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Ethanol and acetaldehyde metabolism in sheep has been studied in 

three different types of experiments:in purified enzyme systems� in 

liver homogenates and in the intact animals. Particular emphasis has 

been placed on the aldehyde oxidase enzyme from sheep liver, a molybdo­

flavoprotein with a broad specificity which includes aldehydes� quinines 

and N
1

-methyl nicotinamide. This thesis describes a method for prepar­

ing an enzyme solution in which sheep liver aldehyde oxidase constitutes 

85% of the total protein present. Investigations of its physical and 

kinetic properties show that the sheep liver enzyme differs from the 

aldehyde o�idases previously prepared from pig and rabbit livers. In 

addition, an antibody to sheep liver aldehyde oxidase has been prepared 

from rabbit serum and has been shown to act as a specific� competitive 

inhibitor of the enzyme. This has been used to assess the contribution 

that aldehyde oxidase makes to acetaldehyde oxidation in sheep liver 

homogenates under several different conditions. 

The effects of steroids on ethanol and acetaldehyde metabolism has 

been investigated, special interest being taken in the effects of 

progesterone. Progesterone stimulates sheep liver aldehyde oxidase 

activity in vt�-� and inhibits sheep liver aldehyde dehydrogenase. 

Administration of progesterone to castrated sheep in vivo increased the 

rates of ethanol and acetaldehyde oxidation, and aldehyde oxidase has 

been identified as a factor in decreasing acetaldehyde concentrations 

in the homogenates of livers from these animals during the metabolism 

of exogenous ethanol. Low endogenous ethanol concentrations in 

peripheral venous blood of sheep are positively correlated with high 

progesterone levels in sheep due to its experimental administration, 

and to pregnancy and the oestrus cycle. 

Studies of the effects of disulphiram on ethanol and acetaldehyde 

metabolism have shown that the compound inhibits sheep liver aldehyde 

oxidase and aldehyde dehydrogenase enzymes �vitro, increases 

endogenous concentrations of acetaldehyde in peripheral venous blood, 

and causes acetaldehyde accumul�tion during ethanol metabolism in vivo. 

When diazepam ;:�·l? present together with disulphiram it provides 

protection from all but one of the effects shown by disulphiram alone. 

It does not alter the disulphiram inhibition of sheep liver aldehyde 

dehydrogenase. Amitryptyline is an inhibitor of both aldehyde o�idase 

and aldehyde dehydrogenase enzymes. It seems to increase the aldehyde 
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oxidase response to disulphiram, and its in vivo administration causes 

acetaldehyde accumulation in peripheral blood during and in the absence 

of metabolism of exogenous ethanol. 

Investigations into the effects of ethanol on ethanol and acetalde­

hyde metabolism in sheep have shown that ethanol increases the activity 

of aldehyde oxidase in vitro and its chronic administration accelerat�s 

acetaldehyde oxidation in vivo. A supplementary study of the inter­

relationships between the relative concentrations of NADH and NAD
+

, 

and ethanol and acetaldehyde metabolism shows that aldehyde oxidase 

participation in acetaldehyde oxidation is dependent on the NAD
+ 

c oncentrations, and that acetaldehyde oxidation can account for much 

of the NADH accumulation that oc curs during ethanol metabolism in vivo. 

Acetaldehyde oxidation during ethanol metabolism in sheep can be 

diverted through the aldehyde oxidase catalyzed pathway, avoiding 

dependence on the NAD
+

-linked aldehyde dehydrogenase enzyme. The results 

in this thesis have shown that aldehyde oxidase can catalyze up to two­

thirds of acetaldehyde oxidation in sheep liver when NAD
+ 

is limited, 

and that the pathway is dependent on the endocrine state and the 

pattern of ethanol consumption of the animal. 
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Chapter 1 

INTRODUCTION 

Acetaldehyde can be detected in low concentrations in normal blood 

(Gee & Chaikoff, 1926; Supniewski, 1926; Briggs, 1926-27; Hine et al, 

1952) and urine (Briggs, 1926-27). It is normally formed by oxidation 

of the ethanol arising from gastrointestinal fermentation (Krebs & 
Perkins, 1970; Blomstrand, 1971) or the drinking of alcoholic beverages 

(Hartroft, 1967). Although acetaldehyde is formed in several metabolic 
.. 

reactions, Jacobsen (1950) has concluded that precursors other than 

ethanol make quantitatively insignificant contributions to the 

acetaldehyde levels in the blood. 

The liver is considered to be the main, but not the only, site for 

both the synthesis and degradation of acetaldehyde (Lubin & Westerfeld, 

1945; Hald & Larsen, 191:.9; Hunter & lowry, 1956; Hedlund & Kiessling, 

1969). Some acetaldehyde metabolism can take place extrahepatically 

(Larsen, 1959), primarily in the brain (Ridge, 1963) and muscle tissue 

( Harting, 1951 ) • 

Catabolism of ethanol and acetaldehyde gives rise to free acetic 

acid (Lundquist et al, 1963; Hedlund & Kiessling, 1969; Williamson et al, 

1969) but some other minor products are formed. These must be taken 

into account in considering the addictive and toxic properties of 

ethanol. 
The following account of acetaldehyde metabolism covers the most 

significant known mechanisms for acetaldehyde synthesis and degradation. 

Acetaldehyd� is the only metabolite of ethanol foreign to the general 

metabolic pool (Westerfeld, 1961 ). It has frequently been implemented 

in explanations 8f ethanol toxicity (Aka bane, 1960; Aka bane et al, 

1964d; Truitt & Duritz, 1767; Akabane, 1970) and a brief description of 

its pharmacology is included. 

METABOLISM OF ACETALDEHYDE 

I) E NZYMATIC SYNTHESIS OF ACETAlDEHYDE IN MA�1i'·1ALS 
A number of enzymes have been described which catalyze the formation 

of acetaldehyde. These are listed in Table 1 and described below. 

Alcohol Dehydrogenase: (E.C.No.1.1.1.1.) Alcohol dehydrogenase is the 
most studied enzyme catalyzing the formation of acetaldehyde from 
ethanol (Goodman & Tephly, 1969; Lester & Benson, 1969; Lieber & DeCarli, 

+ 
1969). It contains zinc as a prosthetic group and uses NAD bound 

�-stereoisometrically (Levy & Vennesland,' 1957) as the hydrogen 

acceptor (Theorell, 1965). The ·Km(ethanol) for horse liver alcohol 
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TABlE 1 Enzymatic Formation of Acetaldehyde 

Enzyme 

Alcohol Dehydrogenase 

Microsomal Mixed 
Function Oxidase 

Microsomal Ethanol 
Oxidising System 

Catalase 

Threonine Aldolase 

Allothreonine Aldolase 

Desoxyribose Phosphate 
Aldolase 

Reaction 
+ + alcohol+ NAD �=aldehyde+NADH+H 

L.threonin�acetaldehyde+glycine 

L.allothreonine�=='=acetaldehyde+ 
glycine 

location 

Liver 
Kidney 

Liver 

Erythro­
cytes 
Liver 

Liver 
Kidney 

Liver 

desoxyribose-5-phosphate��glyceralde- Intest-
hyde-3- ine 
phosphate 
+acetaldehyde 

J5-Alanine rJ-alanine�====acetaldehyde+C02+NH3 D3carboxylase 
Brain 
Liver 

Pyruvate Dehydrogenase pyruvate�-=�acetaldehyde+C02 Heart 
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dehydrog enase is of the order of 1 mH (Gold stein, 1970). Accordingly, 

the enzyme is still 83% saturated at an ethanol concentration of 1QmM 

(48mg%). This explains Hhy zero-order kinetics are observed for 

ethanol disappearance in vivo (Dundee et al, 1971). Below concentrat­

ions near 2.5mM (12mg%) the rate of ethanol oxidation decays exponent­

ially (Marshall & Fritz, 1953; Lester, 1962). 

Alcohol dehydrogenase is present normally in mammalian liver, 

probably to oxidise the ethanol formed from fermentation reactions in 

the gastrointestinal tract (Krebs & Perkins, 1970) although some ethanol 

may also be formed during in vivo metabolism (Racker, 1952; Pihl & 
Fritzson, 1955; Karasek & Greenburg, 1957; Mc��nus et al, 1966; Krebs & 

Perkins, 1970). The basal concentration of ethanol in human venous 

blood has been variously reported as 0. 0011ru'1 (Blomstrand, 1971 ) , 

o. 0012-0. 019mM (Krebs & Perkins, 1970), 0.1-o. 2mH ( Lester, 1962) and 

1 mH (Hine et al, 1952), 

Liver alcohol dehydrogenase is considered to be the main enzyme cata­

lyzing the oxidation of ingested ethanol. Hartroft (1967) has claimed 

that ethanol constitutes 1Cf/o of the total calorie intake of the naverage11 

American male and, because of the number of people who include relative­

ly large runounts of ethanol in the daily diet, it is difficult to claim 

that the substance is an abnormal dietary constituent. 

Microsomal Enzyme Systems: Two distinct enzyme systems which catalyze 

ethanol oxidation to acetaldehyde in microsomes have been described. 

The �lixed Function Oxidase has been implicated in the metabolism of 

various drugs (Orme-Johnson & Ziegler, 1965; Roach, 1969; Hilton & 
Sartorelli, 1970). This enzyme can be induced by either the chronic 

administration of ethanol (Rubin & Lieber, 1968) or by drugs such as 

phenobarbital (Rubin et al, 1968; Reinhard & Spector, 1970), and the 

induction is said to explain the increased drug tolerance noted in 

sober alcoholics (Rubin et al, 1968). 

The other microsomal system which c atalyzes the oxidation of ethanol 

is referred to as the �licrosomal Ethanol Oxidising System ( Lieber & 

DeCarli, 1968). This differs from the mixed function oxidase in its 

substrate specificity and response to inhibitors ( Lieber, 1970), but it 

can also be induced by chronic ethanol adwinistration ( Lieber & DeCarli, 

1968; Lieber & DeCarli, 1970). 

Both enzyme systems show optimum activities at pH 7 (Lieber, 1970) 

and require o2 and NADPH as cofactors. Under normal conditions, the 

contribution of these enzymes to total acetaldehyde formation is 
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probably small (Khanna et al, 1970; Krebs & Perkins, 1970), and the 

contribution may not even be very significant in cases where there are 

continuing high levels of alcohol intake (Khanna & Kalant, 1970; Mezey, 

1972). It should be noted that there is not general agreement an the 

occurrence of ethanol oxidising enzymes in microsomes. Isselbacher & 

Cart er ( 1970) queried the actual existence of the t wo enzymes. 

