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INTRODUCTION

1. Historical Aspects
Even though menkind has been acquainted with alcohol for cemturies,

it has been only in recent times that the physiclogical effect of alechol
could be studied profitaebly by the sciemtific community. Certainly not
until the concept of metabolism as a servies of integrated chemical
processes was developed, could serious thought be given to the problem
of aleohol metaboliem. As late as 1870, the fate of alcohol in the body
wag described as follows (100):

"Once the alcchol having ﬁagsed into the mouth and

down the throat, it has to pass om dowm the whole

line; or 4if 4t stops it bﬁtﬂﬁ & sore. The hand

passeg it into the wouth, and into the stomech it

goes. The stomach calls ocut "Hot ball!™ and throws

it, as quick as possible, iuto the blood. The blood

says, "Hot ball take it!” and swiftly throws it into

the heart. The heart pumps it into the arteries, and

the arteries rush it into the nain, and skin, and

everyuhere, trying to drive it out. The pores of the

gicdin open, and say "Throw it out here!”. The lungs

open, and hurl some of it off with the breath. The

liver takes a part of it, and the kidneys take some

of it, and pass it through the urime. The whole system

makes haste toc get rid of it, and does get rid of it.

It ig thrown out of the system just as 1t went in,

~-undigested, --unchanged, aleohol. But part of it



remains in the system, --lodges im variocus organs

of the body. What about that part?”
Nearly a century later, the gquestion is etill being asked, "What about
that part?”

Barly attempts to understand ethamol metabolism and to characterize
wetabolites were fraught with difficulties, biochemical methods at
that time being crude and unavailsble. Baren Von Liebig assumed
that alcohol was oxidized in huoges sad in amimals “through aldshyde,
oxalic scid and formic acid to carbonic acid", but as far as is
known, experimental evidence for his assumption wae completely lacking
€49). |
| With the development of chemical methods of amalysis, Dupre inm
1872 (27) and Amstie in 1874 (3) observed that following alcohol
aduinistration, only en insignificant smount of that administered
eould be vecovered from the emcretioms. As it wes impossible to
demonstrate the presence of any metabolic products of alcchol in the
body or in the ixcretion, it was comcluded that 95-98% of the imgested
alechol was totally oxidized in the orgenism to carbon dioxide and
water (2, 11, 89). |

It wvas realized quite sarly that slcohol could be considered as
a food stuff and that some relatiomship existed between metabolism and
ingested alecohol, The precise influence alcohol had on the body was
not obvious, since Hearijesn (42) and Bodlander (13) in 1883 found
that the genersl metabolism" was not increased by the ingestion of
aleohol. Right years later, Strassmann (103) demonstrated that animals
given alcohol over a lomg period of time had move adipose tissue tham
control animsls. The end of the nineteenth ceatury came with little

insight into the sctual metabolism of aleohol, but held in general



acceptance was the notiom that aleohol could be utilized by the
animal body.

Around the turn of the century, data begen to accumulate on the
rate with which blood alechol levels decreased following alcohol
administration. Im subsequent years a plethora of reports appeared
describing the blood levels of alechol following standard dosage.

A plot of such values against time results in the well keown "blood
aleohol curves”. The question of vhether a hyperbolic or a rectilimear
curve best describes the disappearance ¢f blood aleshol, and the
question of whether or mot the slope of the curve is dependent upon
the eriginal canm&atratimu,§f blood aleohol remein aspects of this
problem which have not, as yet, been entirely resolved. The contemporary
opinion cnncerntng this aspect of alechol metabolism 48 that ethanol
oxidation is somewhat increased with increasing blood concentrations

of alcohel. Since the maximum concentration possible in the living
organism is limited (less tham 0.3 gn/100), the elimination curve for
alecohol gemerally is represented by a straight line (49).

With the application of fsotopic techniques to biochemistry, a
new era began in the fleld of intermediary metabolism. Studies on
the metebolisn of alcchol directly benefited from these methodological
advances, and aspects of the aleohol problem became vulnerable which,
heretofore, had remained umspproachable. The ebility of ethancl to
participate in common pathwaye of metabolism became apparent, and the
fact that radicactively tagged ethamcl labeled nearly every class of
compound in the animal body more than confiruwed the opinion of the

early workers vhe claimed en active role for ethanol in metabolism.



2. Chemical Congiderations

From the chemical stendpoint, an alcohol may be considered as
derived from & water molecule by the veplacement of & hydrogen atom
by an alkyl group. Sinece both water and aleohols contain a hydroxyl
group, alcohols would be expected to undergo reactions amalogous to
those of water, and in many respects this is true,

The family of primary alechols ave highly susceptible to oxidation
by chromic acid, by potassium dichromate, or by potessium permanganate,
$ince methane end ethane sre resistent to the same reagents, the
presence of oxygen in a2 wolecule confers susceptibility to further
oxidation. In ethyl slechol ome of the two carbon atous is linked teo
oxygen, and hence is already oxidized, while the other is joined to
hydrogen and carbon, and corresponds to the carbonm atoms of the inert
ethane, Hence, oxidizing agents attack the molecule at the former,
rvather than the latter position, The initial oxidation product is
acetaldehyde, which on further omidation is attacked in the glready
oxidized part of the molecule and yields acetlc acid as an end product
resistant to further attack.

The first step in the oversll process can be regarded ag dehydro-
genation vather than oxidation, involving eliminastion of a hydroxylie
hydrogen together with a hydrogen of the hydroxylated carbon atou,

with direct establishment of & carbon to oxygen double bond.

By g
3 Heg-C-0if. + MpCry0y + 3HaS04 —> 3 H-C-CH + Crp(804)3: 7Hz0
B i

The reagent employed to effect the reactiom ie regarded not sc much
as an oxidizing agent but @s a hydrogen acceptor. The second step

ieading to acetic acid alec can be interpreted as a dehydrogenation if



it is supposed that the reaction proceeds through the transient
formation of an unstable hydrate of acetaldehyde. This scheme can
be shown as follows:

9 3 -m

ay-ta + B0 -——r[w}-gm] ——>  ClyC008
Confirmation thlat. in some cases the hydrated aldehyde is involved
is offered by the observation that aldehydes are resistant to oxidation
by silver oxide in sn anhydrous state but are capable of conversion
fato acids by this reagent in the presence of water.

Organic compounds contaianing cltm, hydrogen and oxygen can be
combusted in oxygen to produce carbon dioxide snd water as the sole
gmﬁucu. By this procedure, it is possible to obtain some estimste
of the heat content of the compounds., The energy change accompany ing
the complete combustion of ome mwole of a compound is veferred to as
its heat of cowbustion. The huf:; of combustion of ethamol, acetsldehyds
and acetic acid are listed bdlmr (7, 1:8}.

Heats of Combustion to Carbom Dioxide and Water

Sompound 248 (Real/wole at 25° €)
ethanol 327
acetaldehyde 2?9
ascetic acid 209

It is quite readily seen that ethyl alcohol furnishee the largest
smount of heat emergy of thase three compounds when completely oxidized.
The step-wise oxidation of ethanol is associated with & decrease in

the energy content of ueh gubsequent cmpmm&.



In living systems, the complete oxidatiom of ethamol, acetal-
dehyde and acetic acid to carbon dioxide and water furnishes the amount
of energy equivaleat to the heat energy liberated im their chemical
(as contrested to bilochemical) combustion., In the biological system,
the energy ie liberated in small imcrements, ac the compounds undergo
chemical tramgformatiome inm which emergy is liberated at definmite
steps in the reaction sequence, Chemical combustion is characterized
by the liberation of energy all at once, & process vhich would make
it impossible for the body to trap and use emergy liberated, so the
organigm harnesses the emergy by coupled emergy stoering veactions
thvough intervediary metebolism.

| 3. Biochemical Considerations

Aunslogous to the chemicel oxidation of ethyl aleohol, a plausible
biochemical sequence can be comnsidered im vhich ethanol metabolism
oceurs in two enzymatically comtrolled etepe, (1) the oxidation of
ethanol to acetaldehyde snd (2) the subsequent comversion of acetal~
dehyde to acetic acid. Acetic acid can thenm undergo activation with
ATP and coenzyme A, which can participate in metabolic reactions.

This seqguence can be showm as follows:

o
CH3CH200 —> CH3CHO ——> CHC00H ——> cn3lscoa
ethanol acetaldehyde acetic acid acetyl-CoA

That this scheme is a metabolically feasible ome is substantiated
by a number of observations.
When deuterium labeled ethanol (CDyCD,0D) was administered simul-

taneously with sulfanilamide, Bernhard found 1/6 - 1/3 of the deuterium



as acetyl sulfanilamide excreted in the urime (8). Lundsgasrd (66),
while performing perfusion experiments with isolated livers observed
thet the smount of oxygen used was too small to account for the
oxidation of all of the slechol to carbon dioxide. He aseumed, there-
fore, that the oxidation of ethanol 4id mot proceed past the acetic
acid stage, and as proof for the validity of thie assumption, he found
a considerable amount of acetic acid in the perfusiom blood during the
experiment. However, complete oxidation of ethanol can occur in the
proper system since more tham 90 per cent of the radiocsctive carbon
of ¢'%-ethanol can be recovered as 61&03 from expired agir within 10
hours of its administration (6).

| 4. Enzymes Involved in Alcohol Metabolism
a. Conversion of Ethanol to. Acetaldehyde

The only enzymes known that are capable of metabolizing ethanol,
comvert it to acetaldehyde. These enzymes sre alcohol dehydrogensse
and catelase, but, in the antmal body, the relative importance of each
of these two enzymes in the comversion of ethamol to scetaldehyde is
an area which needs clavification,

Keilen gnd Hartree (54) origimally showed that catalase, in the
presence of peroxide, could oxidize ethancl to acetaldehyde.

catalase

CH3CH20H + H202 — —> CH3CHO + 2H20
ethanol acetaldehyde

Catalase is found in mammalien liver, kidney, end erythrocytes. The
molecular weight of liver catalase is close to 250,000 and &4 atoms of
iron per mele are thought to be present eince the ivon content is 0.09%

(76). The pH optimm is between 6.3 « 9.5 snd it has s Michselis



comstant of 0.025 M, Cstalsses have turnover rates higher than those
found for any other emszymes, One mole of cetalase is capable of
decomposing wore than 2,000,000 wolecules of Hy0p per minute (118),

Alcohol dehydrogenase is also known to comvert ethamol to acetals

‘hhyéﬁ .
: Aleohol i
CHsCH OH + RAD® E———=>  CH3CHO -+ HADH + H"
ethanol dehydrogenage acetaldehyde

This enzyme is readily available from mammalisn liver, The liver enzyme
has a molecular weight of 84,000, and it contalns 2 atoms of zine per
mole of ensyme., In additiom to ethamol, the enzyme reacts with wethanol
and higher sliphatic alechols, The Michaelis constant for aleohol

4

dehydrogenase varies with pH, reaching & mininum at pH 8, 5x107 M,

Thecrell and Bomnichsen (105) made the interesting discovery that
the spectrum of reduced diphosphopyridine nucleotide, NADH, is altered
in the presemce of equimclar proportions of the crystalline liver
alecchol dehydrogenase, The concentratiom of aleohol dehydropenase giviag
naximm effect ie 0.5 M., corresponding to a complex of the type Anﬁ.(nlﬂﬁjz.
The close association between enzyme and cofactor provides a complex
relationship, the complexity imcreasing when the gubgtrate imteraction
is considered as well, It has beem found that the emtropies of complex
formation between enzyme and substrate are emall but vary in sign depend-
ing upon the substraste and the pH (36).

Mahler et al., (71) recently reported that from theorstical considera~
tione, at least one of the binding sites on the liver alechol dehydio- -

genage enzyme is identical for reduced and oxidized diphosphopyridine

nucleotide. This site is identified as the enzymebound zine fon.



Inhibition experiments by these seme workars suggested further that
eéthanol and acetaldehyde are not bound at the same site or in the
same mammer. |

The oxidation of alechol by the alcohol dehydrogenase - NAD
system appears to be the rate limiting aup‘ for aleohol metabolisnm,
Because of this, acetaldehyde should not sccumulate, During the
metabolism of glcohol, the ‘samsmm;; acetaldehyde : aleohol ratio
is about 1:40. It is evident that the oxidation of alcohol stops
when relatively little acetaldehyde has been formed.

L;v-r normally contains a WAD : WADH ratio of 1.7 : 1. Durinmg
alechol metabolism the WAD : NADH ratio falls to 1.2 : 1 (34, 95).
Another important factor im determinimg the rate of alcohol metsbolism
could be the vate at which MADH is reoxidized to NAD.

At the present time it is not possible to quantitatively evaluate
alcohol metabolism in terms of the function of either catalase or
aleohol dehydrogensse, or both of them., Since acetaldehyde is the
primary reaction product of both enzymatic reactions, this produet
wuld result whether the alcohol was converted to acetaldehyde by the
action of catalsss or by means of alcohol dehydrogenase.

b. Acetsldehyde Matabolism

A nuber of enzymes capable of utilizing acetaldehyde as substirate

have been identified in msmmalian tissues (52, 84, 119). These emsymes

are sumparized as below:
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Enzyme - Substrate(s) : Product
{acetaldehyde plus)
aldolase dihy&roxyacetnne méthyi tetrose
phosphate phosphate
aldolase glyceraldehyde~3« . deoxyriboge~5-
phosphate phoephate
aldolase | glycine | thrﬁnnina {or
‘ , allo-threonine)
glyceraldehyde~3- » e .- - acetate
phosphate
dehydrogenase \ :
aldehyde oxidase .o - acetate
aldehyde dehydrogenase - e acetate
(mutase) ; A (and ethanol)
zanthine oxidase - .= . acetate
~ carboxylase pyruvate acetoln

Although these wmany enzyme systeme have been ildentified in mammalian
tissues and are knowm to utilize aaataldehydé ae a substrate, the
guantitative role of any one of them in alcohol metabolism is not known.

According to Richert and Westerfeld (Eﬁ).mmly%denﬂﬁ»cnntaining
enzymes are zelativelyvuniupnrtané in acetaldehyde metabolism in the
intact animal. A proteine-free dlet fed to doge for eight weeks did not
alter the averaii rvate of gcetaldehyde metabolism, but did decrease the
liver xanthine oxidase activity (a molybdemum~containing enzyme) and
decreased the liver molybdenum comtent. These studies may mean that
zanthine oxidase and other similar wolybdenumecontaining enzymes are
not mgjor factors in acetaldehyde wetabolism im vive, but the possible
presence of residual molybdemum~containing enzymatic sctivity in small,
but adequate amounts to handle the aeétaldehyde preseant, camnot be

excluded,
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Xanthine oxidase, aldehyde oxidase and aldehyde dehydrogenase are
abundant in liver, and are sll inhibited by the drug, Antabuse (bis(di-
ethylthiocarbamyl)disulfide). Antabuse inhibition of gldehyde dehydro-
genase has been shown to be of the competitive type (38). Aldehyde
oxidase as well as xanthine oxidase cited above, are both molybdenume
containing ensymes, and over 2/3 of the wolybdenum can be removed from
the liver without affectimg acetaldehyde metabolism, Even though xanthine
oxidase and aldehyde oxidase might be excluded from the in vivo oxida-
tion of acetaldehyde, still, mo divect quantitative role hag been aseigned
for the third enzyme, aldehyde dehydrogenase.

