethanol, ethanol-ether
(1:1 v /v), and ether, and then air dried. The dried discs were
suspended in 5 ml of 0.7-percent butyl-PBD in. toluene and counted
in a liquid scintillation counter, appropriate corrections being
made for 14C contamination in the 3H channel.

Results

Influence of Specific Amino Acids on Albumin Synthesis

The acute effects of exposure ofklivers from fed donors to
ethanol results in a 50-percent decrease in the rate of albumin
synthesis and a significant and similar decrease in the synthesis of
urea. Polysome disaggregation is marked with particular destruction
of the endoplasmic membrane-bound polysome. These results can
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be counteracted effectively With 10 MNI levels of arginine, trypto
Phan, omithine, and lysine, the same amino acids that stimulated
albumin synthesis in livers from fasted donors in the absence of
exposure to another stress such as ethanol. Not all amino acids
wen; erfeetive- in the latter situation; histidine. leucine, methionine,
and valine were 'ineffective in stimulating either utha or albumin
production (table 2). These observations suggested that the urea
cycle might play a more impoftant role in regulating protein
synthesis than had been heretofore imagined. Furthermore, omi-
thine tfigure 1), an amino acid in the Krebs-urea Cycle, is not
incorporated-into albumin, but ornithire too resulted in a marked
stimulation of albumin production, both in livers from fed donors
peffused with ethanol and in livers .:,(.posed to the single stress of
fastino% Ornithine is the immedia'te product following the cleavage
of arginine into urea and is also the precursor of the poly-amines

eine, spermidine,' and spermine. These polyamines have
been suggested as playing important roles in maintaining the
intemty of the polysomal system.

Thus studies were conducted to determine if the effects seen
with high levels of amino acids 'could be duplicated by adding
1 mm levels of spermine, a physiologic level found in vivo. To this
end, alburitin synthesis was measured in livers from fed and' fasted
donors' perfused with ethanol 200 mgek, ethanol plus 1 mM
spermine, and ethanol plus arginine 10 ntM and 1 mNi spermine
(table 3). The res,lts indicate that,,in fed donors perfused with
ethanol and in fasted donors, spermine can result in significant

Table Effects of Amino Acids on Albumin Synthesis in Liv
From Fed Donors

Perfusate
Albtimin Synthesis Urea Synthesis Degree of Bound.

Polysome
Aggregation77. of control values)

Control .100 100 100
Ethanol 37 27
Ethanol A.A. 70 70

-Bound polyEorne aggregation ( trisome) varies from 66 to 76 percent.
Control albumin synthesis has vaied over the years from 16-18 to 20-22 mg/
100 g wet liver wt/hr.
Control liver synthesis has varied over the years 32-34 g/100 g wet
liver wt/hr.
A.A. . 10 levels of either Trp, Orn, LAs, Arg.
Ethanol 200
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Figure 1. Relationship of Ornithine to the Urea Cycle and to the
Synthesis of Polyamines

PUTRESCINE SPERMIDINE SPERMINE

URN NE

ARG IN I NE

//'
ALBUMIN UREA

C I TRULL !NE

ARG I N I NOSUCC INATE

Table 3. The Effects. of Arginine and Spermine on Albumin
Synthesis in Livers From Fed Donors*

.Perfu
Albumin Synthesis Urea Synthesis Degree of Bound

Polysome
(% of control values) Aggregation

Control 100 100 100

Ethanol 35 34. 37-43

Ethanol-arginine 70 78* 77

Ethanol- spermine 53 67

Ethanol-
spermine-
arginice 100 .169 77

Ethanol 200 nig%.

Spermine 1 mrvi,
'It should be noted that urea synthesis from arginine only requires wgiriase,
and ethanol and acetaldehyde do not inhibit this enzyme. The lack of incre-
ment in urea synthesis after the addition of arginine, but in the presence of
ethanol, is striking, but the cause is not known,

'
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polysome reaggregation. However. in order albumin and urea
synthesis to be effectively stimulated, it Zify to acid
arginine as well. These results sugges1,.d that arginine might be
the rate - limiting amino acid, as it is present in the liver in only
trace quantities. Spermine, or the other polvamines, would
therefore play a role in effectively binding the programed poly-
some to the endoplasmic reticulum for the synthesis of pro=
teins for export. The ability of sps,rmine to overcome even the
combination of the stresses of casting' and ethanol exposure in
terms of polysome aggregation is marked.

Ethanol Versus Pasting

So far, these studies have shown that although both fasting and
acute exposure to ethanol reduce albumin synthesis and cause
significant polysome disagg-regatiort; the mechanism of the action
of ethanol is Certainly different from that of fasting, primarily
because fasting reduces the total quantity of RNA dramatic-ally
within the first 24 to t8 hours. However, acute exposure to
ethanol did nut- cause any detectable alteration in the total
amount of hepatic RNA (table, 4). Further, studies employing
13H1 undine and cytidine have shown a specific inhibition of
entrance of newly labeled RNA into the endoplasmic membrane-
bound polysome of ethanol-exposed livers. These results, likewise,
appear to indicate a difference in the mechanism of action be-
tween ethanol and fasting, although both stresses appear to

Table 4. Albumin Synthesis in the Perfused Rabbit Liver

Parameters

Albumin synthesis

Fasted Donor
Control Perfusate

Fed Donor.
Alcohol Perfusate

Loss of RNA

Bound polysome

Free pOlysome

Response to amino
acids

Decreased by'
:10-507,

30%

Disaggre6ted

Unaffected

Albumin syntheSis in-
creased to rates exceed-
ing control; partial to
complete reaggregation
of bound polysome

Decreased by
40-50%

9%

Disamegated

Unaffected

Albumin synthesis in-
creased to rates ap-
proaching control;
partial reaggregation of
bound polysome

a
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produce a depression. in the degree of- endoplasmic membrane-
bound polysome aggregation and an equivalent alteration or
depression "n albumin synthesis.

When tl.. s..cesses of fasting and ethanol exposure are corn jined
(table 5), th... depression in albumin synthesis and urea synthesis is
even more marked than that seen with either stress alone. The
endoplasmic membrane-bound poly_ some is disaggregated, and so

the free polysOrne. The amino acids that were effective in re-
versing either stress alone are not ineffective, although a combina-
tion of spermine and arginine did produce significant recovery,
not only in terms of polysome aggregation, but also in terms of
the capacity for albumin synthesis.

In order to study the effects of acetaldehyde on albumin an
urea synthesis, as well as the degree of polysome aggregation,
various techniques were employed. Acetaldehyde was infused
continuously to maintain the input level at approximately 2 mg%
by an infusion rate of acetaldehyde 3-percent weight by volume
of 83.3 u1/1.00 ml portal perfusion rate. At time zero, the con-
centration of acetaldehyde at the outflow from the liver averaged
approxithately 0.6 mg/100 ml and, at the end of the perfusion

d

-Table 5. The Effects of the Combination of Fasting Plus Ethanol
on Albumin Synthesis*
Me

Perfusate

Control

"Ethanol

khanol-
A.A"

Ethanol-:.
spermine

Ethanol-
,spermine-
arginine

h&nol 200 rng%.
Arginine and A.A. 10 mM.
Spenrsine 1 mM.
The degree of bound polysorrie aggregation averaged 48%.
*Values for albumin synthesis in livers from fasted donors averaged 8-9 mg
and 42-62 mgr100 g wet liver wt /h r respectively.

Albumin Synthesis Urea Synthesis

(% of control values)

Degree of Bound
Polysome

Aggregation

100 100 100

59 38 10-48

59 31-65 No reaggregation

180 56 90

260 167 100
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;Table 6. Effects of Acetaldehyde on Albumin Synthesis in Livers
From Fed Donors

Perfusate
BoundAlbumin Synthesis Urea Synthesis Degree of o

Polysorne
(% of control values) Aggregation

Control 100 100 100
Ethanol (6) 50 64 37-Ea
Acetaldehyde (8) 50 53 100
4 -MP (3) 109 140 102
Ethanol + (6) 55 55 84

4-MP

Acetaldehyde + (6) 64 75 (NS) 95
4 -MP

k,,Number of studies indicated by (
Ethanol 200 mg%.
Acetaldehyde 2 mgt.
4-MP ,4-methylpyrazole 1.5 m1VI.
Control Values:

Albumin and urea synthesis were 22 and 36 mg/100 g wet liver wt/hr
respectively.
The degree of bound polysome aggregation averaged 62 percent.
NS not significant compared to the acetaldehyde group. The absolute
figures were for acetaldehyde, .19 3 mg/hr/100 g; for acetaldehyde +
4-MP. 27 3 mg/100 g/hr.

2.5 hours later, was approximately 0.8 mg/100 ml. This level of
acetaldehyde 'decreased, albumin arid urea synthesis but, did not
alter polysome aggregation in livers fiom fed donors.

In. a second method, 4-methylpyrazole (MP), L5 mM, was
added to the jnfusion-containing ethanol, 200 mg %©. This level of
4-MP reduced ethanol oxidation by 85 to 95 percent but failed
to _improve albumin synthesis over the values seen with ethanol
alone. Further, when acetaldehyde and 4-methylpyrazole were
perfused together, there wakno improVement in albumin or urea
synthesis. Thus, in livers from fed donors, acetaldehyde did prove
toxic to albumin and urea synthesis. The addition of 4-methyl-
pyrazole to acetaldehyde or to the ethanol-containing perfusates
failed to improve either parameter significantly, although the
degree ckf polysome aggregation was significantly improved With
the combination of 4-MP plus tthanol over the aggregation seen
with ethanol alone.
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Livers derived from fasted donors, however, yield results signif-
icantly different from those seen with fed-donor liver preparations.-
The effects of inhibiting ethanol oxidation with 4-methylpyrazole
reversed the ethanol inhibition of urea synthesis, and albumin
synthesis returned to the levels seen in livers fasted donors
per se (in the original, or naive, state). Likewise, the degree of
polysome disaggregation was reversed and found to be the same as
that observed in livers from fasted' donors. In the absence of
ethanol, the effect on albumin and urea synthesis and polysome
aggregation of the combination of 4-methylpyrazole plus acetal-
dehyde was essentially the same as that observed with acetaldehyde
per se. Thus, in contrast to results seen in livers from fed donors,
the addition of 4-methylpyrazole, an agent capable of inhibiting
ethanol oxidation, appears to _reverse the. major effects of ethanol
on albumin and urea synthesis as well as the effects on pdiysome
disaggregation.

Table 7. Effects of Acetaldehyde on Albumin Synthesis in Livers
From Fasted Donors

PErfusate
Albumin Synthesis Urea Syn thess-i

(% of control values)

Degree of Bound
Polysome

Aggregation

Control (6) 1e0 100 100

Ethanol (5)' 63 32 53

Acetaldehyde (7) 100 100 100

4-MP 14) 100 100 108

Ethanol + (5) 100 84 86'
4-MP

Acetaldehyde + (6) 130 . 90 90
4-IAP

Number of studies indicated by (
Ethanol 200 mg%.
AcetaldShyde 2 mg%
4-MP 4-rnethylpyrazole 1.5 rnM.
Fasted. control values for albumin and urea synthefis averaged 11 and 50 mg/
100 g wet liver wt/hr respectively; the average degree of bound polysome
aggregation was 49%.
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Discussion

Acute and chronic toxicity from ethanol consumption is ob-
viously a major health hazard throughout the world, and in order
to understand the effects of ethanol intake on various aspects of
intermediate metabolism, it will be necessary to focus on specific
pointi. The long-term exposure of the whole animal to ethanol
intake, even if dietary management is carefully regulated, is still a
highly complex picture. Many factors, including nutrition and
alcohol, hormone levels, and blood flow, as well as protein de-
gradation, immunological changes, and genetic predisposition,
may affect the end parameter that one is trying to assay (14). It is
obvious that experimental modelswhether they be isolated
perfused livers from a variety of species or hepatocyte cell
culturesdiffer from each other and also differ from the in vivo
situation. But it is only through systems such as these that we
will be able to uncover the specific effects of the metabolism
of ethanol.

During the metabolism of ethanol, there is disaggregation of the
endoplasmic membrane-boUnd, poly_some, a decreased rate of
synthesis of serum albumin, and a decreased rate of incorpora-
tion of other labeled amino acids into proteins for export
(15,16,17,18,19). The synthesis in urea is markedly inhibited,
although the mechanism of this action is not known. Krebs and
his associates have indicated that the metabolism of ethanol
-diverts ammonia from alanine (or from added ammonia) from the
synthesis., of urea to the synthesis of aspartate, glutamate, and

tamine and have shown that excess ornithine may abolish the
acbumulation of aspartate (20). Any inhibition at any step in the
urea cycle will obviously decrease the rate of synthesis of 'urea;
hence this would be one explanation.

Further; the data presented in this paper indicate that spermine
plays animportant role in the protein synthetic mechanism; thus,
a decrease in, the availability of ornithine, a precursor to the
synthesis of the polyamines, would decrease. the synthesis of
spernane. The polyamines have been shown to play important
roles in many aspects of protein synthesis and cellular regenera-
tion (20,24,22,23,24,25,26,27,28). Obviously, there must be
many other possible explanations for the effects of ethanol on
urea and/or on albumin synthesis; this is simply one hypothesis.

The acute effects of ethanol on the liver's ability to synthesize
albumin depend on the nutritional state- of the liver. In livers
from fed donors, ethanol decreases !both albumin and urea as
well as the synthesis of other proteins-for export. These effects
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on urea and albumin synthesis can be reversed by some, but not
all, amino acids administered to the liver in 10 rnM quantities..
Furthermore, the acute effects of ethanol can also be reversed
simply by transferring the liver to a perfusate that no longer
contains ethanol. These observatioris certainly indicate that the
acute effects of ethanol are transient, and that, although the
mechanism of action of excessive amino acids can only be
speculated upon at present, permanent damage to the protein-
synthesizing system for proteins ,for export is not caused by
exposure of the liver to even these high levels of ethanol.

However, when the liver is derived from 4 fasted donor, the
Deflects of the combined stresses of fasting and ethanol are much
more severe. The addition of excess amino acids, which were
capable of reversing the effects of ethanol in livers from fed
donors, is no longer effective. The endoplasmic membrane
bound polysomes are disaggregated, and the free polysomes are
also disaggregated. It is quite possible that these free polysomes
are responsible for the synthesis of the pre- and pro-peptide
portions of the albumin molecule, a peptide thought to play a
role in the signal hypothesis. This hypothesis suggests that the
pre= and pro-peptide that initiate the attachment of the ribosome
to the endoplastnic membrane to provide a means of egress for a
protein destined for export (29,30,31;32,33,34). Spermine and
arginine are likewise ineffective in completely reversing these
effects, although sperrnine does result in some reaggregation of
the bound polysome Spermine plus arginine in livers from fasted
donors exposed to ethanol does, however, result in significant
improvement of the rates of albumin production, again pointing
up the importance of these two substances in the schema of
protein-synthesis__

Not only are the effects of ethanol dependent on the nutritional
Status of the liver; acetaldehyde shows' an even greater nutritional
dependence. Acetaldehyde per 'se inhibits albumin synthesis in
livers from, fed donors, but it does not have any effect in livers
froin fasted donors in terms of, reducing albumin synthesis.
Further,-4-rnethylpyrazole does not reverse the alcohol-induced
inhibition of albumin synthesis in livers from fed donors, but it .

does reverse the effect in livers from fasted doriorl. These observa-
tions certainly point up the importance of a. clear definition of
the nutritional status of the liver, if effects of ethanol and acetal-
dehyde are to be understood and clearly elucidated.

Another question raised by these particular studies islhe role
of acetaldehyde in mediating the inhibitory effects that ethanol
produces in albumin and 'urea synthesis. Acetaldehyde reduced
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albuMin and urea synthesis in livers from fed donors, but it
failed to cause the endoplasmic membrane -bound polysome
disaggregation seen with ethanol. Further, in livers from fasted'
donors, acetaldehyde had no effect in lowering albumin and urea
synthesis below the levels seen with fasting per se; ethanol was
even more toxic in these livers. These results certainly do not
support the concept that acetaldehyde is the direct mediator of
the toxic effects of ethanol.

The data with 4-methylpyrazole inhibition of ethanol oxida-
tion likewise provide evidence favoring a separate mechanism of
action for ethanol and for acetaldehyde. Using livers from fed
donors, 4-MP inhibition of ethanol oxidation prevented endo-
plasmic membrane-bound polysome disaggregation, but albumin
and urea synthesis remained depressed. This same result was also
found with acetaldehyde infusions. However, with livers from
fasted donors, 4-MP decreased the effects of ethanol, a finding
that might support the conclusion that acetaldehyde was respon-
sible .f©r ethanol toxicity in this modelexcept that, in the
fasted state, acetaldehyde per se was without toxicity. These
studies thus provide no eiridence to support the concept t at
acetaldehyde per se mediates the acute toxic effects of ethanol n
albumin synthesi& and on urea synthesis. The metabolic intereo -
version from ethanol through acetaldehyde to acetate involves a'
variety of mitochondrial and cytosol energy and electron transport
changes. It is quite conceivable that these intermediate metabolic
consequences of the liver's ability' to metabolize ethanol prefer-
entially are responsible, in some fashion, for the alterations in the
parameters noted.

These acute studies should in no way be confused with the long-
range effects of ethanol consumption on the development of
hepatic disease'. Cirrhosis of the liver is a highly complex hemo-
dynaniic disorder, chiracterized not only by altered protein
.production for export, but also by-increased collagen synthesis
(35,36,37,38,39); by possible changes in, total hepatic _cellular
nitrogen, which may actually increase; by the development of ,
markedly distorted intravascular channels; by portal hypertension;
and by, the dissstrous consequences of all these results. However,
first steps must- be made, and effective models must be chosen to
evaluate,-.as carefully as' possible, the specific effects of any one

mtoxic or metabolic agent,

3027741 79 - 21
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Rate-Determining Factors for
Ethanol Oxidation in Vivo and in

Isolated Hepatocytes

Neal W. Cornell, Kathryn E. Crow, Mary G. Leadbetter
and Richard L. Veech

Abstract

A literature survey indicates that the rate of ethaniSl metab-
olism in rats in vivo is about 3 umolimin/g liver,* and similar
rates are ()Nerved when isolated hepatocytes from fed or 48-hr-
starved rats are incubated with substrates such as lactate and
pyruvate. In the absence of substrates, however, hepatocytes
from starved rate oxidize only 0.75 lamol of ethanol /min /g, and
with cells from fed rats the rate is 1.9 pmol /min /g. Glucose pro-
duction can be blocked by tryptophan or quinolinate without
affectingqhe substrate-stimplated ethanol oxidation, so the lattef
does not depend on an increased AIT utilizption for glucose
synthesis. Metabolite Measurements indicate that substrates
return the rate of ethanol metabolism to that seen vivo by
causing a restoration of the malate-aspartate shuttle intermediates
depleted during cell preparation. It is emphasized that, although
the rnalate-aspartate shuttle may be rate determining fol. ethanol
metabolism by hepatocytes under some conditions, this is not
the case in vivo. Alcohol dehydrogenase (ADH) is present in rat
liver at 1.5 times the activity required to account for the rate of
ethanol rletabolism in -Olio, suggesting that the level:of ADH.
could be a major rate-determining factor. To test this suggestion,
We conducted a kinetic characterization of rat liver ADH and
found that ethanol oxidation via this enzyme is sufficient to
account for observed rates of elimination in rats in vivo. some
implications of our results for ethanol metabolism in humans
are discussed.

it i generally agreed thgt alcohol dehydrogepa4e (ADH) is the
major enzyme catalyzing ethanol oxidation in mammalian liver,
but some uncertainty remains concerning the cellular factors that
determine the rate of ethanol metabolism in vivo. One proposal is

*Wet weight.
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thgt ethpol oxidation is ultimately limited by the rate of NAPH
reoxidation in the mitochondria! respiratory chain (26,36). This
proposal is based_ in part, on the observation that substrates for
glucose synthesis accelerate ethanol oxidation, and the accelera-
tion is thought to result from the increased ATP utilization for
glucose production: Alternatively, it has been suggested that
ethanol oxidation, particularly in the fasted state, is limited by the
activity of the shuttles that transfer reducing equivalents from the
cytosol into mitochondria (36). It is implicit in both of these

-proposals-that-the-rate-of ethanol oxidation is limited by level of
cytosolic NADH and, therefore, by the rate of the ADH reaction.
However, largely because of poor correlations between ADH levels
measured in vitro and rates of ethanol metabolism in vivo, it has
often been stated (20,44,52) dip the level of.A.DH activity is not
a major rate-determining factor. This report summarizes experi-
ments in which we have examined the roles of ATP, turnover, the
malate-aspartate shuttle, and the level of ADH activity in deter-

.

rniriMg.the rate of ethanol metabolism in the rat.

Ethanol Metabolism in Isolated Hepatocytes

Prel.dous experience with isolated hoPatocytes has shown that
these cells, when well prepared, retain the metabolic capacities of
the intact liver (see, e.g., 25). To have some idea of the rate to be
expected with isolated hepatocytes, we compiled 20 values for
the rate- of ethanol metabolism in vivo (table 1). Two of those
values are from separate studies in our laboratory, and the re-
nainder are published values from other laboratories. We take
the mean of all 20 values, 3.3 pmol/min/g liver, to indicate the
rate of ethanol metabolism in vivo. However, as seen in table 2
and elsewhere. (9,26,36), when hepatocytes prepared from fasted
rats were incubated without other substrates, the rate of ethanol
metabolism, was only 0.7 to 0.8 pmol/min/g wet -weight of

--ThtalditiOnof-lactate-to these- incubations _increased the rate
2-1/2 times, and pyruvate restored the rate to that seen in viva.