Catalase: (E.C.No.1. 11 .1.6.) Catalase in erythrocytes and liver has 

been demonstrated to have a peroxidase function with ethanol (Keilin & 

Hartree, 1936). Parks and others (1961) claim that some acetaldehyde 

is formed in vivo by this catalase action but, in general, authors do 

not consider that the amount produced in this reaction is very large 

(Jacobsen, 1952; Kinard et al, 1956; Lestor & Benson, 1970). 

Other Enzymes Synthesising Acetaldehyde: Five other enzymes have been 

described which are able to form acetaldehyde from precursors other 

than ethanol. According to different research workers acetaldehyde can 

arise from threonine or allothreonine (K arasek & Greenburg, 1957), 

desoxyribose (Racker, 1952), {3- alanine ( Pihl & Fritzson, 1955) and 

pyruvate ( McManus et al, 1966 ) • 

It should be noted however that if acetaldehyde is formed in vivo 

in the absence or at low concentrations of eth anol, the equilibrium 

constant of alcohol dehydrogenase is such that most of the acetaldehyde 

would be rapidly reduced to eth anol. 

II) ENZYHAT IC DEGRADATION OF ACETAlDEHYDE m NAHMAIS 
A number of enzymes have been described which catalyze the conversion 

of acetaldehyde into other substances. These are listed in Table 2 and 

described belOi..r. 

Alcohol Deh;v.d:,tc;>genase: (E.C .No.1. 1.1 .1.) The equilibrium constant of 

alcohol dehydrogenase favours the reduction of acetaldehyde to ethanol 

(Backlin, 1958). Acetaldehyde arising in the absence of high concentra­

tions of ethanol will therefore be reduced to ethanol by this enzyme. 

Aldehyde Dehydrog�: (E.C,No.1.2.1.3.) Aldehyde dehydrogenase is an 

NAD �linked enzyme which was partially purified by Racker in 1949. 

Since then full descriptions of the enzyme have been reported by a 
number of workers (Levy & Vennesland, 1957; Deitrich & Hellerman, 1963; 

Stoppani et al, 1966). The enzyme is relatively non-specific for 

aldehydes (Deitrich, 1962) and is strongly inhibited by sulphydryl 

binding agents such as arsenite (Stoppani & !1ilstein, 1957; Deitrich, 

1967). Inhibition of the enzyme by steroids has been described by 

�fuxwell & Topper (1961; Maxwell, 1962). 
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TABLE 2 Enzymatic Conversion of Acetaldehyde to other Compounds 

Enzyme 

Alcohol Dehydrogenase 

Aldehyde Dehydrogenase 

Glyceraldehyde-3-
Phosphate Dehydrogenase 

Aldehyde Oxidase 

Xanthine Oxidase 

Pyruvate Carboxylase 

Threonine Aldolase 

Salsolinol Reaction 

Reaction 
� + acetaldehyde+N.ADH+ H. �::!:alcohol +N.AD 

+ + 
acetaldehyde+NAD �acetate+NADH+H 

acetaldehyde+N.AD++Pi=�acetylph�sphate . +N.ADH+H 

acetaldehyde+pyruvate�=�acetoin+C02 

acetaldehyde+glycine��L.threonine 

acetaldehyde+dopamine��salsolinol 

c<-Ketoglutarate Oxidase acetaldehyde+C\-ketoglutarate�=== 

5-hydroxy-4-
ketohexanoic acid 

Carbonic Anhydrase acetaldehyde+H2�=�hydrated 
acetaldehyde 

Location 

Liver 
Kidney 

Liver 

Muscle 

General 
Distri­
bution 

General 
Distri­
bution 

Heart 
Muscle 
Brain 

Liver 
Kidney 

Brain 

Heart 

Erythro­
cytes 
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Aldehyde dehydrogenase activities have now been assigned to two 

cytoplasmic proteins which are said to have different specificities 

(Raison et al, 1966). A mitochondrial enzyme with aldehyde dehydro­

genase activity has also been described (Walkenstein & Weinhouse, 1953; 

Horton & Packer, 1970) with kinetic properties which differ from those 

of the cytoplasmic enzyme (Glenn & Vanko, 1959). 

The aldehyde dehydrogenase activities are probably able to catalyze 

up to 85% of total acetaldehyde metabolism (Richert & WP-.s.tet.f�ld·,· ·19.:57) • 

Hovmver other enzymes must be capable of contributing to acetaldehyde 

removal since depletio11 of 90% of the liver aldehyde dehydrogenase 

activity has been shown to have little effect on in vivo acetaldehyde 

metabolism (Westerfeld, 1961 ) . Liver aldehyde dehydrogenase activity 

has been shown to increase with chronic ethanol administration (Dajani 

& Orten , 1960; Dajani et al, 1963). In some strains of mice this liver 

l activity has been positively correlated with a noted pE)rference for 

alcohol (Sheppard et al, 1970), 

Alcohol dehydrogenase can couple \vith aldehyde dehydrogenase (Racker, 

1949) to catalyze the dismutation reaction between acetaldehyde and 

pyruvate described by Dixon and Lutwa.k-Mann (1937). Acetic acid and 

lactic acid are the products of this reaction. 

Glyceraldehyde-3-Phosohate Dehydrogenase: (E.C.No.1.2.1.12) Acetaldehyde 

oxidation is catalyzed by glyceraldehyde-3-phosphate dehydrogenase at 

10-5 times the rate at which it catalyzes glyceraldehyde-3-phosphate 

oxidation (Harting, 1951 ). The enzyme contains sulphydryl (Pihl & 

Lange, 1962) and glutathione (K�imsky & Racker, 1952) groups, ru1d it is 

inhibited by disulphiram (Nygaard & Sumner, 1952). Since the enzyme is 

said to constitute 7-10% of total muscle protein, by weight (Nygaard & 

Surnner, 1952),it must be ��portant in the relatively little extrahepatic 

acetaldehyde metabolism which occurs. 

Aldehyde Oxidase: (E .C .No. 1. 2. 3.1.) Aldehyde oxidase is a molybdoflavo­

protein first recognised in pig liver (Gordon et al, 1940) and since then 

it has been detected in most mammalian tissue (Deitrich, 1966). It has 

a low specificity for aldehydes and the rabbit enzyme (Rajagopalan et al, 

1962) can also oxidise quinines (Knox, 1946) and N1 -methyJ niaotinamide 

(Rajagopalan & Handler, 1964a). 

Pig and rabbit aldehyde oxidases can couple substrate oxidation to 

molecular oxygen or cytochrome c reduction (11oxidase11 reaction) and to 

various non-physiological hydrogen acceptors (11dehydrogenase" reaction). 

Dietary deficiency in molybdenum leads to reduction of aldehyde 

oxidase activity in vivo (Richert & Westerfeld, 1957). It is considered 
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that the molybdenum in the enzyme molecule acts as the primary electron 

acceptor (Aleman et al, 1965 ). 

Studies show that FAD (Kand et al, 1972 ) and iron (Handler.:!3��cil) 1 964; 

Rajngopalan & Handler , 1964b) play important roles as secondary electron 

acceptors,and CoQ has also been implicated (Rajagopalan et al, 1 962 ). 

Xanthine Oxid��: (E.C.No.1.2.3.2 . ) Xanthine oxidase is a molybdoflavo­

protein similar to aldehyde oxidase with the additional function of being 

able to catalyze purine oxidation. It has been purified from milk 
(Corran et al, 1 �.3)) and liver (Kielly, 1955 ) and detected in intestinal 

tissue, blood, lung, spleen and kidney (Richert & Westerfeld, 1951; 
Westerfeld & Richert, 1951; DeRenzo et al, 1 953 ; Hahler et al, 1 954r·). 
Some species and location differences have been reported (Richert & 
Westerfeld, 1951; Corran et al, 1 939) . 

Bovine liver xanthine oxidase oxidises acetaldehyde at 28% of the 

rate at which hypoxanthine is converted to xanthine (Corran et a1, 1959) .  
Dietary deficiency of molybdenum reduces xanthine oxidase activity 

in vivo (DeRenzo et �1, 1 953; Richert & Westerfeld, 1953 ) but the enzyme 

activity is increased under conditions of vitamin E deficiency (Dinning, 

1952). Vitamin E is said to convert the Type D (11dehydrogenase11) form 

of the enzyme to the Type 0 (11oxidase11 ) form (Cattigoni & Dinning, 1971 ) 
and it is possible that this may be a regulatory mechanism. 

Pyruvate Carboxylase: (E.C .No.6. 4 . 1 . 1.) A condensing reaction between 

pyruvate and acetaldehyde, catalyzed by pyruvate carboxylase, was first 

described by Green and his coworkers in 1941. The enzyme responsible 

for the reaction has been detected in brain and liver (Green et al, 1 9411 
Westerfeld, 1949 ) .  The reaction yields acetoin, and is dependent on 

thiamine pyrophosphate (Green et al, 1941 ) .  Since alcoholics are often 

thiamine deficient (Williams et al, ·1943 ) ,  and show signs of the 

deficiency particularly during withdrawal (Delaney �i al, 1966 ; Kershaw, 

1967 ) ,  considerable interest has been sho�m in this enzyme and a detailed 

review of the Hark was published in 1955 (J!lrnefelt, 1955 ) .  However, it 

has been demonstrated that acetaldehyde metabolism is not generally 

impaired in thiamine deficiency (Stotz & Westerfeld, 1944; Lubin & 

Westerfeld, 1945 ) and acetoin does not appear as a major metabolite 

during the in vivo metabolism of acetaldehyde (Lubin & Westerfeld,1945). 

Threonine Aldol��: (E.C.Noo4.1.2. 5 . )  Acetaldehyde has been shown to 

condense with glycine in an aldolase reaction (Karasek & Greenburg,1957). 

T�e extent to Hhich the reaction takes place depends on available 

glycine and the significance of the reaction in acetaldehyde metabolism 

in mammals has been questioned (Lundquist et al, 1959). Sheep have 
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particularly high levels of this enzyme. 