A mutase action involviag twe molecules of acetaldehyde can be a
possibility for acetaldehyde metaeboliem since ethamol has been estab-
lished as a natural compoment of the living cell (58, 72, 1). This

dismutation reaction 1s shown below.

mutage
2CHLCHO g—=  CH,CH,0H + CH,CO0H
acetaldehyde ethanol gcetic acid

The following values are representative of the tissues inm which ethanol

has been identified and the concentrations measuved (McManus):

Tissue Concentration (umoles/100 gm, tissue)
rat liver 106
rat plasma 49
rabbit liver 67
human liver 145
rat kidney 23
rat skeletal muscle 38

vat heart 106
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The presence of ethanol in the normal, non-alcohol treated
animal tissue requires some exzplanatiom as to its origin. A reversal
of any of the acetaldehyde pathways coupled with the reversal of the
ethamol to acetaldehyde reactiom could account for the presence of
ethanol, as could & dismutation of acetaldehyde.

Foué condensation reactions are reported to oceur in memmalien
tissues (119)., The first condensation is mediated by a carboxylase

enzyme and the reaction is ae follows:

0 carboxylase O oH
CH3CHO + CH3C~COOH ->  CHz-C-CReCHg + 05
acetaldehyde pyruvic acid acetoin

The second condensation reactiom is reported to be facilitated by an

aldolase enzyme end is as follows:

aldolase OH Nz
CH3CHO + HpNCHzCO0H ————> CH3~CH~CH COOH
acetaldehyde glycine threonine (or allo-threonine)

The third and fourth are also reactions catalyzed by sldolase enzymes

and are ae follows:

CH20H aldolase 3
C“ﬂ' o mgm T n Ty OH
Ciig-0-p g ——— of
dihydroxyacetone acetaldehyde ¢=0
phosphate CH20P
methyl tetrose
phogphate
CEO aldolase o
CHOH + CH3CHO i >
CH2=0=p o i
glyceraldehyde=3~ acetaldehyde CHOH
phosphate CHa0P
deoxyribose-5-
phogphate

In an attempt to ascertain which of the possible pathways for

acetaldehyde play a significant role, Lundquist et el. (64) studied
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the reactions vhich take place in rat-liver suepensions under
conditions vhere the mumber cf potemtial pathways for acetaldehyde
are limited by the absemce of wmolecular oxygen. These workers found
that under anserchbic conditions, acetaldehyde is transformed rapidly
into ethanol end acetate. The part of the aldehyde that disappeared
which was not due to ethanol formation wae independent of the acetal-
dehyde concentration and it was found that the whole of the aldehyde
removed could be accounted for by the formatiom of ethanol and acetate.
Therefore, Lundquist concluded that during ethanol metabolism im the
living organism, condensation reactions of acetaldehyde can be of no
quantitative importance.

Studies with rat brain homgenates indicated that when acetal-
dehyde was metabolized in the presence of pyruvate, acetoin was a
product of the reaction (102). It is entirely possible that individual
tissues may perform different enzymatic reactions with acetaldehyde.
The ability of braim tissue to carry out carboxylase action, vhereas
the liver is seemingly unsble to, would tend to argue in faver of
specialized enzymes in differvent tissues.

3. BEthenol Metaboliea
a. Conversion of Ethanol to Acetaldehyde

The evidence supporting acetal&eﬁyd- g8 an intermediate in
alcohol metabolism is quite sound. It hes been knowm for at least a
quarter of a century that acetaldehyde was a product of ethanol oxida-
tion, since acetaldehyde was isolated as a resction product following
incubstion of tissve slices emd brei in the presence of ethanol (68).

Acetaldehyde also cam be demonstrated in the blood during alechol
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metabolism, and when alcohol omidation is accelerated by means of
insulin or pyruvic acid, the concentratiom of acetsldehyde is increased
(102, 103). Although acetaldehyde is repeatedly found in the blood
during alcohol metabﬁiitm in dogs (79, 123, &5); cats and rabbits
(56), and in ﬁan 40), it dcen‘not seem to be an intermediate product
of normal ﬁateboli-u (48). 1In man, during the m-tibqliqm of alcohol,
the cﬂncgntratinn of blood acetaldehyde rarely gxca@dn‘l mg. per 100 ml,
while alcohol eoﬁcnntrntinna are in the order of 200-300 ng. of aleohol
per 100 ml. of blood, With low blood levels of alcohol, only megli-
gible smounts of ac&téidehrdg are found,

Certain substances have been reported to increase the rate of
aleohol oxidation. These iﬁbitaqcasyinciude 1¢nu11n plue gluecose
(80), fructose (65), pyruvate, nﬁd alanine (95). This afea is etill
controversial. (21, 55). Inqreasad axidation rates of alcchol were
best demonstrated when the initiﬁl rate of oxid#tion wae relatively
’high sinca the oxidatien of athlnol to acataidehyda seems to be the
rnte»limiting reaction in alcohol matabeliam, the effect of these
substances ie believed to be on this raactiau. However, large daily
vn:iattans in the rate of alechol metabolism in tﬁe simne animal (77),
strongly suggest that aamé factor oéher than the concentration of
alcohol dehydrogenase ie imvolved in determining the rate of this
resction (120). The aniy mnchnniem.uh;ah iz apparent at present is
through sone influence oo the reoxidation of NAbH (95}.
b. Acetaldehyde Metebolism

A partiun of the discussion of aeetaidehyde metabolism can be

found in Section 4b of the xntreénctiaﬂ.
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In experiments performed by Casier and Polet (17), it was
found that the metaboliem of radicactive acetaldohyde and of radio-
active ethyl mlcohol had common traits. From the total amount of
aleohol and acetaldehyde metsbolised one~helf hour after admindstration,
62% of the alcohol and 66% of the acetaldehyde were found in the
tissuss a8 fized C'%, vhile 38% of the ethanol and 33% of the
acetaldehyde were measured in the expired air as c“ez,

Alechol given to animals premedicated with Antabuse resulted in
higher (2«10 times) concentrations of scetaldehyde in the blood then
wag found with the sema concentration of alcohel in non-trested
animals (40, 41, 59, 70). Antsbuse produces s block in scetaldehyde
wetabolism sad, thus, exhibits an effect only when acetaldehyde is
produced, as during the wmetabolism of aleohcl., Both the aleohol and
the acetaldehyde were metebolized to some extemt in the presenmce of
Antabuse, but higher concemtrations of blood scetaldehyde were found
following administration of the drug (81).

Hitochondria of rat liver, pigeon liver ead rat kidsey have been
observaed to metabolize & variety of long and short chain aldehydas
to the corresponding acids. The view was expressed that the aldehydes
are oxidized directly to the corresponding acid without the formatiom
of an active acyl darivative, since the cofactor requivonents for this
oxidation were only ATP or NAD (114).

Heart muscle proteins have been found to catalyze the decarboxyle-
ation of pyruvic acid with the formaticn of acetoim. Acetaldehyde,
added to the pyruvate system, was utilized in the formaticn of acetoin
(39) . This acetoin-forming system has been reported to be presemt in

brain tissue ag well.
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Small amounts of acetaldehyde apparently cam arise from the
pealanine produced as an intermediate in pyrimidine degradation

(82) as shown in the following sequence of reactions:

trangamination
Hgﬁaﬁgﬁﬁzm ‘ : - mﬁ*ﬁﬂz‘w}R — CH3GHO g 002
p-alanine reaction malonic acetaldehyde
‘ ' senialdehyde

Although this reaction mey produce small amounts of acetaldehyde,
from a quantitative standpoint, acetsldehyde is relatively unique
to alcohel metabolism.

¢. MAcetate (Acetyl-CoA Metgbolism)

Por some years, it has been known that acetate required asctiva~
tion before it could become metabolized. Lynen and his sssociates in
1951 isolated "active acetate” from baker's yeast and identified it
as acetyl-coemzyme A (89). Free acetste, as a result of its admini-
stration or as & result of endogenous production, reguives that
activation precede amy further metabolism. Acetate ie activated by
the following series of reactions:

(1) acetate + ATP &=  acetyl ademylate + PPy
(3) acetyl adenylate + CoA z——> acetyl-Cod  AMP

After gctivatiomn, acetyl-CoA cam underge various reacticns. The
largest proportion of acetyl-CoA i3 metabolized via the tricerboxylie
acid cycle, with lesser amounts becoming incorporated imte fatty acids
snd cholesterol, It is also through intermediates of the tricarboxylic
acid cyele that acetyl-CoA carbon can be incorporated into proteins
end carbohydrates.

Ethenol and acetaldehyde are precursors of citric acid ecycle

compounds, carbohydrates, protelns and lipids. Presumably, this is
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because ethamol and acetaldshyde are metsbolized. to acetyl-Cok.

It is fpteresting to mote that ethancl and acetaldehyde eppear to

be better precursors of fatiy acids, cholesterol and proteins than

is acetate. Such concluzions &re based on greater labeling of lipids
and proteins by tracer ethanel,

In an ettempt to clarify the observation that ethanol can label
some products better tham acetate, Westerfeld's group (97) reported
on experiments in which sulfanilamide was used as & trapping agent
for acetyl-CoA in pigeon liver slices. It was shown thaet Cl% - ethanol
apparently was converted to ﬁzé*&ﬁetyi~€0& without dilution by endo-
genous substrates, whereas clé—acetate was diluted by endogenous acetate.
Thies observation affords one explamation for better incorporation of
Clauethaael inte lipide end proteins than clA-acetate.

6. Products of Ethamol Metaboliem

A mumber of studies have been initiated in ovder to obtainm
specific information about the products of the metsbolism of ethanol.

It was hoped that the identification and study of these metabolic products
would lead to definite conclusions concernimg the fate of ethanol in
the body,

Porsander and Raiha (33, 34) were able to identify and measure
pyruvate, B-hydroxybutyrate, lactate, and small amounts of tricarboxylic
acid cycle acids in normal rat blood. After the intraperitoneal
administration of ethanol, acetate and small smounts of acetoacetate
were found in the blood too. In vitro studiee on perfused rat liver,
without added ethamocl, resulted in the presemce af‘iactate in the

effluent blood, B-hydromybutyrate, acetoacetate and pyruvate alsgo being
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preseat but in lesser amounts, With fhe'additiau of ethanol to this
gystem, begides these acids a considerable smount of acetate was found.
Other perfusion experiments with aﬁhaaol«i*ﬂl& and ethanal~2—c;4, showed
simiiar results with the exception that an unidentified acid was found.
Lipid materials can be demonstrated to originate from products of
ethanol metabolism. Reports have sppeaved (96, 90, 7) indicating that
the label of cléweth:nol'can be incorporated into fatty acids, cholest-
ercl and phospholipids. These tissue cémponnnts were labeled in liver,
gut, brain, skin and adipose tissues. Smith and Newman (96) showed
that the specific activities of wouse lipid frnttionsvfmam several
tissuse were approximately the same following atﬁanai—ﬂlé and acetatew

oLl

While studying the possible synmethesis of long-chain fatty acids
from etkanal-lvcié, Schiller et al. (88) discovered that the hydrolysis
of fats to glyerol and fatty acids vesulted im & reduction in the
specific activity of the fatty acids with respect to the unhydrolyzed
fat, To pursue this observation, they studied the mechaniem by which
glycerol becomes iabeled from ethamol-gl?,

Upon the degradation of glycerol, after repeated injections of
alawethannl, the pattern of labeling was suﬁﬁ that a pathway for the
labeling of glycercl could be explsined on the basie that alcchol was
converted to acetyl~Coi, was metabolized through the tricarbexyiic
acid cycle to pyruvate, and thes was comverted into glycerol. This

conclusion was deduced from the observation that the end carbons of
the glycerol wmolecule eontained all of the label from ethamol-l-gi4,
When ethanol-2-C* was employed, equal labeling wes found im all three

carbons of the glycerol wolecule. This cbservation is again comsistent
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with the hypothesls that ethamol proceeds via the route just outlimed,

In 1957 a report appeared (90) in which the incorporations of
alechol and acetate earbons into acetoacetate and Behydroxybutyrate
by malonate~inhibited rat liver homogenates were compared. Chemical
degradation of the acetoacetate permitted a differvential determimatiom
of the radicactivity in the C-1 position of acetoscetate and in the
derived acetome (C~2, 3 and 4 of acetoacetate). Since no radiocactivity
was present in the lodoform prepared from the acetome, all of the
activity found in the acetome molecule was asssigned to the carbonyl
carbon (C+3 of acetoacetate).

When this experiment was tried with acetat&-ivﬂlé, the carboxyl
and carbonyl groups of the scetoacetate were sbout equally labeled
(C~1 and C-3 rvespectively). However, when athanul»l-clﬁ wag incubated
with the liver homogenate, the acetone obtained from the degradastion
of the acetoacetate contained much more radiocactivity than did the
C0z; these results indicated that the (-3 of the acetosacetate derived
from ethanol contained from 10 to 25 times ss much isotope as the
carboxyl carbon (Cel)!

The p-hydroxybutyrate present in these filtrates was slso oxidized
to acetoacetate and degraded similarly. Essentially no radiosctivity
was found in the Pehydromybutyrate derived from the acetate-1-c%,
but the Behydroxybutyrate derived from ethanolﬁzuclé seenad to'contnin
appreciable amounts of radicactivity. These results led to the suggestion
that the ethancl-lnclﬁ or some product of it, such &8 acetaldehyde,
was being metabolized by a condemsation with vnlabeled acetyl-CoA to

give 4ecarbon units predominantly labeled im the 3-position,
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Studies were carried out with ret kidney homogenates and simnilar
results were obtaimd. Thie wes unexpected hecause rat kidney, unlike
the liver, containe enzymes which can effect o vandonization of the
label between C~1 and C-3 of geetoacetate (16). Even if the aceto-.
acetate formed from ethmhl«-cm contained a large predominmmce of
isotope in the C-3 positiom, a subsesuent splitting of the 4-carbon
unit and recombination of the 2-carbon units by rat kidney should have
tended to equalize the distribution of isotope between C~1 and C-3.
Since this did not oceur, the wmethods used to obtain these results
were questioned snd subject to more rigorous evaluations. Reevaluations
showed that the high activity previously credited to the carbonyl
group of the acetone (C-3 of acetoacetate) was, in reality, due to an
fmpurity. When the effect of this impurity was eliminated from the
data, the actual distribution of {sotope in the acetoscetate derived
from athanol-1-¢l% was spproximstely equal in the C»1 and C+3 positioms.
Comsequently, there was nc lomger any basis for believing that the
isotope distribution in the acetoscetate derived from ethamolel-glé
was essentially different from that obtaimed with acetate-1-cl%.

A complete description of this series of experiments can be found in
the review by Westerfeld and Schulman (122).

The formatiom of acetoscetate from ethanol has elsc been investi-
gated in gnother laboratery (34). When alcohol was perfused, through
the intact vet liver, acetoacetate was formed. By following the rate
of ozidation of the alcohol and wessuring the blood volumes in the
liver, it was concluded thet alechol is totally oxidized to ketone
bodies by the ret liver. The ketone bodies were eble to be detected

in the hepatic venous blood.
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Finally, ome of the products resulting from the presemce of
aleohol {a the body is the sulfate ester of ethamol, Primary
alcohols have been shown to be detoxified by sulfatiom (124, 14)., Im
the rat these detoxication products of the aliphatic alecohole, the
mono-alkyl sulfates, are found to be excreted im the urine.