To test the suggestion that lactate' Or pyruvate stimulates
Ethanol oxidation by creating an ATP demand for gluconeogenesis,
we conducted experiments with quinolinate and triptophan.
These compounds block gluconeogenesis in the rat by inhibiting
pliosphoenolpyriwate carboykinase, thereby preventing two-
thirds of the ATP utilization required in the synthesis of glucose
from lactate or pyruvate (43,48). In our experiments (table 2),
quinolinate' and try ptophan both effectively decreased glucose
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Table 1. rtes of Ethanol Metabolism in pits in Vivo

Reference Sex Strain Dietary
State

Rate
(iimol/rnin/ ±SEM

g liver)

41 Female Sprague-Dawley Fed 3.33
34 Fed 4.21
39 Fed 3.25
46° Fed 3.94
24 No information 2.25
16 Wistar Fed 3.87

Spra Dawley Fed
Fed

27 Fed
1 Starved 18 hr

38 Starved 24 hr
47 Starved 48 hr
16 Wistar Fed
19 F Fed
21 Fed
13 Fed
23 Starved 17 hr
49 Starved

16-18 hr
17 Starved 24 hr
35 Wistar x Piebald Starveil 12 hr

3.15
2.91
2.65
3.25
-1.

3.23
3.6
3.37

- 3.6
3.7
3.12

2.4
2.91

48 A: 0.2

3.21 -1 011

3:2910.12

synthesis, but neither, inhibitor had any effect on the lactate- or
pyruvate-stimulated rate of ethanol metabolism.

We obtained equivalent results with hepatocytes prepared from
fed rats (table 3). In these cells, also, lactate stimulated ethanol
oxidation 'and increased glucose production; quinolinate blocked,
the lactate-stimulated glucose production but had no effect on the
rate of ethanol oxidation. These results indicate that the accelera-
tion by lactate of ethanol oxidation does not depend on an in-
&eat-adATP-demand-for glucose synthesis.

The data in tables 2 and 3 are in cor-itittrto-those---of Meijer
et al. (36), who reported that cfuinolinate decreased the- lactate-
Stimulated rate of ethanol' oxidation. 'We are unable to explain
this discrepancy. However, the conclusion drawn from our quin-
olinate and tryptophan data is supported by results of experiments
in which ethanol oxidation and glucose synthesis were measured
pt various lactate concentratithis (figuiT 1). The major stimulation
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Table 2. Effects of Substrates and of Quinolinate or Tryptophan
on Glucose Synthesis and Ethanol Oldaztion in Hepa-
tor. es From Starved Rats

Additions

Rates (pmol/rnin per g wet wt of cells)

Ethanol Oxidation -

Glucose Synthe ts

-Ethane - +Ethanol

-None 0.75±0.09 0.07 ±0.004 0.02 ±0.002
Lactate 1.86±0.07 0.59±0.03 0.39 ±0 .03
Lactate,

quinolinate 1.83±0,09 0.16±0.02 0.04 -±0.003
Lactate,

tryptophan 1.88±0.07 0.21±0.03 0.08±0.02
Quinolinate 0.93±0.07 0.02±0.002
Tryptophan 1.01 ±0.10 0.02 ±0.008

ruvate 2.78±0.14 0.61±0.03 0.83±0.03
Pyruvate

/0.41"quinolinate 2.76±0.08 0.35±0.02 ± 0.01
Pyruvate,

tjyptophan 2.52±0.18 0.34 ±0.03 0.47 ±0.03

Cells, prepared from 48-hr starved, male Wistar rats, were incubated for
60 ;lin. Initial concentrations of substrates and inhibitors were lactate,
10 mM pyruvate, 5 rriM; tryptophan, 1 mM; quinolinate, 5 rnM; ethanol,
8 nib!, where rates of ethanol oxidation or glucose synthesis in the presence
of ethanol were measured. Rates are means ±SEM for 3-6 cell preparations.

Table 3. Ethanol Oxidation and Glucose Produc-
tion in Hepatocytes From Fed Rats

Rates (pmol/min per g wet wt of cells)

Additions Glucose
Production

Ethanol
Oxidation

None 1.47±0.09
Ethanol 1.861-0.13 1.89±0.12
Ethanol,.

quinolinate 1.84±0.21 = 1.79 ±-0.28
Ethanol, lactate 2.06-±0.2]. 2.53±0.23
Ethanol, lactate,

quinolinite 1.72 ±0,20 2.37±0.20

-Cells-were prepared from rats fed ad libitum on standard
chow. Other conditroirs---me-as listed in Table 2.
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Figure.1. The Effect of Varying Lactate Concen;
tration on Rates oT Glucose Synthesis
and'Ethanol Oxidation

E

LLI

0.13-

3.

2.0

1.0

1

0.6

0.

LACTATE mM)

10

Cells from 43-hour starved rats were incubated for 20
minutes. Controls (0) contained El mM ethanol, lactate at
the concentrations° indidated, and pyruyate at 0.1 of thelactate concentration. Other incubations contained, inaddition, 5 rnM quinolinate (0). Each point represents*the mean of determinations on at least 3 different cell
preparations.
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in ethanol -oxidation occurred at low lactate concentrations
(0.5 miVI and 1.0 mM) where, because of the presence o ethanol,
glucose synthesis was not stimulated at all. At high r lactate
levels (2.0 m141 to 10.0 miM), where rates of glucose synthesis in-
creased with increasing lactate concentration, ethanol oxidation
rates remained almost constant. The separation between the two
processes was even more striking when quinolinate was present

.(figure 1). As with glucose synthesis, oxygen uptake continued to
increase at higher lactate levels (table 4), indicating that an in-
creased rnitochondrial rate of reoxidation of NADH did accompany
the increasing ATP utilization for gluconeogenesis. There was no
concomitant increase in the rate of ethanol oxidation, which=
again indicates that NADH reoxidation via the mitochondrial
electron transport chain is not a limiting factor for ethanol metab-
olism in isolated hepatocytes. In this regard, it should be noted
that, from the stoichiometries of ethanol oxidation, oxidative
phosphorylation, and glucose synthesis, the maximum increase in
ethanol oxidation that could be caused by ATP utilization for
gluconeogenesis would be 1 mole of ethanol oxidized per rn,le of
glucose produced. On comparing increments due to the presence
of glucose pre_ cuxsors (table 2 and figure 1), it can be Seen that

the observed increment in ethanol oxidation is as much as 50

times the increment seen in glucose synthesis..

Tab_ le 4. Effects of Substrates and Ethanol on
Oxygen Uptake by Hepatocytes

/Lactate Added
(mM)

Relative Rates of 02 Uptake

Ethanol +8 mM Ethanol

1,00 1.00

0.5 1.341-0.05 , 1.18±0.05
1.0 1.43±0.07 1.31±0.02
2.0 1.44 ±0.07 1.41±0.03
5.0 1.42±0.07 1.58±0.03

1.42±0.07 1.71 ±0,03

Oxygen uptake was measured with a YSI model 53 oxygen
monitor, and the rate in the absence of added substrates
was assigned a value of 1.0. Calibration (3) of the monitor
indicated that the absolute rate in the absence of substrates
was 2.3 -2.5 imol 02 /min per g wet wt of cells. Addition
of 8 reM ethanol alone had no effect on the rate. 13yruvate
was added to all incubations to give an initial [lactate1/
rpyruvatel 7 10. Rates are given as means ±SEM for

four experiments.
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Role of the Malate-Aspartate Shuttle

It is well known that some components of the malate-aspartate
shuttle are depleted during hepatocyte preparation (table 5 and
Ref. 8). These metabolite losses are restored following the addi-
tion of appropriate substrates, and the metabolism of isolated
hepatocytes becomes more like that of the intact liver (8). The
results in table 5 and figures 1 and 2 show that the effects of
subStrates on ethanol oxidation are closely paralleled by increases
in a-ketoglutazate and, especially, glutamate. These data suggest
that lactate accelerates ethanol oxidation in isolated hepatocytes
by increasing the rate at which reducing equivalents are trans-
ported into the mitochondria via the malate-aspartate shuttle.
Exchange of cytosolic glutamate for mitochondrial aspartate is an
essential process in the operation of this shuttle (2,45). The ex-
change is catalyzed by a specific carrier, for which a glutamate
Km of about 6mM has been determined with isolated mitochon-
dria (45). In our experiments, total cellular levels of glutamate
ranged from 1.3 pmol /g wet wt to 4.0 pmol /g wet wt. (table
5, figure,2). Assuming uniform distribution of glutamate through-
out the cell, these levels of glutamate would correspond to
cytosolic concentrations of 2mM to 5mM. These levels are

Table 5. Content of Malate-Aspartate Shuttle Components in
Freeze-Clamped Rat Liver and in Isolated Hepatoeytes

Dietary
State

Shuttle
Component

Contenta (pmol /g wet wt)

Frieze-Clamped
Liver

Hepatocytes

Fresh Incubatecib

Fed
Glutamate 3.21±0.10 0.84±0.14 3.76±0.42
ci-Ketogjutarate 0.28±0.01 0.16±0.02 1.40±0.09
Aspartate 0.55±0.04 0.63±0.09 0.21-1'0.03
Malate 0.29±0.02 0.12±0.02 1.45±0.11

Starved 48 hr
Glutamate 2.32±0.16 0.36±0.04 3.80±0.11
cr-Ketoglutarate 0.06±0.006 0.09±0.03 2.0510.06
Aspartate 0.60±0.05 0.08±0.01 0.19±0.03
Malate 0.27±0.04 0.04±0.01 1.72±0.14

aValues are means *BEM for 9 freeze-clamped -livers or 6 cell preparations
from male Wistar rats.

bHepatocytes were incubated 20 min with 10 mM lactate, 1 mM pyruvate,
and 10 mM ethanol; see also figures 1 and 2.
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Figure 2. The Effect of Varying Lactate Concentration on
Glutamate and a-Ketoglutarate Contents

LACTATE (ml

Incubation conditions and substrate concentrations were as listed for figure 1.
(0, 0) were control incubations, and (0,M) contained quinolinite. Glutamate
is indicated by (0,0) and a-ketoglutarate by (a,).

I
below the glutamate ,Km for the glutamate-aspartate carrier, so it
is possible that the rate of operation of the malate-aspartate
shuttle and the resultant level of free cytosolic NADH are de-
pendent on the glutamate concentration. This would explain the
particularly close correlation between glUtamate concentration
and rates of ethanol oxidation with varying lactate levels.

We have also observed that lysine, in the presence of lactate,
will increase the rate of ethanol oxidation. It was previously re-
ported that lysine accelerates the recovery of cellular glutamate
following hepatocyte preparation, thereby stimulating glucose
synthesis from 10 mM lactate and reversing the ethanol-induced
inhibition of gluconeogenesis (8). In the present experiments, the
addition of 2 mM lysine to hepatocyte incubations containing
10 mM lactate and 8 mM ethanol increased the rate of ethanol
oxidation from 1.9 to 2.5 umol/min/g wet wt. This observation
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supports the conclusion that the stimulatory effect of substrates
on ethanol oxidation results from increased activity of the inalate-
aspai-tate shuttle.

On relating our results or those from other studies with isolated
cells to ethanol metabolism in vivo, it is important to note that a
variety of conditions or substrate combinations will accelerate
ethanol oxidation in hepatocytes; but, even iii the presence of
accelerators, the highest rates are similar to those in vivo, i.e.,
2.6 umoliminig to 3.3 gmol min /g (see, for example, tables 1, 2,
and 3, figure 1). Only at that pointwhere the hepatocyte rate
is similar to the rate in vivodoes it become possible to draw
inferences about factors that are rate determining in vivo. We
know of no experimental condition, either from our studies or
from others, that will cause rates of ethanol metabolism in hepa-
tocytes to be greater than those in vivo, suggesting that, when
maximally stimulated, the rate of ethanol 'oxidation by hepa-
tocytes is determined by the same factors operating in vivo. From
hepatocyte experiments showing high rates of both gluconeogenesis
and urea synthegis (25), it can be estimated that the rate of the
malate-aspaitate shuttle can be at least as high as 8 pmol /min /g
to 10 panol/rninig cells, or about 3 times the rate of ethanol
oxidation in vivo. Moreover, althoUgh starvation does not greatly

=affect- hepatic contents of glutamate, aspartate, or malate, hepa-
tocyte preparation causes these to be drastically depleted (table 5).
Thus, although the activity of the malate- aspartate shuttle appears
to be rate limiting for hepatocytes in some instances, that is
probably not the case in vivo where extensive depletiOn of shuttle
metabolites does not normally occur and where, as discussed
below, rates of ethanol metabolism are as fast as the level of ADH
will allow with the prevailing substrate concentrations.

The Role of Alcohol Dehydrogenase in Vivo

It has been reported previously that the content of ADH in
rat liver is either much greater (52) or less (28,29,30,37) than
the amount required to account for ethanol metabolism in vivo.
In contrast (table 6), we find that the activity is sufficient to
catalyze ethanol oxidation at a rate of 5 pmoi/min/g liver or
only 1.5 times the rate in vivo (table 1). The rat liver enzyme
appears to be more labile than other ADH's, and recovery offull
activity in homogenates requires the presence of a sulthydryl
reagent such as dithiothreitol (10,33): The view that hepatic ADH
activity is excessive may stem. partly from a reported activity of
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Table 6. Alcohol Dehydrogenase Activity in Rat Liver
Homogenates

A. Forward reaction
Ethanol NAD* Acetaldehyde NADH

Acti 5.05 1 0.21 (n = 26)

se reaction
etaldehyde NADH 1-1+ Ethanol + NAD+

Activity: 25.5 ± 3.0 (n = 9)

C. Ratio of 13/A: 5..02 ± 0.35 (n = 9

Alcohol dehydrogenase activity is given in units of ol of substrate
convertedirnin'g wet wt of liver.

150 ymorimin/g, which, however, was determined with lactalde-
hyde, an artificial accelerator of the reaction (42). Another source
of this view could be the frequent measurement of ADH activity
in the direction of acetaldehyde ethanol, for which the rate is
5 times greater than in the direction of ethanol oxidation (table 6).

The similarity between our measured levels of ADH activity and
the average rate of ethanol elimination in vivo suggested to us that
ADH could be an important rate-determining factor (9,10), and
Rapp (40) has recently reviewed evidence that led him to make
the same suggestion. In order to test this suggestion, we conducted
a kinetic characterization of rat liver ADH that, like other ADH's
(54), shows the pattern of product inhibition indicative of an
ordered bi-bi reaction. The rate equation describing this reaction
mechanism is shown in table 7. Table 8 contains our values for
the equilibrium constant and the eight kinetic constants deter-
mined under physiological conditions of ionic strength, pH, and
temp_ erature (7). In addition to these constants, solutions. to the
rate equation require values for the cellular [NAD+] ,* [NADH],
and [acetaldehyde] when the liver is presented with a specified
[ethanol] . We have previously shown that when isolated hepato-
cytes are metabolizing ethanol at rates such as those seen in vivo,
[acetaldehyde] is about 1. gIVI (9), and we assume that a similar
concentration is characteristic of the liver in vivo. Bficher (4)
has calculated that free cytosolic [NADI in rat liver is 0.5 mM;
and, with that value, the free cytosolic [NADH] can be obtained
from lactate and pyruvate measurements and the equilibrium
expression for the lactate dehydrogenase reaction (53).

*Brackets denote concentrations
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v

Table 7. Steady-State Rate Equation for an Ordered
Bi -Bi Reaction

V,KgAP vipQ V,KaBQ VrA1313 VrBPQ

KegKi K,g Kiq Kip

Definitions:

V, and V, are, respectively, the maximal velocities in the forward
and reverse directions. A = [NAD* ]. B [Ethanol]. P n [Acet-
aldehyde" Q [NADH]. K's are limiting Michaelis constants
and K,'s are dissociation or inhibition constants. Keq is the
equilibrium constant. For discussions of these definitions and
the mechanism of the alcohol dehydrogenase reaction, see refer-
ences (5,54 ).

Table 8. Equilibrium Constant and Kinetic Constants for
Horse and Rat Liver Alcohol Dehydrogenase

Value (rnM) for Enzyme From
Kinetic Constants

Horse Rivera Rat Liverb

Ka 0.017 0.150 ± 0.019
Kia 0.268 0.265 ±0D07
Kb 0.55 1.07 ±0.075
Kib 19.4 20.3 ± 3.5

Kp 0.24 0.049 0.007
Kip . 0.087 0.1.14 =- -.007

Kg 0.027 0.0053 +I 0Q19
Kig 0.015 0.001:3 0.0009

Equilibrium constant (Keq)c 1.94 10-4

aValues from reference (54), determined at pH 7,15, 25g.
b Determined at pH 7.3, 38c, I 0 0.25.
cDetermined with crystalline yeast alcohol dehydrogenase- at 38°,
pH 7, and I o 0.25. Value given is for pH 0 7.0.

302 -7u9 7 -. 79 - 22
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In this way, we have obtained solutions to the rate equation at
various [NAJD* ] /INAIDEll ratios and acetaldehyde concentrations.
In the range of 1 uNI to 10 uM acetaldehyde and cytosolic free
[NAIr ] /[NADH] - 20G to 400 (values commonly found when
the liver is metabolizing ethanol). it can be seen (table 9) that the
rate of ethanol oxidation in the ADH reaction is very close to the
average rate of ethanol .metaboliSm in vivo. This_result supports
our suggestion that ADH is a major rate-determining factor for
ethanol oxidation, and it also provides kinetic confirmation of the
value for free cytosolie [NAD+] that BUcher (4) calculated from
near-equilibrium considerations.

In this analysis we have given no consideration to the possible
-contribution of non -ADH systems; but, for two reasons, we
believe that ethanol oxidation by those systems is less than 10 per-
cent of the total, First, with isolated hepatocytes incubated
under conditions where the control rates are similar to those
in vivo, ethanol oxidation is- inhibited by 92 to 95 percent by
4-methylpyrazole (9) or 4-pentylpyrazole (6). Second, isotope
studies with liver slices from monkeys and from naive or ethanol-
treated rats also indicate that 90 percent or more of ethanol oxida-
tion occurs via ADH (18).

As a test- of our analysis, we have calculated the rate of ethanol
`oxidation predicted from the kinetics of ADH and compared this
value with rates in vivo measured in studies where, at minimum,.-,
[lactate] pyruvate] ratios and [ethanol] were also available.
For the first six studies shown in table 10, the average difference
between the predicted and measured rates is ±15 percent, which
is remarkably good considering that those studies were done in

Table 9. Effect of [Acetaldehyde] and [NADI /[NAD1-1] on
Calculated Alcohol Dehydrogenase Activity

Acetaldehyde
(MAI )

Cytosolic [NAD*1/[NAD1-1]

500 400 300 200 100

(rates of ethanol oxidation urnol/rninig liver)

9.001 3.58 3.50 3.38 3.16 2.64
0.005 3.47 3.39 3.27 3.05 2.52
0,010 3.34 . 3.26 3.14 2.91 2.39
0,020 3.10 3.02 2.90 2.67 2.4
0.050 2.53 2.45 2.32 2.09 1.52

Calculations were made with free cytosolic [NAIr ] s 0.5 rr114 and [ethanol]
10 m111. For comparison, the average rate of ethanol metabolism in vivo
3.3 zmol /min /g liver.



Table 10. Comparison of Rates of Ethanol Metabolism Menured In Vivo
With Those Predicted From the Kinetics of ADH

Reference Condition

Concentration (rnM) Rath (pmoliminlg)

. [NAD I PredictedEthanol Acetalclehvde Predicted Measured
[NA1)1-11 ?Measured

19 Control 10

Clotibrate 10

17 1,7 gikg

3.0 g/kg

405 3,51 3:59 0,9s

366 3,47 3:71 0,94

24.1 139 3,10 2,28 136
51.3 200 3,47 2,49 1,39

13 Control 22,_. 0_015 192 3,09 3.6 0,85
Nicotinamide fio

,,,.. 0.010 164 3,49 3,6 0,97

47 5 min 9.0
,

132 2,83 T T10 min 7.6 223 3:12
4.0 0.7515 min 6,7 285 3.18

30 min 45 211 2.81 1 I
41 Control .

1 299 3,23 133 0.97
Clofibrate 7 329 . 3.27 3,43 0

days)

39 Control 6 500 3,33 3.33 1.00
Aminooxyacetate 10 122 2.81 L44 1,55

12 ANA
,

29.5 0.217 230 1.32(3.50) 3,58 (0,98)
AA 23.7 0.117 230 1.93(149) 3.42 (L02)

14 rr

RR

15 0173 196 L12(3.27) 143 (0,95)
15 0:136 83 0.65(2:56) 3,17 (0.81)

Predicted rates are calculated from the rate equation in table 7, constants in table 8 with free cytosolic
[NAD1 05 mM and [acetaldehyde] 1 pig in those instances where no value was reported. For the
nicotinamide gioup free cytosolic [NAD1,was Wens 2:0 RIM:
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five different

laboratories. For the last two studies, the agreement
is poor because of the high

acetaldehyde valueswhich are close
to the levels expected at equilibrium. These two studies were
done in a laboratory that has more recently (15) emphasized the
problems of binding and artefactual production of acetaldehyde
in rat tissues. If we use their data (12,14) to calculate a predicted
rate of ethanol metabolism, but assume that most of the reported
acetaldehyde is bound or otherwise not accessible to ADH, the
agreement with the measured rate becomes very close.A second test of the predictive value of ADH kinetics was made
in our

collaborative study with Kulkosky (see Discussion), where
it was found that ethanol drinking could be predicted with a cor-
relation coefficient 0.92. A third test is suggested by theobserva-
tions of Bosron and Li (see Discussion) that, when expressed on
the basis of total liver weight, the content of ADH is decreased by
starvation. After hearing these observations we confirmed them,
and we estimate that ethanol oxidation per g body wt in starved
rats should be 30 to 40 percent lower than in fed rats.

Implications for Ethanol Metabolism in HumansOur studies have been concerned with ethanol
metabolism in

the rat, and hepatic ADH is unusual in this organism in that it
appears to have no isozymes (22). In contrast, there are multiple
isozymes of human liver ADH, plus an atypical form that possesses
unique kinetic properties (50,51). When ADH activity is rneas-!
tired in biopsied or autopsied liver samples from individuals with
the atypical

enzyme, Vmax for ethanol oxidation is 3 to 5 times
greater than with samples from normal

individuals. One argument
raised against the conclusion that the level of ADH is rate deter-
mining in vivo is that the rate of ethanol elimination is not in-
creased in people with the atypical enzyme. It should be noted,
however, that the Km 's for ethanol and NAD4 are also 3 times
higher for the atypical enzyme (50). If there are n'o other.differ-
ences, a kinetic

analysis such as we have
conducted for rat liver

ADH indicates that, when Vmax and the two Km's are 3 times normal,
ethanol oxidation via ADH would be about 30 percent faster. In
two out of three instances (17,51) where ethanol elimination
in vivo has been measured for individuals with the atypicalenzyme,
the rate was found to be 30 to 50 percent greater than for indi-
viduals with normal ADH. Thus, although it would be very
difficult for human ADH, we take as a working

hypothesis that a
complete kinetic analysia would show that ethanol

elimination
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in humans could, as with the rat, be explained by the activity of
DH and no other considerations.
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Discuss' n of Paper by Cornell et al.