Salsolinol Reactio�: Recently it has been reported that dopamine and 

acetaldehyde can condense enzymatically (Davis et al, 1970) to form 

salsolinol, which is a morphine-like compound. This oompOQDd has no 

known addictive properties (Davis & Walsh, 1970a; Yamanaka et al, 1970) 

but much interest is being shown in similar reactions between acetalde­

hyde and other amines in vivo. 

�-Ketoglutarate Oxidase: In 1966, Bloom and others (Bloom & Westerfeld, 

1966; Bloom et al, 1966) reported the condensation of acetaldehyde with 

oxoglutarate to give the compound, 5-hydroxy-4-ketohexanoic acid. This 

compound is excreted in the urine and it is suggested that o<-ketoglut­

arate oxidase catalyzes the reaction (Bloom et al, 1966). 

Carbonic Anhydrase: (E.C.No.4.2.1.1.) Erythrocyte carbonic anhydrase can 

catalyze the hydration of acetaldehyde to form a gem dial, CH3CH(OH)2 
(Pocker & Meany, 1965; Fridovich, 1966). An oxidation mechanism for 

acetaldehyde involving the removal of a hydride ion and a proton or a 

pair of hydrogen atoms from the gem diol can be envisaged, but it has 

been shown that aldehyde oxidas� and xanthine oxidase are specific for 

non-hydrated acetaldehyde (Handler et al, 1964; Fridovich, 1966). 

PHARjVJiCOLOGY OF .ACETALDEHYDE 

Toxicity: It is generally agreed that acetaldehyde is more toxic than 

ethanol; the level of acetaldehyde in mammalian serum reported to cause 

death of 5Cffo of the animals is 5- 12rru'1(24-56mg%) (Stotz efi.: .d:, 19.A.4r Aslhussen 

et al, 1948; Westerfeld, 1955) whereas ethanol is usually considered to 

be lethal at about 100mM(440mg%)(Dilts, 1970). Death results from 

respiratory arrest (Supniewski, 1926). In alcoholics the acetaldehyde: 

ethanol ratio in blood is lower than that found in moderate drinkers, 

and the figure for moderate drinkers is itself lower than that for normal 

abstainers (Westerfeld, 1955). These findings suggest that acetaldehyde 

tolerance may be significant in ethanol addiction. 

Sympathomimetic Reaction to Acetaldehyd�: The sympathomimetic reaction 

in mammals is probably the most studied pharmacological property of 

acetaldehyde. It is caused by acetaldehyde induced release of epine­

phrine and norepinephrine from the adrenal medulla (Perman, 1962a; 

Mendelson et al, 1969; Ogata et al, 1971) and from peripheral catecho­

lamine stores probably in the adrenergic nerve endings (Kumar & Sheth, 

1962; Akabane et al, 1964a; MPller, 1971a; MPller, 1971b). This 

release .does not require nervous intervention (Akabane et al, 1964d). 
Serotonin secretion by the adrenal medulla is also stimulated by 
acetaldehyde (Duritz & Truitt, 1963; Duritz & Truitt, 1966). 
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Elevated blood catecholamine levels resulting from acetaldehyde 

stimulated release are maintained by acetaldehyde inhibition of brain 

and liver monoamine oxidase (Towne, 1964; Lahti, 1968; Hpller, 1971b). 

This enzyme catalyzes the initial step in catecholamine degradation. 

Adrenal Cortical Response to Acetaldehyde: Acetaldehyde and ethanol 

both cause a decrease in the cholesterol content in the adrenal gland, 

and an increase in its weight, seeming to indicate modified secretory 

function of the adrenal cortex (Akabane et al, 1964c ). The resulting 

elevated blood cortisol levels may cause the hyperglycaemic response 

to alcohol that is sometimes observed (Perman, 1962b; .AkabQ.rle, 1970). 

Aldosterone synthesis seems decreased (Saruta et al, 1971) and this 

could explain the �·.ltered sodium at1d chloride excretion observed 

under alcohol stress (Akabane et al, 1964c�. 

Acetaldehyde Effect on Mitochondrial Respiration: Acetaldehyde is 

reported to act as a potent inhibitor of mitochondrial respiration 

(Wingard & Teague, 1958; Permun, 1962b) though the mechanism for this 

action is under dispute. Pyruvate metaboli&m appears to be impaired , 

either by direct inhibition by the acetaldehyde (Kiessling, 1962) or 

because of the NAD+depletion caused by acetaldehyde oxidation (Beer & 

Quastel, 1958; Rehak & Truitt, 1958; Truitt & Duritz, 1967). 

OUTLINE OF THE WORK PRESENTED TI{ THIS THESIS 

The object of the investigation was to define in more detail the 

metabolism of ethanol and acetaldehyde in mammals. This metabolism was 

studied at three levels: the enzymatic level, in the liver .homogenate 

system and under in vivo conditions. Although a large amount of 

scientific information is available concerning the metabolism of ethanol 

in mammals, the metabolism of acetaldehyde has been neglected, by 

comparison. Any studies of this ethanol oxidation product should be 

carried out in conjQ�ction with studies on ethanol utilisation. 

The sheep was chosen as the experimental animal as it was considered 

a suitable species for the type of experimental \vark envisaged. Sheep 

are ruminants but absorption and metabolism of ethanol from the gastro­

intestinal tract are similar to nonruminants (Leroy, 1961 ). Two 

species of rumen bacteria can form ethanol (Bryant, 1959) so that it 

can occur in concentrations of 1 1-13@� in the rumen when fed a readily 

fermentable carbohydrate diet (Allison et al, 1964). Normally it occurs 

in concentrations around 0.1mM in the bovine rumen, less than in the 

contents of the rat stomach (Krebs & Perkins, 1970). Sheep and bovine· 

rumen flora are essentially similar (Hungate, 1966). Intraruminal 

ethanol oxidation proceeds to acetic acid. It reaches equilibrium when 
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10-25% of the ethanol has been metabolised (Moomaw & Hungate, 1963). 

In this study particular emphasis has been placed on the properties 

of the sheep aldehyde oxidase enzyme and its involvement in acetaldehyde 

oxidation. Further, the effect of some steroid hormones on both the 

aldehyde oxidase enzyme and on overall ethanol and acetaldehyde meta­

bolism has been investigated. 

Various drugs used as deterrents in the treatment of alcoholism have 

been studied in the sheep as they affect acetaldehyde metabolism and 
should give some information on the similarities between the ruminant 

and the nonruminant in this field. The interaction between these drugs 

and others has been previously reported (MacCallu�, 1969) and is studied 

in some detail. 

Investigation of the way chronic ingestion of low doses of ethanol 

can influence sheep aldehyde oxidase and general acetaldehyde metabolism 

may help to assess the effect that ethanol as a foodstuff can have on 

the pathway for alcohol oxidation. 
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C hapter 2 

}tLDEHYDE OXIDASE 

Aldehyde oxidase was first described and partially purified from pig 

liver in 1940 (Gordon et al, 1940). It was distinguished from the 

previously known xanthine oxidase (C orran et al, 1939) by it s inability 

to catalyze purine oxidation at pH 7.0. Xanthine oxidase can catalyze 

both aldehyde and purine oxidations and i s  physically similar to the 

aldehyde oxidase enzyme. 

The aldehyde oxidase in rabbit liver \vas described in 1946 (Kbox, 

1946). It differed from the pig-liver enzyme in its ability to catalyz e  
1 

qUlnlne and N -methyl nicotinamide oxidation. It has a higher pH 
max 

for aldehydes and it can catalyze some xanthine oxidation at pH 7.0 
(Rajag opalan & Handler, 1964c). This rabbit aldehyde oxidase has been 

highly purified (Rajagopalan et al, 1962) and both its physical and 

kinetic propertie s have been described in detail . 

Pig and rabbit aldehyde oxidases and the xanthine oxidases from milk 

and liver have several physical features in co��on .  They are all flava­

proteins with flavin adenine dinucleotide as the prostheti c group . 

(One aldehyde oxidase has been des cribed, from r1orse liver, which i s  not 

a flavoprotein (J�rnefelt, 1955)). All contain molybdenum as a metallic 

electron acceptor, and have molecular weights in the range 200,000 -
300,000. These enzymes all have 11oxidase11 - coupled reduction of 

molecular oxygen - and 11dehydrogenase" - c oupled reduction of other 

electron acceptors - actions . The pig aldehyde oxid ase differs from 

the others in its lack of non-haem iron as an add iti onal prosthetic 

g roup ( Igo et al, 1961 ). 
Xanthine oxidase and aldehyde oxidase are specific for non-hydrated 

acetaldehyde (Handler et al, 1964; Fridovich, 1966) and oxidation 

proceeds by firstly the removal of a hydride ion and then a subsequent 

replacement with a hydroxide i on from the medium: 

(Handler et al, 1964) R-C � l�o 
("cm-) • Metal

+ 

Aldehyde oxidase has been postulated to contain an internal electron 

transport system analogous to that in the respiratory chain (Rajago­

palan & Handler, 1964b). Molybdenum with a c ovalently-bound sulphydryl 
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group,  acts at the substrate binding site as the hydride ion acceptor 

(Raj agopalan & Handler ,  1 964c ) ;  the molybdenum accepts electrons and 

becomes reduced to Mo +5 state ( Aleman et al, 1 965 ) .  Molybdenum is also 

said to react in the substrate hydroxylation step (Fridovich, 1 962 ) .  

It seems that sulphur does not play a direct part in t he electron 

transport system (Mahler , 1 95 6 ) . 

Iru1ibitor studie s, using the various hydrogen acceptors which can 

couple with aldehyde oxidase , have led to the description of a sequence 

in which other prosthetic gro ups accept electrons from molybdenum 

within the enzyme molecule (Handler et al, 1 964; Raj ag opalan & Handler ,  

1 964b ) .  

Substrate --� Mo +6 
--� FAD -- ? C oQ __ ,_ Fe --� 02 

-S-S-

The order is essentially the same as that described by Bray,  Palmer , 

Beinert & Ehrenberg (Bray et al ,  1 964; Ehrenberg & Bray ,  1 965 ) for 

xanthine oxidase except that Go� is added in the sequenc e .  CoQ is not 

present in xanthine oxidase but is reported to play an active role as a 

prosthetic group in aldehyde oxidase . It acts as an electron acceptor 

and is probably responsible for the large peak in the difference 

absorption spectrum (oxid ised-reduced ) of the purified er zJme at 275 nm 

(Raj agopalan et al , 1 962 ) .  