7. Tissues Respomsible for Alcohol Metsbolism

The liver is gemevally comsidered to be the most important orgen
for the oxidation of ethsmol (49). Liver slices and brei oxidize
alcohol readily (5, 6, 57, 68) and liver contains apprecisble amounts
of the dehydrogensse enzyme. Surviviag livers artificislly perfused
with blood containing aleohol, removed alcohel at rates corresponding
to ome~half to five~asixthe of the rate cbserved im intsct dogs (30},
cata (68), and rabbits (41). In partially hepatectomized snimale,
the rate of alcohol disappearamnce from the blood decreassd as more
liver tissue was removed, until the alcohol disappearance becams alumost
nil vhen the animals were totally Hepatectomized (74, 75). lLiver damage
caused by arsenic, chloroform, phosphorus and antimony resulted in a
levered capacity of the organism to oxidize alcohol. Eviscerated
animals have been shown to metabolize slcohel very slowly (19, 20, 62).

Huscle and kidney tissues have beem found cepable of ethyl aslcohol
metabolism. Jn vitro preparations of rat diaphragm, heart wuscle and

%o, 6, 31, 57).

kidney were observed to comvert c“-hbel;d ethanol to C
It vms found that the alcohol oxidation capacity of the kidneys exceeds
that of the liver (4). However, the quantitstive role that the kidneys
play im the overall metabolism of ethanol in the intact snmimal is mot
known. Testes, spleen, adipose tissue and intestinal tract have been

found to have & limited capacity for alcohol oxidation (32, 60).
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Beports comcerning aervous tissue, in particulsr the brainm, are
ioterestiog. Dwan {26) found in vitro preparatious of ox braiam to be
copable of forming acstaldehyde and acetic acid from edded slcobol
and he chemically identified both metsbolites. He also found brains
of dog, cat, pig, cow, guinea pig and rﬁbbit {in feet, all w:-i
exsmined) to have the capacity for aleochol oxidatfom (25). mr-:i
aod Darmat (6), however, using 6'P-1abeled sthamol found o formstion
of ¢'%0, fron rat bratn tissue.

Also in rat brain homogenates (10), aceteldehyde incressed the
synthesis of acetyl choline and acetoin, and decreased thes formation
of citric scid from pyruvate or acetate. In these studies, sleohol
&d no e¢ffect on scetein or citrate synthesis, but increased acetyl
choline formstion. Evidence was also ﬁwthmiu from the same asuthors
that the conversion of scetaldehyde to secetyl-CoA, by 8 coenszyme A
dependent reasction not requiring ATP or DPH, could be carried out using
brain acetone powder. Aceteoim production was aleo moted iam a system
containing acetyl-CoA and acetsldehyde. The two msjor questions
concerning aleohol metabolism in brain tissue remyin unanswered; {s
alsohol metaboliszed by braim tissue and if so, ave there pathways unique
unto the brain? Preseamt evidence on the pathways of ethemol im brain
tigsue is imconclugive end meny experiments need to be dome.

8. Perspective
The aim of the experiments presented im this thesis 1s to detarmine,
to sope degree of finnlsty', the quentitative importance of the pathways
for the metabolism of ethyl aleohol in the intact rat. The contributioms
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of this work to the field of ethanol wmetabolism are essentislly
three, (1) to report on studiss that have been performed on the
in 2&!3 system, mutgy providing information wot Mtcﬁfoﬂ
demonstrated, (2) to describe and demonstrate a new ‘mrmm
approach um to compeye the relative fates of the carbons of the
acetate amd ethanol molecules, amd (3) to :eport;‘ mémce and to
pmmt discussion pertinent to dcﬂni.ug the ’cmlt_u] matabolic pathway
for ethanol metabolism,

A survey of the litersture concermed with aehmi wetabolism
vill verify the fact thet e considerable volume of work has
accunulated over the years. A clour_ scrutiny, however, will make
spparent the f@c; that ‘m with this large mt of Qﬂ:’k, it cannot
be £firmly and ﬁuquivomlly stated that there is only ome pathway for
the metabolism of ethamol in the normal mammalian body. The reason
why slternate voutes for the metabolism of ethanol have not tm
identified ami/er alﬁintod entirely from comsiderstion is due to
the experimental designs that have been applied.
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MATERIAL AND METHODS

Animalg
The saimals used in this study were male, albino rats of the

Sprague-Davwley strain. They were procured from Pacord Research
Animale in Beavertom, Oregon. At the time the esperiments were
performed, the rats weighed between 200 and 250 grams. All amimals
vere housed in cage-hood amssembliies developed im this laboratory (106).
Feeding

A strict feeding regimen was unecessary in order to imsure that
the putritional states of the snimale at the time of esach experiment
were comparable. Nutritiomal comtrol has been shown to be mecessary
in order to minimize the variability of lipogenesis snd cholesterolo-
mesiﬁ vhich are dependent upon fasting and fuding perieds (18, 104,
108, 109, 116). Consequently, the amimals wers trained to a feeding
program. Trained feeding consists of #um each rat to eat 10
gremg of Purina Rat Chow for ome hour, twice daily. Within & day or
two, all animale eat their entire 10 grams of ratiom during the one~
hour feeding period. Fasting periods were comsidered to be initiated
 at the end of the ome-hour feeding period and after smy uneaten food
wag removed from the cage. Drinking water was available to the animals
at all times,

In special feeding experiments, finely powdered Purins Rat Chow
was supplemented with either sulfanilamide or bemsoic acid. Complete
details for these experiments are furnished in subsequemt sections.
However, in these epecial instances, the feeding regimen was conducted

as described sbove.
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Radioiosotopes
!thnni-cm and ggggg_-_g“_ 2cns o Criteria of Purity

Por this etudy, it was imperative that the ziﬂiﬁaetin compounds
used be of the highest chemical purity end that the positions of the
radioactive carboms be known with certainty.

The scetate and ethamol tracer compovnds were purchased from the
New England Wuclear Corporation. This compamy provided information
that the ethanol was chemically pure by processing the ethamol through
& preparatory gas ahrmtbgrgpby column and collecting the fractiom
which corresponded to ethanol. |

Isotopic dilution analyses were conducted ia our hboutory on
thesa compounds to verify the chemicsl purity. The prisciple of this
snalysis 1s ae followe: The compound whose purity is to be established
is added and aimd wall with a velatively large smount of pure, but
uanlabeled, carrier. The amount of the carrier is known, Radioassay
of & portiomn of this mixture is performed and s apectfic aét:lvuy velue
(cpm/mole of material) is determined, A derivative which is as spacific
as possible for the compound beiag tested is them synthesized. The
derivative Lo purified and a known amount is radioassayed; a specific
sctivity value is determined for the derivative.

Since the specific sctivity values for the starting materiale
(i.e., the acetste and the ethanol) are determined on a mole basis, the
specific activity values of & starting compound and the respective
derivative should be equal if the starting compound wes chemically pure.
A higher specific activity value for the derivative would imdicate

chemical contmmination of the starting materisl.
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Presented in Table 1 ave the results of the fsotope dilution

analyees that were performed on the eth-nel-l-cm3 athanai~2-6l43

3cetnta~1~clﬁ

and acetatawzoﬁi& uged in the experiments veported in
this thesis, The derivatives were 3, S-dinitrobenzoates of the

ethanols (61) and the p-nitrobemzyl esters of the acetates (93).

Table 1

Starting meterial Derivative
Compounds : Specific Activity Specific Activity
a % ' (pc/mmolie) (pc/mmole)
Acetate~1- 1.42 1.40
Acetete-2-¢l% 1.49 1.47
Ethanol-1-cl% 2.00 - 1.89
Ethanol-2-gl4 1.96 2,04

Sodium formateoclé

Sodiim f@rmstuwﬁlé

was purchaged from the New Englend Nuclear
Corporation., The specific activity of the formate when purchased was
4.7 pe/mg. After dilution, the asquecus sodium formate solution contained
16.5 pe/ml. This solution was used in the "formate” excretion experiments.
1-gerine-3-clé

L-Eeria&wz—elé was purchased from the Nuclear-Chicage Corporation.
The epecific aetivity of the original meterial was 2.0 wme/moole.
Total sctivity of the serime wes 50 pe. After dilution the comcentration
of activity was 10.5 pc/ml. This solution was used also in the "formate"
excretion experiments.
Dosage

Basides ascertaining the purity of the compounds being employed

in studies such ag these, it is important to obtainm information as to
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what influence the compound being imjected might have on the system
under study. The amount of substrate that would alter the normal
metaboliem of the endogencus substrate is unique for each system as
well as each set of experimental conditions. The flooding of a 'pool”
by 8 labeled material is im violatiom of the principles of isotopic
tracer methodology. An e:peiimental criteria wust therefore be
established for the desired comditions of the experiment im order to
state ﬁiﬁh assurity that the tracer compound was used at a tracer
concentration for the experiment. The tracer level for scetate and
ethanol as used under the conditions of this experiment 1s showm in

Table 2 (109).
Table 2

Tracer Amounts of Acetate and Ethanol Employed

Compound Activity Injected Amount Injected
(pe) (=g)
Acetate~1-c* 18-20 2.2
Ethnnal-l-ﬁl& : 18-20 4.2
ﬁcetate-z-CI4 18-20 2.2
Kthaﬁole2~cié ‘ ’ 18-20 4,2
Chemical Methods

General Buperimental Procedure

After the animals were trained to feeding, en animsl was fed his
worning's ration for am hour, fasted for en hour and then injected with
& tracer dose of either scetate or ethamol via the intraperitioneai
route. Immedistely following the injection, the animals were placed

inte the intact animal apparatus (See Figure 3) and respiratory carbon
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dioxtde collected for the subsequent twe hours. At the end of the

twe hours, the snimals were decspitated and separated inko four tissue
fractiome, viz., liver, gut, cercass gnd skin. These fractioms weve
weighed, dissolved in 25% (u/v) sicoholic ROM and reflumed for two
hours. At the emd of the refiux period, gqusntitative recoverics of
cholesterol were made with petroleun ether emtrvactions. The digeat
was then ecidified, and the fatty acids were removed guantitatively

vith petroleum ethevr. (87).

Digitonin was added to sn aliquot of the non~saponifieble fraction
and the digitonides precipitated (43). The digitonides were processed
by & wodification of the method of Spercy and Webb (99) end the washed
stercl digitonide was dissolved in ashydrous methamol. An eliquot of
this methanolic solution vas removed and taken to dryness, The smemats
of cholesterol were determined by the wathod of Zlatkis (i28).

Coler demsities were measured vith a modified Bsusch snd Lemb
Epectrenic 20 colovimeter (22) at & wave lemgth setting of 560 wu,
Standard curves were prepared end standards were vum with each set of
determinstions. Dilutions of the cholestervi samples were made so
that the concentration 81d not escesd 0.10 wg, or fall below 0.025 ug/S ml,
of color reagemt which gives opticeldensity readings betweem 0.20 and

0.76 on our instrument. All samples were run in duplicate.
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The extracts containing the fatty acide were transferred to
tared shell viale and the solvent evaporated at 60° C. (vater bath)
under nitrogen. The vials weve them dried in s dessicator and
weighed. The amounts of fatty acid were obtaiumed by differemce.
Raving obtained these values, and kmowing the dilution factors, the

amounts of fatty scids in the total fractions were calculated.

In ovder ¢o refine the gross fatty acid fraction, reversed-phase
column chromatography was employed. The column techaique was a
modification of that used by 84ilk snd Hshn (94) while the solvemt
systems for elution of the fatty acid fractioms were adapted after
Popjek end Tietz (83). |

The column packing was prepared by mixing eflanized Hyflo
Super~-Cel with paraffin oil im ether and evaporating the ether. The
paraffin oll~coated diatomacious earth was then dried in a vacuum
oven (sbout 15 =m Hg pressure) with heating to 60° €. for ome hour.
The dried packing was stored in & closed bottle uvatil used.

Preparation of the columm was carried out by making & sluryy of
the colunm packing with 83% equeous acetons. This slurry was poured
into the colwum, previously heated to 35° C. by water eirculating in
the jacket of the columa, snd packed as evealy as possible by a glass
plunger. The fimal colusm dimentions were 3%cwm x 0.%9em. Solvent flow
through the column was regulatéd by applylng a positive pressure to
the columa with e Sisplex Minipump #65117, the system from the pump
cylindsr to the bottom of tha columm being closed with capillary tubing
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snd sesled pressure fittings. The delivery from the soluom ves
sppronicgtely 30sal/hr.

Blution of che fatty ecids frow the colwm was offected with
GquUeous acetoss wistures, the ecetons conventration being imcressed
to 43, 53, 65, 75, and GJL @p the elution continued, The cluste was
eollected under mitrogm, the frection collector belng controlied on
& tise basis mnd the Crectioms Deing epprosimately 10ul. These
Eractions were trensferzed 0o & 40nl cuvette and titvated with 0.0115%
uethanolic BN using & Manostet niceobusette, No. M5 1300, The titye-
tion was wonitored mud the endepoint deterwined vith & Colowen Juador
Spectraphotometer, Model 6A, which detocted the chenge fn wsvelsagth
ﬁmmmwmm.mbm,nmgm-—
tion progressed. The eadwpoint wes considered as the point at which
mmmunmzm\mtmmumm
ok 650 wa.

Recovery of the fatty aclds frow the titrated {racticen wes accos-
plisbed by ectidifying with & few dvepe of concentreted HEL and eatrects
ing vepoatedly with petrolevs ether (b.p. 40~60° ¢.). Bveporation of
the patroloun etiur vader nitrogen yielded the fetty scids which were
 stoved tn & dessicator fn yeeus.

Pigure I preseats the slution titzation curve of the frsotions
obtained ivow the eeperaticn of the fetty eefd fractiom fres lfver
tissus, five distinct pesks beimg appavest. Por the isoletiess of
the fatty actds in sach posk, the tube(s) corvesponding to pesk cone
contretione of fatty seids were acldified and estrected,



Figure 1

Elutiom titvetiom curve of fractioms
obtained from the sepavation of the
fatty ecid fraction from liver tissue
by reversed-phase column chromstography
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Saxbon Diowide Titration
The total quentity of carbon dioxide expired durimg the twoehour
experimental period was coliected in 200 ml of IN WalHl as sodium
carbonate. The carbonate was titrated with stendardised hydrochlorie
acid. Two indicators wore used. A 1% phemolphthslein in alcohol was
used at the beglaning of the titration and 0,1% methyl orange in
alcohol was added whea the pH wes reduced to about 3,
At the start of the titretion the pHl of the solution was around
11 or sbove and the color was phenolphthalein red. When emough scid
was added to couplete the resctions
(1) BelH -+ HCL = RaCl + Hgﬂ and
€2) s.zco-a + HOL = m3 + HaCl
the pil of the solution was sbout 8.4, due to the sodium bicarbonate.
The red color had disappeared, end et this point 2 drops of wmethyl
orange indicator were added to fmpart em oramge color to the solutionm.
The further addition of acid gives the red color of methyl orange and
marked the completion e!.thn reaction.
(3) WaliCO, + MCL =  H,C04 + NaCl
The pll of the solution st the end of the titration was about 3.0,
Acyl Derivatives
The reactive intermediates of lipid wetsbolism can be detected
and isolated by the derivatives that they form with hydrvoxylamine (35).
Hydrozylamine can react vn:h most substances of the general
struction, R-COK, as follows:
R-COX - W08 —> n-§m+n
‘ acyl hydrossmic agm
The rates for the formatiom of the different hydromsmic acids
vary according to the acyl compound in the reaction and according to
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the kind of grouping attached to the acyl.