Dr. Bosron: One factor that we think may be particularly
pertinent to ,what Dr. Cornell has discussed is the effect of,, the
nutritional state in . the rat on alcohol dehydrogenase activity.
We have examined alcohol dehydregenase activity measured by
the -methods of Crow, Cornell, and Veech, except th'at it was
done at 250. In figure 1 (panel on the left), we looked at specific
activity expressed in terms of u/mg of cytosolic protein and u/g
of liver, as a function of the day of fast as well with a calorically
restricted diet. The specific activity was relatively constant.

However, if one looks at the total activity of alcohol dehydro-
genase in rat livers, that is, the solid circles (panel on the iight),
one can see within about one-half day of fast, the total
activity dropped about 40 percent. Note also that the total
cytosolic protein and the grams of, liver also dropped similarly,
thereby accounting for the constancy in specific activity on the
left.

Figure 1
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In figure 2, we rooked at the content of DNA in rat liver, also
as a function of nutritional state; and as you can see on the left,
it remained relatively constant. Hence, we believed that a reason-
able way to express alcohol dehydrogenase activity is in terms of
specific activities expressed as uling of DNA, the open circlesor

total activity, the closed circles. If one dos it in this fashion,
alcohol dehydrogenase activity is clearly affected by the
tional state of the rat, as much as 50 percent.

Dr. Kulkosky: I would like to present a brief description of
the results of an effort at a rat model of alcoholism; these results
appear compatible with a limiting role for liver alcohol dehydro-
genase activity in the regulation of ethanol intake. We attempted
to induce excessive ethanol intake in the rat through a polydipsia
technique. Rats were given free access to rat chow,'-water, and a
0.125-percent saccharin + 3.0-percent glucose (+1.0-percent
NaCI) solution -(which rodents are known to consume daily in
rather large amounts) (1). After establishment of large daily -

solution intakes, ethanol was gradually added to the saccharin +
glucose (+NaC1) solutions, from 0.5 to 10.0 percent w/v. Very
large mean intakes of ethanol resulted, as depicted in figure 3.

Ethanol intake at first increases with ethanol concentration of
the solution but then becomes relatively constant. With each
additional increase in ethanol concentration, the rats decreased
their solution intakes' proportionally and increased their water
intakes, such that a relatively constant ethanol intake resulted,

a
Figure 2
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glucose + ethanol (solid circles) or saccharin + glucose * NaCI + ethanol (open
circles) as a function of ethanol concentration (in % w/v):

at a mean of approximately 7 to 8 g/kg/d. The model was not
successful in producing physical dependence on ethanol; no gross

\ withdrawal symptoms resulted (2).
At that time, I became aware of the determination by Drs.

Cornell, Crow, and Veech of ethanol metabolic rates in vitro and
in isolated hepatocytes (3).- Using the same strain of rats, they had
obtained a measure of mean ethanol metabolic capacity of ap-
proximately -8 g/kg/d, a value quite close to the mean maxima
intake we were able to induce with our polydipsia techniqu'e.

In order to test the postulate that the limitation of ethanol
intake was related to the maximal daily ethanol metabolic rate, we
employed the polydipsia technique in another group of rats and
then sacrificed the animals. Drs. Cornell and- Crow determined
individual ethanol metabolic rates from liver homogenates in vitro.
The results of this experiment are summarized in table 1.

The, correlation of observed intakes and predicted metabolic.
rates was quite high, with a correlation coefficient of .93 (p < .01).
Rats receiving ethanol had a 12.4 percent mean higher ethanol
metabolic rate compared to rats drinking only the saccharin +
glucose + NaCI solution. This rate was statistically nonsignificant.



Table 1! Comparison, of Daily Ethanol Col!sumPtion With Predicted Metabolic Capacity `.
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consumption, A daily record of net al conniption wad kept, The calculated metabolic rates are
toed on the steady,itata equation for rdered birbi reaction, kinetic constants for rat liver ADH, free
[NAD+] n 0!5 (141ADI[N,AD11] g 0, and [aceta4lehydel 31
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In surhmary, the qbserVed data indicate that this free-choice
polydipsta technique d_ opp not successfully produce physical
dependence on ethanol in the rat, in spite of high daily -ethanol
intakes. It .appears that, because of the -rat's ,intake regulation
ability, gross intoxication and withdrawal are not .producpd.
Rats do not exceed their daily ethanol metabolic capacity for a
sustained period when they have free choice of ethanol solution,
food, and water. However, tbi technique allows for examination
of the effects of maximal volitiprial consurnristion of ethanol

, -
by rats.
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Multiple Molecular Forms of
-_uman Liver Alcohol Dehydrogenase:
Isolation and Properties of II-ADI-1.

William F. Bosron, Ting-Kai Li, Werner Dafeldecker,
and Bert L. Vallee

It is generally accepted that the pharmacological, addictive,
and pathological consequiences of alcohol consumption -are di-
rectly- related to the chemical properties of ethanol and/or its
metabolic products. Hence, knowledge about the enzymes re-
sponsible for its elimination is fundamental to our understanding
of the etiology and underlying mechanisms of alcoholism. The Se
enzymes have not been available in suitable purity and quantity
from huinan tissue until recently, so such knowledge has had to be
extrapolated from studies in other species, primarily the rat and
horseMoreover, a complex interrelationship, which has been dif-
ficult, tp unravel, exists between psychosocial and biological
factors in alcoholism. Perhaps owing to these shortcomings, a bio-

. chemical basis for this disorder has remained obscure. Neverthe-
less, there has appeared, in recent years, increasingly convincing
evidence indicating a genetic predisposition, not only for alcohol--
metabolizing capacity, but alsp for both alcohol drinking behavior
and alcoholism in some individuals. In this context, the study of
the genetic variability of liver alcohol dehydrogenase (ADH) is of
particular interest because it is the principal enzyme responsible
for the oxidative. metabolism of ethanol.

The initial attempts to isolate ADH from human liver by Vallee
and coworkers by ion exchange chromatography_ indicated that
there are multiple molecular forms of the enzyme (1). Subsequent
work in several laboratories confirmed thii observation and dem-
onstrated by starch gel electrophoresis that as many as 6 to 10
ADH molecular forms are present in some liver homogenates (2,3,
4). Interestingly, the number and the amount of the individual
molecular forms vary from liver to liver as do total-and specific
enzymatic activities. To account for this variability and multi
plicity of ADH forms, a genetic model for their formation as iso-
4ymes was proposed by Smith et al. (3,5). However, because the

337
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model was based entirely on studies that employed crude homog-
enates of postmorttim tissue without regard to cause of death or
the relative stability of different ADH forms, its validity could not
be accepted with certainty. Therefore, studies were initiated to
compare the activities and electrophoretic patterns of livers ob-
tained at biopsy with those obtained within 12 hoiars of death
from individuals dying from different causes (4).

The specific, activity of ADH was examined in 6 biopsy samples,
33 autopsy samples from individuWs who died from physical
trauma, and 36 autopsy samples from hospitalized patient& who
died of cancer and other chronic illnesses (table 1). The mean
specific activity of liver samples from apparently healthy in-
dividuals was significantly higher than that from the hopital-
ized patients. Thus,it was concluded that the health of an in-

. dividual before death is a major determinant of ADH activity in
liver. Moreover, storage of high - activity liver specimens at tem-
peratures above -20°C for extended periods of time also resulted
in significant decreases in ADH activity (4):

Not only did the biopsy and the traumatic death-related au-
topsy samples exhibit high specific activity, but most also con-.
tamed a previously uncharacterized molecular form of ADH (4),
in . addition to those isozymes previously described

was
Smith

et al. (5). As shown in figure 1, this new ADH form was particu-
larly prominent in autopsy sample A5 and biopsy 'samples B2
and B3. It was designated the "anodic band" because its elec-
trophoretic mobility on starch gels was less than all previously
described isozymes (including the acv form), readily identified
here in a liver specimen obtained from a premature infant, sample
Ap.

Table 1. Specific Activity and H-ADH Content of Biopsy and
Autopsy Specimens

Source
Number of Specific

Samples Activity H-ADH

Biopsy

Autopsy, sudden traumatic
deaths

Autopsy, disease-related
deaths

(prnol/min/rng) (% of total)
6 0.082 ± 0,020 N.D.

0.070 ± 0.041 15 ± 9

0.027 ± 0.017 7 ± 6

0.1 M Glycine-NaOH, pH .10,5, 33 mM ethanol, 2.4 mM WAD*, 25 °C
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Figure 1. Stirch Gel Electrophoresis of Human Liver ADH Ob-
tained from Autopsy (A)-and Biopsy (B) Specimens

anodic band-040_

a

As A4 Ap

loo 7.7 3.5 0.7

Origin

A4 82

5.5 76

Starch gels were electrophoresced at pH 7.7 and stained at pH 8.5 with 100
mild ethanol. The specific enzymatic activity (V) of the samples is expressed
as prnol/min/mg protein. Specimen Ap was from the autopsy of a 3.5-pound
premature infant who died 1 day after birth. Specimen A4 is phenotype
ADH31 and specimens As, 132, and B3 are ADH32-1. (Reproduced with per-
mission of John Wiley and Sons, Inc. [131).

The relationship of the anodic band-to high specific ADH ac-
tivity suggested that this form may contribute significantly to
total liver ADH activity. In order to characterize the physical-
chemical and kinetic properties of this new ADH form, a proce-
dure to isolate large (milligrams) quantities of enzyme was devised.
The material was separated from the other molecular forms by
means of an affinity chromatography procedure using the 4-
substituted pyrazole derivative, 4-(34N-6-aminocaproyl] amino-
propy1)-pyrazole (here abbreviated CapGapp), as the affinity
ligand immobilized on cyanogen bromide-activated sepharose (6).
Such pyrazole compounds have been shown to specifically bind
and inhibit all mammalian alcohol dehydrogenases thus far
studied (6,9,10).
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Figure 2. CapGapp:-Sepharose Affinity Chromatography of Hu-
man Liver ADH

20 60 80

EFFLUENT, ml

100 120

A liver homogenate -supernatant was purified on DEAE-cellulose (6,8) and
applied to a 0.9 x 35 crn column of CapGapp-sepharose in 50 mM Na Pi,
3 mM NAD* at pH 7.51. ADH activity was determined with 33 mM ethanol,
2.4 rnM NAD* in 0.1 M glycine-NaOH at-pH 10.0 in the absence or presence
of 33 µM 4-rnethylpyrazole. ri-ADH eluted in the column void, 20 to 70 ml,
and the pyrazole-sensitive forms were eluted with 0.5 M ethanol after 76 ml
of effluent (6).

Human liver homogenate supernatants were first partially pur-\
ified on DEAE-cellulose and then applied to CapGapp-sepherose\
in the presence of NAD+ (8). For\the purification shown in figure
2, a significant portion of the activity did not bind to the affinity
resin but eluted first in the- void fraction from the column with
the bulk of the protein. The remainder of the activity was eluted
with 0.5 M ethanol. The physical-chemical and kinetic properties
of this botfnd fraction of ADH have been described previously by
Lange et al. (7).

The failure of a part of ADH to bind to CapGapp-sephaose sug-
gested a differential sensitivity to inhibition by pyrazole com-
pounds: Therefore, the starch gel electrophoretic patterns of the
homogenate (samples 1 and 4; figure 3), the fractions that bound
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Identification of the Human ADII Molecular Fohns in
Liver Homogenate and the Enzyme Fractions Separated
by CapGapp-Sepharose

Starch gel electrophoresis of the homogenate supernatant (samples 1 and 4),
the enzyme fraction that bound (samples 2 and 5), and did not bind (samples
3 and 6) to the affinity resin were performed at pH 7.7. Gels were stained in
the absence (samples 1-3), or presence (samples 4-6) of 2 mM 4.rnethylpyia-
zOle. (Reproduced with permission of the National Academy of Sciences,
U.S.A. [121).

to CapGapp-sepharose (samples 2 and 5), and the fractions that
did not bind (samples 3 and 6) were examined by staining for
ethanol-oxidizing activity in the absence and presence of 4-methyl-
pyrazole. The band with the least electrophoretic mobility was
identified as the anodic band. The remaining bands corresponded
to those isozyrnes characteristic of phenotype ADH3 2 (5) and
comprised the fraction of ADH that bound to CapGapp-sepharose.
As expected, all of them were inhibited by 4-methylpyrazole. By
contrast, the anodic band did not bind to CapGapp-sepharose and
was not inhibited by 4-methylpyrazole, as shown in figure 3. Thus
the relative insensitivity to inhibition by pyrazole compounds of
this ADH form, hereafter designated 11-ADFI, accounts for its ease
of separation by affinity chromatography on CapGapp-sepharose.

11-ADH was purified by affinity chromatography an AMP-
Agarose. Virtually all of the activity bound to the resin and was
subsequently eluted with a linear gradient of NADH (figure 4).
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4. AMP-Agarose Alfmity Chromatography
of H-ADH
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ADH that did not bind to CapGapp-sepharose was precipitated with 75-per-
cent ammonium sulfate and gel filtered on Bio-Gel P-6 in order to remove.
NAD+. Enzyme was chromatographed on a 2.5 X 30 cm column of agarose-
hexane-N, 6-AMP (FL Biochemicals, Milwaukee, Wis) in 0.1 M T4is-C1, pH
8.6 at 4°C. 1-1-ADH was eluted with a linear gradient of 0 to 7 x 10-5 M
NADH beginning at 300 ml of effluent A-ADH activity was determined as
described in figure 2.

Purified in this manner, 11-ADH was homogeneous, as evidenced
by SDS-gel electrophoresis and analytical uitracentrifugation (8).

The inability to detect H-ADH in certain autopsy liver speci-
mens, as opposed to those obtained at biopsy, suggested that this
molecular form of the eniyrne is more labile than the others in
vivo (4). Consequently, the stability of purified 11-ADH was
examined in vitro. Approximately 50 percent of its activity was
lost within 24 hours when it was stored at pH 7.5 and 4° C. How-
ever, addition of 10-2 M ethanol effectively stabilized enzy-
matic activity for up to 2 weeks (8). Therefore, the extreme
lability of J1 -ADH, relative to the other molecular forms, readily
accounts for the failure to detect its presence Lri previous work
using postmortem livers (2,3,6).
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II-ADH was found to be remarkably similar with respect to mo-
lecular weight, subunit composition, and zinc content to` the
pyrazole-sensitive ADH forms described previouMy from human
liver (7). It does, however, exhibit certain kinetic properties that
are strikingly different from those described for previous prepaxa-
tions of human ADH. The Km of ethanol for H-ADH at pH 7.5 is
approximately 20 mM (8), a value as much as 50 times those
vEdueS reported previously for other preparations of ADH (2,9,
10). Moreover, 4-methylpyrazole is known to specifical inhibit
horSe and humarrliver ADH competitively with respect ethanol
with a K1 of less than 10-6 M (9,11). As demonstrate = both by
spectrophotometric assay and by activity staining of starch gels,
similar concentrations of 4-methylpyrazole do not inhibit II-ADH.
However, if the 4- meth'lpyrazole is increased approximately
1,000 times to 0.5 and 1.5 mM, 11-ADH is eventually inhibited
(12). The mode of inhibition is, under these circumstances, no
longer competitive with respect to ethanol in the oxidative di-
rection, but it is now competitive with respect to acetaldehyde in
the reductive reaction (figure 5). The Kt calculated from the in-
crease in slope of this reciprocal plot is approximately 1.4 rriM.

These distinctive kinetic properties of II-ADH, i.e., its insen-
sitivity to inhibition by 4-methylpyrazole and high Km for eth-
anol, have enabled the elucidation of its relative content in human
liver .samples and its potential role in hepatic ethanol oxidation.
Specific ADH activities in liver homogenate supernatants were
measured in the absence and presence of 33 tiM 4-methylpyrazole
at pH 10.5 (table 1). fl-ADH was expressed as the percentage of
residual activity in the presence of inhibitor. The traumatic death-
related autopsy, samples with high specific activity had signifi-
cantly more fl-ADH than the disease-related, low-acti1,4ty samples,
15 versus 7 percent (table 1), again corroborating the predom-
inance of anodic band in the first groups.

The contribution of it -ADH to ethanol oxidation was ex-
amined in greater detail at pH 7.5 in a homogenate supernatant
as, a function of alcohol concentration (figure 6). In the absence
of 4-methylpyrazole, activity increases progressively over the range
of 0.3 to 100 mM ethanol. However, in the presence of 0.2 mM
4-methylpyrazole, activity appears only when ethanol concentra-
tion exceeds 3 mM and increases thereafter in parallel with that
observed in the absence of 4-methylpyrazole. Therefore, II-ADH
contributes substantially to total activity at high ethanol concen-
trations in accord with its high Km for ethanol (8). Importantly,
at concentrations of ethanol that produce moderate to severe
intoxication, i.e., 30 to 100 mM, B ADH represented as much as

302 -749. - 79
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figure 5 4 ethylpyrazole Inhibition of Acetaldehyde
Reduction by II-ADH
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Enzymatic activity was determined with 0.2 mM NADH in 0.1 M Na Pi at
pH 1.5 and 25°C in the absence and presence of 4-inethylpyrazole. The
data were analyzed by plotting the reciprocals of the velocity versus acetal-
dehyde concentration.

40 percent of the total alcohol-oxidizing activity. Moreover, in
10 homogenate supernatants, the contribution of 11 ADH de-
tennined with 60 mM alcohol ranged from 17 to 39 percent,
with an average of 27 percent (12). This degree of variation sug-
gests that, as with total ADH activity, there may exist an inherent
biologic variation in n-ADH activity. However, to what extent this
may have been modified by postmortem change or other environ-
mental factors is presently unknown.

The discovery of 11-ADH as a functionally distinct enzyme form
should bear importantly on our understanding of normal human
alcohol metabolitrn and its pathological derangement. For ex-
ample, it is wkiely believed that ethanol elimination rates become
maximal when ethanol concentrations exceed 5 mM The studies
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Figure 6. Contribution of Pyrazole-Resistant and Pyrazole-
Sensitive Activity to Total LADH Activity in a
Liver Homogenate

4-METHYL PYRAZOLE

4- 4 -mETHyL EY_

ETHANOL rn M

Alcohol dehydrogenase activity in the homogenate 511 rnatant was deter-
mined at 0.3 to 100 mM ethanol with 2,4 mM WAD in 0.1 M Na Pi pH
7.5. Pyrazole-resistant activity was determined in the presence of 0.2 mM

methylpyrazole. The difference between total and pyrazole resistant ac-
'ty is calculated to be the pyrazole-sensitive activity, dashed line. (Re-

pr± uced with permission of the National Academy of Sciences, U.S.A.
[12

here, h A wever, indicate that oxidation rates in vivo should in-
crease when blood ethanol concentrations rise to intoxicating
levels in sbme individuals.. The failure of pyrazole compounds to
inhibit ethsol oxidation is commonly viewed as functional ori-
&rice for na -ADH-mediated pathways of ethanol metabolism.
The pyrazole i sensitivity of WADH indicates that such alternate
pathways, or th lack in humans, cannot be inferred exclusively
from the eirclets o these compounds.

As already noted, both the molecular heterogeneity of liver
ADH and aleoholis in some individuals appear to be under

- genetic control: Thes \corsiderations raise the provocative ques-
tion whether the presence or absence of H-ADH, or of any of the
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other enzyme molecular forms, may prove to be biochemi al links
to alcoholism. Whether chronic alcohol consumption 9 malnu-
trition alters the relative distributi and amount of FIZADH arid
other enzyme forms remains as another pertinent question.

References

1. Blair, A.H., and Vallee, B.L. Biochemistry, 5:2026-2034, 1966.
2. Pietruszko, R.; Theorell, H.; and de Zalenski, C. Arch. Biochem. Biophys.,

153:279-293, 1972.
3. Smith, M Hopkinson, D.A.; and Harris,- H. Ann:' Ilum. Genet., 34:251-

271, 1971.
4. Li, T.-K., and Magnes, L.J. Biochem. Biophys. Res. Commun., 63:202-

. 208, 1975.
5. Smith, M. Hopkinson, D.A--.-r-tid-klarris, H. Ann. Hum. Genet., 35:243-

253, 1972.
6. Lange, L.G., and Vallee, B.L. Biochemistry, 15:4681-4686, 1976.
7. Lange, L.G.; Sytkowski, A.J.; and Vallee, B.L. Biochemistry, 15:4687-

-.4693, 1976.
8. Bosron, W.F.; Li, 'PAC.; Lange, L.C.; Dafeldecker, W.P.; and Vallee, B.L.

Biochem. Biophys. Res. Commun., 74:85-91, 1977.
9. Li, T.-K., and Theorell, H. Acta Chem. Scand., 23:892-902, 1969.

10. Pietruszko, R. Biochern:-Pharrrsacol., 24:1603-1607, 1975.
11. Theotell, H. Yonetani, T.; and Sjoberg, B. Acta Chem. Scand., 23:255-

260, 1969.
12. Li, T.-K.; Bosron, W.F.- Dateldeeker, W.P.; Lange, L.G.; and Vallee, B.L.

Frac. Natl. Acad. Sci. 1JS.A.,-74:4378-4381, 1977.
13. Li, T. -K. Adv. Enzymol., 45:427483,'1977.



Paper by Bosron et .al.

Dr. Weiner: -Inasmuch as the mechanism that Branden shows by
X-ray crystallography suggeits that the pyrazole would be bindingto the..4nc, did you find any other zinc inhibitor, such as °Then-
anthrohne, that would inhibit the enzyme? The second question,what about isobutyrarnide or fatty acids, the classical 'horse liver
inhibitors? Did these affect the n-enzyme?