In an attempt to determine the contribution which aldehyde oxidase 

makes to the enzymic oxidati on of acetaldehyde during ethanol metabolism 

in sheep , it was decided to firstly purify and characterise the sheep 

liver enzyme . This chapter describes the purification procedure devel­

oped and the general properties of the isolated enzyme . It also includes 

a description of the preparation and propertie s of an antibody specific 

·.�o : the enzyme . The antibody acts as a specific inhibitor of sheep liver 

aldehyde oxidase and can be used in in vitro studies with crude liver 

homogenates to inactivate aldehyde oxidase and determine the effect 

this has on overall ethanol and acetaldehyde metabolism . 

METHODS AND MATERIALS 

I )  ENZY1'1E ASSAYS WITH V .ARIOUS HyPRffiEN ACCEPI'ORS : 

Aldehyde oxidase couple s with a number of hydrogen acceptors  (Raj ago­

palan & Handler, 1 964b ) .  Assays for its activity have been based on 

several of these.  Inhibitors and activators were incubated with the 

enzyme for five minute s at the reaction temperature unle s s  otherwise 

stated . Activators increased the rate of substrate oxidation in the 
( 
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system, but except for molybdenum, were not e s sential to ob serve 

oxidase activity. 

Nethylene Blue : In most cases aldehyde oxidase was assayed by coupling 

with methylene blue . The assay system was incubated in evacuated 

Thunberg tubes flushed with oxygen-free nitrogen. Components of the 

reaction mixture are given in Table 3 .  Reactions were started by adding 

both the substrate and methylene blue to the temperature-equilibrated 

mixture from a side arm, and the time taken for methylene blue to be 

completely decolorised at 37°C wa s recorded. C oupling of methylene 

blue reduction with acetaldehyde oxidation can be catnlyzed by both 

aldehyde oxidase and xanthine oxidase enzyme s .  C oncurrent assay for 

xanthine oxidase using hypoxanthine ( 5 . 2mM) as sub strate made it 

possible to e stimate the xanthine oxidase contribution. 

Bovine liver xanthine oxidase catalyzed the oxidation of acetaldehyde 

at 28% of the rate of hypoxanthine (C orran et al, 1 93;l ) . 

One unit of enzyme is defined as that amount required to reduce 1 pg 
methylene blue in one minut e .  

The aldehyde oxidase reaction could b e  assayed more accurately by 

following methylene blue reduction in a spectrophotometer . Special 

tubes ,  which c ould be evacuated , were used and the reaction mixture was 

the same as that described in Table 3 .  Substrate and methylene blue 

were added from a side arm to  start the reaction and the rate of change 

in the optical density at 660 nm was meas ured using a Bausch and Lomb 

spectrophotometer. The reaction system wa s maintained at 22°C .  A 

standard curve for measuring the oxidised methylene blue concentration 

was prepared by reducing oxidised methylene blue with a small amount 

of solid sodium dithionite.  The decrease in optical density at 660 nm 

was recorded for several methylene blue concentration s .  (Fig . 1 ) .  

11Dehydrogenase11 activity was measured using this methylene blue 

assay. 

O&ygen: Aldehyde oxidase activity can be measured manometrically in 

Warburg manometers. The reaction mixture , as described in Table 3 ,  was 

equilibrated at 37°C and s ubstro.te was added from a side arm to start 

the reaction. Results of this as say have been quoted in terms of oxygen 

uptake (pJ-/min ) .  

u0xidase11 activity was measured by this method. At pH 8 . 5 ,  one 

' methylene blue ' unit of aldehyde oxidase was calculated to c atalyze 

the uptake of 0. 1 5  jll o2/min under standard assay conditions . 
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TABlE 3 Composition of the Assay Mixtures used in the 
Determination of Aldehyde Oxidase Activity 

Hydrogen Acceptor : 

Methylene Blue : 

Hydrogen Acceptor : 

( cm3 ) Oxygen : 
a substrate 

methylene blue ( 0. 05 gj cm3 ) 
enzyme solut ion ( 40 -800 

units/cm3 ) 
buffer ( borate , pH 8. 5 ) 
molybdenurn trioxide ( 1  o-3H)  
water/inhibitor/activator 

2,6-Dichlorophenol Indophenol : 
substratea 
enzyme solution ( 40 -800 

units/ err? ) 
buffer (borate , pH 8 . 5 )b 

molybdenum trioxide (1 o�3M)  

water/inhibitor/activator 

1 .  0 
0. 2 

1 .  0 

0. 5 
0. 5 
1 . 0 

0. 5 

0. 5 

0. 5 
0. 5 

1 .  0 

2 , 6-dichlorophenol indophenol 0.3 
( o. o3% )  

Ferricyanide : 

substratea 
enzyme solution ( 40 -·800 

unit s/ cm3 ) 
buffer (borate ,  pH 8 . 5 ) b 

molybdenum trioxide ( 1 o-3M) 
water/inhibitor/activator 
potassium ferricyanide 

( 2  x 1 0-3M)  

0. 5 

0. 5 

0.4 
0. 5 
1 .  0 
1 . 5 

substratea 0. 5 
enzyme solution ( 40 -800 

3 
0. 5 

units/cm ) 
buffer (borate,  pH 8 . 5 )b 0 . 5 
molybdenum trioxide ( 1  o-3M)O. 5 
water/ inbibitor/ activator 1 .  0 
wnter 1 .  0 

Cytochrome c : 
substrate11 0. 5 
enzyme solution ( 40 -800 

3 
0 . 5 

unit s/ cm ) 
buffer (borate , pH 8. 5 )b 0.4 
molybdenum trioxide 

( 1  o-3M)  
0. 5 

water/inhibitor/activator 1 . 0 

cytochrome c (3x1 0-5M )  1 . 5 

aAcetaldehyde (23mM) was used as substrate unless otherwise  stated .  
b Borate buffer was prepared from sodium borate and hydrochloric acid 

as described by Dawson et aJ (1 969 ) .  
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for each sample. 
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2 ,6-Dichlorophenol Indophenol : Spectrophotometric measurement of the 

rate of 2 ,6-d ichlorophenol indophenol reduction was performed in a 

Hitachi 1 01 spectrophotometer . The initial rate of change in optical 

density at 600 nm was measured when substrate was added to the aerobic 

reaction mixture shown in Table 3 .  The temperature was maintained at 

22°C .  One 11methylene blue" unit of aldehyde oxidase catalyzed a change 

in OD600nm of 0. 01 8/min under standard assay cond itions.  

Cytochrome c :  Cytochrome c reduction was also followed in a Hitachi 1 01 

spectrophotometer, by measuring changes in optical density at 550  nm. 

The initial rate of change at 22°C when substrate was added to the 

reaction mixture tabulated in Table 3 was used to as sess  the aldehyde 

oxidase activity with this hydrogen acceptor . One 11 methylene blue" unit 

of aldehyde oxidase catalyzed a change in ODSSOnm of 0 . 023/min under 

standard assay conditions . 

Ferricyanide : Assays based on the rate of ferricyanide reduction 

catalyzed by aldehyde oxidase were carried out in a Hitachi 1 01 spectro­

photometer by measuring the initial rate of change in optical density at 

420 nm &fter the addition of substrate to the temperature equilibrated 

mixture ( 22°C ) . The reaction mix tures for this assay c..:.re also g iven in 

Table 3 .  One 11methylene blue" unit of aldehyde oxidase catalyzed a 

change in on420nm of 0. 01 3/min under standard as say conditions . 

II ) OTHER METHODS 

Protein Estimation : Protein concentrations were estimated by the spectro­

photometric method of Lowry , Rosebrough, Farr & Randall ( Lowry et al ,  
1 951 ) .  A linear relationship between protein concentration and absorb­

ance at 500 nm was demonstrated under the test conditions using bovine 

serum albumin solutions . An increase in ao500nm of 0 . 81 corresponded 

to a protein concentration of 1 mg/cm3 • 

Purity and Molecular Weight Determinations :  Tests of homogeneity of the 

aldehyde oxidase preparations were carried out using disc electrophoretic 

separation method s with 7 . 5% polyacrylamide gel (Davis , 1 964 ) .  Tris/ 

glycine buffer ( pH 8 . 3 ) was used as the medium and the run made at 250 

volts . Normally amido black ( 0. 1 % vv/v)  in 1% (v/v )  aqueous acetic acid 

was used to stain the gel for protein after separation. 

The Spinco Model E analytical ultracentrifuge fitted with an AnR-D 

rotor was used for the more precise purity estimates and the determin­

ation of sedimentation coefficients and molecular weights.  
Absorption Spectra: Absorption spectra of the purified enzyme preparations 

were obtained from a Unicam S. P .800 recording spectrophotometer. Cells of 

width 0. 2 cm and a light path of 1 • 0 cm were used . A small amount of 

solid dithionite was added as a reducing agent when necessary . 
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Emission Spectrcgruphy: The molybdenum content of samples from dried 

aldehyde oxidase preparations was determined by emission spectrography, 

using palladium as an internal standard . Arcing was carried out at 

7 rnA and the required lines were located relative to an iron emission 
s pectrograph on the same plate. A standard curwe of the ratio s  of the 

ab sorbances of the molybdenum and palladium line s at known molybdenum 
levels (Fig .2) allowed calc ulation of the molybdenum pre sent in each 
protein sample . 

Preparation of Calcium Phosphate G el :  Calcium phosphate gel was 

prepared by mixing calcium chloride with trisodium phosphate as 
described by Dixon & Webb ( 1964). It was aged in the dark for four 

weeks and used at a concentration of 6 . 62 mg/cm3 (DM) ( in glass 

distilled water). 

RESULTS : 
I )  �LJZY�fE PURIF IC .:.T I Oi! : SHEEP LIVE.".. AlDEHYDE OXIDAS:S : The results from 

a typical purification run are tabulated in Table 4 .  Fresh sheep liver 

( obtained le ss than 1 . 5 h from slaughter) was used for enzyme isolations 
after the finding that the storage  of intact liver in the deep freeze 

( -20°C) for 4 days caused a considerable reduction in activity (82%). 

Sheep liver ( 634 g) was homogenised in chilled d istilled water (950 
cm3) for two 1 minute periods . The homogenate was centrifuged 

( 1 4 , 60Cg , 0°C , 60 min )  and the supernatant was filtered through glass 

wool to remove lipid material giving a filtrate with a pH of 6 . 4 .  The 
specific activity of the supernatant varied from animal to animal over 
a range of 0. 05 to 5 . 00 unit s/mg protein. Only 2. 5% of the aldehyde 
oxidase activity was discarded in the residue . 