The formation of hydroxamic acids by a non-enzymatic veaction
of hydvexylanine with a tissue homogenate comtsining the expected
acyl intermediates is of interest since it offers a good method for
detection and separation of the differemt acyls. At any oma time,
the btcio;iul system vzl‘i contain weny ecyl compounds so that it 4o
of value to be nbh to up;rate tha various hy&mmu ac!.dc. ‘l‘kﬂ
separation can be accomplished by chromatographic techniques.

The hydiomto mtﬁo& uged followed the procedures previously
established here for resction conditioms, such as optimum comcentration
of hydroxylemine, lemgth of time the reaction should rum for quantie
tative product formatiom, amd the temperature at thah the enzymes
wvhich influemce this system are imactivated (28, 113).

Bydroxanic Actds ‘ |

Hydroxauic acids were formed from thioacyls preseat im liver
tissue by gllwtng a homogenate of liver tissue to react with hydroxy-
lamine, The method used was that dculqpué in tkip lesboratory (28, 113).
The method used was as follows: A freshly excised sample of liver
was minced and a portion, mighin; approximately one gram, was accurately
weighed and transferred to & 53 ml. homogenizer tube, and the tube was
tmmediately fmmersed is & water bath at 70° C. for 10 uimutes. Two
wl of 0.3 M hydvoxylamine (pH 7.4) was added for each gram of liver,
and the tissue was homogenized with a Teflon homogeniser. The homo-
genate was allowed to vésct at room tempersture for 30 minutes.

The homogenate was then tramsferved to & 56 ml. ﬁem sap culture
tubs using 15.ml. afy butanol as the transferring fluid., The tube
was capped sad ghaken for 30 minutes at full spsed on a horisontal
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shaker. The tube wss them cemtrifuged at 1200 rpm for 10 minutes,

and decanted into a 50 ml gradunted centrifuge tuba. The homogemate
residue was extracted twice mere with 10 ml. portioms of butemol as
above, and the butancl extracts pooled. The volume of the butensl was
reduced to 10 wi with nitrogen om a 60° C. water bath.

To the concentrated butamol axztraet, 5 wl., of water were added
and the solution made &Ikalim to phenolphthalein. The waf.exr layer
was drawn off with a 10 wl, syringe fitted with a 7 inch neadle.

The butamol was reextracted with 2 ml of water until the pink color of
the phesciphthalein in the butancl was removed (3~5 times). The water
extracts were pooled, neutralized and veduced to a comvenient volume
for spotting oas chromatographic paper. |

An aliquot of the water extract (butanol aleo, if desired) was
chromatographed on Whatmsn #3 £ilter pesper that was proviously rimsed
with glacial acetic acid and dried. The soivent system was a butanol:
acetic acid: water (4:1:5) eystem which reguires about 16 hours for
good esparations. The chromatographic tank was at room temperaturs
for these expeviments. Following chromatography, the strips were air
dried and radicassayed.

Acstylation of Sulfenilanide

Bulfanilanide was fed for thm days to four rats at the level
of 50mg of drug/rat/day. At the emd of the thres day feeding period,
& single rat was injected with one of the following:

{a) 20uc acatuuol-»cm
(b) 20uc wetuuvz-c;“’
{e) 20uc a:hml-l-vem
(@) 20uc ethanol-2-¢**
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The animals were placed in individusl glass “ecages™ for urine
coligction and kept there for 12 hours. At this time 5 ml. of distilled
vater was injected intraperitomesily and the animsls retursed to the
eollection cages for amother 12 hours. The scetyleted sulfanilemide
was collected according to the method of Bermhard (38).

The acetyl sulfanilamide was crystallized once, dried and weighed,

The recoveries were ag follows:

A1 24 ,6mg
A2 12.4ug
E-1 17.2ng
B-2 12.7mg

The melting point of these meterisls was 2035-210° ¢. The value reported
in the literature is 216°.
Eormate Excretion

This procedure was employed im order to test for the presence of
c!4-formate in the urimes of rets having received Cl4-acetate end
ethanol. ‘

The wethod that was used was modified from that of Weinhouse end
Priednsan (115). Ia brief, the method consists in the administration
of & ¢'%-1absled compound to rats by intraperitonesl imjection, follow-
ed immediately with snother imjection of unlabeled formate., Formate
is mt-tui inte the urime under these conditions, and the presence
of radicactivity in the excreted formate imdicates that formate is &
metabolie product of the injected, labeled compound.

These experiments were performed on 230 grem rats. 2.0 miliimoles

of sodium formste (1 ml. of a 2.0 M solution of sodium formate) were
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injected intraperitoneally followed immediately by an injection of
the c“-anautn or ethamol. Jumediately following the injections the
animals were placed for 6 hours in chembers for urine collection.

The urise samples were filtered quut,it.ntinly into 8 distillation
flask and acidified vit}: 2 m} i#‘ 30% sulfuric ascid, 0.5 grams of
silver sulfate ware dhd to prevent velatilisation of chloride as
HCL. W‘*“ distillations (up to six) were carried v:;ut wmtil a
quantitative transfer of the volatile acids vas effected.

The distillste was pessed through a Dowex-1 ion exchange columm
(iuuu’ form) and formate and scetate wers rotained on the columm,
ltﬁml was not retained and passes through, Acetete amd formate
were then selectively niutgd with 0.1N NaOH end M un4 + Figurve 2
demonstrates the type of elution curves that were obtained.

- The acetste fraction was eombusted in a nﬁtulfuta apparatus and
the 00y was euM in sodium hydinxlu. Wo;m éi this alkali-
carbonate solution was done by the liquid ssmple assay technique.

The formate fraction was radioassayed si @ liquid sample in 3M emmoniunm
nitrate. |

ric &.

Benzoic scid was fed for three days to four rats. On the fourth
day the rats were imjected with c"";mceatq or c“-athlml and the
urine was collected for tﬁe subsequent 12~ heurs. Hippuric ;cad wae
racovered and purified from these urine samples and them kmown amounts
wers rm&mnm«l. _

The Smptc ”’“. that was feg) was crystallized twice from water
at which time the melting point (m 122° ¢. (litereture value 122° ¢.).



Figure 2

Elution of acetaete and formate from ion
exchange column

A Dowex~1 (acetate form) ion exchange
column was loaded with Cl%-gcetate snd
¢lé.formate. These acids were eluted
with 0.1 NaOHl until the ascide had been
separsted, The remainder of the formate
vas then eluted with 3W NH,NO,.

The solid line represents the percentage
of the radioactivity as acetate or formate
recovered in each milliliter of eluate.
The brokem line represents the acexmulated
racovery of acetate or formate.



% OF DOSE

100

80

60

40

20

37

O—=-0 o__.—-O——O
/ /

A !
,°\\Accumulotive recovery——/

! Il
// !

Formate

| |
4 8 12 16 20 24 28 52

ml. OF ELUATE



38

Each rat consumed spproximately 125 mg of bemzoic ascid per feeding
(i.e., 250 wg/day). By the thiyd day of feeding, the rats were all
consuming comparable amounts of benzoic acid supplemented diet.

Bippuriec acld was extracted from the urime s2s follows: The
volumen of the urine was measured end solid samonium sulfate (Sgms/10ml1,
urine) was added. After the ammonium sulfate was dlseolved, 10 drops
of thymol blue indicator was added, and concentrated HC1l added until
the solution was definitely “pink". The solutiom was mized and placed
in the refrigerator for 30 minutes for crystalization.

The erystals of hippuric acid were filtered off and washed 2.3
times with ice cold water. The filter paper and the p#fueipitam were
quantitatively transferved to & beaker, a little wster was added and
the mixture heated to dissolve the erystals. The hot mixture was
filtered, cooled, and allowed to crystallize. The erystals were
filtered and redissolved in hot water, decolorizing charcoal was
added and the mixture filtered againm while hot. The recrystallized
hippuric acid was in needle form and gave & sharp melting point at
189.5° ¢, (litersture value 189-190° ¢€.).
Equipuent used for Rsdicsssaye
Intact Animal Agsembly

The equipment used for the continwous monitaﬂng of rgdiaactivc
respiratory carbon dioxide ig pictured in tigurc: 3. An enimal was
injected intraperitoneally with the appropriate tracer and placed im
the suimel chamber. The anfwal remained in the chsmber for two hours.
During thie time, the metsbolism assembly was constantly flushed with
dey, mz-frea elr. The expired air was passed through concentrated



Figure 3

Intact aninal as ly for the measurememt
of respirstory C** activities (110)

The components are ss follows: {from left

to right)

Q.
b.

d.

£,
. B

h.

Animal chamber

Sulfuric acid bubbler to remove
excess molsture from the expired
aiv

Geiger-Musller tube

Scaler (on top)

Counting rate computer (om bottom)
Milliameter recorder

Large carbon diexide ebsorber
{containing excess of IN NaOH)
Sartesisn mamostat
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sulfuric acid for drying, snd tham conducted to the Geiger-Mueller
tube which 1s housed in a lead shield., YThe Geiger-Mueller tulre
impulses were scaled on a Berkeley Decimal Scaler Model 100 and a
Berkeley ‘munting rate computer, Model 1600, which activated a nilliew-
meter vecorder, The gas atream was them passed through a container
of IN NaOH, which trapped all the €0, for further quantitative
titrationm and radiocassay. For & complete description of tho intact
animal agssembly see Van Bruggen and Rutchems (11D).
Other Redioactivity Analyses

All ether gmmattvity analyses were done using four {nstrument
assemblies, three of the instruments were Geiger Mueller tube
instruments and the fourth was a scintillation counter. Por the
most part, the semples were counted for at least 1600 total counts.
In 2 few cases the samples were counted for only 8001‘»::0@2:&.

indow L £

The Geiger-Mueller end window system was & Nuclear Scaler, Model
163, attached to a Traced Leb 1.8 mg/cm® end window tube housed in
an aluminur-lead shield, This imstrument was used exclusively for

liquid sample counting,

This low background counting syetem was designed to provide
autometic detection with & low background of less than 2.0 cpm.
The low background is obtained because of an sbundance of shielding,
and & "guard" detector tube that acte as a cocmic vgy shield,

operating through an smticoincidemce cireuit. An automatic sample
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changer, Model C-110A, a Nuclear sealer, Model 1838, were used with
this detector.
8tr ter

-The hydroxamate paper chromatograms were assayed on a Vanguavd
Autoscenmer, Model 880, This imstrument has s 4 detector for
maxingl counting efficiency. The detectors are. without windows,
th ie approxzimately 15%. All strips
were run at i2 ’inchesfhour, wiﬂ: a collimator slit oming of 0.5

The counting efficiemcy for ¢

inch and maximm scale deflection equivalent to 300 cpa.
Liguid Selgeillation Counting

The hippuric acid samples were dissolved im the appropriate
scintillator solvent eystem (See below - "Sample Prepevation”) and
counted on a Packerd Tricarb Liquid Sciatillation Spectrometer,
Model 314 Ex-2. By using internal standards it n.a establighed that
the efficiency of counting was S8%.
Wﬂ
Liguid Semples

The redicassay mchuiéue of aqueous umpiea containing carbone14
wvag developed in end reported from our laboratory (112). The liquid
sample is pipatted into @ uﬁirxleis steel planchet. A sonll drop of
1 per cent sercsol solution is added which reduces surface tension
and allows the sample to cover the batt_oni: of the planchet m an even
fﬂm,- A thin Mylar film (DuPont) is then placed, as covering, over
‘the planchet and held in place by & rubber bend. "Counting” is them
dome under the end window Geiger tube with em efficiency of 0.18%.
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Lipid Semples

The lipids were counted as infinttely thin samples on concemtric
ring copper plenchets. A sample described as infinively thin implies
a condition of negligible self-absorxption. This amount can be
daternined experimentally by adding radicactive materisl in emall
increments to the planchet until further addition mo lomgey gives &
linesr increase in sctivity. This deviation from limesrity 1 the
point at which the infimitely thin criterium has been emceeded with
the begimning of @ megsurable amount of self-absorption. This amount
has been detsrmined pmﬁmw in this lsboratory and found to be less
than 0.8ag per e in copper concentric ring planchets for both
cholesterol and fatty acids, The semple was placed in the planchet
a¢ a4 solution and the solvent was evaporsted under an infra-red ray
lemp.

g  {=} o

An aliquot of the aqueous fractionm of the hydroxamate Mractlm
procedure (described earlier) was gpotted on acetic acid washed Whatman
#3 filter paper strips. PFollowing chromatography in the butamol-seetic
miéowur solvent eystem, the etrips were air dried at room temperature.
The strips were scammed for radicactivity without further preparation,
Sol4d Sempies

The solid samples, viz. acetyl-sulfenilamide and hippuric acid
were each counted after dissolving weighed amounts of each material into
an appropriate organic solvemt. Acetyl sulfanilemide was dissolved
in dioxsme and counted by the liquid semple techniqus under the end-
window @Geiger tube.
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The hippuric acid semples, previously weighed, were dissolved
fa 15 ul of & seintillator solution comprised of the following
ingredients:

7.00 grams P P 0 (2,5~diphenyloxazole)
0.05 grams POPOP (2,2-p-phenylens bis(5-phemylomasole))
100 grams naphthalene
These amounts were dissolved im 1 liter of 1,2-dimethoxyethane
(ethyleme glycol dimethyl ether) which had a boiling poist of 83+35° ¢,
This solvent was treated before use by perculating it through sn alumina
column to remove peroxides. %Tha scintillator solutions were counted
with the Packard Tri-carb Scimtillator Bpectrophotomater.
tis hods

The t-test was the statistical test employed for all comparieoms.
This test is 4 small semple test and is ueed to test for gstatistical |
differences between pairs of means. In this thesis, suy p-value equal
te or lase t;hu 0.05 is considered to indicate statisticsl significance.

The assumptions upom which this test is based are that the samples
gre from normal populations and that the variances of smy two
populations being compaved are equal, The advantage of using the
tetest lies im the test's insemsitivity to violatioms of its two
aspumptions. The sampling behavior of "t" depends solely upon the
number of eamples and is independent of the population mean and
population standard deviation.

See also Bection A of the Appendix for a discussion of the

method vsed to evaluate the ratios with the t-test.



RESULTS AND DISCUSSION

§o as to present the results of these studies clearly and
without undue repetition, the section of Results will be presented
concurrently with the Discussiom. The Appendix containg wmuch of
the data from which the ratio values were ohtaiped a3 well as the

statistical treatwent that wes used.

1. Experimental Design

The aim of the emperiments presented in this thesis iz to

determine, to seme degree of fimality, whether or mot there is wmore
than one pathway for the metabolism of ethyl alechol im the intact
mammalisn system. The conventiomal approach to this type of problem
would be to administer ethamol or acetaldehyde to an animal and to
follow the time course of blood and urine levels. This early type
of epproach yielded & great deal of information, but much of it is
still comtroversiel. Certainly, from this esrly work, definitive
information as to the quantitative or even the qualitative metabolie
fate of ethamol was not obtained,

With the appiication of tracer techniques to problems im inter-
mediary metabolism, the amount of qualitative imformation, in regard
to the fate of ethamol, increased emormously. Tracer techniques
uvgually give definite answers to certein questions. For emample, it
is quite easy to show that some part of a specific precursor is incor~
porated or fixed into a particular product. This kind of experiment
affords gross answers to precursor-product relatiomships. However,
this type of experiment lacks profundity, for it does not answer the

followling questions:
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(a) Did the precursor woleeule (with ite "tagged” stom)

£0 a8 an intact unit inte the product?