Dr. Boar= .We can get some inhibition with isobutyramide,
but we have not determined the inhibition patterns, whether theyare competitive with acetaldehyde, or not, as has been predicted.
In terms of metal chelators, yes, o-phenanthroline did inhibit the
II-human alcohol dehydrogenase.

Dr. Lieber: This is a fascinating discovery, and I am particularlyinterested in your statement that it .might contribute to alcoholmetabolism in humans at intoxicating levels. I just wonder whetheryou have further evidence to support that statement. Does it
actually oontribute beyond what the low Km ADH does alcoholMetabolism at intoxicating levels in humans?

Dr. Bosron: 1 think in cytosol, the slide that Dr.. Li showed,
that clearly if you increase ethanol concentration, the rate. whichwent up in total activity was entirely due to the 4-methylpyrazole
insensitive form, which is called the 11 ADH.

Dr, Lieber: Well, 'if we accept for the moment the studypre-
sented in 'Dr. Cornell's piper, that the. low Km ADH with normalnutrition is present in excess by perhaps 100 percent, the question
is s.'What is the evidence that, in that situation, the high Km ADHplays an additional role (particularly, if the rate-limiting factor is
the reoxidation of NAD*)?"

Dr. Li: Charles, the Km for NAIr of this enzyme form and the
others is about the same. Therefore, if-there is any rate limitation
on the low KM form of ADH, the same rate limitation would per-
tain to the high Km form. Now, we have also looked at the activ-

s of ADH, maximal activities of human liver ADH, in biopsy
specimens at pH 7.5 and 1=0.15, and we find that the maximal
activities are about that of the in vivo rates Measured. with 5 mMethkiol. Then, when you measure with 60 mM ethanol,'you get an
increase..in rate that is variable in accord with what we have found
foin-ADH.
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k Dr. Vallee: I wotild just 'like to add 4a Word to it, which I think
is generated by Dr. Lieber's Xiuestion. I do not think the implica-
-tion is that this excludes add_ itional mechanisms for ethanol oxida-
tion such as you have been in dested in. I do not believe that was
the intent in making the state ent. It should not be misunder-
stood. What it does state is tha there is a mechanism for ethanol
oxidation. of major proportions, \ whish is that by the normal en-
zyme and by a species which, oddly enough, functions optimally
when the going gets roughest. ,

. \



Non linearity of Blood Ethanol
Elimination: Its Exaggeration After
Chronic Alcohol Consumption and

Its Relationship to a Non-ADH Pathway*
Mikko P. Salaspuro and Charles S. Lieber

Abstract

For more than 50 years, the _prevailing concept has been that
alcohol disappears linearly from the blood over a wide range of
ethanol concentrations. In experiments with alcohol-fed baboons,
it has now been demonstrated that the ethanol elimination curve

'is nonlinear and that the nonlinearity is exaggerated after chronic
ethanol consumption. These findings are in favor of the existence
(and induction) of a non-ADH pathway for ethanol, which is
fully saturated only at high ethanol concentrations. This concept
is further supported by the demonstration that 4-methylpyrazole
(an alcohol dehydrogenase inhibitor) slows ethanol elimination
rate significantly less in alcoholics with inadequate nutrition than
in alcoholics with-adequate nutrition. Because of the competitive
mechanism of the inhibition, the proportional contribution of
ADH pathway to total ethanol elimination is expected to be
smaller in these alcoholics.

It is also generally' accepted that in normal individuals, the
rate of ethanol oxidation by the ADH pathway is limited by the
rate of NADH reoxidation. Only in some situations (such-as pro-
Lein deficiency) can hepatic ADH activity become rato_limiting.
We now report that chronic ethanol consumption itself results in
an acceleration of the removal of cytosolic free NADH; as a con-
sequence, ADH activity may become a rate-limiting step in the
ADH pathway. In this situation, the reducing equiialents in
hepatic cytosol no longer accumulate, and the acute effects of
ethanol, mediated normally by the change in hepatic redox state,
disappear after chronic ethanol consumption.

work was supported, in part, by grants from the Finnish Foundation
for Alcohol Studies (Helsinki), an NIH Fogarty Fellowship, and grants
from the National Institute on Alcohol Abuse and Alcoholism, the Na-
tional Institute of Arthritis, Metabolism and Digestive Diseases, and the
Veterans Administration.
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known that regular drinkers tolerate large am6unts of
alcoholic beverages, mainly because of central nervous system
adaptation. In addition, alcoholics develop increased rates of
blood ethanol clearance (Kater et al., 1969; Ugarte et al., 1972),
so-called metabolic tolerance, which has been verified also by
experimental alcohol administration (Lieber and De Cash, 1970;
Tobon and Mezey, 1971; Misra et, al., 1971). Only a few enzkmes
are known to metabolize alcohol in the liver, but the quantitative
contribution of the different pathways of ethanol oxidation to
the metabolic tolerance has not been clarified. The purpose of
this paper is to review the different mechanisms_ involved in ac-
celerated ethanol metabolism after chronic ethanol consumption.
Because of some recently observed results, special emphasis is
given to the nonlinearity of blood ethanol disappearance and its
relationship to a non-ADH pathway of alcohol metabolism. -As-
sociated adaptive metabolic changes, such as altered hepatic.
redox state during alcohol oxidation, are also discussed in light of
these recent findings.

Alcohol Dehydrogenase (ADH) Pathway as
Related to Accelerated Ethanol-Metabolism

The-- main hepatic pathway for ethanol disposition involves
alcohol dehydrogenase, a zinc-containing enzyme of cytosol. It
catalyzes the conversion of ethanol to acetaldehyde in a reaction
that requires NAD as a cofactor.

Ethanol + NAD Acetaldehyde + NADH + H+

As a net result, ethanol oxidation generates an excess of reducing
eqUivalents as free NADH in hepatic cytosol, primarily because the
metabolic systems involved in NADH removal are not normally
capable ollfully preventing accumulation of NADH.

It is commonly accepted that hepatic ADH activity is not a rate-
limiting step in ethanol metabolism. There are numerous examples
(Lieber, 1977) of the lack of correlation between rates of ethanol
oxidation and hepatic ADH activity. For instance, the existence of
an aty_ pical ADH with much higher in vitro activity is not associ-
ated' with enhanced ethanol metabolism M vivo (Edwards and

Price Evans, 1972). From the kinetic results of Theorell and
Chance (1951), it can be calculated _that when the NADH pro-
duced in ADH reaction can no longer be removed, its concentra-
tion increases with subsequent inhibition of ADH reaction. On this
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basis, ethanol oxidation rate is normally regulated by the speed of
the reoxidation of the ADFI-NADH complex.

NADH reoxidation, The main pathways by which NADH pro-
duced in hepatic cytosol is reoxidized to NAD follow:

1. Reduction of cytosolic metabolites:
2. Synthesis of fatty acids and triglycerides;
3. Nlitoehondrial oxidation;
4. Microsomal NADPH utilization.

1. NADH may, at least partly, be reoxidized by the reduction
of cytosolic intermediary metabolites. These metabolites may either
leave the liver as the metabolic product of pyruvate reduction (lactic
acid) or they may accumulate in hepatic cytosol, as in the case of
glycerol phosphate. The quantitative contribution of these reductive
reactions to total NADH reoxidation, however, is rather small.

2. The increased synthesis and deposition of fatty acids and tri-
glycerides may be quantitatively more important. The NADPH
needed for ,fatty acid synthesis is most probably derived the
oxaloacetate-malate cycle, which enables the formation of NADPH
from -NADH (Thieden et al., 1972; Lieber, 1968).

3. The major pathway for NADH removal is its mitochondria]
reoxidation. The mitochondria' membrane, however, is imperme-
able to NADH, and the reducing equivalents of NADH are trans-
ferred to the mitochondria' respiratory chain via shuttle mecha-
nisms such as malate, cycle, fatty acid elongation cycle-, and

ycerophosphate cycle .(Hassinen, 1967; Chappel, 1968; Grun-
net, 1970).

4. Another mechanism for NADH reoxidation is microsomal
oxidation, including' the microsomal ethanol-oxidizing system
(MEOS), which has been suggested to consume NADPH derived from
NADH via the malate-pyruvate-oxaloacetate cycle (Lieber and De-
Carli, 1972). The role of this system in enhanced ethanol oxidation
after chronic consumption will be discussed subsequently.

As to the ADH pathway, the main theory concerning the
mechanism of accelerated ethanol metabolism after chronic con-
sumption is through increased mitochondria' reoxidation of
NADH. Actually there are sufficient data to support the concept
that, at least artificially, ethanol oxidation can be stimulated by
increasing NADH removal. ADP formation from ATP can be en-
hanced with fructose (Lundquist and Wolthers, 1958; Thieden
et al., 1972), gluconeogenic precursors (Crow et al. 1977), un-
coupling agents (Videla and Israel, 1970), and electron acceptors
(Madison et at 1967). Increased ADP formation leads to an in-
creased electron flux in the mitochondria' respiratory chain and
consequently to an enhanced reoxidation of NADH.
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The effect of chronic consumption has been related to a kind of
"hypermetabolic state" in the liver. The basis of this theory has
been an increased oxygen consumption in the livers of animals
chronically treated with ethanol, mimicking the effects of thy-
roxine (Israel et al., 1973; Bernstein et al.. 1973; Thurman et al.,
1976). The increased oxygen consumption has been attributed
to an increased utilization of ATP by the NA*-K"-activated
ATPase after chronic ethanol feeding (Israel et al., 1975). Con-
troversial results as to the enhanced oxygen consumption and in-
creased ATPase activity after chronic alcohol treatment have,
however, been reported by others (Gordon, 1977; Cederbaum
et al., 1977). On this basis, the theory that chronic ethanol con-
sumption engenders a hypermetabolic state akin to hyperthyroid-
sin, although interesting, cannot be considered as fully-explaining

all changes involved in enhanced ethanol metabolism.
There are situations in which hepatic ADH activity may be-

come a rate-limiting step in the ADH pathway. Ili rat liver per-
fusion experiments, the administration of ethanol to the perfusion
.medium' increases the lactate/pyniVate ratio of the perfusion
medium from 10 to BO (Forsander et al., 1965). This change is
associated with almost total abolition of CO2 Production; i.e.,
the citric acid cycle ( the main source of CO2) is inhibited by
ethanol. However, in perfusion experiments with protein-deficient
livers, ethanol had no effect on lactate/pyruvate ratio and, further-
more, citric acid cycle was not inhibited by ethanol (Salaspuro
and. Maenpaa, 1966). This finding indicates that in protein-
deficient livers there was no accumulation of cytosolic-free NADH;
it can be explained by assuming that, instead of the rate of NADH
reoxidation, it is hepatic ADH activity that limits the ethanol oxi-
dation rate in protein-deficient livers. A decreased ethanol elimina-
tion rate associated with diminished hepatic redox changes and
hepatic ADH activity caused by protein-deficient diet have been
experimentally demonstrated also in humans (Bode et al., 1.971).

Microsomai Ethanol - Oxidizing System as
Related to Accelerated Ethanol Metabolism

MEOS has been differentiated from alcohol dehydrogenase by
its subcellular localization (microsomes versus cytosol), pH op-
tinium (7.4 versus 9 to 11), cofactor requirements (NADPH ver
sus NAD), and relative lack of sensitivity to pyrazole (Lieber,
1977, Lieber and beCarli, 1970; Teschke et al., 1974, 1976).
From catalase, MEOS has.as been differentiated by its relative
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insensitivity to catalase inhibitors such as azicle and cyanide, and
by the inability of a EI202-generating system (glucose-glucose
oxidise) to sustain ethanol oxidation in purified microsomal
preparations ( Teschke et al., 1974). Furthermore, isolated MEOS
metabolizes higher aliphatic alcohols such as propanol and hu-
tanol, which are not substrates for catalase (Teschke et al., 1975).

Ethanol-oxidizing activity has recently been reconstituted-with
three microsomal coeliponerits P450, NADVEI cytochrome c
reductase, and lecithin (Ohnishi and Lieber, 1976). The K of
the reconstituted MEOS for ethanol was 10 mM, which is similar
to the Km measured in crud microsomes and the MEOS fraction
isolated by column chromatography (Lieber and DeCarli, 1968,
1970; Teschke et al., 1974). This reconstituted system required
NADPH as a cofactor, did not react to an H202-generating sys-
tem, and was insensitive to catalase inhibitors. Most probably,
MEOS activity involves a mechanism akin to that of the cyto-
chrome P450-dependent drug detoxification in microsornes,
possibly using 'a different type of cytochrorne P-450 (Hasumura
et al., 1975).

Although the existence of MEOS is very well documented,=as
it is for the ADH pathway, its contribution to accelerated ethanol
metabolism after chronic consumption has not been clarified.
There is, however, evidence indicating that chronic ethanol con-
sumption produces an increase in its activity (Lieber and DeCarli,
1970), which has also been demonstrated in experiments with
isolated hepatocytes in vitro (Teschke et al., 1977).

Concentration Dependence of Ethanol Metabolism

The linearity of the ethanol elimination curve over a wide range
of blood alcohol concentrations has been the prevailing concept,
based on early studies of Mellanby (1919) and Widmark (1932).
Later it was shown that at very low blood ethanol concentrations,
less than 2 mM or about 9 mg%, ethanol disappeaxance becomes
exponential (Marshall and Fritz, 1953). Finally it was demon-
strated that the low serurn alcohol concentrations in humans fol-
low Michaelis-Menten kinetics (Lundquist I Wolthers, 1958).
However, there are some sporadic observations that indicate that
ethanol disappearance may be more rapid after larger intravenous
doses (Lereboullet et al., 1976; Haggard and Greenberg, 1934;
Wilkinson et al., 1976). The variability in t e interpretation of the
results is most probably due to the different routes of ethanol ad-
ministration used by investigators, to differences at blood ethanol
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concentrations in which measurements have been taken, and,
finally, to the relatively small number of blood ethanol deter-
minations over a wide range of ethanol concentrations.

If it is assumed that ethanol is oxidized only by the classic Km
alcohol dehydrogenase, the ethanol elimination curve should be
virtually linear at all ethanol concentrations above 5 mrno1/1. By
contrast, if other pathways with a higher Km value for ethanol
play a role, they should shift the linear curve to a nonlinear one.

We have recently tested the linearity of the blood ethanol
elimination curve in our baboon model for alcoholic liver (Salas-
puro and Lieber, 1977). The experiments have been extended to
verify the effect of chronic alcohol consumption on the possible
concentration dependence of ethanol metabolism in the same
animal model. Blood ethanol clearance in alcohol-fed baboons, as
well as in their pair-fed controls, was determined after an intra-
venous infusion of ethanol in an amount to reach a blood con-
centration of from 40 to 50 mM. Blood ethanol concentrations
were determined by vs chromatography at 30-minute intervals;
ethanol elimination rates were measured separately between 45 to
20 mrno1/1 and 15 to 5 mmol /l. These concentration ranges were
selected both for empirical reasons and also because the Km value
of microsomal ethanol-oxidizing system is known to be about 10
mM (Lieber and DeCarli, 1968, 1970; Teschke et al., 1974). To
avoid effects of fasting, dextrose was continuously infused to
meet the average caloric demands of the animals. The other details
of the experiment will be published separately. We have gathered
preliminary results from studies carried out before and after 2
months and 24 months of alcohol feeding, as well as from animals
pair-fed the isocaloric control diet.

The results of a typical experiment in a baboon-pair are shown
in figures la-d. On superficial inspection, the points seem to form
a straight line (a), and a linear analysis may seem warranted (b).
However, many points are either above or below the line. On the
other hand, if -the linear regression of the curve is calc-ulated
separately at high (45 to 20 rrM) and low (15 to 5 rriM) ethanol
concentrations, the points fit the line much better (c). The final
regression lines are shown in (d). Blood ethanol clearance is clearly
faster at high ethanol concentrations than at low ones, especially
in the, alcohol-fed animal. On this basis, ethanol elimination rates
in subsequent experiments have been calculated separately for
both ranges of ethanol concentrations. Our preliminary results
show that, in naive animals, ethanol elimination rates at high eth-

.anol concentrations (HE) are about 10 percent higher than those
at low ethanol concentrations (LE). After 2 months of alcohol
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Fig-ure la. Blood Ethanol Clearance in a Baboon Fed Alcohol 2
Years &rid in its Pair-Fed Control
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feeding, HE was 14 percent higher than LE, and after 24 months
of alcohol, the corresponding difference was about 30 percent. It
should be emphasized that, although ethanol elimination rates in-
creased at both ethanol concentration ranges, the increase at high
ethanol concentration was significantly greater. The finding in-
dicates that the contribution of the ethanol metabolizing system
that is fully saturated only at high ethanol concentrations is
meter after chronic alcohol consumption than before it.

Recently these findings from baboon experiments have been
confirmed in a human volunteer studied under metabolic ward
conditions (figure 2). It can be seen that certainly after 4 weeks of
alcohol,, (2 to 4g/kg/day), the blood ethanol elimination curve is
nonlinear and that the increase in ethanol elimination rate occurs
especially at high ethanol concentrations. The results are corn--
parable to the ones reported recently from experiments in rats and
human alcoholics (Feinman et al., in press). The existence of the
new labile anodic alcohol dehydrogenase-isoenzyrne with a higher



356 SALASPURO AND LIEBER

Figure lb. Blood Ethanol Clearance in an Alcohol-Fed Baboon
and in its Pair-Fed Control
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Linear regression lines are calculated from all blood ethanol values in fit -
ure la.

Km for ethanol* (Li and Magnes, 1975; Bosron et al., 1977)
could, in fact, contribute to the nonlinear ethanol clearance in
our human volunteer; but in baboons, so far, we have not been
able to demonstrate increased ADH activity in vitro with in-
creasing ethanol concentrations from 5 to 50 mmol /l. The meas-
urements have been done in fresh 100,0000 supernatants in
7A from three baboons, one of which had been fed alcohol for 2
years and actually had a nonlinear ethanol elimination curve. None
of these baboons showed evidence of a high Km ADH,

In addition to the nonlinearity of the ethanol elimination curve,
there is other recent in vivo evidence to support the increasing

*We are grateful to Dr. T. -K. Li for his helpful advice for the determination
of an anodic high Km alcohol clehydrogenase.
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igure lc. Blood Ethanol Clearance in an Alcohol-Fed 'Baboon
and in its Pair-Fed Control

EFFECT OF ALCOHOL FEEDING FOR TWO YEARS ON
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Linear regression lines are calculated separately at high and at low ethanol
concentrations.

contribution of a non-ADH pathway to total ethanol elimination
in `chronic alcoholics. It has been demonstrated that 4-methyl-
pyrazole (4-NIP, an alcohol dehydrogenase inhibitor) inhibits
ethanol elimination rate significantly less in alcoholics with inade-
quate nutrition than in alcoholics with adequate nutrition (Sal-
aspuro et al., 1975, 1978 in press). Because of the competitive
mechanism of the inhibition, the proportional contribution of
ADH pathway to total ethanol elimination must have been smaller
in these alcoholics. Furthermore, although these alcoholics with
inadequate nutrition apparently had decreased hepatic ADH ac-
tivity due to protein deficiency, and although ADH was further
decreased by 4-MP, the ethanol elimination rates were still higher
than those in controls. This difference in elimination rates favors
the existence of a non -ADH pathwii: "or ethanol metabolism.
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Figure ld. Blood Ethanol Clearance in an Alcohol-Fed Baboon
and 41 its Pair-Fed Control
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Final linear regression lines from Figure lc. Dotted lines represent e extrap-
olations of solid lines.

These findings cannot be explained completely by the existence
of the anodic form'of ADH with a higher Km and with a lower
4-MP sensitivity. The ethanol elimination rates were measured at
rather low blood ethanol concentrations (<20 mM), whereas the Km
for anodic °ADH has been reported to be about .20 mM (Bosron
et al., 1977). Furthermore, the contribution of this isoenzyme,
with higher activity to ethanol oxidation, should have resulted in
a higher production of NADIR and, consequently, in a greater in-
hibition of galactose elimination which was not the case.

The adaptive increase in ethanol elimination.rate (far beyond
the generally accepted level of 7 gihr), as well as the apparent non-
linearity of ethanol elimination curve, may have some important
clinical implications. At present, a constant rate of ethanol
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Figure 2. Blood Ethanol Clearance in a Human Volunteer
Studied under Metabolic Ward Conditions

EFFECT OF CONTROLLED ALCOHOL CONSUMPTION ON
BLOOD ETHANOL CLEARANCE IN A VOLUNTEER
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elimination and also the linearity of the elimination curve are
widely assumed for various medicolegal purposes, in order to de-
termine retrospectively the blood ethanol concentration at a
given time: In view of the above, calculations based on linearity
and constant elimination rate should be interpreted with caution.

4-
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Adaptation of Hepatic Redox Changes During
Chronic Alcohol Consumption

An important change in liver metabolism caused by hepatic
ethanol oxidation is the shift in the cytosolic and mitochondrial
redox potentials to a more reduced state (Forsander et al., 1958).
This activity is reflected by several secondary changes in hepatic
metabolism, such as the inhibition of tricarboxylic acid cycle
(Lundsgaard, 1938; Forsander et al.. 1965). with associated de-
crease in fatty acid oxidation (Lieber and Schmid 1961; Lieber

. et al., 1967); the inhibition of hepatic gluconeogenesis from
various precursors (Krebs et al., 1969); and changes in redox pairs
such as lactate and pynivate (Forsander et W., 1965).

Especially in in vitro experiments, the changes in lactate/pyru-
vate ratio are widely used to reflect hepatic redox alterations
(Forsander et al., 1965; Salaspuro and Maenpad, 1966). However,
in in vivo situations, the changes of this ratio in the peripheral
blood are not reliable, beeguse of the contribution of the periph-
eral tissues to the formation of lactate and pyruvate. In fact, it
has been reported that alcoholics may have higher blood lactate
and pyruvate levels than norTalcoholies, especially after exercise
(Chalmers et al., 1977). Galactose is metabolized mainly in the
liver, and in the reaction in which UDF- galactose iepirnerized to
UDP-glucose, NAD functions as a coenzyme and NADH formed
during ethanol oxidation has been shown to be a potent in-
hibitor of the reaction (Isselbacher and McCarthy, 1959). The
epimerization step, however, does not result in a net production
of NADH, because the reaction involves only the internal NAD-
coupled epimerization of hydroxyl and hydrogen molecules
(figure 3). For this reason, galactose metabolism itself does not
have an effect on the redox state of the liver and the rate of
galactose elimination in vivo can be used as a reflectorrof hepatic
NADH/NAD ratio both in rat (Salaspuro and Salaspuro, 1968)
and in humans (Salaspuro and Kesiiniemi, 1973).