Freezing of the liver extract supernatant (-20°C , 8 h) resulted in 
35% loss of activity. By contrast , the enzyme was quite stable in 
solution at 4°G for the same time. The extract lost 50% of the enzyme 

activity when stored at +20°G for 8 hours. 

The next step in the purification procedure was an acidification by 

adding 1 M  HGl dropwise ,  reducing the pH to 5 . 5 . This solution was kept 

at 4°C for fifteen minutes and centrifuged (14 , 600g , 0°C , 30min). All 

the activity remained in the supernatant with only 60% of the protein. 
Below pH 5 .2 the aldehyde oxidase was precipitated and inactivated . 

Without further adjusting the pH, solid ammonium sulphate was added 
. 0 to the supernatant at 0 C to 30% saturation. Stirring was continued in 

the cold for thirty minutes and the solution then c entrifuged ( 1 4 , 600g , 
0°C , 20 min). The concentration of ammonium sulphate was then raised in 
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TABLE 4 Purification Procedure for Sheep Liver Aldehyde Oxidase 

Step 

(Fraction) 

Original 

supernatant 

Precipitation 
at pH 5. 5 

Ammonium sulphate 

fractionation 
3 0%-45% satur-

ated (dialysed) 

Treatment with 
calcium phosphate 
gel : Gel wash 
(0 . 05M-0. 2M) 

Alkaline ammonium 
sulphate fraction-
at ion (3 G-40% sat-
urated) 

Volli!U!iil 

( cm3) 

485 

1 38 

1 28 

98 

1 7 . 1  

Acti vi t,Y.a Protein Yield SQecific 
Activitl 

(unit s/cm3) ( r.Ig/cm3) (% )  ( unit s/mg) 

1 1 7  ( 1 5 . 7) 1 01 . 2 1 00 1 . 1 5 

445 ( 1 0) 21 0 1  1 08 21 • 1 

772 ( 6 . 1 ) 21 0 1  1 74 36 . 8 

1 09 ( 0) 3 . 04 21 . 6  35 .9 

245 ( 0) 4 . 1 5 1 6 . 8  59 

Weight of liver used to prepare homogenate : 634 g .  

Purifi-
c ation 

(x) 

1 

1 8 . 3 

32 . 0  

31 . 2 

51 .4 

The final precipitate was dissolved in 0. 05M phosphate 
buffer, pH 8 . 1 

�orresponding xanthine oxidase activities are given 
in brackets .  
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the supernatant with stirring , to 45% saturation . 

After centrifuging , the precipitate was tru(en up in 1 28 cm3 of a 

solution of molybdenum trioxide (1 o-3M) . 

Although s ome aldehyde activity remained in solution up to 60% 

saturation with ammonium sulphate , the higher salt concentration 

precipitated a considerable amount of the xanthine oxidase activity. 

Enzyme preparations intended for kinetic work were prepared from the 

fraction precipitating between thirty and forty per cent saturation with 

ammonium sulphate to keep xanthine oxidase activity at a low level . 

The ammonium sulphate fractionation gave considerable activation of 

the oxid:·'. SO but this disappeared during the next calciu:n phosphate 

step.  Raj agopalan & Handler (1964c) have reported some increase in 

aldehyde oxidase activity in the presence of quaternary nitrogen but no 

explanation was given for this effect.  

The active enzyme solution prepared as described above was dialysed 

against aqueous molybdenum tr:i.oxide solution ( 1  o-
6

M) overnight (4 °C ) 
and again centrifuged ( 23 , 5 00�, 0°C , 20 min ) .  

C alcium phosphate gel solution ( 1 494 mg calcium phosphatE. �· 271 0 mg 
protein ) was mixed with the clear brown dialysate and the solution left 

to stand (4°C , 45 min ) .  It was then centrifuged ( 55 0g ,  5 min ) ,  the 

supernatant discarded and the precipitate washed eight timeswith 0. 05H 
phosphate buffer ( pH 6 . 5 ) .  The washings were discarded . The gel was 

then washed twice with 0. 2M phosphate buffer ( pH 6 . 5 ) ; the se washings 

contained 21 . 6% of the original activityo A step similar to this had 

been used in the purification of rabbit aldehyde oxid ase described by 

Raj agopalan � · :otgers (1 96 2 ) . The low yield of activity was offset by the 

complete separation of xanthine oxidase activity from the aldehyde 

oxidase (Table 4 ) .  
In the next step, the enzyme solution was raised to pH 1 0. 5 \·li th 

4M NH40H and immediately taken to 30% saturation with solid ammonium 

sulphate. After standing at 4°C for 30  minutes ,  the mixture was 

centrifuged ( 23 , 500g , 0°C , 1 0  min ) .  The supernatant was adj usted to 

40% saturation with ammonium sulphate and the resulting prec ipitate , 

obtained by centrifugation , was dissolved in 1 7  cm3 0. 05M phosphate 

buffer ( pH 8. 1 ) . At this stage the enzyme solution contained betwe en 

50  and 1 50 times the s pecific activity of the aldehyde oxidase in the 

original supernatant. In the best preparation, the specific activity 

was 1 1 1  units/mg prote in  but this was stable for only one day at 4°C ; 
it subsequently decreased to 1 2-1 3 units/mg protein and was stable at 

that level for 4-7 days at the same temperature. 
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II ) PHYSIC_i..L PROPERTIES :  S.HEE!? LIVER ..:.LDEH.YDE OXI.Dl.SE ;  Polyacrylamide 
gel electrophoresis of the purified protein solution ( specific activity 
equivalent to 1 1 1  units/mg protein) showed a single maj or protein band 
with one minor slower moving component (Fig . 3 ) .  This c ould have been 
an active dimer of the enzyme similar to those reported in xanthine 
oxidase preparations ( Nelson & Handler,  1 968 ) .  The following method 
was developed to locate the aldehyde oxidase and xanthine oxidase 
activities in the gel. 

After electrophoresis , the g el was removed from its tube and immersed 
in the following solution in a Thunberg tube :  

methylene blue ( 0. 05g/1 oo cm3 ) 
buffer (borate,  pH 8 . 5 )  
molybdenum trioxide (1 o-3M)  
water 

0.3 
0. 5 
0. 5 
7. 0 

cm3 

cm3 

cm3 

crrt 
Substrata (1 . 0 cm3 , acetaldehyde 23m.H and/ or hypo xanthine 5 . 2mM) 

was placed in the side-arm of the Thunberg tube. 
After repeated evacuation and flushing with oxygen-free nitrogen, 

the substrata was tipped into the solution in which the gel was immersed .  
The system was incubated for one hour until a white line o f  reduced 
methylene blue was distinguishable from the blue oxidised compound which 
had diffused through the gel (Fig .4 ) .  White lines indicat ed the sites 
of enzyme activity in the gel. 

The fluid was removed from the Thunberg tube on a water-pump, taking 
care not to release the vacuum, and the gel was left in the tube.  The 
white activity line was stable in the gel for about four hours depend­
ing on the amount of enzyme activity present. It was not possible to 
take satisfactory photographs because of the requirement to keep the 
gel in the Thunberg tube under vacuum. 

The Rf value s for aldehyde oxidase and xanthine oxidase ,  obtained 
by this method , were 0. 1 8  and 0. 34 respectively when electrophores is 
was performed in tris/glycine buffer, pH 8 .3 , at 250 volts .  

Homogeneity of the protein preparations were determined by ultra­
centrifugal analyses .  In a typical run it was found that the monomeric 
form of the enzyme constituted 85% of the total protein in solution and 
confirmed the presence of a minor component of higher molecular weight 
(Fig. 5 ) .  

The sedimentation coefficient of the protein, determined using the 
boundary method , was 1 2 e 2 Svedbergs at 1 9 . 5°C in 0. 05M phosphate buffer, 



F I G U R E  3 E L ECTROPH O R ES I S  O F  A PUR I F I ED SH E EP L I V E R  A LD E H Y D E  O X I DASE 

PR E PA R A T I O N  

M I N O R  COMPON E N T  
A L D E H Y D E  O X I DASE 

The enzyme preparation had a spec i f i c  act iv ity equ ivalent to 1 2. 2  u n i ts/mg protein 

and a prote i n  conce ntration o f  1 2. 4  mg/cm3. 

The protei ns i n  the sample ( 5/ll ) were sepa rated i n  7.5% polyacry l a m i d e  gel by 

e l ectrophores i s  i n  Tris/glyci n e  bu ffer, p H  8 . 3, at 250 volts.  P rote i ns were then l ocated 

in the gel with Amido B l ack sta in  (0. 1 %  in 1 %  acetic aci d ) .  



FIGURE 4 DIAG RAMS TO SHOW TH E PATT ER NS OBTAI N E D  WHEN SHEEP L IVER ALDEHYDE OXI DASE 

AND XANTHINE OXI DASE WERE SEPARATE D BY GEL ELECTROPHORESIS AND STA I N E D  

W I T H  A M ETHY LENE BLUE ACTIVITY STA I N  

blue 

"' c: 
.:: .... c: "' X 

white bands 

"' 
"tl > .:: "' 
"tl 
<! 

SUBSTRATE ADDED TO TH E G E L  
WITH M ETHYLENE BLUE 

ACETAL DEHY DE+ 

HYPOXANTH I N E  

HYPOXANTH I N E 

AC ETALDEHYDE 

Su bstrate and methy lene b lue  were added to the gel in  pH8.5 buffer after the  electrophoresis had been 
performed. The system was i ncu bated anaerobical ly at 37°C for two hours ,  and the staining sol ution was 
then removed under vacu um. White bands were evident in the b lue gel, showing where methylene b lue 
reduction had occurred. 



F I G U R E  5 SED I M E NTAT I ON PATT E R N  O F  A PU R I F I E D SH E E P  L I V E R  A L D E H Y DE 

OX I DA S E  PR EPARAT I O N  ( 1 2 .4 mg/cm3 PROT E I N  I N 0.05M P H OSPH A T E  

BU F F E R )  I N  T H E A N A L Y T I C A L  U LTRACENT R I F U G E  

Th i s  ph otograph was taken 48 m inutes after atta i n me n t  o f  m ax i m u m  speed 

( 52,640 r.p . m )  at 1 5. 5°C. 
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pH 8 . 1  ( Protein cone . =  1 2 .4mg/cm3 ) .  This value with corrections gave 

the following figure : -

s = 1 2 . 5  s .  20 , w  
A synthetic boundary cell was used to determine the d iffusion 

coefficient of the protein at known times , during an ultracentrifuge 

run.  From these ,  the diffusion coefficient at zero time was calculated 
-6 2

; to be 0. 5 x 1 0  m sec . 