(B) Bid the precursor melecule go to the product by a direct
route ?

(c) Did eome of the precursor become diverted to s side-
product off of the direct route?

(d) Did the precursor go via several slternate pathways to a
common intermediate precursor?

(e) Does the pathway of product labelinmg vepresemt the only
pathway for product formation?

(£} Are there intermediates invoived im the formation of the
product that may arise from parallel pathways of metsboiism?
(8) Does the amount of tracer appearing in the product have
quantitative sigmificemce {n temrms of the rates of reactions
being etudied?

- {h) Vhat ere the rates of turnover of the metabolic poole
Lnvolved?

(i) Do the membranes of the biological system discriminate
between precursors being studied?

These questions are ilwpossible, or at best difficult, to amswer

by experimental aspproaches in which ethamol, labeled or not, is used

and ite subsequent metaboliem studied. In eddition, in the interpre~

tation of “tracer" euperiments, these questions are often overlocked;

but these same questions come very much to the front when attempts are

made to use C'4-labeled ethanol to assess the wmetabolic fate of that

molecule. Point (1), of course, is only applicable in comparative



46

studies between two different labeled compounds, e.g., acetste and
ethanol.

Since ethanol is suppesed to be comverted to acetate or acetyl-Coa,
it would appear that a logical approsch would be to compare the
utilization of acetate-l-@i& with that of ethanolml-ciﬁ. However, the
series of questions cited above raise doubt that such an approach
could yleld definitive informationm.

Schulman et al. (92), followed this epproach and compaved the
metabolic fates of tracer acetate and tracer ethamol. They chose to
evaluate the labeling response at two different time intervals im anm
attempt to resolve a portion of the problem concerned with permeability
and activation. But ian so doing, these workers obvicusly created new
problems in terms of the "turnover” of tissue constituents. In all
fractions and tissues studied, ethanol label was incorporated to a
greater extent than wae the acetate. Schulman concluded "some divergence
in wetabolic pathwaye for at least a part of the sleohol". Westerfeld
and his collaborators have contimued to study ethanol metabolism
(21, 122, 97, 90), but as yet have not esteblished an alternate pathway
for ethanol.

Brady and Gurin (13) while pioneering much of the early work om
cholesterclogenesis, cited evidence that acetaldehyde label was found
in cholestercl, bicsynthesized by liver siices, to a greater extent
than was acetate laebel. These authors were aware that factors of
permeability, sctivation and toxicity could easily influence the compari-
soms of label imcorporation. They concluded by saying, "The considera-
tions, of course, apply equally well to comparsble experiments carried

out with the imtact animal, im vhich the wode of sdministration, the
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rate of diffusion, permeability, toxicity, and complicating action
of numerous organs and tissues meke quantitative comparisons of
different precursors very difficule”.

Hone of the curremt studies have suggested thet ethamol is net
metabolized by the sequence, ethamol to acetaldehyde to acetate
(acetyl~CoA), nor have the isotopic studies shown that a significant
part of the ethamol is metabolized by pathways other then thig
sequence. However, nome of the reported studies have been designed
to establish umequivocelly the presemce of another pathway of ethanol
metabolism and/or to determime the quantitative significance of thie
pathway .

In the present studies, the following comsiderations led to the
adoption of "labeling ratios™ es an approach. 1f acetate is known to
go intact into a bilosynthesized metabolite, them acetate-1l-Ci* should
label this wetebolite in an identical menmer as does acet&temz-c%a,

In this situatiom the incorporation of acatatawz-ﬂléyacetate-l»ﬁla
(Ag/A1) ehould equal L. If acetate is a prime product of ethamel
metabolism, them the carbonel of the acetate formed should follow the
carbone2 of acetate in & quantitstive mesmer. Wow if the two carbons
retain their positiomal identities, and if the carbon-l position of
ethancl is converted to the carbon-l of scetate, then in those reactions
where Ay/Aj equals 1.0, Ey/E, should equal 1.0, In this retic evalua-
tion, it is not important to have Ey=A; or Ej=Ay; it is only necessary
for Ey/Ey to equal Ap/A;. This comparisen then sllows for the formation
of konown and unknown inteérmediates between ethencl and acetate, it

allowe membrane permeability to acetate and ethanol to differ, amd permits
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the flow of label through varisble sized "pools" of metabolites.

In contrast to the reactioas in which Ay/Ay=1.0 as would be
the case in fatty acid synthesis, there are netabolic pathways in
which the carbons of the precursor ave distinguished from each other.
in one of these, cholesterol biosynthesis, the carbom-1 of acetate
is in part lost from the fimal product yielding a ratio of A,/4
of 1.25. v
2, Biosyntheses Iuvolving Acetyl-Cod

The apprcach to the problem of evaluating the similarities and
differences between acetate and ethancl metabolism was firet to deter=
mine the labeling patterms from clé~acaaata and ¢ *uethanol in common
metabolic products. For this purpose, lipid compoments were chosen,
since lipid techniques are common to this labovatory. The cholesterol
and fatty acids that were chosen to be examined shaﬁld reflect the
iabeling of the acetyl-CoA "pool”, since acetyl-CoA is kmown to be
the metabolic precursor of both of these materisls.

Before the data ave presented and discussed, ome point should be
re-emphasized., There i9 good evideace that a proportion of ethanol
that is wetabolized proceeds by way of the pathway-ethanol to acetal-
dehyde to acetate. The purpose of these gtudies 1s to determine whether
er not this sequence ig the only sequence by uhi;h alcohol matabﬁlitﬁ
oceurs.,
2. Cholestercl

The first metabolic criterion thet is to be exsmined is cholesterol.
The complete "raw" data and standerd deviations can be found im
Section II of the Appendix. The ratios of the incorporations of @14-
acetate and Qlﬁnethanol inte digitonin-precipitable sterols are present-

ed in Table 3,
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Table 3

The ratios obtained from the Digitonin-Precipitabie Sterols.

Tisgue éE/A] EEIE! p-value

Liver 0.29 .. 1.61 0.68 .. 5, > .05
8.18 ) 0.45 194

Gut 0028 o8 9'65 . é > -65
o5 1,33 5 i.7 :

Carcaes 0.23 . 1.0 0.42 . ».05
0.25 h 00 0.33 sl

Skin 0,14 - 1.75 0.17 - 1.31 >.05
4.08 0.13 ‘

Mesn Ratioc 1.42 1,46

Statietical evaluaticns (t-test) of the ratiog show that mo
difference at the 95% confidence level ie demonstrated for liver, gut,
carcase or gkin tissue fractions (See Sectinnrl of the Appendix for
wethod of evaluating vatios).

The fact that the labeling ratios betweem acetate and ethanol
do not differ implies that the acetyl-CoA "pool" for cholesterol
biosynthesis is labeled similarly from cl4-acetate and C'°~ethamol.

It cen be conciuded f:cm this observaticn that if an aliernste pathway
for ethanol does exist, the intermediates of the pathway have not
entered into cholesterol biosynthesis, or if they have, the positional
identirles of the carbinol and methyl carbong are maintained.

it can aleo be seen that the incorporatiom of label into liver
and gut cholesterol e comsistently higher from ethanmol than from
acetate. This io demomstrated in Table 4 im which the imcorporation
of label from ethanal—l-eiﬁ into liver cholesterol differs significantly

14

from the incorporation from scetate-1-C" at the (.01 level. Acetate-
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2-6}"" and ethm@l-%cm incorporation into liver cholesterol
differe sipnificently at the 0.02 level. Statistical diffevences
between acetate and ethanol incorporation are found im gut tissue as
well. Though cholesterol fractioms from carcass and skin tissues
consistently demonstrate ethamol incorporationms that excead acetate

incorporations, no statistical differences are found,

Table 4
Comparigson of Cmnﬁcetate and ¢ ®pthanol Incorporations imto

Digitonin-Precipitable Stercls.

Mewe M0 b B pvale
Liver 0,18 0.45 <,01
Liver 0.29 0.68 < .02
Gut 9.21 0.37 , <.,01
Gut 0.28 0.65 < 05
Carcass 0.25 8.42 > .05
Carvcass 0.25 0.33 >.05
Skin 0.08 0.13 >.05
Skin 0.14 0.17 >.05

The observation that the incorporation of label imto cholesterol
gecure to a grester extant from ethanol than frowm acetate is mot &
new one., Westerfeld was one of the first linvestigetom to make this
observation (92). The meaning of it is not clear, but a receat report
by Westerfald's group has presented emperimental support for one
poseibility (97). These workers found that the conversiom of c*aathanol

to emﬂ-nmtyl-mA occurred without dilution by eandogencus substrates,
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&-acetate'waa diluted emdogenousily, A smaller pool gize

vhereas Gl
for ethamol would result in less dilution of the labeled ethamol.
Consequently, there unui# be a graater probability that a labeled
ethanol wogld enter iato a resction from the ethanol "pool" tham a
respectively labeled acetate would from the acetate "pool”. 1If thie
1s the true explanstion for the phemomena, them ome further comclusion
can be formulated. From these comsiderations it should be possibie

to minimize the formation of free acetate as an intermediate in
ethanol metabolism of liver and put tissues. If acetaldehyde is
converted emclusively to free acetate, no preferential labeling om the
pﬁrc of athanél should be apparent. It seems vexy probabis, then,
that some acetaldehyde is converted éireetly to naetyl—@oh without
first be¢am1ng nixed witﬁ the free acetate "pool”,

The ratios of the C-2/C~1 positions of the acetate snd ethamol
aﬁpraximate the theoretical value of 1.25, caleculsted from comsidera-
tioms of the cholesterol biosymthetic pathway. Thie comparison is
p#e-anteé in Table 5.

Table 5

Comparison of Ethanol and Acetate Ratiocs with the Theoretical Ratio

for Cholestercl Biosynthesis.

Ratio
Tracer Theoretical Obaarved? p-Velue
Acetate 1.25 1.43 = 0,10
Ethanol 1.25 1.37 >0.10

*The observed values represent the means of the summstion of ratiocs

for all four tissues.

' The similarity in labeling of the acetyli-CoA pool for cholesterol

biosynthesis from scetate end ethanol is demonstrated by the closeness
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with which the acetate and ethanol ratios spproximate the theoreti-
cal value of 1,25, The value of 1.25 is arrived at in the following
way:
Cholestercl is formed by the condemsation of

18 units of acetate, i.e.,

18 acetate {360) ey 6 mevalonic acid (360)

6 mevalonic acid (36C) ——p 6 isopentenyi~PP (30C) + 6602
The & ﬁeg formed in this decarboxylation arise from the Gl position,
the carboxyl of acetate.

6 isopentenyl=PP (30€) —— 1 squalene (Cag)

1 squalene (C3g)

-~ 1 cholesterol (32?) %'ECQE
The 3 €O, formed here arise from carbone that were originally the
nethyl carbon, (62) of acetate.

18 acetate ~——nwwey 1 cholesterol + 6c1 as 002 4 3Gy as c@z
so that of the 27 carbous in cholesterol, 12 originated from 63 and
15 from the C, positions of acetate. This gives a ratio of czlcl e

15/12 = 1.25

The comparison of the acetate #nd ethanol ratios with the theoretical
value of 1.25 was dome using the swmated values from the eatire
animal. It can be concluded, them, that the labeling of cholesterol
from éthanol--l»le4 and ethlnﬂ1»2~024 for the entire snimal does not
differ from the labeling pattern expected if ethanol were converted
quantitatively to acetyl-CoA before participating in cholesterologenesis.
The acetyl-Cold for cholesterol synthesis appears to be labeled in

14 14

qualitatively the game fashion from ethancl-C™" as from acetate-C .
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b. Patty Acids
The saponifiable fraction was isolated from liver, gut, carcass
and skin tissues and used to determine the pattern of labeling from

acetnte*ﬂla and from eaf:ham.ml«@}“!é

. The complete "raw" data and the
standard deviations can be found in Section IIX of the Appendisx.
In Table 5 the ratios of the incorporations of acetate and ethanol

into the ssponifiable fraction are presemted.

Table ¢
Ratios of the Incorporstion of cla—gcetnte and ¢14-Ethan¢1 into the
Saponifiable Praction

Iisgue f_%& fgﬁl_ p-Value
Liver 5 - 137 8 - 1.05 -
e 2:32 - 0.8 .ii’..g%’g. =122 < .02
Carcass %%% = 1.05 _g_‘_g% = 1.23 > .05
Skin 3 - 1.41 L8 - 0.95 - >0s
Mean Ratio 1.18 1.11

No statisticel differemce at the 95% confidence level is found
for the ratios of acetate and ethanol in the saponifiable fraction
of liver, carcass and skin tiseues. @ut tissue, however, shows a

significant difference at the 98% confidence level.
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Table 7
14 1%

Comparigon of ¢ ~hcetate and C <Ethanol into Patty Acids
Tissue ﬁ fl i% E..‘?. p-Value
Liver 0.73 1,51 < .01
Liver 1.00 1.59 > 08
But 6.13 1.29 ‘ < 01
Gut : 5.39 2.34 < .01
Carvcass 5,350 3.27 < .61
Garcass 5.76 4,03 > .05
Skin 0.93 1.70 < .01
Skin 1.31 1.8l > .05

A greater incorporation of label from eﬁhmn@l-clé than from
acetata-cl4 could be the resultamt of “pool” sizes that are not the
same, The greater incorporation of label from ethanol would indicste
that the endogenous ethanmol pool is smaller than the endogenous free
acetate "poeol” im liver and skin tissues,

The observation that acetaﬁa-ﬂiﬁ is incorporated to a greatex
extent than ethumcl-ﬁlé in carcass tissue could be caused by twe
factors. Acetate and ethanol "pool" sizes could be different with the
ethanel “pool"” being the larger of the two or else, some tissue(s)
of the carcass fraction could be incapable of metsbolizing ethamol as
readily as acetate. The tissues and orgamns contaimed in the carcass
fraction includes the following: adrenais, brain, spleen, kidneys,
testicular tissue, adipose tissue and lungs, i.e., everything that is
ieft after the 1iver, gastrointenstinal tract and skin have been removed

from the rat.
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The possibility that ethancl is not as eaeily metsbolized by
some tissue components of the cavcass fraction seems a likely
explanation. If certaim tiseues of the carcass fraction ave unable
te metabolize ethamnol, either due to the fact that elcohol dehydrogenase
is not present and/or because ethanol is not permeabie to those
tigsues, low label incorporatioms from ethanal-al& would be expected.
Thie is particularly true since tracer levels of acetate and ethanol
were used in these studies. At those low concentrations of acetate
and ethanol, the amimal tissues were not flooded with the labeled
compounds, and complete metabolism of the compounds should have taken
place if the tissues were capable of metabolizing them. However, there
are certain tissues that sre unable to metabolize ethanol. Adipose
tissue, for instance, is one tissue th&t is unsble to mgtabalize
ethanol since no leﬁg could be fouﬁd follcwiﬁg incmbatian of adipose
tissue with ethancl-1, 2-01a. With either acetate-l, 2-614 or glucose-
v-cl4 ag the subgtrate, Gikﬁz was ﬂetécte& as a pruauct of the tissue
metabolism (60).