As stated before, it is generally accepted that in normal in-
dividuals the hepatic ADH activity is not a rate limiting step in
ethanol oxidation and that the ethanol oxidation rate is mainly
regulated by mitochondrial NADH reoxidation. If during chronic
alcohol consumption, NADH removal from hepatic cytosol is in
creasedeither by mitochondrial reoxidation or by the micro-
somal ethanol- oxidizing system via NADFH the expected con-
sequence is that cytosolic NADH tends to decrease, as has been
demonstrated in rats fed alcohol chronically (Domschke et al.,
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Figure & Epunerase Reaction, Which Catalyzes the Formatibir
of UDP-Ciluco From IrDP7Galactose

NAD, DEPENDENCY OF GALACTOSE EPIMERIZATION

UDP-GALACTOSE ffi UDP-GLUCOSE

LOP

1974). More NADH, however, is immediately formed by the ADH
reaction because of the excess hepatic ADH; as the end result,
there is still enough NADH to prevent, for instance, galactose
epirnerization. On the other hand, if hepatic ADH activity is de-
creased by protein deficiency (or by 4-methylpyrazole), the pre-
vailing hepatic.ADH may become a rate-limiting step in the ADH
pathway. Consequently, the formation of NADH via alcohol de:
hydrogenase cannot increase, and cytosolic-free NADH starts to
decrease, which is reflected as a lack of the expected change in
the lactate/pyruvate ratio and as a failing inhibition of citric acid
cycle function by ethanol in perfused rat livers (Salaspuro and
Maenpaa, 1966). In in vivo experiments, similar changes in hepatic
metabolism can be detected as a lack of the normal inhibition of
galactose elimination by ethanol (Salaspuro and Salaspuro-i1968;
Salaspuro and Kesaniemi, 1973; Salaspuro et al., 1975, 1978 in
press). In addition to the 'effect of protein deficiency and 4-
methylpyrazole, the diminished inhibitory effect of ethanol on
galactose elimination has also been demonstrated in alcoholics
with apparent adequate nutrition, as well as in patients with
thyrotoxicosis (Salaspuro and Kesanierni, 1973). These findings
indicate that even' chronic ethanol consumption alone, without
associated protein deficiency, and also the increased mitochon-
drial reoxidation of NADH (in thyrotoxicosis) may result in a
metabolic adaptation. The end result is that hepatic ADH ;Ac-
tivity, rather than NADH reoxidation, is a rate-limiting step in
the ADH pathway.

In order to further elucidate this hypothesis, the effect of eth-
anol on galactose elimination rate has been measured in our
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baboon modt.i of alcoholic liver injury. Nutritional factors can he
controlled and the concomitant effect of protein deficiency
excluded. For this purpose, galactose was infused intravenously at
the dose of 5_00 mg/kg body wt. After infusion, blood galactose
concentration w '7 determined enzymatically at 5-minute intervals
during the subsequent 60 minutes. The amount of galactose ex-,
creted in urine was also analyzed, and galactose elimination rate
was calculated according to Tygstrup (1964). To determine the
effect of ethanol on galactose elimination, ethanol was infused
intravenously 1 hour before galactose in an amount to achieve a
blood concentration of about 40 mill. Our preliminary results
show that, in control animals, alcohol inhibits galactose elimina-
tion rate by 46 percent. After 2 to 3 months of alcohol feeding,
the ethanol-induced inhibition was not yet significantly decreased
(40 percent), although ethanol elimination rate was already in-
creased by 21 percent. But after 24 months of aljohol feeding,
when ethanol elimination was accelerated by '64 percent, the in-
hibition of galactose elimination by -ethanol was only 12 percent.
As stated before, the lack of inhibition. was not due to the de-
crease in hepatic ADH

It can be concluded that chrOnic ethanol consumption itself re-
sults in an acceleration of the removal of cytosolic-free NADH. This
adaptation leads to the change in the regulation of ethanol oxida-

etion rate in the ADH pathway. Instead of the rate of NADH removal,
it is hepatic ADH activity that finally limits ADH pathway in al-
cotol-fed animals. In this step, there is no longer an accumulation
of NADH in hepatic cytosol; consequently, the metabolic effects
of acute ethanol administration may be completely different from
the pnes in naive animals. However, at least in baboons, this adap-
tationseems to be rather slow. After 3 months of alcohol, the reg-
ulation of the rate of ADH pathway is qualitatively the same as in
naive animals; i.e., ethanol has the same acute effect on hepatic
redox state. both in alcohol -fed and control animals.;The impli-
cations of these metabolic adaptations are obvious.

-1. The rate-limiting factor of ethanol oxidation may vary in

alcoholics .or in experimental animals fed alcohol. chronically. In-
stead of the rate of NADH reoxidation, hepatic ADH activity be-
comes a rate-limiting step in the ADH pathway, when either
hepatic ADH activity decreases (as in protein deficiency) or when
the capacity to remove eytosolic-reducing equivalents is suf-

ficiently induced by chronic ethanol consumption.
2. Depending on the limiting step in the-ADH pathway, there

may, or may not be an accumulation of reducing equivalents in
hepatic cytosol after the acute administration or alcohol.
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3. Consequently, the acute effects of ethanol on hepatic inter-
mediary'metabolism may be completely different in alcoholics, as
well as in animals fed alcohol zhronically, when compared to
those in controls.-

4. On the basis of these recent findings, one must question
whether any of the acute metabolic effects of alcohol still occur
in the chronic situation; this should be borne in mind when in-
terpreting the results c7 metabolic experiments performed in
alcoholic% or alcohol-fed animals.
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Section VI:
Other Effects'a

Alcohol on Nutrition



The Fetal Alcohol Syndrome:
Possible Implications of
-Nutrient Deficiencies

Lucille S. Hurley

Historical Aspects

Alcoholic women have a high risk of giving birth to children
with growth retardation, congenital malformations, and mental
deficiency. Knowledge of the deleterious effects of parental al-
cohol consumption on the offspring dates back to classical times
(Warner and Rosett, 1975). In parts of the ancient world, for
example, a newly married couple was forbidden to drink wine
on their wedding night for fear that a child might be conceived
in drunkenness. More recently, during England's "Gih Epidemic"
of the 18th century, the writer and social reformer Henry Field-
ing asked, -"What must become of an infant who is conceived in
gin, with the poisonous distillation of which it is nourished, both
in the womb and at the breast?"

The artist Hogarth illustrated some of these problems in his
"Gin Alley" (Coffey, 1966). And in 1899, Dr. Sullivan, physician
to a Liverpool prison, published a careful study showing that the
frequency of stillbirths and neonatal deaths was higher among
women who were alcoholic than it was in a matched control
group. He further found that these frequeneies declined when the
women were abeteMious, as they were obliged to be during a
prison sentence.

Thus, although the widespread and often excessive use of al-
cohol was not generally disapproved of, for hundreds of years, con-
sumption of large amounts of alcoholic beverages by pregnant
women was believed to have harmful effects oil their infants.
During_ Prohibition in the United States, however, interest in
the effects of alcohol during pregnancy declined, as was evidenced
Ln the English language medical literature. By the end of Prohibi-
tion, the acceptance of a connection between alcoholism and what
had been -called in Hogarth's time "weak, feeble and distempered
children" (Coffey, 1966) was largely forgotten. By the 1940's, the
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earlier writings, frequently in the moralistic and unscientific vein
encountered in 19th-century medical literature, were completely
rejected (Warner and Rosett, 1975).

Recent ion

'The recent rediscovery of the deleterious effects of alcoholism
during pregnancy on the development of the offspring was made
independently by Lemoine and his .coworkers (1968) in Nantes,
France, and by Jones and Smith. and their coworkers (1973) of
Seattle, Wash. The close similarity between the reports, described
independently by two research groups in different parts of the
world, strongly suggests the validity of the observations.

The -Seattle workers called the condition 016 fetal alcohol syn-
drome (FAS): Since then, many case reports of FAS have been
published from around the world (NIAAA, 1977). The major
features of the syndrome are growth retardation; small head
size; anomalies of the face, eyes, heart, joints, and external gen-
italia; and mental deficiency. Other anomalies include micro-
gnathia; hypoplastic mid facial structures including epicanthic
folds, broad nasal ridge, upturned flans, and long upper lip. There
are also abnormalities of the ears, and the palpebral fissures are
small (Mulvihill and Yeager, 1976; Mulvihill et al., 1976). It is
thought that this abnormality may actually be secondary to mi-
crophthalmia. Other ocular defects common in FAS are Ptosis
and strabismus. A wide mouth, prominent ears, and a narrow
bifrontal diameter are also common features of the syndrome
(Hanson et al., 1976). Other malformations that occur include
cleft palate, visceral anornies, and small heniangiomas.

The growth failure in these children occurs both prenatally
and postnatally. At the time of birth, the deficit in body, length
is often greater than the deficit in body weight. Postnatally, FAS
babies usually gain weight poorly, and body weight- is more af-
fected than is body height.

There is no catchup in growth during infancy and early child-
hood. The persisting deficiency of growth appears not to be the
consequence of the postnatal environment; affected babies raised
in foster care from early infancy generally show no better growth
or performance than those raised by the alcoholic mothers. Even
infants hospitalized for failure to thrive have no' shown catchup
growth.

The perinatal mortalitof infants with FAS is high, and those
who survive show manifestations of neurological difficulties.
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During the neonatal period, there is often tremulousness, hyper-
activity, and irritability. ,,Although some of these symptoms might
result from alcohol withdrawal after birth, the tremulousness fre-
quently persists for a long time, even years, and the fine motor
dysfunction and developmental delay may be permanent. Mental
deficiency of varying severity also occurs in these children and, in
the only recorded necropsy study, considerable malformation of
the central nervous system was found. Thus it seems that much of
the abnormal performance in the early period, as well as the per-
sistent mental deficiency, is secondary to alterations in brain de
velopment and function resulting from the prenatal effect on
morphogenesis of the central nervous system (Hanson et al:, 1976;
Jones et al., 1974).

The incidence of fetal alcohol syndrome in-children of chron-
ically alcoholic women appeaYs from present evidence to be in
the range of 30 to 50 percent. Prenatal and postnatal growth fail-
ure, developmental delay, and microcephaly all ,occur in about
90 to 95 percent of the infants with FAS. Ocular defects occur
in 40 to 60 percent. Anomalies of the jaw and ear are seen in
half of the cases; receding chin occurs in 30 percent; and cleft
palate in 15 percent. The frequency of other defects ranges frbin
38 to 73 percent (Mulvihill and Yeager, 1976).

It should be emphasized that the syndrome, as I have described
it so far, is based on the outcome of pregnancy of chronically and
severely, alcoholic women. Very little is known at the present
time about the risk and possible consequences of lower intakes of
alcohol. Neither are the critical factors involved understood. For
example, in relation to aldo-hol consumption, is it the continuous
alcohol level in the maternal blood that is important, or maximum
concentrations during binge drinking? The effect of lower levels
of alcohol intake on fetal development, perhaps producing only
part of the syndrome, is unexplored.

Congenital abnormalities hay.e also been produced in experi-
mental animals given alcohol during pregnancy, and an animal,
model of FAS has been developed in mice (Tze and Lee, 1975;
chernoff, 1977).

Possible Mechanisms

What are the possible mechanisms that could bring about the
abnormal development resulting in fetal alcohol syndrome? First,
there may be a direct effect of alcohol itself on the developing
embryo. We know that alccihol taken by the mother is transported
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across the placenta. In sheep, a positive cOrrelation was found be-
tween maternal and fetal blood alcohol concentration during a
-1- or 2-hOur infusion of alcohol into the pregnant ewe (Mann
et a., 1975).

There could Wso be an indirect effect of chronic alcoholism that
might alter the maternal metabolism in such a way as to produce _
teratogenic effects on the child. I propose that nutritional de-
ficiencies may possibly be involved in the development of the
fetal alcohol syndrome. It should be remembered, however, that
there are several confounding factors involved in cases of chronic
alcoholism among pregnant women= Heavy drinking is often as-
sociated with other risk factors-for congenital abnormalities; these
factors include heavy smoking, use of other drugs, emotional
stress; injury from falls or violence, and poor prenatal medical
care.

Teratogenic Aspects of Nutrient Deficiencies

Although many nutritional deficiencies are teratogenic, I am
going to limit my discussion to three nutrients; folate, magnesium,
and zinc, which I think are most likely tobe involved in FAS. All
three of these nutrients have been recognized as problems in the
nutritional status of alcoholics. Furthermore, deficiencies of these
substances are highly teratogenic in experimental anirns, and
there is at least some evidence of similar effects in humans.

Magnesium

Magnesium deficiency is teratogenic in rats. When rats ' were
-given a diet -severely deficient in magnesium (0.2 mg/100 g)
throughout pregnancy, no fetuses were carried to term. When the
deficient diet was given from day 6 to day 14 of geslation, the in-

; cidence of resorptions was very high and many of the surviving
fetuses were malformed. Malformations included cleft lip; short
tong_ \-ue; hydrocephalus; micrognathia or agnathia; club feet; fused
digits; polydactyly; 'syndactyly; short or curly tail; herniations;
and heart, lung, and urogenital anomalies (Hurley et al., 1976).
Even milder deficiencies caused congenital ahnormalities,(Cosens
et al.; 1977), high neonatal mortality, and abnormal histology of
the brainq Wang et al., 1971; Gunther et al., 1973).

There is .also some indirect evidence that magnesium deficiency
may be a problem in human Pregnancy (Hurley, 1971).
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Folic Acid

Experimental Animals. The importance of folic acid during
pregnancy in mammals has been studied extensively, primarily
with the use of folic acid antagonists (Tor review, tee Hurley,
1977a). However, even without an antagonist in the diet, folate
deficiency, causes congenital malformations in rats. With a rela-
tively mild deficiency, a variety of malformations was found, in
eluding cleft lip, hydrocephaly, failure of closure of thoracic, and
abdominal walls, and eye defects (Giroud and Lefebvre ,-Boisselet,
1951).

Nelson and her colleagues-(1952; 1955; 1956; Asling, 1961) ex-
tensively studied the wide variety, of congenital malformations
produced by folite deficiency in the pregnant rat, using an an-
tagonist, x-methyl pterolyglutamic acid (x-methyl PGA), in
combination with a folate - deficient diet. There was a , high in-
cidence of resorptions and multiple congenital defects. The fre-
quency of the various types of defects depended on the timing.
The young showed marked edema, and anemia; cleft palate;
numerous anomalies of the 'face; syndactyly; a wide variety of
sketetal malformations; and defects of the lungs, eyes; and urogen-
ital ind cardiovascular systems. Even short-term, transitory 'de-
ficiency, in combination with the folate antagonist, caused high
incidences of multiple malformations. Similar malformations have
also been produced in the mouse and the cat with, the same
antagonist (Tuchmann-Duplessis et al., 1959).

Biochemical Effects. Although some investigators have at-
tempted to determine the mechanism by which folate deficiency
produces teratogenic effects, little progress has been made. There
is, nonetheless, some evidence that the effect of folate antagonists
in inhibiting nucleic acid synthesis may Play a role (Hurley,
.1977b).

Embryos from folate-deficient rats also showed abnormal en-
zymic differentiation. There were alterations in isozyme patternS
for a number of enzymes. In addition, the specific activity of
phosphomonoesterases in tissues from experimental fetuses did
not parallel that of controls for any, of the fetal ages studied. The
changes in enzyme patterns were correlated with abnormal chon-
drogenesis and osteogenesis.

Humans. Folic acid is clearly essential for the developing hu-
man embryo, as is evident from studies using folate antagonists- as
abortifacient agents. When these compounds were given during the
first trimester of pregnancy, fetal death, followed by spontaneous
abortion; resulted. However, if the antagonist was given in



FILTRLEY

'insufficient quantities or was given too late during the pregnancy,
the _result was not abortion but deyelopinent of a malformed fetus
(Thiersch, 1952; Goetsch, 1962).

In less extreme conditions, however, the possible relationship
of folate deficiency in pregnant women to malformations or other
abnormalities of pregnancy is not clear.' In an early retrospective
study of 17 pregnant women with megalobla.stic anemia (indicat-
ing folate deficiency), 5 of the women gave birth to infants with
congenital malformations (Fraser and Watt, 1964). In another
retrospective study, Hibbard and coworkers used the urinary ex-
cretion of formiminoglutamic acid (FIGLU) after the ingestion of
histidine as an indication of folate deficiency. Sixty-two percent
of the mothers of malformed infants had a positive response (in-
dicating folate deficiency), as compared with 17 percent of
mothers of normal infants. The relationship of positive FIGLU
excretion tests and malformations was even more striking when
only central system malformations were considered. There also
seemed to be a relationship between folic acid deficiency in
pregnant women and the occurrence of ple.centsl abruption and
spontaneous abortions. However, 73 percent of women with de-
fective folate metabolism, as measured by the FIGLU test in a
previous pregnancy, developed the same condition in the nekt
Pregnancy; this finding suggests that a genetic factor involving
folate metabolism may be involved.

A recent prospective study of more than 800 women corrobo-
rates these findings. Folate levels of erythrocytes were measured
in early pregnancy. In women with low erythrocyte folate, the
incidence of small-for-date infants and of malformations was
higher than in those with normal folate; the difference was highly
significant (Hibbard, 1975).

Srnithells and coworkers (1975) have also I eported, in a large
prospective study, that significantly lower blood levels of red cell
folate were found in mothers subsequently giving birth to infants
with neural tube defects than those fOUnd in controls. Finally,
Gandy and Jacobson (1977) have amassed impressive evidence,
suggesting that an inadequate level of maternal serum folate
brings about a depression of fetal growth rate that may persist
into the first year of life. In addition, Gross et al. (1974) have
shown that children whose mothers were severely folate-deficient,
showed abnormal or delayed behavioral development.

Although there is now considerable evidence of a high corre-
lation between the incidence of folic acid deficiency and various
complications of pregnancy, conflicting results have been re-
ported In ;some studies, little correlation was found between

- A
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folate status, as measured by plasma folate levels and by the
morphology of-the red cells, and problems associated with ab-
normal development (for 'reviews see Scott, et al., 1970; Flail,
1972).

Zinc

Experimental Animals. A deficiency of zinc in the maternal diet
rapidly produces a wide variety of developmental defects in ex-
perimental animals (for reviews see Hurley, 1975; 1977a; 1977b).
When normal female rats, fed a complete diet before mating, were
given a zinc-deficient diet during pregnancy (days 0 to 21), about
one-half the implantation sites were resorbed. The full-term young
weighed about one-half that of controls, and 90 to 100 percent of
fetuses showed gross congenital malformations. Food-intake con-
trols had normal young.

Shorter periods of deficiency were also teratogenic. When the
diet'ry zinc dificienCY was imposed from days 6 to 14 of gesta-
tion, about one-half the young were abnormal. Even when the de-
ficiency lasted for only the first 10 days of pregnancy, 22 percent
of the full-term fetuses were malformed. Many investigators have
confirmed the teratogenic effects of zinc deficiency in rats,

The congenital malformations produced by lack of zinc in rats
are varied; they affect every organ system and occur in high in-
cidenct. A large number of skeletal malformations as well as soft
tissue anomalies are seen. Malformations include cleft palate;
cleft lip; short Or missing mandible; curvature of the spine; club,
feet; syndactyly; curly or stubby tail; various brain anomalies
such as hydrocephaly, anencephaly, and exencephaly; micro-
phthalmia or anbphthalmia; herniations; spina bifida; and heart,
lung, and urogenital abnormalities. Frequencies ranged in one
experiment from 13 to 83 percent of living young at term.

The malformations of the nervous system were especially note-
worthy. In full-term fetuses' of rats given the zinc-deficient diet
from the beginning of pregnancy to term, 47 percent of the full-
term fetusei had brain anomalies; 3 percent had spina bifida;
and 42 percent had microphthalmia or anophthalmia. In addition,
the spinal cord and olfactory tract also showed anomalies. Pre-
natal zinc deficiency affected many derivatives of the primitive
neural tube,

Mild or Marginal Zinc Deficiency. Relatively mild states of zinc
deficiency are probably more relevant to human problems than
the extreme zinc deficiehcy described so far.

Marginal zinc deficiency has also been studied in pregnant rats.
One approach was to correlate the level of zinc in the diet with the
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incidence of malformations. With diets containing less than 9 ppm
zinc during pregnancy, there was a high incidence of fetal death
and malformation. Both total litter weight and fetal weight at
terra correlated' with the level of dietary zinc up to 14 ppm, but
there. was no correlation between the incidence of malformations
and the fetal zinc content or the maternal plasma zinc level at-
term. However, maternal plasma zinc during the second week of
pregnancy was correlated with frequency of Malformations.

In another. experiment, the rats were fed the marginally de-
ficient diet' (9 ppm zinc) during pregnancy; this diet did not cause
gross malformations at birth. At parturition, the rats were given
a normal diet. The survival of offspring was significantly lower
than in animals fed the normal diet ttiroughout. Eighty-one per-
cent of the living young born to stock-fed females survived to
weaning, but only 46. percent of living young born to females fed
the marginally deficient diet survived to this. age.

cross-fosterik studies were carried out with appropriate con-
trols; that ig, offspring of females that received the marginaVy de-
ficient diet during pregnancy were suckled by females namally
fed during pregnancy, and pups of females normally fed during
pregnancy were suckled. by females fed the marginally deficient
diet during pregnancy.

The survival of pups from female 's marginally deficient during
pregnancy was the-same whether they were suckled by their own
mothers or by foster mothers fed normally during pregnancy. Con-

versely, the pups of females normally fed during pregnancy
showed depression of postnatal survival when tfiey were fed by
females given the marginally deficient diet during pregnancy.

Thus, the maternal diet during pregnancy affected both the
development of the offspiing and the ability of the female to
suckle her young. The offspring suffered irreversible effebts of
prenatal zinc deficiency; and, at the same 'time, the female's abil-
ity to suckle andtbr. care for her young was diminished by the-
deficiency during pregnancy. Marginal zinc deficiency during pre-
natal life thus caused an irreversible change which subsequently
affected postnatal development.