The molecular weight of sheep liver aldehyde oxidase was estimated 

by substitution in the formula: 

M =  R !.__§__ 
D ( 1 - vp ) 

= 21 4, 000 Dalton 

R = 8 . 31 4 x 1 0  7 erg/mole/K 

T = 292 . 5  K 
-1 3 s = 1 2 . 21 x 1 0 sec 

1 -7 2; D = 5 x 0 m sec 

v = 0. 74 ( Nelson & Handler , 1 968 ) 

p = o . 98 

Estimation of the molybdenum and flavin concentrations in the 

purified enzyme preparation gave a molybdenum : flavin ratio of 1 : 2  

(Table 5 ) . 

From these figures it was calculated that one gram mole of 

molybdenum would be present ·in 21 1 , 000g protein,  which agreed closely 

with the molecular weight previously determined.  

Absorption spectra of the oxidised and reduced forms of the purified 

enzyme are shown in Figure 6. Excess acetaldehyd e changed the spectrum 

of the oxidised enzyme to that obtained for the dithionite-reduced 

protein. It would seem therefore that complete reduction of enzyme 

occurred in the presence of substrate , as demonstrated with the rab bit 

aldehyde ox idase (Handler et al, 1 964 ) .  The flavin in x anthine oxidase 

is only partially reduced by substrate initially (Mahler, 1 956 ) .  

The difference spectrum ( oxidised-reduced ) of the protein showed the 

peaks typical of flavoproteins at 350  nm and 450 nm. A large maximum 

observed at 275 nm suggested the pre sence of CoQ in the enzyme . A 

similar conclusion has been suggested for the rabbit liver aldehyde 

oxidase by Rajagopalan and his coworkers ( 1 962 ) .  

III ) KINETIC PROPERTIES: SHEEP LIVER ALDEHYDE OXIDASE : 

�timum: The optimum pH for sheep liver aldehyde oxidase activity 

was pH 8 . 6  and was the same for both the "dehydrogenase" and Uox idaseu 

activitie s (Fig .  7 ) .  Rabbit aldehyde oxid ase preparations showed a 

similar pH (Knox , 1 946 ) ,  but apparently some variations occur max 
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TABLE 5 Estimation of the Molybdenum and Flavin C omponent s 

o f  Purified Ald ehyde Oxid ase Preparations 

Preparation 

Number 

1 

2 

3 

Specific 

Activity 

( units/mg protein ) 

1 08 

1 1 1  

1 2 . 2  

Protein 

C oncentration 

(rng/ cm3 ) 

7 . 1 4  

1 3 . 9 

1 2 . 4  

a Molybdenun1 
-1 

C oncentration 

(g protein/ 

g . mole 

r.�olybdenum ) 

2 X 1 05 

2 . 1 4  x 1 o5 

2 . 1 8  X 1 05 

Flavin
b 

C oncentra­
-1 

tion 

(g protein/ 

g . mole 

f lavin ) 

0.96 X 1 05 

1 . 04 X 1 05 

1 . 08 X 1 05 

a ) Molybdenum was determined in an emis s ion spectrograph on oven­

dried samples (24 h ,  60°C )  using palladium as an internal 

standard . 

b )  Flavin was e stimated from t he difference ( oxid i sed-reduc ed ) in 

the optical den sity of the solut ion at 450 nm. A molar 

extinction coeffic ient of 1 . 1 3  x 1 cf· was assumed (Raj agopalan 

& Handler,  1 964c ) • 



ABSO R BANCE 
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F I G U R E  6 ABSORPTION SPECTRA O F  THE OX I DISED AN D R E DUCED S H E EP L I V E R  ALDEHYDE OXI DASE 

0.4 

oxidised form 

reduced form 

o• • • � 1 
400 500 6 0 700 

WAV E L ENGTH 

(nm) 

Protein was dissolved i n  0.05M phosphate buffer, pH 8. 1 ,  to give a concentration of 1 2.4 mg/cm3. 
The specific activity of the solut ion was 1 2. 2  i n  the example shown. 

Excess acetaldehyde (23mM) or a small amount of sol id dithion ite was added to reduce the enzyme i n  
solution. Both resu lted i n  the same changes i n  the absorption spectrum. 



FIGURE 7 DETERMINATION OF THE OPTIMUM pH FOR SHEEP L I V E R  A L DEHYDE OX IDASE ACTIV I TY 

USING ACETALDEHYDE AS SUBSTRATE 

70,�------------------------------------------, 7 

"" Oxygen Uptake 

0----o Methylene Blue Reduction 

60 6 

50 5 

4 4 

METHYLENE BLUE 

R E DUCTION 

JXYGEN UPTAKE 

3 

2 

10 

�------��----��------��------�------�0 
7.0 7 . 5 8 .0 8.5 9.0 9. 5 

pH 

"Dehydrogenase" activity was assayed using methylene blue reduction rate as described in the text. 
The assay m ixture contained 5 1  u n its of aldehyde oxidase activity. 

"Oxidase" activity was assayed by measu r ing the rate of oxygen u ptake in Warburg manometers as 
described in  the text. The assay m ixture contained 41 u nits of aldehyde oxidase activity. 

Acetaldehyde ( 23mM) was used as the substrate, and reactions were carried out at 37°C. 
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depending on the substrata used (Knox, 1 946; Raj agopalan & Handler, 

1 964c ) .  

Specificity: Various compounds were tested as substrate sfor the sheep 

liver aldehyde oxidase (Table 6 ) .  The enzyme ea� reduce s everal electron 

ac ceptors (Gordon et al , 1 940; Raj agopalan & Handler,  1 964b ) and the 

oxidation rate of each substrata depended on the assay system used . 

Both aromatic and aliphatic aldehydes were oxidised , including 

formaldehyde (gas chromatographically te sted for homogeneity ) .  Although 

it is  pos sible that this activity is an adaption to the production of 

one-carbon compound s in the rumen (Hungate , 1 966 ) ,  pig aldehyde oxidase 

also oxidised formaldehyde ( Palmer, 1 9E3 ) at about the same relative rate . 

No report of formaldehyde oxidation by rabbit aldehyde oxidase has been 

found . 

Sheep ald ehyde oxidase resembled the rabbit enzyme in that it oxidised 
. 1 

quinines ( Knox, 1 946 ) but 1t could not couple N -methyl nicotinamide 

oxidation to reduction of cytocr..rome c or molecular oxygen (Raj agopalan 

et al , 1 962 ) .  Purines ,  ethanol and pyruvate were not oxidised in any of 

the assay systems at pH 8 . 5 .  

Michaelis C onstant : The Km value of �he enzyme for acetaldehyde as the 

substrate was 2 . 4mM. Both oxygen uptake and methylene blue reducing 

systems have similar affinities as for acetaldehyde (Fig . 8 ) ,  but some 

other substrates were oxidised more read ily in either the 11 oxidase11 

( eg .  formaldehyde ) or ndehydrogenase11 ( N
1

-methyl nicotinamide )  as says 

(Table 6 ) .  

Inhibition and Activation : The compounds assayed for their effect on the 

various sheep liver aldehyde oxidase systems are given in Table 7 .  Their 

depended on the hydrogen acceptor used for the assay. 

Quinacrine , triton X-1 00 and menadione inhibited sheep liver aldehyde 

oxidase but their relative effect s differed from those observed in rabbit 

aldehyde oxidase depend ing on the electron acceptor used (Raj agopalan & 
Handler, 1 964b ) .  Quinacrine is a common flavoprotein inhibitor (Haas , 

1 944 ) which also affects pig liver aldehyde oxidase (Mahler et al, 1 95.4lJ}; 

triton X-1 00 and menadione inhibitions have been used to indicate the 

presence of CoQ in similar enzyme systems (Raj agopalan et al, 1 962 ) .  

8-hydro:xy quinoline is a metal binding agent which inhibits only the 

noxidase11 reaction of sheep liver aldehyde oxidase as it does in the 

pig enzyme (Mahler et al, 1 95�) and in xanthine oxidase (Daisy et al, 

1 955 ) . 



TABLE 6 

Substrate 

S£ecificity of Sheep Liver Ald ehyde Oxidase with Various Hydrogen Acceptors 

Final 

C oncentra- Relative Rates 

tion ( rru'1) Oxygen Uptake r1ethylene Blue D ichlorophenol C ytochromE c .  Ferricyanide 

Reduction. Indophenol 

Acetaldehyde 3 .3 1 00 1 00 1 00 1 00 

Formaldehyde 4 . 9  1 1 4  26 45 1 33 

B enzaldehyde 1 .  7 82 J1 99 75 

NY.methyl nicotinamide 6 . 9 0 72 81 0 

C inchonidine ( satd ) 33 21 32 62 

Quinine hydrochloride 0. 2 58 1 2  52  56  

Ethanol 3 . 1 0 0 0 0 

Pyruvate 1 .  7 0 0 0 0 

Hypox anthine 0. 7 0 0 0 0 

Assay systems have been d e scribed in the text . All reactions were carried out at pH 8 . 5 . 

The oxidation rate of each substrate has been compared with the rate of acetaldehyde 

oxidat ion , arbitarily placed at 1 00 ,  for each assay system. In each assay 88 Q�its of enzyme 

(mean specific activity = 20. 2 units/mg protein ) were used . 

Each assay was performed in duplicate , using two different enzymo preparations , and the mean 

value i s  quote d .  