The meaning of the significant différenﬂe that is noted between
the acetate and the ethanol ratios in gﬁt tissue ia not clear. Some
insight 1n£9 thls problem might be ébtaiaed if the label incorporations
from acétate and ethanol are compared. Acetate appears to label
gut fatty acids 2 to S timés better than does ethaﬁal. There arve
two ¢9ndiéianéythat could give :heSQ resulta. vathe gut ethanol

"pool" were larger tham the acetate "pool”, a greater dilution of
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the labeled ethanol would take place with unlabeled ethanol, and
less label would be incovporated imto the fatty acid fraction in
a finite period of time 1f it ig acsumed that similar reaction
rates govern acetate and ethanol metabolism, The fact that
cholestercl is mot labeled better from acetate than from ethanol
in gut tissue would mesn that either separate acetate and ethamol
“pools” exist for cholesterol and fatty acid synthesis, or that
ethanel is not readily metabolized by gut tissve. These considera-
tions do not explain the differences in &g/a1 and Ezf31 ratios,
but they stress the point that wide differences could exist in
individual tissuee with respect teo acetate and ethanol utilizationm,
Since eth:nai-ﬁié 1abeis liver, carcass and skin in a way

Lé, support is gilven to

which is indistinguishable from acetate~C
the concept that the acetyl~CoA “pool" for fatty acid biosynthesis
is labeled by ethanol-c'* in & manner similar to that donme by

¢*®. The gimilarity of the ratios of acetstﬁ-cia (Aalai)

acetate~
and ethanol-c'% (E,/B;) rules out the possibility of label
discrimination by means of & pathway for ethanol that i{s not avail-
able to acetate. A pathway euch ag the formation of acetvacetate
from sceteldehyds cannct be verified or rejected on the basis of
these data. Therefore, it is possible to say only that the labeling

14
of fatty acids of liver, carvcass and ekin from acetate~C and

athanol-cxa is Indistinguishable e judged from this work,
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The retios for ethamol and acetate are mear the theoretical value

of 1.00 calculated for fatty acids, The statistical eveluation of the
comparison of the observed ratios with the theoretical vatios is

pregented in Table 8.

Table 8
Comparisom of Ethamol and Acetste Ratios with the Theoreticsl Ratio

for cﬁol‘utty Acids

Zrscer  Theoretical  Gheerved®  p-values

Acetate 1.00 1.18 > .05

Ethanol 1.00 111 5.0
*The observed values represemt the weans of the summation of ratios

for all four tissues.

These results indicate that the ecetyl-CoA pool for the biceyn-
thesis of fatty acids is similarly labeled by acetate and ethanol.

The theoratical value (1.00) for fatty actds results from the
fgct that in the sequence of biosynthetic reactions, there are as
many C; carboms from scetate imcorporated into the acids as there ave
carbons from the 61 position of acetate, i.e., acetate is incorporated
as & unit into the fatty acid product.

Since the observed ratios approximate the theoretical ratios, it
can be concluded that the labeling of fatty acids from chml-locm
and ethamol-2-¢}%, considering the emtire animal, does not differ from
the pattern expected if othancl were comverted directly to acetyl-CoA
bafore participsting in this synthesis scheme. The acetyl-CoA "pool”
for fatty acid synthesis appears to be labeled, qualitatively, the

same from athnol-c”‘ as from &utate-'cu',



58

Certain specific fatty acids of the sponifiable fraction were
isolated in order to determins more precisely their specific activities
and ratios. For this purpose, reverse phagevcelumn chromatography was
employed. Fatty acid fractions were eluted from a Super Cel and
paraffin oil column with increasing proportions of acetone im an aqueocus
acetone mixture (See Methods and Materials for complete details).

Table 7 presents the ratlios of the epecific mctivities of a
particular fraction (Peak D of Figure 1 - Methods and Materials) from
liver tissue that has béen shown by gas-liquid chrowmatography, to be

approximately B80% stearic scid and 20% palmitic acid.

Table 9

Ratios of Specific Activities of Fraction from Super Cel Columm

cpn/mg
Ay 158.7 0. ‘
X 160.3 *
E, 188.7 ._ 4.
iz 151.1 #eal
|

The ratios of the specific activities ere similar for acetate and
ethanol injeétaé animals. .In both cases, the ratios approximate the
theoretical ratio of 1.00 very closely. This finding confirms the
data obtained from the less refined saponifiable fraction and reaffirms
the conclusion that both ethanol gné acetate lahgl the acetyl-CoA
Ppool” in qualitatively the same way. That is to say, ;hopgh the
acetyl-CoA "pool” might have a higher specific activity after ethanol
than after acetate, the relative proportiom of the lsbel ending up in
the 2~position of acetyl-CoA from scetate or ethanol-zwclé is the same

as that endieg up in the l-position of acetyl-Cod from acetate-or
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athaml—l»ﬂm.
¢. Hydroxamic Acid Study
In an attempt to gain & move precise understanding of the
labeling of the acetyl-CoA "pool” im liver tissue by aeetate-cm
and ethmal-ﬂ%, this hydroxsmste study was undertaken,
The formstion of the acyl hydroxsmic acid derivatives is effected

by the reaction of thioacyls with hy&mxy}.aminé.

0 | 0
R-GSCoA  +  HoNOM = R-UMHON +  CoASH
acyl=Cod hydroxyismine acyl hydroxmmate coenzyme A

Free coenzyune 4 ie liberated as a product of the reaction. The
hydroxemates can be extracted with butanol and partitioned against
vater to separate the short and long chained cmpuunds (See Methods
and Materiels). Due to the ease with which the hydroxamates can be
identified and thelr concentrations estimated (hydroxamates react with
ferric chioride to form a magemta~coloved complex), it was anticipated
that & value for the specific activity could be determimed. This
proved to be impossible, however, since the hydroxamates were present
in amounts too smell o estimate colovimetrically with say precisiom.
It is possible, though, to compare r‘adima’tive labeling of the
reactive acyls by cbeerviag »t.he pax;i:ern by which the reactive acyls

are labelad from acetate-ﬁm and atbmml—@m

. The relative pattern of
radioactivity at some particular time following tracer administration
eould indiaate whether or not reactive acyl labeling was gi:ossly similar
or diesimilar for acetste and ethamol. |

The point in time which was chosen to exsmine the labeling pattern

of the reactive acyls was 15 minutes following the imjection. By
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cbeerving the pattern of labeling at this short time period, it was

thought that if some altermate pathway for ethamol did exist; a diffevent
labeling pattern might be preseat at this short time bafore isotopic
equilibrium took place.
beetate-2-c1% and ethnual~2~614 were tracers compared in thie
study for two veasons. First, the iancorporation of label from acetate
and ethanol in the expired carbom diomide demonstrated a larger differ~
- ence vhen the label was in the C-2 positions of acetate and ethanol
than when in the C-1 positions (See Results snd Discussion 3e).
Secondly, preliminary studies with hydroxamate labeling indicated that
8 difference im the relative labeling of the resctive scyle oecurred
only after acetate emnd ethauai—z-cl& were administered. Figure
presents the chromatographie tracings representing areas of radio-
activity obtained from the water soluble hydroxemic acids following the
labeling of the resctive acyl pools with acetana-z—clé and ethanol-2-¢l%,
The prominent peaks indicating aress of radicactivity are seen
&t Ry values of 0.11-0.12, ©0.38-0.42, 0.67-0.68, and 0.96. In additicn
to these peaks, two others are noted, a smell pesk appearing at Ry
0.88 on the acatate-2~el& chromatogram and the other one corresponding
to Re 0.80 on the ethann1~2-cl4 chromatogran. |
The gross similerity of the two chromatograms is evident, particu~
41¢riy vith regard te the radioactivity appearing at Rf values of less
than 0.70. The significance of the pesks st 0.88 on the scetate chromae
togram and 0.80 on the ethanol chromatogram {s mot known, siuvce in some
casea, radioactivity sppearing at Rg valuee grester than 0.70 might

be attributed to contamination of the water soluble (short chain)



Pigure 4

Chromatographic tracing representing
areas of radicactivity obtained from
water soluble hydromamic acids follow-
ing injections of acetate-2-Ci% gnd
ethanol-2-¢lé4 |

The animals were sacrificed 15 wminutes
after the injections., The numbers
sbove the tracings repregent the Rg
values for the particular peak.
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hydroxemates with small amounts of the water imsoluble compounds,

It is concluded, themn, that the labeling pattern of the veactive
acyls from scetate-and athanol-2-614 does mot differ. This conclusion
is congistent also with the data reported for fatty acid and cholestercl

labeling from acetate-and echanol-ﬁlé.

d.Acetylation of Sulfsnilamide
It is well known that certain aminee¢ are detoxified in the mammal
by acetylation. These acetylated amines are excreted intc the urine,
The ecetyl group for this acetylation process originates from acetyl-
CoA, and, as a result, compounds like sulfanilemide can be employed as
"trapping agents” for the active acetyl group. The product of this

enzymatic acetylation is shown below.

0
</ \>
ﬁl30 HN — Sﬁzlﬂz

¥ - Acetylsulfanilamide
As much as 60% of ingested sulfanilamide is acetylated by the liver
and 2 smaller amount by some extra~hepatic tissues (73).
Sulfenilamide was fed to four rats for threes days to establish a
steady state level of sulfanilamide in each rat. Omn the fourth day

acetata-ci4 and ethancl-clg

were injected and the acetyl sulfanilamide
excreted ia the urine during the subsequent 24 hours was collected.
The specific activity of the scetyl sulfanilamide was determined

and the results ave showm in Table 10.
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Table 10

Acetylation of Sulfanilemide from Clawacetate and Giﬁ-ﬂthanal

Aecetylsul fanilamide Activity Specific Activity

(ug) epm) —Scpa/mg)
A, 12.4 97.3 7.8
&1 24,6 202,7 8.2
E, 12.7 - 97.1 1.6
E, 17.2 128.5 7.5

) | E,
L L @ @ 95 e " 1 .9}.
i B

The specific activity ratios of 0.95 and 1.01 show that no
appavent differences exist in the acetylating acetyl-CoA pool labelinmg
following equal activity doses of acetate and ethamol. The resulte
from this experiment give no indiéatien fer an alternate pathway for

aleohol metabolism.

3. Appearance of Respiratory Carbon Dioxide

Since carbon dioxide is a major, temminal metabolite of oxidative
processes, differencas in ﬁathwayn between ethancl and acetate could
result in different inmcorporatioms of label into the expired carbon
dioxide in 2 two-hour experimental pariode

The Clé-earbun dioxide time course curves for the two-hour period
following Clé-acetate and clé-eth-nal are ghown im Figure s 5 and 6,

It can be seen from these curves that the appearance of radioactive

1%

carbon dioxide follows & similsr time course when acetate-i-C' ' and

@thlnﬂl-lielé are the radiocactive tracers injected. The’cléoz from

ethsnsi-i-clé appears in a slightly shorter time than does the



Figure §

c""~mm dioxide time course curves
for the two~hour Rri@d folloving
clé.gcetate end C4-ethanol

The ¢l%0, activity is expressed
as counts/minute
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Figure 6

Cumulative c1“~mm dioxide curves
ffﬁ the two-hour od following
¢} acetate and Cl-ethanol

The numbers in parventheses r&ptﬂmt
the percentage of the dose of C*%-
iabel incorporated into the respire-
tory carbom dioxide in two hours.
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ela@é from acatate—1~clﬁ and this observation can be attributed to

differences in absorption and/or toc diffevences in endogencus pool
elizes for acetate and ethamol.

The time course curves for 61402 appeavance following acetate~2-

14 and athanel-2-614 differ considerably from the time course of

14

¢

4 and ethan01~1~clﬁ. It is apparent that

cl OZ following acetate~1-C
the C~1 label of both acetate and of ethancl sppeare soomer im
expired €O, than does the wethyl label from these compounds.

Prior to the appearance of ¢l%

activity in the respilratory ﬂﬁz,
the adwinistered compound must be absorbed from the peritomeal cavity,
be transported to the organ(s) im which it iz te be metabolized, croes
the cellular membrane barrier and be converted to a form able to
enter the oxidative pathways. The €0, formed in the subsequent decarb-
oxylation reactions then emters the bicarbonmate pool of the body, the
greater part of which 18 cleared from the blood via the respiratory
system,

This overall process is an extremely rapid one, as is verified
by the fact that 51& aaz‘vity appears in respiratory CQ withic one
ninute after intraperitoneal injection of each of the tracer compounds,
14

The slower appearance of the methyl carbong of scetate-2-C ° and

&zhanel-Z-C;é as Glaﬁz is in keeping with the fact that the C-2
carbon of the acetyl-CoA ente?ing the tricarboxylic acid cycle is
"buried“ in the intermediates of the TCA cvcle and is not as readily
avallable to participate in the decarboxylation raéctiéna. A move

complete discussion of these considerations will be presented later,
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As shown by thé statietical evaluations of Section V of the
Appendix, no differences exist between the four groups of animals
in terms of the total amounts of CGZ produced im two hours. The
ueaning of the label incorporation figures and the significance of
the labeling ratios may thus be evaluasted. If ratioce are established
by relating the Cléag incorporations in two hours from acetate-2-¢l%
and acetate-i-gt and, likewiee, the 81462 incorporation from ethanol-
2-814 and ethanol~1-¢}% 1n two hours, & comparison can be made of the
grass production of Gﬁz from decerboxylation: reactions originating
from the C-1 and C-2 positions of acetate and ethanol regpectively.
Table 11 presanté the incorporations of cl& {nato 602 from labeled

acetate and ethanol as related by ratios.

Table 11
' : olb_y. . 14 14
Ratios of the Incorporation of C*"-Acetate and C**-Ethanol into C 02
Acetate-ﬁ-cl':’ - 1.1 . 0.80
Acetate~1-C 63.8
1% b 1
Ethanol-2-C = 35.2 = 0,60
Ethanoi~1-¢lé 38.3

In considering the acetate ratio, a value of less than 1.0 is
expected, since the distribution of label in the intermediates of the
TCA cyele would favor the retention of the 2-position of acetate.

The comparative wmetabolism of the two carboms of acetate is descirbed
by the ratio of (.80 and is consistent with this consideration.

The experimemtally found ratio of 0,60 for ethanol differs
significantly from the 0.80 ratio established by the acetate tracers.

4 14

and

The incorporations of label into ﬂi @2 from geetate~1-~C

ethanai-l-ﬁzd are 63.8 and 58.5% respectively. These values do not
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differ statistically from each other. However, the incorporaticm

of only 35.2% of the e* frea &th&neé*znaié inte slaﬁz in two hours

is statistically different from the 51.1% of the Elé from acetate-2-cl4
incorporated into ﬁ140§ in the sene period of time. The lower

vatlo for ethancl appesrs to be due to the retention of the 2eposition
of ethancl in the animai, and not to an emhanced release of the
l=position as Eﬂg. it seems that the carbon atoms of scetate and
ethanol do not appear in expired carbon dioxide to the gsame extent in
the 2-hour experimental period. This pattern of co, labeling, as

seen by the two ratios, uwight stromgly suggest a metabolic conversion
of ethanol carbon to ﬁ@z by a pathway other than by oxidation of
acetyl=-CoA.