A transitory deficiency of zinc during prenatal life was also
used as a means of examining the effects of mild rather than
severe zinc deficiency.. When normal pregnant rats were given a,
zinc-deficient diet from day 6 to day 14 of gestation, maternal
plasma zinc levels fell rapidly; but they quickly returned to orig-
inal valueS after zinc was refed. Young born to these females
showed a high rate of stillbirths, a high incidence of congenital
malformations, low birth weight, and very poor neonatal survival.

3
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Concentration of zinc in postpartum maternal plasma and milk (as
well as in plasma of the pups) was normal, suggesting that post-
natal zinc nutriture of the young was adequate. A short period of
zinc deficiency during prenatal life thus caused an irreversible
change that subsequently affected postnatal development.

M_ echanism, Prenatal zinc deficiency affects many derivativeS
of the neural tube as well as those of othersystems. The nature of
these malformations, as well as their diverse origins, suggests that
the action of zinc is on fundamental rather than secondary proc-
esses. Zinc deficiency in pregnant animals, as well as in nonpreg-
nant and juvenile animals, primarily affects rapidly proliferating
tissuesthe embryo, the gonads, and the skin, where cell division
is occurring at a rapid rate.

Present evidence suggests that congenital malformations in
zinc-deficient embryos, as well as lesions of the gonads and skin,
are brought about by impaired synthesis of nucleic acids. We think
that the effect of zinc deficiency on nucleic acid synthesis pro-
duces an asynchrony. of mitotic rhythms. This characteristic is
manifested by the large numbers of cells observed in mitotic
arrest, which then produce asynchronous growth patterns.

Prolongation of the mitotic interval and reduction in the num-
ber of specific cells early in development could combine to pro-
duce a wide range of abnormalities. Asynchrony in histogenesis
and organogenesis could therefore result from alterations in dif-
ferential rates of growth.

Experiments with a number of systems, in vitro as well as in
vivo, and with various species, have shown a requirement for
zinc in DNA synthesis: In zinc-deficient rat embryos at 12 days of
gestation, incorporation of tritiated thymidine into DNA was
much lower than normal, suggesting that DNA synthesis was de-
pressed. The head region was more vulnerable than the body, but
bath could be brought back to normal levels by injection of zinc
into the pregnant female prior to delivery. ,

he activity of Ahymidine kinase was also depressed in zinc-
deficient embryos. The thymidine kinase 'pathway for the pro-
duction of thymidine nucleotides is not prominent in normal

..aduq cells but becomes important fOr..DNA synthesis in _tissues
undergoing rapid cell division. Inasmuch as the effect of zinc de-
ficiency on cell division has been found to be most extreme in
rapidly proliferating tissues, the relationship of zinc to thymidine
kinase) in the developing embryo might be of critical importance,

Another enzyme involved in DNA synthesis is also depressed in
zinc-deficient embryos, DNA-polymerase activity was lower in
embryos from dams given a zinc-deficient diet than that in
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controls. The normal increase with embryonic age of both of these
enzymes did not Occur in the zinc-deficient rats. Thus, decreased
adivity in thymidine kinase and, DNA polymerase may lead to de-
pression, of nucleic acid synthesis in zinc deficiency. However,
recent work with the microorganism Euglena gracilis (Falchuk
et al., 1975) indicates that zinc may be required at every stage of
the cell cycle; thus, thymidine kinase and DNA polymerase are
probably not the only factors involved.

Zinc Deficien0 in Humans. The occurrence of zinc deficiency
in humans, resulting in hypogonadal dwarfism, in the Middle East
is now well established. More recently, zinc deficiency has also
been found in children in the United States (Hambidge et al.,
1972).

There is now evidence that zinc deficiency is also"teratogenic
for humans. Epidemiological data_ may support a relationship be-
tween zinc deficiency and malformations of the central nervous
system in humans: the two countries, Egypt and Iran, in which
zinc deficiency was first found in people, both have high rates of
such malformations (Sever and Emanuel, 1973; Sever, 1975)..

Another type of evidence comes from women with the disease
acroderrnatitis- enteropathica, a genetic disorder of zinc metabol-
ism. Until it was learned (in the early 1970's) that the signs and
symptoms of the condition could be cured with oral zinc therapy,
patients were treated with a drug that permitted survival and
gowtli, but they were not able to maintain plasma zinc at normal
levels. Thus, women with the genetic trait who became pregnant
had low concentrations of zinc in their blood plasma. The out-
comes of these pregnancies were extremely poor. The numbers of
miscarriages and of infants with Jr411formations were very much
higher than those in normal population. Out of seven pregnancies;
there were two infants with major congenital malformations and
one spontarieous abortion (Hambidge, 1975).

In Sweden, a correlation was found between low zinc in preg-
nant women and various complications of pregnancy. Women who
gave birth to malformed infants, or to post-term infants, or who
had abnormal deliveries, had significantly lower serum zinc levels
than women whose deliveries and infants were normal or whose
infants were of low birth weight (Jameson, 1976).

Conclusion

I have proposed that a deficiency of one or more specific nu-
trients in the maternal plasma may be involved in producing the
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fetal alcohol syndrome. The nutrients that arq most likely to be
implicited are folate, zinc, and magnesium. Maternal dietary de-
ficiencieg of these essential factors are teratogenic in experimental
animals, and there is also evidence in humans of deleterious ef-
fects on the offspring.

This hypothesis should be investigated by seeking correlations
between maternal plasma levels of zinc, magnesium, and folate
and erythrocyte folate (or other measures of folate status) and
occurrence of FAS. These measurements should also be carried
out in the infants themselves. Experimental animal models should
be studied in relation to these nutrients.

iow
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Discussion of Paper by Hurley

Dr. Schenker: I would like to share with you some unpub-
lished data from our laboratory that hear on the questions you
have raised. Dr. Henderson in our unit has developed an animal
model of the fetal alcohol syndrome similar to that which has
been described previously in mice and in other animal species. We
have a very, very high rate of resorption. in the order of 50-fold,
as well as a very low weight of these babies and a high mortality
rate.

We were obviously interested in the same types of questions
you have raised, and you might be interested to know that these
animals are strictly pair-fed, so there is absolutely no difference
in weight, which, of course, does not rule out the possibility of
zinc deficiency.

What is against zinc deficiency, an important consideration, is
the fact that the DNA levels in every tissue in the body are nor-
mal, and so is DNA synthesis. DNA synthesis, measured with
thymidine and using the same approach you have reported, ap-
pears to be normal.

Now I was hoping to have the zinc levels today, but unfor-
tunately they will not be ready until sometime next week; so
we have to remain somewhat dubious as to vr.- -It the final out-
come will be That is the reason I am asking which tissue one
should really look at. because I was hoping for some help in that
area.

But at the present time at least in this animal model, and of
course we do not know how relevant it is to humans, we would
not think, in our unit, that zinc deficiency_ is a critical compo-
nent of the fetal alcohol syndrome.

Dr. Hurley: Well, I think that until you actually have the data
on the zinc content of the fetuses you really cannot say whether
it is or not. The total DNA content could be noriaal and still
have an abnormal synthesis.

Dr. Falchuk: I think it is important, in view of the fart that
thymidine incorporation has been used in this particular type of
experimentation and in the data that you suggested DNA con-
tent itself is used There are differences in terms of interpretation
when one uses a label to indicate about DNA synthesis. And as
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you saw, in even the Euglena, where we know for a fact that there
is zinc deficiency, the DNA content also does not determine what
is going- on in terms of the metabolism, But I think it further in-
dicates the issue that you raised about zinc content itself.

From I7r. Ilurley s data. you saw that during the time when the
mothers serum zinc level fell down to about 40 percent of the
normal, between Ei and 14 days, if you measured the serum zinc
in the mother, you would say she is depleted of zinc. Yet there is
no evidence in the mother that- she has any problems with zinc
metabolism, And yet, at the same time. the fetus, obviously, is
undergoing some remarkable changes in terms of its metabolism
of zinc.

Si I think what Dr. Vallee was trying to t,ay is that it is dif-
ficult to make an assessment of zinc nutriture and its relationship

metabolic events in cell division from a measurement isuch as
zinc content, DNA content, or thymidine incorporation), unless
you actually know everything else that is going on.

In terms of these types of experiments, it is clear that it is not
the maternal zinc content that is a problem, even though that is
low in one tissue; hut, from Dr. Hurley's data, the liver zinc con-
t. ' is normal, the hone content is normal, so the mother is per-
fectly all right. Yet, depending on what tissue you biopsy and
measure, the zinc content can vary. So I think it is just a matter of
principle in terms of what a number means metabolically. And
the truth of the matter is. I am totally confused about how to
answer that question (which is asked all the time whenever I talk
any place), because everyone wants to know the answer. Well, I
would like to give it. and I think each of you would also like to
give it.

. Dr, I lurley: I certainly do agree, Dr. Falchuk.



Hypothesis Concerning the Effects
of Dietary Nonsteroidal Estrogen

on the Feminization of Male Alcoholics*

Roger Lester, David H. Van Thiel, Patricia K. Eagon,
A. Forrest Imhoff, and Stanley E. Fisher

flardcore, chronic alcoholic men commonly are feminized.
Changes in their sexual function and appearance include im-
potence, sterility, testicular atrophy, altered hair distribution,_
gynecomastia, and cutaneous vascular changes. These changes
can be ascribed to two basic mechanisms'., hypoandrogenization
and hyperestrogenization (1).

An initial characterization of the pathogenesis of the hypo-
androgenization of the male alcohblic has been provided (1,2,3,4,
5,6). It is now abundantly clear_thatthis-phemonvenon-is due to

---the-direvr=effeel of alcohol on the testis, to coexistent hypo-
thalamic-pituitary suppression by alcohol and thus to diminished
central stimulation of the testis, and to changes in hormonal me-
tabolism produced by alcohol- induced changes in the liver. The
net result of these changes is to decrease the amount of testos-
terone available to target tissues and to diminish and ultimately
tp eliminate spermatogenesis (2).

The pathogenesis of the hyperestrogenization of the male al-
coholic has remained in greater doubt. Despite unequivocal eyi-
dence of symptomatic and biochemical evidence of severe hyperL
estrogenization, most alcoholic men maintain normal plasma
concentrations of estraJiol (E2), the principal female sex hormone
(2.7,8,9.10,11.12). It has been suggested that normal E2 levels
in the presence of diminished testosterone levels might produce
gpTestrogenization (11), but this concept is not universally ac-

cepted. In one study of patients with liver disease, total plasma E2
was normal, but unbound E2 was increased (11). Unfortunately,
this attractive hypothesis has not been confirmed in all other
studies. Presumably as the result of increased peripheral conversion

'This work was *up- ed, part. by t4IAAA Grant AA01,150,
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of adrenucortical steroidal precursors, plasma estione (E1 ) con-
ce,itrations are elevated (4,8). on the= other hand, E1 is a weak
estrogen with only one-fifth the potency of E., when measured by
standard bioassay techniques, and the E1 elevations observed in
chronic alcoholics have been of a modest degree.

We have entertained an alternative hypothesis. Nature abounds
in nonsteroidal substances that are weakly estrogenic (13). These
substances are found in a variety of plant species that Might form
he basis for preparations of food or drink. There are animal

models of tne effect of excessive ingestion of plants high in non-
steroidal estrogens; hyperestrogenization of both quail and sheep
have been shown to occur as the result of grazing on certain
species of plants known to contain certain nonsteroidal estrogens
(14,15). Presumably, the amount of nonsteroidal estrogen in the
normal human diet is insufficient to produce estrogenic effects in
the huMan. In the presence of an abnormal diet, or, more likely,
if insufficient metabolism of nonsteroidal estrogenic substances
were to_octi-r-because--0-f-tre firesence of advanced liver disease,
sufficient quantities might accumulate in the plasma to produce
estrogenic effects.

Th,e standard tests for p aima estrogens are radio immuno-
assays that are highly specific, and therefore nonsteroidal plasma
estrogens would remain unmeasured, even in the presence of
quantities sufficient to induce marked hyperestrogenization.
Consequently we have searched for an alternative measure of
estrogenicity sufficiehtly sensitive to detect the low concentra-
tions of%material anticipated to be present in plasma. This method
must also discriminate between estrogens of a variety of chemical
configurations and other substances with no estrogenic activity.

For this purpose, we have examined cytoplasmic hepatic es-
trogen receptors in male and female livers: ln brief, estrogen re-,
ceptors can he demonstrated in the 100,000 x g supernate tPf`
both male and female liver homogenates. A high molecular-weight
protein, existing as the major E., -binding protein in female super-
natant and a minor E, binding protein in the male supernatant,
is demonstrable. This protein specifically binds both steroidal and
nonsteroidal estrogen: noriestrogenic hormonal steroids, bile acids,
and endogenous and exogenous substrates transported and me-
tabolized by the liver fail to a --Tact with it.

The principal E, binding, protein in male hepatic, cytoplasmic
supernatant is a low molecular weight protein with somewhat

-different binding Characteristics. This protein specifically binds
steroidal estrogen but does not interact with such nonsteroidal
estrogens as diethylstilbestrol. As with the high molecular weight
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E. binding protein, nc, in te racti, ns sue exhibited with other non-
estrogenic steroidal hormones, Eile acids, or liver-metabolized
substrates.

The. male and female E, binding proteins might thus serve as
the basis for protein binding assay for nonsteroidal estrogen.
3H-E is in euhated with 100,000 g supernate of male and fe-
male livey homogenate. Standard displacement curves are gen-
erated by adding varying quantities of steroidal and nonsteroidal
estrogens. The results are expressed as a ratio of 3H-E, bound
after displacement/3H-E2 bound with no added estrogen and are
plotted against the logarithm of the molar amount of estrogen
added. The data are subjected to logit transformation to produce
straightline standard curves. Plasma samples are then extracted
in ether, and three concentration f the extract are used to test
for displacement f the tracer 311-E0. The results are then ex-
pressed as equivalents of steroidal or nonsteroidal estrogen. Non-
steroidal estrogens should produce displacement of tracer 3 H-E2
from the predominant female, but not from the predominant
male, estrogen binding protein.

The results are in much too formative a stage at this time to
report definitive data. However, in a brief survey of 15 sera from
hardcore male alcoholics with liver disease, 3 sera were found that
appeared to behave as if nonsteroidal estrogen were present: Dis-
placenrent was observed at an order of magnitude greater than
could be accounted for by the known concentrations of steroidal
estrogen measured by radioimmunoassay in the samples. 3H-E2
was displaced from fernale,:but not from male, rat liver super-
nre. These preliminary data may represent the first demonstra-
tion of nonsteroidal estrogen accumulating in the plasma in
association with liver disease.

In summary, it is difficult to explain the marked hyperestro-
genization of alcoholic men in terms of measurable levels of
plasma steroidal estrogen. It is possible that the observed hyper-
estrogenization is due to the accumulation of dietary nonsteroidal
estrogen as the result of liver disease. One means to approach this
problem is through the use of a protein - binding assay, using the
discriminatory characteristics of the binding proteins in male and
female .rat liver cytos. Studies are now in progress to explore
this hypothesis.
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ussIon of Paper by Lester et at.

Dr. Schenk I think one of the most interesting parts is the
indication that the cellular receptor that binds estradiol differs be-
tween the male and female, because as .you set it up against all
these different estrogenic substances, you see a different pattern.
I wonder cif you could elaborate on that. Are there other indica-
tions from other types of study about this? And what is the
mechanism of this difference in the estrogen receptors? Does it
have anything to do with- the determination of secondary sex
characteristics? How does it fit into endocrieolou?

Dr. Lester: Of course, the receptor that we are talking about
is the receptor in the liver cell. We have no idea whether this sort
of difference may exist elsewhere, and we were most surprised to
find this. We had studied the male almost as an afterthought and
therefore were very surprised to find the difference in biologic
activity. I might say that the difference in activity that I have
shown is not absolute; one can doctor the conditions of one's
assay and make the male receptor behave like the female re-
ceptor. That is, it will react under certain in vitro conditions with
things !ike diethylstilbestrol, nonsteroidal estrogens. So we won-
dered whether this was some very bizarre form of artefact we had in-
troduced. But in addition to this difference in activity, at least under
certain in vitro conditions, there are indeed other differences be-
tween the male and female estrogen receptor in the liver. The
moiecular weight of the two receptors (as determined at least in
a crude way) on sucrose gradient is distinct. Female receptor
seems to weigh approximately 200,000 daltons. The male re-
ceptor appears to weigh less than half that.

Dr. Lieber: I wonder what additional evidence you might have
to show that you are dealing with dietary substances.

Dr. Lester: It is a perfectly reasonable question to ask, and I
might say that, in the course of talking about dietary substances,
I intend to include the possibility that some of these substances
are in alcoholic beverages. That is why I was really so fascinated
with the results discussed earlier that suggested maybe there were
activities in the dealcoholized residuum of wine.-In certain species
that eat an excess of certain foods, ahyperestrogenization, in
fact, occurs. It occurs specifically in a kind of quail that eats an
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excess of certain seed c untaining of estrogenic mate-
rials. and it occurs in sheep that consume huge amounts of clover,
which happens to contain an excess of certain estrogenic mate-
rials. So the precedent is there in nature; and the interaction of
liver disease with even a moderate intake might conceivably pro-
duce the changes that I am talking about.

I should warn you that, in the usual sense, these are very weak
estrogenic substances we are talking about, with the strength of
about 1:10,000 to 1:100,000 of the strength of estradiol. On the
other hand, in the presence of liver disease, with the inability to
metabolize them, it is perfectly conceivable that they might ac-
cumulate in excess and produce biologic effects in a human.

Dr. Lumeng: You isolated the estrogen receptor from rats, is
that correct?

Dr. Lester: The source of the receptor was rats.
Dr. Lumeng: DO you have evidence that .a similar receptor

exists in human liver?
Dr. Lester: No, none.
Dr. Lumeng: Are you pursuing studies to confirm that these re-

ceptors are also present in human liver? Otherwise, as I understand
your goal, you merely use these receptors from rat liver as an assay
tool.

Dr. Lester: Yes, that is absolutely right. Our intention is not to
worry about the interaction of estrogen with the liver receptor,
but rather to use the receptor, as I say, as kind of an assay pro-
cedure. We did not really care whether it was a human source of
serum and rat source as a receptor. Our only intention was to use
it as a source of an assay, just as one might use rabbit antibody to
do a -radiaiminunoassay on the plasma of, human,material. The dis-
connection between the source is not important to us. But-yes, we
are interested in knowing how wide a species variation there is in
this ,line. We have lboked at frogs; as it turned out, the estrogen
receptor in frogs is different in a variety of Ways from that in rats.
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and liver changes, 65, 67, 383
maximized in animals. 13-14. 55
Metabolic effects, 108, 362-63
moderate, 110
and nutritional state, 3-4, 35-36,

47-54, 65', 67
and RNA, 154
and sexual function, 383-85
and thiamine. See Thiamine.
and transport, 110
varying beverages, 191-204
varying quantities, 8, 15, 40, 48-

49, 168, 344, 347, 353
withdrawal. See Alcohol with-

drawal.
and zinc. See Zinc.

Alcohol dehydrogenase (AD/4)
affected by nutritional

331-32
biochemistry. 121-25
determining factor in alcohol oxi-

dation, 13, 260, 315-16, 323-
29, 337

forms, 14, 337-38

in gastric mucosa, 164
human, 121, 337-46
inhibited by 4-rnethylpyrazole,

260
liver ADH, 14, 16, 338-40
measure of alcohol oxidation,

41-42
pathway, 59-60
ii-ADH, 14 -16, 338-47
as retinal reductase, 152-53
in serum, 64
zinc in, 5, 118-19, 121, 159-

60
Alcohol withdrawal, 173, 177-78,

182-85
delirium tremens, 165-66, 184
hangover, 176
irritability, 184, 369
seizures, 55-56, 166, 184
See also Alcohol consumption,

effects of cessation; Fetal alco-
hol syndrome,

Alcohol, caloric value of, 3, 35, 54-
61, 251, 265

See also Calories.
Alcoholic cardioniyopathy. See

Heart.
Alcoholic liver disease, 4, 41, 54

See als-Liver.
Alcoholism, 153

assessrneht, 12, 36-37, 285-87
biochemistry, 14, 337
chronic, 35-36, 40, 173-76, 222
economic costs, 35
See also Alcohol abuse.

Aldolase, 158-59, 177, 179
Aliphatic alcohol, 353
Alkaline phosphatase, 158-59, 164,

179, 212, 255, 261-63
Alkalosis, 166

intracellular, 180
respiratory, 7, 173, 176-77,

182, 185
Alopecia, 127, 158

See also. Hair loss.
ci-Amantin,\ 142
a-Amino-n-Butyric (AAB and

AANB) acid, 12, 36, 285-87,
289-90, 292

See also A:L ratio:
a-Glycerophosphate, 351
o- Ketoglutarate, 321-22
a- 2 -Macroglobulin, 164



Amine acetylation, 160
Amino acid, 11, 100, 150, 164

absorption, 110
acetylation, 160
accumulation, 134, 140
and albumin synthesis, 300-3
bwavailability, 307
concentration, 289-92
as measure of alcoholism, 12, 35,

285-87, 289-92
metabolism, 12-13, 285-311
therapy, 12, 304, 307-8
transport, 207
See also specific amino acids.