1 00 

28 

28 

t7 
20 

24 
0 

0 

0 

I 
!(? I 



FIGU R E  8 DETERMINATION OF THE MICHAELIS CONSTANT3 OF SHEEP L I VER ALDEHYDE OXIDASE FOR ACETALDEHYDE 
AS SUBSTRATE 

"Oxidaseb" Activity of the Enzyme: 

1/INI TIAL VELOCITY 

-1 

"Dehydrogenasec" Activity of the Enzyme: 

1 /INITIAL VELOCITY 

(min/IJg methylene blue) 

-1 

ACETALDEHYDE CONCENTRATION- 1 

(mM-1 l 

0 
ACETALDEHYDE CONCENTRATION -1 

(mM-1 ) 

3 

3 

a) A Lineweaver-Bu rke plot was used to determine the Km of sheep liver aldehyde oxidase. Each 
assay was performed in duplicate with two different enzyme preparations, and the mean activities have been 
plotted. 

b) Oxygen uptake rates were measured manometrically as described in the text. I nitial <cetoldeh-yd� 
concentrations were assayed gas chromatographically ( Chapter 3) in dupl icate systems that had been temperature 
equ i l ibrated with the assay flasks. 

c) Methylene blue reduction was followed spectrophotometrically as described in the text. No correction 
was made for possible evaporation of acetaldehyde prior to starting the assay. 



TABLE 7 

Inhibitor 

Menc..dione 

Triton X-1 00 

Quinacrine 

8-Hydroxy 

�uinGline 

D isulphirarn 

The Effect of Several C ompound s - on the Rate of Reduction of Hydrogen Acceptors 

C atalyzed by Sheep Liver P�dehyde Oxidase 

Final Relative Rate s 

C oncentra- Methylene Blue Dichlorophenol Cytochrome c .  Ferricyanide 

tion (mM) Oxygen Uptake Reduction Indophenol 

0 . 07 .31  0 26 .38 94 

0 • .39 1 8  1 1 1  1 1 5  46 98 
2 . 5  .3.3 40 NE NE .NE 

0. 09 32 91 9.3 1 9 9.3 

1 . 25 5 5  1 05 18 5 7 78 

C alcium C arbimide 1 .  6 20 94 1 02 1 6  91  

Metronidazole 

Acetate 

Ascorbic Acid 

0 . 1 5  5 0  12 67 67 .32 

1 4 . 0  97 1 00 1 00 87 1 00 

7 . 1 50 59 NE NE 

As says were carried out at pH 8 . 5  as described in the text 1 using ac etaldehyde (2.3��) 

as sub strat e .  

The rate o f  oxidation o f  acetaldehyde alone has been arbitarily placed at 1 00 for each 

as say system. In each assay 88 units of enzyme ( mean spe cific activity = 20. 2 units/rng 

protein ) were used . 

Each assay was performed in d uplic ate , us ing two different enzyme preparations , and the 

mean value is q uoted. 

NE 

I \..V � 
I 
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D isulphirarn, calcium carbimide and metronidazole are drugs used to 

deter alcoholics from drinking (Jacobsen & Martenson-Larson, 1 949 ; 

Ferguson, 1 956;  Semer, 1 966 ) .  They can cause accumulation of acetalde­

hyde in the body following intake of ethanol. As say of the disulphiram 

effect on sheep liver aldehyde oxidase activity showed that inhibition 

was restricted to the "oxidase " action of the enzyme . Inhibition was 

non-competitive , and the inhibitor constant (defined by Dixon & \�ebb , . J 1 964 ) was 1 . 6  x 1 0- M. C alcium carbimide inhibition of the 11oxidase11 

reaction of sheep aldehyde oxidase has provided an explanation for 

clinical accumulation of acetaldehyde observed when ethanol and calcium 

carbimide are taken concurrently (Kj eldgaard , 1 949 ) .  ;1etronidazole 

inhibited all assay systems for sheep liver aldehyde oxidase .  

No product inhibition by acetate was apparent in the presence of exces s  

acetaldehyde .  Ascorbate affected both "oxidase" and "dehydrogenase" 

activitie s .  This was different from its effect on milk and liver xanthine 

oxidase s (Daisy et al, 1 955  ) .  

In view of the inhibition of rabbit aldehyde oxidase previously 

reported (Raj agopalan et al , 1 962 ) several steroid s were assayed for their 

effect on sheep liver aldehyde oxidase activity (Table 8 ) .  Little or no 

effect uas recorded for several of the hormone s investigated , but inhib­

ition was observed in the presence of tetrahydrocortisol , oestriol and 

cortisone , depending on the hydrogen acceptor used . Oe stradiol-1 7;.3 
u.nd cortisone stimulated only the "dehydrogenase" reaction of the enzyme , 

and androsterone only the 11 oxidase 11 reaction. Progesterone was the 

only steroid investif!,ated to stimulate both the udehydrogenase 11 and 

11oxidase11 reactions catalyzed by sheep liver aldehyde oxidase .  

Ethanol in low concentrations stimulated aldehyde oxidase from sheep 

liver (Table 9 )  but no reports of similar action were found for other 

flavoproteins . Assaysof the rate of oxygen uptake were performed at 

various ethanol concentrations (Fig . 9 )  to assess the extent of this 

effect . J:t was interesting to note the extent of the increase of enzyme 

activity at only 26 �� ethanol concentrations.  This work has been 

extended in an in vivo study reported in Chapter 6 .  

IV ) H1t1UNO�Y 
Attempts to find a specific inhibitor for aldehyde oxidase , led to 

the preparation of the rabbit antibody to the sheep liver enzyme . 

A male rabbit ( liew Zeeland , white ) was inj ected with 9 . 8mg purified 

enzyme prepared from ewe liver . This had been mixed with Freund ' s  
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TABLE 8 Assa� of Shee2 Liver Aldeh�de Oxidase using Oxzgen 

U2take and Meth�lene Blue Reduction in the Presence 

of Several Steroids 

Steroid Final Relative Rate 

Concentra- Hethylene Blue 

tion (rni1)  Oxygen Uptake Reduction 

1 00 1 00 

Pregnanediol 0 . 65 1 00 1 00 

Tetrahydrocortisol 0. 1 7  64 88 

Androsterone 0. 1 4  1 24 1 00 

Oestriol 1 • 1 2 87 83 

Testosterone 0 . 82 88 1 00 

C ortisone o. 74 63 1 45 

Tetrahydrocortisone 0 . 64 89 1 1 6  

Oestradiol-1 7j3 1 .  75 1 00 1 89 

Progesterone 0 . 37 1 60 1 42 

Assays were carried out at 37°C and pH 8 . 5  as de scribed 

in the text . 

Acetaldehyde (23@� )  was used as substrate. The rate of 

oxidation of acetaldehyde in the absence of steroids has 

been arbitarily placed at 1 00 ,  for each assay system. 

In each assay 54 units of enzyme ( mean specific 

activity = 1 8 .3 units/mg protein ) were used. 

Each assay was performed in duplic ate,  using two 

different enzyme preparations , and the mean value is  

quoted . 



TABLE 9 

FIGU R E  9 

Effect of Ethanol on the Rate of Reduction of Several Hydrogen Acceptors 

catalyzed by Sheep L iver Aldehyde Oxidasea 

Hydrogen Acceptor 

Molecular Oxygen 

Methylene Blue 

Cytochrome c 

% Increase in 
Activity in the 
Presence of Ethanol ( 26m M )  

1 1 2 
1 3 1  
1 1 1  

E F FECT OF VARIOUS ETHANOL CONC ENT RATI O NS ON T H E  R ATE O F  

OXYGEN UPTAKE CATALYZED B Y  SH E E P  L I V E R  ALDEHYDE OXI DAS Ea 

9 ,5 ,....-------------. 

I N I TI A L  V E LOCI TY 

8.0�---"'----......1�----1 
0 10 20 

ETHANOL CONC ENTRATI ON 

( m M )  

30 

a) Assays were carried out at p H  8.5, using acetaldehyde (23m M )  substrate as 
described in the text. Each assay was performed i n  dup l i cate with two different enzyme 

preparations and the mean i ncrease in  activity is quoted . F i fty-six u n its of a ldehyde 
ox idase act iv ity ( mean specif ic activ ity = 20.2 )  were u sed in each assay. 
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complete adjuvant (1 : �y val)and was equally divided between subcutaneous 
and intramuscular sites following the method developed by Newstead & 
Ormsby (Newstead & Ormsby, 1 970 ) .  The application was repeated after 
seven days , and boosters containing no adj uvanJc, were administered after 
twelve and sixteen weeks. 

Three months after the first inj ection of antigen ( enzyme preparation )  
the rabbit was bled from the ear using a suct ion method ( Sanders , 1 966 ) .  
Blood ( 50 cJ ) was then collected every two or three weeks over a period 
of four months .  

Serum wa s  prepared , and fractionated by 50% saturation with solid 
ammonium sulphate (Clausen, 1 969 ) . The /-globulin precipitate was 
collected , dissolved in 0.9% ( w/v ) NaC l and dialysed against cold 
physiological saline for three days until the BaC12 test showed no 
sulphate ions remained in solution. The protein concentration of the 
preparation was 1 3 . 9  mg/cm3 • A blank preparation similarly prepared 
from the blood of an uninoculated rcbbit contained 1 8 . 2  mg/cm3 protein . 

The Y-globulin preparations required immunochemicnl and enzyme 
kinetic definition of their specificity. 

Electrophoresis of aldehyde oxidase preparations from ewe and wether 
livers and an impure solution containing xanthine oxidase but no 
aldehyde oxidase ( 5--1 0 Jli )  was performed in c. 1 %  agar slnb ( pH 8 . 4 ,  
250 volt s ) .  The low mobility o f  aldehyde oxidase necessitated electro­
phoretic runs of up to 3 hours . C entral troughs were cut out following 
electro phore sis , o.nd filled with the (--globulin preparation ( 0. 2 cm3 ) 
(Fig . 1 0 ) .  This was allowed to diffuse through the gel for 6 hours 
(20°C ) and the slab was then washed (0 . 9% ( w/v ) NaC l,  20°C , 1 6  hours ) 
(C lausen, 1 969 ) .  The resultant precipitin line s showed the antibody was 
immunologic�ly active with both ewe and wether aldehyde oxidase prepar­
ations . It did not precipitate xanthine oxidase or other components of 
the crude solution. 

Methylene blue reducing activity in the presence of anti-aldehyde 
oxidase /-globulin was inhibited in aldehyde oxidase only (Table 1 0 ) .  
Xanthine oxidase activity was slightly stimulated . The blank f-globulin 
preparation also showed slightly stimulatory properties for both alde­
hyde oxidase and xanthine oxidase assays . 