Te summarize the data thus far, therve appears to be evidence from
the carbon dioxide data that a pathway for the metsbolism of ethanol
exigts that is diffﬁxent from the conventional pathwaybthrough acetal~
dehyde to acetate. However, the data from studies om the incorporation
of label from ethancl and acetate into fatty acids, chaiéstérel and
acetyl sulfanilamide do not substantiate the claim for an alternate
pathway of ethanol metabolism. Ome other point is importanmt. The
lower rvatio for the ethanol 1n:orper&ticne into dﬂz (.60 compared to
0.80 ratio from acetate) ie due to the retention of the Z-position of
ethanol and not to an enhanced release of the le-pogifion. As & conse-
quance, it wonld seem that an altermate pathway for the wmetabolism of
ethanol would imvolve the cleavage of the ethanol molecule., Also, it

would seem that the cleavage should oceur im such a way that the

i=caxbon of ethanol would appesr as o, and the 2-carbon of ethanol
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would remain in the animal bedy, presumably as a participant in

some "l-carbon” metabolic pathway.
4. Urinary Formate Studies

4 metabolic scheme that might esplain observations such as
these, would be some pathway unique to gthannl that would have
glyoxylic acid as an intermediste. @lyoxylic acid can undergo the
following decarboxylation reasction (118):

OHC-COOH ...__..._._5, HCOOH + €0y

glyoxrylic acid - fovmic scid carbon dioxide
The cgrbuzyl carbon of glyoxylie acid becomes Cﬁg by this reaction
while the omo-carbon could remasin in the body as a participant in
“one-carbon” metabolism.

Since the metabolism of glyoxylate provides for the loss of the
l-carbon of ethamol as €O, and the incorporation of the methyl carbom
as & "one carbon' entity, viz., formate, an experiment was devised
to test for the preferential formatiom of formic acid (perhaps by way
of glyvexylic ecid) as an intermediate in eghaaei wetabolism,

Weinhouse and Friedmann (115) developed a wethod (in which a
slmple "trapping” procedure for the formate was employed) to test
to what extent certasin compounds were met&boliae& vig formate in ﬁhe
intact rat. In brief, the methed consists of aduinisteving a Glé-
labeled compound to rats by intraperitoneal injectiom, together with
unlabeled sodium formate, and assaying the radioactivity of the formate

excreted in the urine during the subsequent six hours.
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Table 12 represents the urinmary radioactivity found following
injections of nm-»acce:ue and C}4-ethancl using the formate flooding

and trapping technique.

Tablie 12
Urinary Radicactivity

Tracer Ho, Exp, Doge Label Ine. EF Urine
{pc) (% of dose

Acetate~1-cl4 2 17 3.5
Acetate«2-cl? 2 18 3.2
Ethanol-1-¢** 2 18 3.4
Ethaaol-2~-ct% 2 18 3.2
Az = Ez o !
© 0.91 5 0.93

The etriking eimilarity in ratics following acetate and ethanol
injections suggests that no simfimt difference exists in total
products exereted into the urime under the conditions preseribed for
these experiments.

In order to assess the amount of lsbeled formate in the urinary
radicactivity, acetate end formate fractions were obtained by separation
on an ion exmchange column (Ses Matevial and Methods).

Table 13 presents the determimation of radicactivity in acetate
and formate from the urimes of rats injected with m:-acat:a-»ﬁm and

ﬁﬂlﬂﬂﬂ }h‘ ‘:14 »
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Table 13
Urinary Exmcretion of Labeled Acetste and Formate

Zracer Dose % Dose Excreted as:
(pe) . Acetate Formate

Acetatae-l , 17 0.3 . < 0,01
Acatate~2 18 0.2 < 0.01
Ethanolel 18 =< 0.01 < 0.01
Ethanol-2 28 <0.01 < 0.0
Serine-3 il < 0.01 1.9
Formate 16 <000 ' 2.9

¥Yrom these results it cam be concluded that no significent
smount of radicactive formate can be detected in the urines of rats
following either Cl%-ethanol or cu‘-awwtza injections. The fact
that 1.9% of the ruioa;:_tivtty injected as aetiu-&-cm, a knowm
¢, donor, cam ba detected by thiu procedure as well as 2.9% of the
vadiocactivity given an c“-!amw, suggests tiut & formate intermediate
could ba detected in the intact enimal by this method if it were
formed in significant emough amounts and if the labeled formate was
exchangeable with the formate “pool". It appears them, that the
cleavage of ethanol to a formate moiety and carbon dioxide during
ethancl uwetabolism, vie some compound such as glyoxylic scid, does
not take place to an extent sufficient for its detection by this

progedure.

5. Hippuric Acid Study
Since glyoxylate 1z sn fntermediate in glycine metabolism, the
sanpling of the free glycime "pool" should give some indication as
to the relative labeling of glyoxylate from cu’acetata and cm-»et!uuol.
A convenient means whereby the free glyeine "pool” cam be esmpled is
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by the conjugation veactiom of glyeine with benzoic secid. & rat
fed benzeic acid will excrete imto the urine the conjugation preduct
of benzelc acid and glycine, namely hippuric acid. This waterial is
easily isolated from urine and purified. The crystallized, pure
hippuric scid was weighed and digsasoclved {ntc an appropriste scintillator
solution and assayed by liquid acintillatian counting.,

Table 1/, presents the specific activities of the hippuric acid

excreted following injections of Clﬁvacetate and Gla-athamcl.

Table 14

Specific Activities of Hippurie Acid Pollowing Gla-ﬁcezate and 614-Ethanni

Zracer Hippuric Acid Redioactivity S.A.%

(ng) (cpm) (cpu/ug)
Acetate~l 4.6 807.8 175.6
Acetate=2 5.0 1035.0 207.2
Ethanol-1 1.3 181.2 139.4
Ethanci-2 5.9 1278.5 255.7

*corrected to a dose of 20ue.

Ag B

p— kg 1.2 “"?“‘ b Iag
Ay ﬁi

The ratios of 1.8 and 1.2 {ndicate that glycine is labeled from
¢4 ethancl in & manner similar to the labeling from clé-aaetate.
Likewise, if the specific activity of the hippuric acid labeled
by ethannl-z-cla is related by ratic, to acid labeled from acetate-2-¢lé
it is seen that the methyl carbom of ethanol does mot label the free

glycine "pool” ia any way dissimilar to the way that the glycine "pool”
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is labeled by the methyl carbom from scetste.

B
2 1.2

By

A eimilar conclusion cam be drawn concerning the C-1 position of

both ethancl and ascetate.

From this experiment it can be comecluded that acetate and ethanol

are equally good precursors of glycine, and that if some of the

glycine is formed via glyoxylic scid, them ethanol does not selectively
iabel the glyoxylate “pool” im the intact rat.

The data from the last two experiments prezented do not confirm
the fact that a cleavage of the ethamol molecule takes place. By the
uge of the formate flooding technique no formate was preferentially
formed from ethemcl. On thie basis glyoxylic acid and other two-carbon
compounds which are cepable of producing formate in the course of
their metabolism, can be eliminated as a possibility in ethanol
metebolism. Glyoxylic scid, in particular, can be eliminated as &
metabolic intermediate more common to ethanol metabolism than to scetste
wetabolism since the free glycine pool is mot labeled to & greater
extent by ethamol than by scetate,

Since an enzymatic cleavage of the ethanol molecule does not
appear to take place by a route unique to ethanol, gome explanation
is required to vecomcile respiratory carbon dioxide data. It will be

recalled that the lower ratio (By/E;) of 0.60 was attributed to the
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retention in the animal body of the wmethyl carbon of ethanocl.
Since the methyl carbon deéa net appear to become a “one-carhon”
intermediate, viz,, formate, khén some othey exﬁlnnaiion must be
proposed,

Another pathway which c&n 3é1ecttve1y retain the methyl carbon
of a twoe carbon @nmpmuné such as acetate, or ethanol tha# is converted
o acetate, 1s the tricarbogylic acid aycle; The interconversions
of thelzricaxbaxyiia acid cyecle, at aérly time peri@dé after c¢lo.
acetate is given tend to retain the methyl carbon of acetate and
allow the carboxyl carbom to sppear tc greater exteat into carbon

bdimxide. If the two carbons of scetate emter the TCA cycle as acetyl-
CoA and 1f two carbons are svolved as ﬁ@z with each turm of the cyele,
assuming that no carbons ave made available via the eycle for bio-
synthetic reactions, then a series of cglculations can be made to
estimate the 81&03 produced by the eyele if agetnte-l-ﬂlé and
acetate-2-C!* are the initial substrates. |

For these calculations it is assumed that 100 cpm enter as 61&~
acetate per turn of the TCA cycle and that the specific activity of the
precursor pool is . constant. A constant isotope pattern im the TCA
eyecle campa&nds and in the evolved Cgéﬁz is then approached with
succassive tuémw of the cycle. 7Two turne of the cycle are necessary

14

before any label appears as C 0y from acetate=-2-¢14, If, for each

lé-acatate enters, then 100 cpm will

turn of the eycle, 100 cpm of C
be evolved commensing with the second turn whem acetate-1-Cl% i{s the
labeled precursor. An incressing mumber of "counts" will be evolved

commensing with the third turn of the cycle starting with 50 and approach-
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" is the precursor. By the

ing 100 ssymptotically when acetate~2-C
twelfth turn of the cycle, the carbon dioxide ratioc (AZIAI) for ﬁm

14 14

from acetate-2-C” and acetate~1-C" approaches 1.00 very closely.

These values can be eeen im Table 15.

Table 15
Theoretical Carbon Dioxide Ratios for Bach Tura of the TCA Cycle with
mutq-l-em and Amtnm—ﬁ-c“ a8 the Precursors (117)

No. Tum; c“~m in CO, Released in Tumn of Cycle ©0, Ratio
cy:fe Completed  Acetate-1-cl4 -2egtd Aj‘l’ o
1 0 0.0 -

2 100 0.0 0
3 100 50.0 0.50
4 100 75.0 0.75
3 100 87.5 0.88
6 100 , ' 93.8 3.9
7 100 9.9 0.97
8 100 98.4 0.98
9 100 59.2 0.992
i0 100 929.6 0.99%
i1 100 99.8 0.998
12 100 99.9 0.9%99

Subsequent turns 100 Approaches 100 1.00
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From a qualitative standpoint, it is apparent, by following the
carbon atoms of the TCA cycle, that the methyl carbon of acetate
should not appear ae readily as €0, as would the carboxyl carbon of
acetate. However, the mmber of turns of the cycle that are required
before the 614’62 ratio from acetate-2-ct? and acetates1-¢l® approaches
1.00 15 a function of the synthetic activity and PCA eycle~-intermediate
“pool” dilution that is occurriag.

The validity of the absolute values as expressed in Table 15
can be tested emperimentally by measuring the carbon dioxide formation
fron acetate-1-C'* and acetate-2-c!* in an in vitro system. An
advantage of the in vitro eystem is that the specific activity of the
precursor “pool” is constant. Under these conditions, with a variety
of tigssues and undar 8 variety of experimental circumstameces, it was
noted m’uﬁ the cmé ratio was mot unity., Xt was found that more

2
cl%z was derived from the carboxyl than from the methyl carbom of
acetate (53, 117). It would appear, them, that the synthetic activity
of the TCA cycle pttizwaya makes it impossible to determine precisely
the number of turns that the cycle must undergo in order for all of

14

the € activity of the eycle intermediates from acttata-l-cm or

acetnta-zocu to appear as c“@z.

This comcept is comsistent with present day knowledge. Even
though the tricarboxylic acid cycle is regavded primarily as an
oxidative ¢ycle for the production of emergy, the biosynthetic functions
of the cycle canmmot be overlooked. The amino acids, glutamic scid
end aspartic acid, are readily synthesized from a«-oxoglutarate and

oxaloacetate, respectively, by transamination reactions. Citric acid



7
and isocitric acid have recently been shown to uadergo emzymatic

cleavages to provide acetyl-CoA units for fatty scid biosymthesis
(98). Each of these reactions would temd to dissipate carboms from
the cycle and, because of this, the specific activities of the TCA
cycle intermediates would decrease as radicsctive carboms wers "lost"
via these ayamu pathways.

The outflux of the carboms frow the TCA cycle duriag eynthesis
of amino acide and fatty acids fe wot the only way that the specific
activities of the cycle intermediates can be reduced. Dilution of
the ~oxoglutarate and the oxaloacetate *“pools” can arise from the
deamination of the unlabeled amino acids, glutemste smd aspartate.
The interconversion reactions of smino acids and possibly other
compounds coumon to carbohydrate metabolism, with intermediates of
the tricarboxylic acid eycle provide wmeans by which decreases im the
specific activities of the cycle intermediates cam oceur.

However, as in Table 15, the carboxyl cerbomn from mmt»lwéw

“eg in fewer turms of the TCA ¢ycle tham would

would still appear as C
the methyl carbon from acak&tﬁ«-t-ﬂ“. The methyl carbom of acetate,
being retained in members of the tricarboxylic acid eycle for e lomger
period of time, would have.a greater chamce of participating im side
reactions from the ¢ycle, aud thereby becoming “lest” gs far as

e“’oz appearance is concerned., The extent to uhieh‘th AzfAl ratio

or the Ep/Ey ratio dnutﬁa; from 1.0, according to this argument, is
& functiom of the dynamic reactioms taking place betweea uﬁ-u of
the tricarboxylic actd cycle amd compounds not in the TCA eyele, If

this s indeed the case, then {t becomes apparent that to study path-
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ways of ethanol metabolism, an acetate ratioc must be established
for comparison with the ethasol rstio, and the validity of this
comparison ie dependent upon the assumption that "tracer levels"”
of acetate smd ethanol have megligible Jufluemces upon either the
“pool” sises ¢f the TCA cycle intermediates or the equilibrium comstants
of the cyele intermedistes with the compounds not directly im the
eycle. With liver homogenate preparations Dajani and Orten (24)
found that the substrates, acetate and ethawmol, increased "pool"
‘sizes of the TCA cyele intermediates se follows:

Table
Acids Acetate (4.5 wg) Be 2
(75.0 pmoles) (43.5 pmoles)
(pmoles fncrease/ (pmoles increase/
10 gm 1llver) 10 gn liver)
Citric _ 1.9 - 1.2
Aconitic - 0.6 0.6
Isoeitric 0.5 0.3
a~Omoglutaric | o 3.8 _ 1.7
Succinie ' 4.0 : 1.8
Pumaric 3.6 _ 1.8
Malie 3.0 1.7
Oxalacetic o 1.1 0.6

Since these doeses of acetate and ethamol 4.5 mg and 2 mg, respectively,
administered to the liver homogemates ave mﬁbla to the doses of
acetate (4.2 mg) and ethanol (2.2 mg) given to the imtact animals in
this sﬁudy, a veascnable guess can be made that the acetate and ethanmol
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given under the conditioms reported i{n this thesis effect {ncreases
in the cycle intermediates that do not execeed those reported in
Table 15, evem if the total edministered tracer was metabolized by
the 10 gram liver of the snimal. From this it seems reascnsble to
szy that acetate and ethanol retivs can be compared for 31%2
excretion with fair assurance that the differemces observed are
probably mot caused by Krebs cycle “pool" size differences under the
conditions of these experiments.