Aminopyrine, 61
Aminotransferase, 255, 264
Ammonia, 180, 307
Amylase, 299-300
Anemia, 9, 157, 216-, 272, 371

alcoholic, 267
iron deficiency, 29
rnacrocytic, 221,
rnegaloblastic, 210, 267, 372
ring, 267
sickle cell, 158,163
sideroblastic, 251, 267-68

Anesthesia, with alcohol, 61
hydroxylase, 56

Animal models
alcohol consumpt , 286
alcohol elirninatu)n, 354
alcohol intake Maximized,

13-14, 55
alcoholic liver injury, 56, 362
fetal alcohol syndrome, a69, 380
folate absorption, 209
folate metabolism, 223
nonateroidal estrogen intake, 384
phosphorus deficiency, 184
zinc deficiency, 158

Animal studies
AANB increased, 12
acid excretion, 154
acid secretion, p04
albumin synthesis, 12, 295-3014.
alcohol clehydrogenase, 13, 125-

27, 315-16, 323-29, 331-32,
337

alcohol elimination, 11-15, 324,
354-58

alcohol intake maximized, 13-
14,55

alcohol oxidation, 13, 315-24
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alcoholic liver disease, 4, 41, 55-
56

amino acid metabolism, 285-86,
289-92

blood alcohol concentration, fe-
tal and maternal, 370

calcium deficiency, 178, 180
carnitine synthesis, 271
diet, nutritionally compared to

human, 33
energy wastage due to alcohol

consumption, 4
enzynid activity depressed, 53
estrogen intake, 385, 387
fetal- alcohol syndrome, 16-17,

370
folate deficiency, 371
folate metabolism, 209-17, 220,

223-24
folate uptake, 229, 249
folic acid deficiency, 371
galactose elimination, 16, 360-63
geophagia, 164 -
hepatic histology, 9
horse and human ADH similari-

ties, 125-27
iron metabolism, 164
liver damage, 9, 41, 55 -56. 362
magnesium. deficiency_ , 165-76,

370
metabolic rates increased, 61
nutrient absorption impaired, 9-

10,49
oxygen consumption increased,

59, 352
pancreatic secretion inhibited,

107
phosphorus deficiency, 178, 180,

182-84
physical alcohol dependence, 56
protein deficiency, 66, 209
RNA, 135, 154
thiamine transport, 237-39, 249
vitamin B6 deficiency, 252, 257-

60, 263, 269
zinc deficiency, 126-27, 150,

159, 161, 373-76
See also specific animal.

Anorexia, 11, 35
Anoxia, 23E.'
Apathy, mental, 158

See also Lethargy.
Ape, 131
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Ascitrs. 190, 272
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See also Molate aioortate .hut U.
Aspergillt4 ruger, 11s, 133
Auld, D S. 130
Azide. 353
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A L ratio, 12. 292
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iolite Absorotg011, 9
fidatt- concentration. 211-16

eMEOS. 211
ii-ADII 16
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Binge driKeri. 19, 207-
.'C also Alcohol con+iimpti.
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(kieneticx. and xoccific defgets

Bladder. diffusion harrier in 81
Blobel. (5,. 299
Blood. 12. 85-85

See also Ilemogrobin
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and AL.. rap°, 12. 36. 2S6
and AMP concentratton. 109
and ATP concentration. 109
and alcohol oxidation I I. 3.11.

353-54, .158
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lion. 113

maternal and fetid. 370
and lb mø tranvort, 10
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203-4
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It-ood pres.sure. increased due to -Al.

cohol consumpt tun..;7
Bone, 7. 65., 119. l69, 17S-79.

208, 221, 267
B....ron. WE 121, 121, 125, 328
Brain

birth defects. 369-71. 373
encephalopathy, 47'7
oxygen released to, 1s5
P1.1-' concentration. 259
protein concentration. 113
RNA binding in. 154

lieooks. F,P.. 107
Bucher, T., 324, 326
Burn& cause of zinc delicinc.r, 158
Butanol, 353

OAP (cytoaine monophosphatj.
14S-49

('PK (creatine phosphokinase1 ac
tivity. 184

C-SE See Cerebrospinal fILflLI
Calcitonm, 176
Calcium

absorption. 176, 17$, 194
concentration, 1, 37, 134. 163.

176, 169-90, 192. 195. 200
del len , 29
excringon, 193-94. 19S
intake. 3, 30, '7, 19S --

mobilitation, 1-80
theca 130

Colonei 32
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of diets. 3-1, ;9
empty. 3, 3.,!1.1'..!4
wistago4, 61, 64
See also of, caloric- value of,

Dancer
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(.7arbohydrates.'i9., 134
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Carnitine, 11
assessment, 276-77
concentration. 273, 278-81
correlation with nutritional state

271
deficiency, 11, 271-80
excretion, 276-79
intake, 11, 271, 276
metabolism. 278
synthesis, 11. 271, 278
therapy, 277, 279
transport, 2-71

Cat, 371
Catalas.e, 15. 352-53

changes, 53
damage, 177 -78
division, 127, 131. 49-50,

221, 375, 381
dysfunction, 8, 180-81
growth, 137-38
membrane, 67-97, 100
metabolism, 171, 181, 315
muscle, 77, 85
parenchyma, 215
permeability, 174
polarity:75, 77-81, 98
volume. 5, 134

Central nervc as system, See Nervous
system.

Cerebrospinal fluid (CSF), 166
Ceruloplasmin, 163-64
Chance, EL, 350
Chelating agents, 130, 141-43, 155
Chelator, 3, 34-7
Chenodeoxycholic acid, 54
Chlorine

absorption, 50. 207
concentration, 183

Cholecystokinin, 107
Cholic acid, 54
Choline, 56, 192
Chondrogenesis, 371
Choroid plexus, 85
Chromium, 5, 134
Chronic alcohol consumption

and AAN9 _level in plasma and
liver, 12

and alcohol metabolism, 13-16.
38, 347

and amino acid concentra
289-92

and amino acid metabolism,
87

Ei6 deficiency? 251, 253-55, 258
bile salt metabolism alteration, 54
blood ethanol elimination non-

linearity exaggeration by, 3-49-
63

diet and disease relationship_ 38-
41

and disaccharidase depression,

and disease development, 4
and energy requirements of the

body, 59
and ethanol calorie utili ation,

59-61
and ex racellular fl uid vol u me

increase.. 170
feminization effects, 17, 383 -85
and fetal alcohol ,:vridrorne, 369-

70
and folate metabolism, 221
and germinal cell injury, 42
hemolysis and hypophosphatemia

relation to. 182-86
hypophosphatemia, 176-76,

182-85
and intestinal absorption, 97-98
intestinal function effect, 50
and intestinal thiamine trvnsp-

10
and liver disease, 264
liver injury and diet relation tea,

55
liver PLP content lowered by,

258-59
and magnesium metabolism.

167-68
and myocardial metabolism al-

teration, 159-60
and nutritional inadequacies, 35
osteomthicia, 179
phosphorus deficiency_ relation-,
ship, 174-76, 179

small intestine function effect,
53-54

and thiamine deficiency, 237
and thiamine transport, 244-46

Cirrhosis
carbon tetrachloride, 66
causes of, 38-39
childhood, 66
development of, '4, 40, 54, 66-

210
morbidity from 40-41
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Cirrhosis, cont.
patients with, 11, 37, 39,
152, 189, 198, 271-79

related problems, 5-6, 11,
160, 253, 268-69, 281

See also Liver damage;
disease.

Citric acid
cycle, 352, 361
metabolism, 159

Cleft lip, 370, 373
Cleft palate, 368-69 371, 7

Colchicine, 180
Colic, 53
Collagen, 9, 215, 309
Colowick, S., 119
CongenitaLdefects. See Birth de-

fects; Fetal alcohol syndrome;
Genetics.

Controls, difficult to establish, 27-
29

Copp,n
biochemistry, 64, 118, 164
concentration, 5, 37, 117, 134,

143, 115, 160
intake, 34

Cornell, N.W., 331. 333, 347
Cot-yell, C., 119
Cowan, D.11 255, 264, 267
Craddock. P.R I8 3
Creatine phosphoki nos - 7. 171,

179, 198, 250
Creatinine, 160, 215
Crow, K.E., 331.
Cyanide, 353
Cytochrom. P-450, 15, 353
Cy_ toplasm, 145, 159, 177-78

See also Cell.
cosine, 1-16, 149

eytosol
aleuhul meta!;olism. 16, 309,

347
hepatic, 16, 262-63, 350-52

transport, 271, 316
Cy tosolie

compartment, 67, 70-73, 83
glutamate, 321
NAD+, 324
NADH, 322. 324, 350, 352
NAD+/NADH, 326
protein, 331, 385
redox 360-62
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133,

119,

Liver

DNA
cellular content, 134-37,
299, 332, 380-81

formation, 131
metabolism, 148, 150
polymerase, 5, 121, 130, 140,
148, 154-55, 169, 375-76

synthesis, 153, 159, 221, 375,
380

Damon, F 153
Davis, R.E_ 255
de Carli, L.M., 210, 215, 244
Dehydrofolate reductase, 209
Dehydrogenase, 158

See also Alcohol dehydrogenase;
11-ADH.

Delirium tremens. See Alcohol
withdrawal.

a-ALA synthesis, 268
Delta-aminolevulinic acid &hydra-

tase, 161
Demographic characteristics, 14,17,

30, 40, 50-53, 178, 180,
254, 264, 267, 287, 385, 387

Dependence. See Alcohol with-
drawal.

Dermatitis, 127, 158 -

See also Acrodermititis entero-
pathica.

Diabetes
glucose utilization, 181
insulin, 1-4
ketoacidosis, 176, 190

Diamond, J.1%,1_, 100
Diarrhea

and ucrodermatitisenteropathica,
127, 158

in binge drinkers, 49, 207
cause of phosphorus deficiency,

7, 175
caused by Palate deficiency_ , 209-

10, 218
caused by intestinal exposure to

alcohol, 209%
caused by jejuna' dysfunction,

49-50
caused by lactose malabsorption,

53
caused by nutrient malabsorp-

tion, 49-50 -

Diet, 33-34, 40
animal compared to human, 33
human, 31-34
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Diet, cont,
liquid, for rats, 54
maximized for animals, 13-14, 55
meat compared to vegetarian,

33 -34
See also Calories; Food consump-

tion patterns.
Dietary Goals for the United States,

34
Diethyl ether, 75'
Diethylstilbestrol, 384; 387
Diffusion barriers, 4, 83-97

See also Passive permeability co-
efficient; Perfusate; Unstirred
water layer.

Diffusion, carrier-mediated, 81
Digestion, 47, 50, 55, 19
Digestive organs, 4

See also specific organs.
Dilantin, 224
Dinda, P_K 110
Dinitrophenol, 61, 238
Diphenylhydantoin, 224

= Disaccharidase, 50-53, 217-18
See also Lactase; Sucrase,

Disprotenemia, 161
Disulfiram, 295
Dithiothreitol, 323
Dog

acid secretion, 4, 104, 107
calcium, 178
diet, commercial, trace element

content, 33
magnesium, 168, 170
phosphorus, 180, 182-84
pyridoxid phosphate synthesis,

269
Drug ingestion, 3

See also Barbiturates.
Duodenal ulcer, 48
Duodenum, 48-49, 107, 110, 238-

39, 241
See also Gastrointestinal tract;

Ileum; Intestine; Jejunum;
Small Intestine.

Dwarfism, 127, 157, 163, 376
Dysarthria, 184

Economic factors of alcoholism, ef-
fect on nutrition, 3-4, 29-30,
54

Edema, 371
Egypt, 6, 35, 127, 157, 163, 376

Eichner, Eli.
Electrolytes, 50, .34. 179
Emmett, N1_, 180
Encephalapathy, Brain. en-

cephalopathy,
Endocrine, changes, 163
Endoplasmic reticulum, 56, 215,

303
Energy

ineffidient use of, 3, 39
wastage, 4, 39, 59-61

Enzyme
activity, 11U, 171
activity measured, 27, 144
alterations, 36, 49, 54, 113, 371
catalysis, 133
differentiation, 16
gluconeogenic, 52-53
liver, 215
metabolic pathway for alcohol,

60
secretion, 107-8, 178
synthesis, 114
See also specific enzymes.

Epimerase, 361
Epinephrine, 61
Epithelium, 53, 85, 209, 215, 218,

244
Erythrocyte

folate concentration, 9, 227
folate concentration and fetal

alcohol syndrome, 37.2, 377
function and phosphorus defici-

ency, 7
pyridoxal kinase concentration,

267
pyridoxal phosphate concentra-

tion, 11, 225-58, 260-61,
263-64

separated from leukocytes, 130
Esophagus, .35, 159
Estradiol, 17, 383, 387-88

See also Estrogen.
Estrogen, 384, 388

mansteroidal, 17, 383-85 387
steroidal, 384-85

Ethanol. See Alcohol,
Ether, 77
Ethnic group, 14, 30, 50-51, 53,

264, 267
See also Demographic character-

istics.
Ethylene glycol, 124-25
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Ethvit rails drotolate. 224
Eseherwhea coll. 148
Euglena gracelis, 3-6, 68, 127 -28,

133-50, 376. 380
Eye defects

assessment, 17
binding, 9, 222
bioavailability. 209
circulation, 225
concentration, 9-11, 208, 211,

congenital, -368, 370 215,17, 220, 227, 372-73-. 377

See also Fecal alcohol syndrome; deficiency, 9, 16, 36-37, 207,

Night blindness 209-10,
370, 377

218, 220, 237, 249,

FAS. See Fetal alcohol syndrome.
FSH (follicle-stimulating hormone),
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Faichuk, K_1-1_, 121, 127, 154
Faneoni syndrome. 180
Fat

absorption, 50, 207, 217
concentration. 280
fecal, 54, 158. 151, 179
sources, 3, 31-33, 41
storage, 41
See also Liver_

Fatty acid
absorption. 97
inhibitor of py azole, 347
intake, 32-33

`oxidation, 280-81, 360
ynthesi, 351
transport, 70-71, 74-75, 100, 271
uptake, -77, 80-82,S7-88

Fatty liver, 4,40, 54 -56, 61, 65-66,
111, 237, 253, 271

See also Liver disease, progres-
sion.

Fecal fat. See Fat,
Feminization, 17, 383-85

See also Hyperestrogenization;
Hypoandrogenizalion.

Fetal abdorrnalities, 16-17, 158,
367-77, 380-81

See also Birth,Oefects,_
Fetal alcohol syndrome (FAS), 16-

1,7, 367-77, 380-81
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21, 229-33, 235

depletion, 50
excretion, 216
intake, 216, 21.S. 264
metabolism, 209. 217-

25,372
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storage, 9, 218, 223, 225
therapy. 221
transport. 220
See also Folic acid.

Folate conjugase, 209. 211. 217-18
Folic acid, 29. 37

absorption, 207, 2.11, 217
deficiency, 25-3, 371-73
therapy. 208
transport, 101
See also Folate.
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27, 29, 31-35, 55, 168-69,
174-75

Food intolerance, 158, 181
caused by alcohol, 50, 53
lactose, 158

Formirnino glutamic acid. 272
5-Arninolevulinic acid dehydratase,
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4-Methylpyrazole

and albumin synthesis, 306, 308
and alcohol elimination, 357-58
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260-61, 341, 343-44, 357,
361

inhibitor of alcohol metabolism,
295
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inhibitor of pyridoxal phosphate,

260
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14C methyltetrahydrpfolate, 224
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Gastric ulcer. Sec Ulcer.
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98, 103, 110, 169, 200, 245
damage. 4
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See also specific organs.

Genetics, 14, 133, 149, 154, 372
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See also Birth defects; Fetal al-

cohol syndrome.
Geophagia, 157, 164
Gershoff, S.N., 41
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Glprnerulus, 169
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Growth

failure, 5
retardation, 157-58, 163, 178,

271, 367-69
See also Birth defects; Dwo-fism;
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See also specific hormones.
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absorption, 110, 208-9
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See also Blood.
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alcohol metabolism. 328-29, 363
alcohol oxidation, 257-58
alcohol withdrawal, 185
alcoholic liver disease,

37-41, 55-56, 66
alcoholism; 37-41
calcium concentration, 189-90
carnitine deficiency. 271-80
diet, nutritionally compared to

animal, 33
disaccharidase', 50-52, 218
energy wastage. 4
enzyme activity depressed, 52-53
estrogen concentration, 388
ethylene glycol poisoning_ , 125
fetal alcohol syndrome, 368-73,
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foiate absorption, 207-9
folate metabolism, 221-23
folic acid, 371-72
galactose elimination, 360
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Impotence, 383
India, 66, 280
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Lsobutanol, 75
Isobutyramide, 347
Isocritic dehydrogenase, 159
Isornerase, 121
Israel, Y., 61

Jacobson, W., 372
Jaundice, 272
Jelunurn

absorption, 50, 110-11, 238
chlorine level as cause of diarrhea,

51, 53, 217
disaccharidase activity, 51, 53,

217
secretion, 209

399,

sodium level as cause of diarrhea,
207

transport, 5,'345
uptake, 209, 239-40
waves in, 49
See also Duodenum; Gastrointes-

tinal tract; Ileum; Intestine:
Small intestine.

Johns, D.G., 222
Jones, K.L., 368
Journal of Lab and Clinical

Medicine, 164
Journal of Lipid Research, 65

Kaplan, N,, 119
Keck, K., 299
Ketoacidosis. diabetic, 176, 190
Ketogenesis, 281
Ketosis, 281
Kidney, 7, 158-61, 167, 169, 180,

183, 189-90
Krebs, FLA., 307
Kulkosky, P.J_, 328
L-alanine, 5, 110-11
LH (luteinizing hormone), 163
Labadarios, D., 264
Lactaldehyde, 324
Lactase, 50-51, 53, 211
Lactate, 13, 222, 298, 316-20, 322,

324, 326, 352, 360-61
Lactate dehydrogenase, 324
Lactation, 30
Lactic acid, 351
Lactic dehydrogenase (LDH), 159-

60
Lactobaccillus easel, 211, 222
Lactose, 31, 50-51, 54, 158
Lange, L G., 124
Lecithin, 15, 353
Leevy, C_, 42-
Lelbach, W.K,, 40
Lemoine, P., 368
Lethargy, 157-58
Leucine, 12, 36, 286, 289 -90, 301

See also A:L ratio.
Leukemia, 130
Leukocytes, 7, 130, 181, 183
Li, T.-1(., 121, 124, 126, 328, 347
Lichtman, M.A., 183
Lieber, C.S.,

209, 215,
39, 100,
2121, 244,

123,
292,

154,
347

Ligament of Treitz, 50
Ligase, 121
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Lindeman. R.D.. 161
Lindenbaum, J_,
Lipse, 70

55-56. 70, 73. 77. 83 97.
134

Lipid - protein matrix, 67
Liposomes, 100
Liver '

AANB level, 12
acetaldehyde, 268, 304-6
albumin synthesis, 301-2
alcohol administration. 109
alcohol clehydrogenase, 13, 41.-

323-25, 331. 361-63
alcohol effects, 4, 12, 47, 69.

111, 210, 212. 214, 225, 295,
309

alcohol metabolism, 108
amino acids, 289-92, 301
carnitine synthsis, 11, 271
collagen. 9
damage, 9, 55, 66. 185, 286-

87, 383
disease. ,S7ee Liver disease.
estrogen, 385, 387-88
fat deposil;.n. 9, 41, 56
fatty acid oxiiation, 360
folate, 9-10, 217, 220, 223-24,

229-33
fructose, uptake. 177
function, -s, 36
gluconeogeriesis, 323, 360
malate-aspartate shuttle, 321
necrosis, 41
and other gastrointestinal tissues.

103 -4
oxygen consumption, 352
fi-ADH, 14, 337-46
pyridoxal phosphate cone ntra-

tion, 11, 252, 258-63
urea synthesis, 305-6, 323
vitamin it) metabolism, 189

161
Liver damage, 9,

185, 286-87,
Liver disease, 35,

40,
383
185,

55,

190,

66,

268

178,

AANB level, 286
acetaldehyde, 295 ,
assessment, 36, 286
bile salt metabolism, 54
calcium, 163
carnitine deficiency, 11

estrogen:384-85, 388
glucose tolerance, 181
hormone metabolism, 17-,
nutritional status, 11, 253
phosphorus concentration, 178,

155
progression. 39-41, 54-56, 65-66
pyridoxal phosphate, 255
vitamin A, 38
vitamin Be, 264-65
vitamin D, 175
vitamin E. 41
zinc, 6, 37-38, 41-42, 65, 153,

158-61
See also Cirrhosis; Fatty liver;

Hepatitis.
Liver function, 4, 36
Liver, fatty. See Fatty liver.
Lowenstein, F.W.,.29-30
Lowry, 0.1-1.. 299
Luminal toxins, 50
Lyase, 121
Lyrnphopenia, 158
Lysine, 11, 271, 276 -78, 292, 301,

322
Lysyl-oxidase, 164

McFarlane, A.S., 297
McGuffin, R., 223
MEOS (microsomal ethanol-oxidiz-

ing system). See Microsornal eth-
anol-bxidizing system.

Magnesium (Mg), 5, 16-17, 37,134,
155, 165-71

absorption, 7, 169-70, 194,
197-98

concentration, 166,'168 -69, 180,
184, 189.192, 197, 200

deficiency. 7, 141. 165, 167-
68, 170, 174-76, 370, 377

excretion, 8-9, 167-70, 194,

198

metabolism. 7, 9, 148, 165-71

mitochondria, 171
source, 168-69
therapy, 130

Magnesium-bictuVnate ATFase,
113

Magnesuria, 170, 176
Malabsorption, 4, 38, 47, 50,

211
causes of, 54-55
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Malabsorption. cont.
jactose; 53

Malate. 323, 351
See also Malate-aspartate 4huttle,

Oxalo-acetate-malate ey cle_
alate-aspartate shuttle, 13, 316,

321-2
See also Aspartate; Malate.