In this discussion it has boen assumed that the specific activity
of the precursor, acetyl-Cod, "pool” remsins constant. However, it
cen be shown mathemetically that the expressioms obtained for the
€0, ratios from acetats (as in Table 15 ), but gsguming side resctioms,
are valid even if the specific activity of the inflowing acetate
declines exponentially or im any other mammer expressed as a fumetion
of time (Section E and P of Appendix-117).

In the description of the fate of the intraperitoneally injected
acetate or ethanol a mumber of processes are seem to participate,
any ome or combination of which could be rate limiting and, therefore,
discrimimatory for the over all metsbolism of the acetate or ethasol.
The main processes are the following: (a) the absorptiom of the
tracers from the intraperitomeal cavity, (b) the tramsport of the
tracers to the matsbolic tissue(s), (c) the parmeability of the tracers
to the membrane(s) of the metabolic tissue(s), (d‘) the mixing of the
tracers with their respective, endogenocus “pools” and ‘fiaany, (e)

the enzymatic sctivation of these molecules for subsequent metsbolism.



Threa observations would tend to eliwinate intraperitomeal
sbsorption, transport, metabolic tissue permesbility and compound
asctivation as being discriminatory to the extent that significant
influences in the final raties could be effected. These observations
arve as follows: (1) the similarity in the time of appearance of radio~
active carbon dioxide following intraperitoneal injections of labeled
acetate and ethanol, (2) the similarity in the shapes of the carbom
dioxide time course curves from mabatvl-cm and ethnn}.»lncm, and
(3) the magnitudes of the sctivities of the radiosctive carbon dioxide
along tha time course of its appearance.

If acetate or ethamol was sbsorbed more saelectively by the
wembranes lining the peritoneal cavity allowing s significant discrimi~
nation betwesn the two compounds, we might expect to cbserve maerked
differences in the time at which radiosctive carbon dioxide would
appear, It is observed, however, that the appearasce of radioactive
carbon dioxzide from both acetate and ethsmnol occurs within the firvet
minute following the injectiom. Assuming that diffusion principles
govern the gbsorption of the acetate and ethemcl, rather than some
ensymatic process or carrier mechaism, the comclusion cam be drawn that
sbsorption of acetate and ethemol is not a discriminatory process
due to the similarities in time of appearance of e"‘nz following 31’*-
scetate and ¢14-ethanol injections.

Likewise, by the same reasoning, transport to the metabolic
tissue(s) and the subsequent penetratiom imto these cells of scetate
and ethanol can be disregarded as processes which discriminate between

these two compounda.
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Finally the sctivation of acetate and sthanol can be dismissed
a8 & discriminagtory process since the shapes of the time course curves
for expirvatory c“oz appearance are similar, in fact nearly supere
impossble, for sestate-1-C'* and sthanoi-1-c'. Also the magnitude
of activity at any one time is comparable snd the initial appearance
of cu‘ez from the injected acetate and ethanol is rapid.

In this discussion of rate limiting varisbles, it has been
assumed that only one varisble was operative. Simultameous shifting
of & series of variables will leed to unpredictable results amd undue
confusion if presented in detail heve.

If these events can be considered to occur in such a way as to
provide non-discrininatory handiing of scetats and ethanol, then asny
differences in the lebeling vatios from these two precursors ean be
attributed to a metabolic pathway common to ome that {s not common to
the other, to different abilities of tissues to metabolize ethamel in
gcomparigon with acetate, or possibly to both of these alternatives
occuring simultanecusly,

The abilities of the varfous tissues of the memmalian body to
matabolize gcetate and ethanol ie kmown to be differemt. Por example,
adipose tissue 1s unaffected by the addition of ethanol while ethenol
stimulates fatty scid synthesis from acetate in liver slices. The
inability of adipose tissue to respond, metabolically, to ethamol is
apparently due to the inability of adipose tissue to oxtdise ethamol
(60). Different tissues, them, would seem to poscass the sbility of
matabolizing 2cetste and ethamol, just scetate and mot ethanol, or to

metabolize acetate but ethanol only poorly.



Ratz (53) in fact, claims that iv the intact animal, “adaini-

stered acetste is oxidized maimly in extra hepatic tissues”.

Ethanol om the other hand is comsidered to be mwetabolized primarily

in hepatic tisave (See Imtroduction). Discrimimation, caused by
selective tissue metabolism, could be a mejor problem simee it cammot
be assumed that all of the various metabolfc patbways operate to the
same extent in all tissues, nor can it be assumed that "pool” sizes

of corresponding pathways in different tissues are the same. The
carbon dioxide data would be affected wore than the scetyl~CoA "pool”
studies in vegard to comparative tissue metabolism, sinee the choleaterol
n;d the fatty acid data describe the incorporatiom of label into &
particular tissue for both ethauol and acetate, whereas the c"”az
collected is the net production frowm the whole snfmal, the exmct originm
of the carbon dioxide not being kaown.

It seems resscnable to comclude, then, that the significent
d1fference obtained for the C'* ratios of the expired €0, can be
attributed to a selective metabolism of ethemol by the different tissues
of the body. 1t sleo appears reasonsble to assume that the pool sizes
of the intermediates in the TCA cycle vary from tissue to tissue as
does the synthetic pathway activity of the TCA cyele intermediates.

140,, ratios between

It 18 entirely possible that the difference in ¢
acetate and ethanol indfcate 2 selective metabolism in the tissues of
the body for ethanol and, conseguently, the tissue distribution for
ethanol metsboliem differs from that of acetate.

8ince it has been shown that the acetyl-CoA "pocl” ig labeled by
etbanol—cm in a meoner indistinguishable from u&taﬁwﬁm, and

since the wost plausible pathway to explain the discrepsmey im labeling
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ratios cbtained for the expired 01403 has been eliminated as a

poesibility, viz. a pathway through glyozylic acid or eome other
compounds which gives a C-1 intermediate when metabolized, it appears
posgible to conclude that ethamol is metabelized in foto to acetyl-CoA
before participating further in metabolic pequences.
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SUMMARY AND CONCLUSIONS

Ethanol wetabolism in the intact rat was studied with an
experimental approach designed to determine if ome or iIf
multiple pathways exist for ethanol.

With this experimental approach, etheamol metabolism is
compared to acetate metabolism by the use of labeling ratios
to ascertain if ethamol is converted quantitatively to acetate
before being further metsbolized. 1If, indeed, acetate i

the sole product of ethamol metabolism, themn the ratioc of
radioactivity incorporated imto any metabolic product when
ethanﬁi—i-clﬁ and ethanol-2~614 are the labeled precursors
should be the same as vhen aeatata~1-614 and acetate-2~€14

are used,

The use of the labeling ratios helps to but does mot completely
eliminate tissue permeability differences, endogenous pool
eize differences, and other unkmown physical factors which
fnvalidate a direct comparison of scetate-C'* and ethnn&l»cla
label incorporations.

Ratiop of the incorporated label from acetate-z-cléfaaetatm-1-c1$
(A,/A;) end from ethancl-z-ﬁlélathaml-1-(:m (ngﬁl) in
cholesterol, fatty acids and agcetyl sulfmmilemide indicate that
acetylsCod is labeled indistinguishably by acetate-clh end
ethlnnl-cla. it appears from these experiments that ethancl

is metebolized to acetate (acetyl-CoA) before participating

further in metabolic rﬁacti&nﬂ.'
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Ethanci-ﬁla labeled cholestercl and fatty acids to a greater
extent than did atet&te-clé in liver tissve. Thie observation
can be explained by different eadogenous pool sizes for these
two compouads. Because of this fact, it is proposed that
acetaldehyde is comverted directly to acetyl-CoA without first
beconing free acetate.

Ratios of the incorporated label from acehate-z-clgfaaetate—1~c16
(A,/4,) and ethanol-2-c'*/ethanol-1-c!® (2,/5,) tato respiratory
carbon dioxide are significantly different. This finding
suggests a pathway unique to ethancl.

The significantly lower ratio, Ezlﬁi, for respiratory carbom
dioxide is attributed to the retentiom of the 2-position of
ethanol in the rat body,

?nrmatenclé has been investigated as an intermediate in ethanol
metabolism., By u special formate flooding techmique for the
detection of formate as a metabolic intermediate in the intact

animal metabolism, formate was found mot to be preferentially

formed from ethnnol‘as compared to acetsate.

14 i4

Glyoxylic acid iaheling from acetate-C" and ethanol~G"" was
studied indirectly by determining the lsbelimg of glycine frem
these labeled precursors as the benzoic acid conjugate, hippuric
acid. It was found that ethanol-c'® labels glycine tn a fashion
similar to acetate-cl%,

Discussion is preseated on the validity of interpreting the
carbon dioxide labeling ratio differemce as an indication for

en alternate pathway of ethanol metabolism. It is concluded that

the difference in ratio found for respiratory carbon dioxide can
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be attributed to a combination of the fuabilities of certain
tissues to metabolize ethamol and to the dissimilarities of

the tricarboxylic acid cycles activities in & variety of tissues.
it is comncluded that iu the intact rst, ethemol metsbolism tekes
place via the pathway, ethanol to acetaldehyde to acetyl=CoA,
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Section I
The statistical method used to evaluate thes ratios was the
t-test (See Methods and Materisls). To do this, it was necessary to
process the raw data as follows:

Given these samples

Group 1 Group 2
a1 by ey dy
é., by €y 4,
3q b3 cq d3
mean; a b e d

To compare the mesms of these semples expressed as ratios, e.g. a/b and
e/d, first one set of samples from easch group is chosen and the means

are determined, i.e.,

a, +a,+a
i

3

3

= e

The samples of the secomd set im each group are then individually divided
iato the respective means calculated for the fivst set {m that group,
thus esteblishing "individusl ratios", e.g.

d d d
A, 283
< [ ] [+

3‘} O and
a

L
a

&LJQ‘

These "individual ratios” cen then be handled as individual semples
and the procedure for the t-test cem be applied directly to them.
A check on the results can be performed by reversing the procedure

within esch grouwp, i,e.



a a e ¢ ¢

ot 3 e 2 oM

b b b d d d
The t-test is then applied. The t-vslues ealculated by both
procedures should be identical, for all practical purposes, with

each other.



Section II

Cholestarol Pigitonide Data
Each value represente the percentage of the dose that was incor-
porated into cholesterol of the indicated tissves following an
injection of sthmal-l-am (!1) " ethml«-z-cm (!2}. wu(:atﬁ-i-ﬁm

(ay), or acetate-2-¢'* ().

Liver

- 5 A

1 0.43 0.35 0.28 0.13

2 0.60 0.43 0.27 0.2

3 1.15 0.42 0.3t 0.16

4 0.79 0.50 0.46 0.17

5 0.41 0.56 0.27 0.19

6 ﬁ.l? =

Moan® 0.66 4.28 0.45 .08 0.29 £.08 0.18 % .05

L R 2 .16

B Ay



@ B e N e

L . B - B

L] bt § | L. §
0.62 0.36 0.25 0.23
1.20 9.31 9,31 0,19
0.64 0.39 8.36 0.19
4.33 0.44 0.31 0.22
0.23 0.28
0.65 +.30 0.37 .04 0.28 $.04  0.21 ; .04
33 = 1,76 ﬁ% = 3.33
E A1
&5&”8
B2 ot | Az o ]
0.33 0.20 0.19 0.11
0.39 0.24 0.25 0.18
0.67 0.40 0.19 0.23
0.44 8,31 0.28 0.14
6.27 0.49 0.44 0.22
g.13 0.61
0.42 +.14 0.33 +.11 0.25 .09 0.25 ; .19
-Elzv = 1,27 :3' = 1,00



gl

1 0.1

2 0.17

3 0.24

4 0.17

5 0.1

6

Mean® 0.17 .04

22
By

0.09
0.10
0.11
0.18
0.17

0.13 +.04

= 1.31

tHean  stendard deviation.

4

0.11
0.16

0.1

0.23
0.13
0.10

0.14 +

A

0,04

.04

= 1.73

0.09
6‘1@
0.06

0.12
0.08 3+ .03

92
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Section IXX

Fatty Acid Data

Each value represents the percemtage of the dose that was incore

porated i{nto fatty scids of the indicated tissues fondwing an

injection of ethanol-1-¢l4 &), eshmo};.g.gm (8,), acetate-1 -clé
(4)), or acetate-2-¢'* (a,).

Liver
Sample E, 5, iy A
1 2.26 2.02 0.51 0.61
2 1,29 1.25 0.63 0.%
3 1.20 1.87 0.93 0.58
4 2,36 1.21 1.19 0.62
L 0.83 1.22 1.16 0.85
b 1.55 075
Mean® 1,59 £.61 1.5 1.35 1.00 +.35  0.73 & .13
B
-2 =105 2 awm
B &
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PR ST ™

Meankq

G W P W N e

]
2.68
2.69
2.36
2.27

1.70

2 w34 ':“.Bﬁ

R aad

4.83
5.09
2.53
3.99
3.73

4.03 .91

h
2.20
1.54
2.04
2.10
1.72

1.92 5.35

- ) i.zg

3.93
2.87
3.40
3.05
3.08

3.27 +.37

— @ } .23
i
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22 o
3.92 4.50
4.25 3.10
3.37 8.34
- 6.22 4.88
6.59 é.68
6.01 7.29

5.39 199  6.13 3 1.40

22 .o
Ay

bt -
3.62 5.53
4.23 5.30
5.55 3.75
5.35 4.30
7.03 7.41
8.77 4.67

5.76 :1.72 5.50 1.99

A
~3» = 1.05

o



Smple  x

1 2,52

2 1.16

3 1.76

4 1.37

5 1.27

6
Mean® 1.61 .49

A
1.38
1.56
1 .63

2,22
1.73

1.70 +.28

*Hean ;- standard deviationm.

0.87
1.23
1.23
1.42
1.81

-

1.31 .31

A

0.56
0.97
0.87
0.96
1.17
1.03
0.93 1.19

95
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Scet;on Iy
Carbon Dioxide Dats

Each valus represents the percentage of the dose that was incor-
porated into expired carbon dioxide following am imjection of
ethanol-1-¢!* (8 ), ethanol-2-¢!* (z,), acetate-1-c' (4)) end
gcttam-z—am (A;) .

- - TR
1 38.9 50.9 48.5 54,9
2 31.9 59.7 54.8 4.5
3 34,0 59.0 49.0 60.8
4 35.5 60.6 51.1 6.7
5 35.8 62.2 52.0 65.9
6 51.1 69.8
Moam® 35.2 32.3  58.5:3.9 51.132.0  63,8:4.8

“jean i standard deviation.
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Amount of Carbon Dioxide Exhaled in Two Hours by Rate Injected with
Labeled Acetate and Ethanol

(in umoles)
el on B om
1 32.0 27,6 0.8
2 30.4 31.2 30.8
3 30.4 29.2 26.6
& 30.4 33.0 26.8
5 31.4 26.0 30,8
6 28.8
Meau® 30.9:0.7 29.442.5 29.641.5

Statistical Compsrigons

Somparison between: p=Value

By & By p > 05

By & & p > .05

kl & A, p > .05

By & Ay p >.05

E; & Ay p > .08

A & A p >.08

*Meen + standerd deviation,

2
27.2
28,8
36.1
29.6
35.8
33.2
31.8:3.4
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