Ma late pyruvate-oxaloacetate cycl
351

Maldigestion, 4
!Oahe dehydrogenase (1I DH), 159-60
Malnutrition. 3-4, 47-48, 50, 54-

56, 65, 182
primary, 3-4. 48
protein, 65-66
secondaly, 3-4, 18
See also Nutritional state.

ancini. G.. 298
Manganese (Mn) concentration, 5,

37, 134, 141, 143, 145, 148-
49, 155

Nlannitol, 239
Margin, S.. 191
Marquis, N II_ 272
Matter, 13_,J., 175
Megaloblastic erythropoiesis,

221
Meijer, A.i.1,, 317
Membrane polarity, 4, 73-81, 100
Mental deficiency. 367-69
Mental obtundation, 184-85
Mental retardation. 129

See alio Birth defects.
Mertz, W.. 24
Metabolism

affected by alcohol, 198, 251-
65, 363

alcohol 5

67-98, 108, 114. 315-6
amino acid, 285-314
bile salt, 54
carbohydrates, 185
carnitine, 278
cell, 171, 181, 315
citric acid, 159
cytosol, 16, 309, 347
derangements, 18-I-86
DNA, 148, 150
folate, 209, 217-18, 221-25, 372
hormone,_ 17
lion, 164
magnesium, 7, 9, 148, 165-71

mineral, S, 117-206
nutrient, 5, 31, 38.43
pathways, 59-60. 161
phoSphate. 189
phosphorus, 194
protein, 12-13, 150. 285-314
rates, 61
vitamin, 207-84
vitamin A, 38
vitamin Be, 11, 251-65, 268
vitamin D, 7, 179, 189
zinc, 6, 38, 42, 118-19. 133,

145, 152-53. 157-61, 376, 381
tal. See Trace metal.
Mlobiochernistry. 121

Metalloenzyrne. 27,145, 158
See also Enzyme; specific en-

zymes.
Metallothionine, 133
Methanol, 125
Alethionine, fl 6-78, 301
Methotrc.,:ate, 229
Methylation, 225
Methylene group, 76-78, SI
Methyltetrahydrofolate, 9, 222,

224, 232
Michaelis-Menten kinetics, 353
Microcephaly. See Birth defects-

Fetal alcohol syndrome.
Micrognathia, 368, 370

..See 'also Fetal alcohol syndrome.
1%11a-ophthalmia, 368, 373

See als1.74'etal alcohol syndreme.
Microsornal enzyme, 56,60-61, 351

See also specific enzyme.
Microsomal ethanol -oxidizing sys-

tem (MEOS), 4, 15, 56, 60

Microsomal. pathway (liver), 59-60
Mineral, 5-9, 27

absorption, 201
assessment, 27
intake, 29, 54
metabolism, 8, 117-206
See also Trace miller; specific

mineral.
Mitchell, D., 264
Mitochondria

TP synthesis, 113
energy, 309
fatty acid transport, 271
injury, 9, 56, 211-12, 215
loss, 267
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Mitochondria, cont.
magnesium, 171
rnalate-aspartate shuttle, 316,

320-21
oxidation, 351
porphyrin synthesis, 268
reoxidation,'320, 360-61
zinc concentration, 42, 161-

Mitotic activity, 53
Molecular weight, effect on diffu-

sion. 81-83
Monkey, 9, 131, 210, 214, 218,

220, 326
Monohydroxy alcohol, 81
Monornolecular diffusion. 70-83

effect of membrane polarity,'
'73-77

effect of solute_ interactions, 70-
73

effect of solutes with smaller
molecular weights, 81-83'

Morbidity, increased by alcohol, 40,
53, 127, 185

-e- :Mott, C., 107
Mouse. 131, 369, 371
Mouth, 35
Mucosa, 100

fundic, 104-6
gastri, 113-14, 164

1Vlucosal barrier, 48
Muscle
______Atr-ophyTril
, cell. 77, 85

-fat concentration, 280
magnesium, 167-69
necrosis, 184
pain, 183
phosphorus, 7, 174, 178.-79,

183-84, 198
potassium, 198
pyridoxal phosphate, 252
skeletal, 184.'252
weakness, 178-79
zinc, 161, 198

Myoglobinuria, 183
Myopathy, 7

alcoholic, 175, 280
electrochemical, 184
fatty, 278
neurological, 271
phosphorus-deficient, 178-79
subclinical, 184

Myosin, 183

N-ethyl rrwlei
Na*, 5, 60, 110

excretion,
Na. 7K-dependent ATP 07

61
Na.K* ATPase, 4, 10, 160, 243-16

- activated ATFase, 352
-NAD, 350
NAD+., 324, 328, 340, 347, 360
NAD+/NADH ratio, 15-16,

326
NADU, 60,124,316,320,322, 324,

341, 350-52. 358, 360-62
NADPH, 15, 60, 351-52, 360
NADPH cytochrome c reductase,

15, 353
Nason, A., 119
National Acade--;:y of Sciences, 24
National Council on Alcoholism,

286
Nausea, 35

See also Vomiting.
Necrosis,.41, 174; 184, 190
Neomycin, 54
Nervous system, 484, 166, 181, 278

central, 166, 181, 184, 350,
368-69, 376 --

peripheral, 181.
Neurat-lr-7-117, 118
Neurological disease, 8, 35
Neurospora ciassa, 119
New England Journat of Medicine,

28, 152'
Nickel concentration, 5, 134
Night blindness. 6, 37-38, 152-53
Nitrogen

absorption, 217
assessment, 65
concentration, 213, 309
excretion, 8, 198, 204,112

Noble, E_,'126, 154
Non-ADH pathway, 14, 345, 349-

63
Nucleic acid, 127, 131, 134, 148

metabolism, 150
synthesis, 16-17, 117, 121, 371,

375-76
Nucleotide, 134
Numbness, 184
Nutrient absorption, 38, 67, 191,

210
activation, 4, 47
availability. See Bioavailability.
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Nutrient absorpefon. cont.
catabolism, 47.
concentration, 253
metabolism, 38
storage, 4';
therapy. 7
transport, 229
utilization. 43, 47, 5960, 153;

264 - 65,267
See also specific nutrient.

Nutritional deficiencies, 3, 16, 24-
25, 28, 30, 55, 65, ill, 170,
178, 237 -

changed by alcohol, ingestion,
308, 331-32, 346

due to alcohol ingestion, %36. 47-
-18, 207, 222

and fetal alcohol syndrome. 367-
77

Nutritional history, 25-26, 39
Nutritional inadequacies, 3, 31, 35-

374 -
See also` Nutritional deficiencies;

Nutritional state.
Nutritional intake. 3-4, 7, .17, 29-

35, 39-40,-42, 47-48, 54, 111,
271

See also Food consumption pat-
terns.

Nutritional quality See Bioavail;
ability.

Nutritional state, 287
assessment, 3, 17, 25-27, 29 -30,

34.16-38, 43, 54, 64-65
!Ake, 24-25
conditioned. 3, 24-25, 29-30,

3638, 42-43
deficient (gross), 24, 29, 43, 65,

272
marginal, 3. 24-25, 29-31, 33-

36, 43, 65
normal, 3, 27-29, 36, 274-76,

384
optimal, 24-2,2 29, 43
See also Malnutrition.

Nutritional surveys,-3, 24, 27-31,34
Nutritional wastage, 35

Occupation, 41, 287
See also Demographic character-

istics.
O'Connor, L.11, 183
'Olive oil, 77

1.10-Phenanthroline, 141-44
OP (1,10-phenanthrolin.e), 141
ophenanthroline, 347
Ornithine, 290-92, 301-2, 307
Ornithine decarboxylase, 264
Osteogenesis, 371
Osteomalacia, 7, 178-79, 189
Osteoporosis, 189
Quabain, 61, 238, 243
Oxalo-acetatenalate cycle, 351 =

See also Malate.
Oxidation

'alcohol, 11, 13-14, 41-42, 60,
315-29

fatty acid, 280-81, 360
retinal,, 41-42

Ox idoreducta.se, 121
Oxygen, 182, 185

assessment, 65
consumption, 59; 61, 352
released from h-ernOglobin, 182
,uptake, 320

P-450 (cytochrorne), 353
p1=1, 103, 166, 168, 176, 182, 220,

324, 35:12
PLP. See Pyridoxal phosphate.
Pancreas, 4, 53-54, 103-4, 106 -8,

110, 11 -14, 268
Pancreatic ATP, 4
Pancreatitis, 41; 54, 190
Parakeratosis, 127, 158
Parathormone, 176, 179, 189
Parathyroid hormone, 178, 189
Parenchyma, 211,15
Paresthesias, 178/184-85
Paronychia; 158
Passive permeability coefficient, 37-

70, 73-74, 76-77, 80-83. 87,
-91, 97-98, 100-2

See also Diffusion barriers; Un-
stirred water layer.

Patek, A.J., 37, 152
Penacillamini' therapy, 158
Peptidase, 159
Peptide

absorption, 110
accumulation, 134, 140

Pequignot, G., 40
Pert'usate, effects on absorption, 67,

70-71, 73, 75, 80, 83, 92, 94,
98
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Permeability. 104, 111. 159
See also Passive permeability co-

efricient_
Phagocyte, 183
Phosphatase, 159, 256
Phosphate, 60. 134

binding agents, 175. 1
'deficiency, 7. 173-tio
metabolism, 189

Phosphaturia, 175-76
Phosphodiesterase. 113
Phosphoenol-,_.yruvate carbox4 kin-

ase,,616
Phosphofructokinase, 177
Phosphoinositide. 183
Phospholipid, 100
Pliosphornonovsl erase ; 371
Pfiosphorus

absorption, 176, 194=96
concentration, 7, 173-74. 178,

1SL, 192, -196. 200
deficiency, 7-8, 174-75,1'78-84,

189
excretion, 8, 194 196
intake. 7. 174. 198
metabolism, 194
:wurce, 177 .

therapy, 7, 180, 184, 190
wastage, 176

Phosphorylation. 11, 108, 177
'oxidative, 171
potential, 61

Photornyoclonils. 166
Physical examination, 25-27
Phytate, 35
i I -alcohol dehydrogenise. 14 -16,

126, 337417,
Pierce, H.1., 267
Pierson, R.N., Jr,,.-12. 161
Pirola, R,C_, 39, 211
Plapp, D.V,, 324
Polarity

cell, 75, 77-81, 98 .

membrane, 4, 73-77
Polyainine, 12
Polyglutamate, 227
Polyphogphate, 134
Porphyrin syhthesis, 121, 268
Potassium

absorption, 193
concentration, 169, 180,

192. 200
-depwrident ATPase, 100-1

excretion, t1, 198, 201
therapy, 130, 190

Potter: VII_ 299
Prasad, A S 27
Pregnancy, :30, 133. 155

Nee aim, Fetal alcohol sy me
Prep-ptid., 12, 305
Propanol. 353
Propeptide, 12, _
Propidium dilodide. 135-36
Protein, 7r4

acetvlation, 160
asseiesment, 29, 113

, 153
Carrier, 71, 100 =1
concentration, 215, 297.,

deficiency, 30', 54, 5
209, 285, 352- 361-62

efficiency ratio, 34
intake. 11-12, 30, 33-34,

41-42, 157, '71 =7')
malnutrition. 65-66
metabolism, 12-1:3, 150, 285L314
polar, 100
in RNA, 134
secretion, 66. 107. 114
supply,.5. 66, 134, 140
synthers, 12. 127, '131 150,

179, 295, 301, 303'
Pteroylglutamic acid. 10, 222
Pteroylmonoglutarnate, 209
PteroYiPolYglutamat P. 217-18
Purine,. 146 -47
Putrescine, 301
Pyrazole, 14, .124, 339 -10, 343,

315, 347,352,_
Pyrirloxal."255-56
Pyridoxal kinase, 255, 264, 267
Pyridoxal phosphate (PLP), . 11,

251-52, 254-65, 267-69
indicator of 13h underntrtrition,

.11
Pyridoxamine-P (PMF), 252
Pyridoxic acid, 255
Pyridoxine, 237, 252, 2555,, 260,

267, 269
See also Vitamin B6

Pyrimidine, 146-47
Pyrithiamine, 238-39
Pyruvate, 13, 298, 316-17,

326, 351-52, 360-61
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Quail, 387-88
Quinolinate, 316-18, 320

RDA. See Recommended dietary
lowance.

RNA
binding, 154
cellular content, 134, 146
concentration, 149, 299, 303
formation, 131"
inhibition, 303
metabolism, 5, 133-50, 153
polymerase, 5-6, 121, 130, 135,

141-45 148, 154755, 159
. protein, 134
separation, 145
synthesis, 153, 159

Rabbit, -107, 126,295-309, 388
Race: See Ethnic group.
Rat

AANB lerel12
acetaldehyde, 328
acid excretion, 54
alcohol consumption model, 286
alcohol _dehydrOgenase, .13, 126,
263, 328-26; 328-29; 331-32,
337 738, 352, 355, 360-61

alcohol intake- maximized, 13-
-14, 55

alcohol metabolism, 41-42, 316-
18

.alcohol oxidation, 13, 41-42
amino -acid, 28-9-62
-carnitine synthesis, 271
diet, commercial compared to

hurrian, 33
disaccharidase activity, 53
estrogen, 17, 385 .388
fetal alcohol sIndrorne, 16, 370

plate, 10; 209, 223, 229,-249
folk acid,:.371
iron; 164.
liver necrosis 41necrosis,

-166-68, 370
rnalate-sispartate shuttle, 321
MEOS, 15, 215
NADH/NAD ratio, 360-61
oxygen consumption`, 59; 61,

pancreatic secretion, 4
phosphorus, 178, 180
protein, 209

pyridoxal phosphate, 259-60,
263

pyridoxine, 252
small intestine, 49
thiamine, 237-39, 249
vitamin B6, 257
zinc, 41, 159, 161, 164, 373-74

Recommended dietary allowance,
24, 29, 31, 198, 251, 276

Reeve, E.B., 297
Renal disease

aminoaciduria, 180
glycosuria, 180
tubular acidosis, 180

Resistance, electrical, 1046
Respiratory acidosis. See Acidosis.
Respiratory alkalosis. See Alkalosis.
Retinal reductase, 152-53
Retinol, 29, 41-42
Reverse transcriptase, 5, 121, j30,

148, 159
Rhabdomyolysis, 7, 179,181,183 -84
Riboflavin, 29-30
Ribonuclease, 141, 158
Ribonucleotide triphosphate, 6,140
Rickets, 180
Ristic, V_ 39
Rodent. See Mouse; Rat.
Rodrigo, C., 211
Rothman, S.S., 107
Roussow, J.E., 264
Rubin, E., 215

S-adenyl rnethionine, 271
SOOT (serum glutamate oxaloace-

tate transaminase), 9, 36, 212-
Sacroplasmic reticulum, 179
Schroeder,cH.A., 33
Secretor, 4, 49, 104-,; 107-8, 110
Secretion, acid, 48
Seizures; 55-56, 166, 184

See also Alcohol withdrawal.
Selenium, 27, 41
Senate Select Committee on Nu

tion and Human Needs, 34
Serhie, 261
Serurrigiutarnate-Oxaloacetate trans-

aminase, 36
Serum glutamic oxaloacetic trans-

arninase, 9--
Serum gluta-mic pyruvic trap

--ase, 36
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Sex, 17, 30, 40-41, 178, 385, 387
See also Demographic character-

istics.
Sexual function inhibited by alco-

hol, 393
Shaw, S., 36
Sheep, 370, 388
Sickle cell anemia, cause of zinc

ie-nn 158 163
Sinclair, H.M., 36
Skeleton. S:. Bone.
Skin, 157-5d
Small intestine

amino acid transport, 207
calcium absorption, 176
deuriage, 48
folic acid uptake, 37, 209
function, 4, 37, 53-54
hormone release, 104, 108
thiamine transport, 238-39
transport, 103-4, 207

Smith, B. K. , 255
Smith, D.W., 368
Smith, M., 337-38
Smithells, B.W., 372
Sodium

absorption, 50, 111, 193, 207-8
concentration, 170, 183, 192,

200
excretion, 192 -93,,
intake, 170
secretion, 269
therapy, 130
transport, 110-11

Sodium arsenate, 229
Sodium azide, 10, 229, 232-33
Sodium chloride, 209
Solute absorption, 67-70

affected by -molecular weight,
81-83

See also Absorption rate.
Solute concentration

effect on tissue uptake, 98
effect on transport, 70, 72-73,

91
Solute interytion, 4, 70-73
Solute transport67-69, 71, 83;97

effect of temperature, 89-91
resistance, 70, 83, 85-89, 91-95,

97
reversible, 70
stirring, 239
See also Diffusion barriers; Pas-

sive permeability coefacien
Unstirred water layer.

Solvents
-._noripolar, 77

polar, 75 -76, 79
See also Membrane polarity_ .

Space of Disace, 9, 212'
Spermatogenesis, 17, 159, 383
Sperrnidine, 301
Spermine, 301-4, 307-8
Stearic acid, 97
Steatorrhea. See Fat, fecal.
Sterility, 42, 383
Steroid, 60, 71, 81, 384
Steroidogenesis, 159
Sterol, 77,81
Stomach, 4, 48, 103-6 113,- 200
Straus, E., 108
Streptococcus !oceans, 211
Sucrase, 51, 211
Sulfur assessment, 65
Sweden, 376
Swick, R.W.:297
Swine, 127
Syndactyly, 370-71, 373

Sec also Birth- defects; Fetal
alcohol syndrome,

Synthetase, 154
See also Ligase.

Taurine, 292
Temperature-

effect on ADH- activity, 338
effect on transport, 89-91, 100,

239, 324
Testis, 17, 42, 65, 169;383
Testosterone,-17, 383
Thaler, H, 40
Theorell, H., 350
Theorell-Chance mechanism, 124
Thiamine

absorption, 50, 207, 209, 237-47
binding, 11, 246
concentration, 11, 239-42
deficiency, 237, 253
excretion, 245
intake, 264
storage, 237
transport, 14., 243-

45, 249
Thiamine pyrophosphate, 10, 237,

244
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3H- labeled pteroylmonoglutarnyl
folate (314-PG-1), 207-9, 211,
216-18

all-uridine, 5, 134, 140
3H pteroyl-glutamic acid, 9, 723-

24
3-o-rnethylglucose, 5, 110-11
Throat, 35
Thrombocytopenia, 183
Thytnidine, 375, 380=81
Thyrnidine kinase, 159, 376
Thyroid hormone, 61
Thyrotoxicosis, 361
Thyroxine, 352
Toxins, lumina!, 50
Trace element, 3

deficiency. 3
intake, 3, 31
sources, 33-35
See also specific trace element.

Trace metal, 134-35, 143-45'
assessment, 64
Scapa's° specific trace metal.

Trace mineral, 33
See also specific trace mineral.

Trfunaminase, 267
Transferase, 121 ,

Transferin, 163
Transport

active, 4, 10, 100-1, 104-5,
11611;239, 245

amino acid, 207, 229
bile acid, 229
effect of alcohol, 97-98, 103-11
effect of finite number of sites,

69, 91-96
effect of infinite number of sites,

67-83
effect of pH, 101-2
effe& of solute concentration,

67-69
effect of temperature, 89-91
folic acid, 101
gut4
intestinal, 10
nutrient, 47, 229
passive, 4, 10, 67769, 91, 110,

239, 245
rates, 94-97, 101
resistance, 70, 83: 85-88
solutes, 67-69, 239
thiamine, 10-11, 238-39, 2437
45, 249

Travis,, S.F., 185
Tremors,-56

See also Alcohol withdrawal.
Tricarboxylic acid cycle, 360
,Triglyceride, 56, 75, 77, 215, 222,

351
Trimethyllysine, 271, 281
Tryptophan, 301, 316-18
2,3- diphosphoglycerate, 182-83,

185
Tygstrup, N., 362

LIMP (uridine monophosphate),
148-49

U.S. Department of Agriculture,
27, 29, 33

U.S. Public Health Service, 27
Uganda, 161
Ulcer, 48, 53
Unstirred water layer, 4, 83, 85-87,

89, 91, 98, 101-2, 220, 239
See also Diffusion barriers; Pas-

sive permeability coefficient.
Uracil, 146, 149
Urea

cycle, 302
synthesis, 12, 297-98, 300-1,

303-9, 323 -
Uremia, 182
Urinary excretion

altered in patients with alcoholic
liver disease, 38'"

calcium, 178, 193-95
carnitine, 276-79
creatinine, 198
folate, 216-17
formiminoglutamic acid, 372
increased; 160
magnesium, 167,. 169-70, 194,

197 _ -
nitrogen, 198, 204
phosphorus, 194, 196, 198
potassium, 192-93, 198, 204
sodium, 192-93
thiamine, 245
vitamin a6, 259
zinc, 199

Valine, 301
Vallee, B.L., 160, 337, 381
Van Theil, D.H., 42
Vasopressin, 246-
Vetch, R.L. 331, 333
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Vil 0, 98
Villus cell, 53
Vitamin, 3, 27, 31, 34, 54

deficiency, 3, 42
Metabolism, 9-12, 207-84
therapy, 42
See also specific vitamin.

Vitamin A -
assessment, 29

2930. 38, 42, 152
jntake, 3, 38
metabolisin, 38
source, 32
therapy, 152-53

Vitamin RI. See Thiamine.
Vitamin B6, 29

absorption, 265
assessment, 11, 252
binding, 11, 262-64
bioavailability, 265
concentration, 11, 252, 257-58
deficiency, 11, 251, 253, 261,

264-65, 268
excretion, 259
intake, 251, 255, 264
metabolism, 11, 251-65, 268
storage, 11, 264-65
therapy, 251
See also Animal P i-

doxine. -

Vitamin B12, 29
absorption, 50, 207

Vitamin C; 29-30
Vitamin D, 32

metabolism, 7-", 179, 189
therapy, 180, 189

Vitamin D3, 175, 178-79
Vitamin, E, 29, 32, 41
Vitamin K, 32
Vomiting,-7, 35,,_175

See also Alcohol

4,

Wagner, C. 224-
Wang, J., 42, 161

d awal.

Water
absorption, 50
output, 4

Weight, 35, 39-40, 59, 211, 217
368, 374, 380

loss, 4, 64, 184
Wolf, W.R, 34
Women, 367

See also Sex.
Wound healing, 27, 158

Xylose absorption, 50

- Yunice, A.A., 161

Zinc, 27, 31-33, 64, 133-50
absorption, 64
assessment, 6, 17, 118
binding, 121-23, 160, 163-64,

347
biochemistry, 5, 64-65, 117-31,

133, 145-47, 150, 153, 158-
59, 350

concentration, 117, 134-40,
143-45, 147-48, 157, 159-61,
163, 192, 343, 374, 381

deficiency, 5-6, 16-17, 35, 37,
41-42, 65, 118 -19, 126-30,
133-34, 136-39, 145-50,'152,
154-55; 157-59, 161, 163-64,
370, 373-77, 380-81

depletion, 16-17
deprivation, 134
enzyme, 118-26
excretion, 8, 119, 160, 164,

198-99
intake, 3, 5, 65, 143
metabolism, 6, 38, -42, 118-19,

133, 145,, 152-53; 157-61,
376, 381

inetalloenzyrne,-158 59 -
muscle, 161, 198
therapy, 5-6, 31, 119, 125, 127-

30, 152, 155, 158, 161, 164,
375-76

transport, 64
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