Assessment of the effect of anti-aldehyde oxidase Y-globulin on the 
reduction of molecular oxygen by the enzyme showed that complete 
inhibition was effective for about 1 0  minutes (Fig . 1 1  ) . Activity was 
slowly restored from this time , but did not reach that initial velocity 



FIGU R E  1 0  IMMUNOELECTROPH O R ESIS O F  ALDEHYDE OXI DASE PR EPARATIONS FROM EWE AND 

WET H E R  L I V E R S  AN D A XANTH INE OXI DASE P R EPA RATION 

xanthine oxidase preparation a 

anti-aldehyde oxidase -y-globu lin 

ewe aldehyde oxidase preparation b 

anti-aldehyde oxidase -y-globulin 

wether aldehyde oxidase preparation c 

a) The xanthine oxidase preparation was prepared from the protein not precip itated by 50% saturation 
with ammonium sulphate at pH5.5 obtained dur ing the standard preparation procedu re for a ldehyde oxidase. 
The solution contai ned 2 1 .6mg/cm3 protei n,  after dialysis agai nst molybdenum trioxide solution ( 1 o-6M )  
overn ight. 

b) Ewe a ldehyde oxidase was prepared as described in th e text to the d ia lysed ammoni u m  su lphate 
precipitated fraction. The . prepa ration contained 1 0.2mg p rotein/cm3, after d ia lysis against molybden u m  trioxide 
sol ution ( 1 o-6M )  overn ight. 

c) Wether a ldehyde ox idase preparation also fol lowed the method described in  the text, to the d ia lysed 
ammonium su l phate precip itated fraction. The p reparation contained 9 . 1  mg protein/cm3, after d ia lysis agai nst 
molybdenum trioxide so lut ion ( 1 o-6M )  overnight. 

Enzyme preparations (51.1 1 )  were electrophoresed in  1% agar ( pH8.4;  250 vol ts) for three h ou rs. D i ffusion 
of the anti-aldehyde oxidase -y-globu l in (0. 2cm3) was continued for 1 6h ( 20°C) and the gel was then washed 
in physiological sal ine ( 1 6h ;  20°C) .  

Precipit in l i nes. developed between the anti-a ldehyde oxidase -y-globu l i n  and both aldehyde ox idase 
preparations. 
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TABLE 1 0  Effect of Anti-Aldehyde Oxidase i-Globulin Preparation 

on Sheep Liver Aldehyde Oxidase and Xanthine Oxidase 

Methylene Blue Reducing Activity 

Enzyme Relative Activity 

Aldehyde 
11 

ll 

Xanthine 
ll 

\1 

Oxidase 1 00 
ll + 1 cm

3 
'i-g lobulin 0 

25 unit s enzyme 
ll + 1 cm

3 
blank ¥-globulin 1 1 1  

25 unit s enzyme 

Oxidase 1 00 
n 

1\ 

+ 1 cmJ )(-globulin 1 1 0  

0. 8 units enzyme 

+ 1 cm3 blank t-globulin 1 1 0 

0 . 8  units enzyme 

Assays were pe rformed at pH 8 . 5  using acetaldehyde 

( 23mM) or hypoxanthine ( 5 . 2ru�)  substrate as d e scribed 

in the text . 

Enzyme activity in the absence of any t-globulin 

preparation has been arbitarily plac ed at 1 00.  

This was equivalent t o  a mean rate o f  oxygen 

uptake equal to 5 . 6  .JllO/min . Each assay was 

performed in duplicate , using two d ifferent 

enzyme preparat ions . 



FIGURE 1 1  OXYGEN UPTAKE CATALYZED BY SHEEP LIVER ALDEHYDE OXIDASe'liN THE PRESENCE O F  ANTI-ALDEHYDE 
OXI DASE -y-GLOBULIN OR BLANK -y-GLOBULIN PREPARATIONS 

a or---------------------------, 
o---a blank -y-globulin 

( 1 cm3/ 4cm3 assay mixture) 

60 ..____ anti-aldehyde oxidase 
-y-globulin (1cm3/ 4cm3 

assay mixture) 

OXYGEN UPTAKE 40  
(J.tl) 

TIME AFTER ADDITION OF SUBSTRATE 

(m in) 

FIGURE 12 EF FECT OF VARYING THE -y-GLOBULIN CONCENTRATION ON THE RATE OF OXYGEN UPTAKE CATALYZED 
BY SHEEP LIVER ALDEHYDE OXI DASE

a 

sr---------------------------� 
o---o blank -y-globul in 

------. anti-aldehyde oxidase 
-y-globulin 

INITIAL VELOCITY 

2 

0�----��----��----��-----t 0 0.25  0.5 .75 .0 
-y-GLOBULIN 

(cm3/ 4cm3 assay mixture) 

a) Assays were carried out at pH 8.5 using acetaldehyde (23mM) as substrate as described in the text. 
Each assay mixture contained 49 methylene blue units of aldehyde oxidase ( mean specific activity: 1 8.3) and 
assays were performed in duplicate with two d ifferent enzyme preparations. The value plotted is the mean 
result in each case. 

The anti-aldehyde oxidase -y-globulin preparation had a protein concentration of 1 3.9mg/cm3 and the 
blank -y-globulin preparation had a protein concentration of 1 8.2 mg/cm3. Each was i ncubated with the 
enzyme for five minutes (37°C) prior to addition of the substrate. 
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shown by the enzyme in the presence of blank i-globulin . The effect of 

varying the )-globulin concentration has been shown in Figure 1 2 . · The 

inhibitor constant was equivalent to 1 mg/crl protein and inhibition 

appeared to bo competitive . The blank �-globulin had little effect on 

the initial velocity at any concentration investigated. 

When the s pecificity and kinetic properties of the anti-aldehyde 

oxidase i-globulin had been established , its effect on ethanol 

metabolism in liver homogenates was tested (Fig . 1 3 ) .  Aldehyde oxidase 
+ 

was soluble in this system. No exogenous NAD was added , therefore 
+ 

ethanol oxidat ion was limited by the NAD reoxidation rate . 

Ethanol c onc entrations in the homogenate were the same with both 

antibody and blank i-globulin preparations. In the pre senc e of t he 

antibody, acetaldehyde ac cumulated concurrently with ethanol degradation. 

However, when blank a-globulin was used little acetaldehyde ac cumulated , 

presumably because it was oxidised by active aldehyde oxid ase pre sen t .  

The antibody seemed to be effective in inhibiting aldehyd e oxidase 

activity in liver homogenates. 

DISCUSSION 

Comparison of the propertie s of the sheep liver aldehyde oxidase 

prepared in this study with the propertie s of other aldehyde oxidis ing 

flavoprote ins showed it had some feature s in common with each of the 
others (Table 1 1 ) .  

The protein resembled the rabbit enzyme in its location in the cyto­

plasm and the apparent inclus ion of CoQ as a pro sthetic group (Raj ago­
palan et al , 1 962 ) .  It also had a similar pH ( Knox, 1 946 ), affinity max 
for acetaldehyde substrate (Raj agopalan & Handler, 1 964c ) ,  and sub-

strate specificity ( Knox, 1 946 ) .  Pig aldehyde oxidase resembled this 

sheep liver enzyme in the relative concentrations of molybdenum and 

flavin in the molecule (Gordon et al, 1 940 ) .  It had a similar molecular 

weight , but was localised in the mitochondria ( Ig o  et al ,  1 961 ) and d id 

not oxidise quinine s.  The disulphiram inhibition found in this study of 

sheep aldehyde oxidase re sembled that for the bovine xanthine oxidase 

(Hunter & Lowry, 1 956 ) . By contrast , rabbit aldehyde oxidase was 

competitively inhibited by disulphiram ( Kj eldgaard , 1 949 ) and the 

Ki 
(2 x 1 o-7M) ( Hunter & wwry, 1 956 ) was much lower than that for the 

sheep enzyme . 

The variable effect of steroid s seemed to differentiate the sheep 

liver aldehyde oxidase from other aldehyde oxidising flavoproteins. 
Progesterone and oe stradiol-1 7� were found to stimulate the sheep enzyme 



F I G U R E  1 3  E F FECT O F  ANTI -ALDEHYDE OXI DASE "(-GLOBU L I N  PR EPARAT I ON O N  ETHANOL AND 

ACETALDEHYDE LEVELS I N  SH E E P  L IVER HOMOG ENATES DU R I N G  M E TABO LISM OF 

EXOGENOUS ETHANOL 

::!: 
.§. 
z 0 
i= <l: a: 1-z w 
(.) z 0 (.) 

1 .5 

1 .0 

6..-----o. acetaldehyde concentrations in control homogenate 

acetaldehyde concentrations in the presence of anti-aldehyde oxidase "(-globul in 

0>------o ethanol concentrations in control homogenate 

••-----•• ethanol concentrations in the presence of anti-aldehyde oxidase "(-globul in 

Liver was homogenised in  0. 1 M phosphate buffer ( p H 7.4)  as described by Lundquist and h is associates 
( 1 963) .  "(-globu l in  (in physiological saline) was incubated with the homogenate (37°C) for five mi nu tes. 
Ethanol ( 65 mM, 0. 1 M phosphate buffer, pH7.4) was injected i nto the m ixture through a reseal i ng stopper 
and samples ( 1cm3) were w ithdrawn through this stopper at the times stated. The 'zero' sample was taken 
10 seconds after addit ion of  the ethanol.  

Each 0.5cm3 dupl icate homogenate sample was deprotein ised with Ba(0H li0.5cm3, 0.3M ) solut ion 
conta in ing n-propano l  (0. 3cm3/ t )  as an i nternal standard. ZnS04.6H 2 0 ( 5% w/v) was added and the sol u tions 
were refrigerated (40C) u nt i l  required. Ethanol and acetaldehyde determinations were performed on the gas 
chromatograph. A detai led description of th is procedure is  presented in Chapter 3. 



TABLE 1 1  C omparison of Some C haracteristic s of Aldehyde Oxidase and Xanthine Oxidase Enzyme s 

Molecular Weight 

(x 1 o5 ) 

s ( 20 , w )  

Molybdenum 
( mole/mole protein ) 

Flavin 
( mole/mole protein ) 

pHmax 
( substrate ) 

K ( !Ill'vl) m 
( Acetaldehyde ) 

She ep Liver 
Aldehyde Oxidase 

2. 14 

1 2 . 5 

1 

2 

8 . 6  
(Acetaldehyde ) 

2 . 4  

+ 

+ 

Substrates : ­

Aldehyde s  
Purine s 

Quinine s 

N
1

-methyl 
\ I 
Dehydrogenase only 

nicotinamide 

C ellular 
Distribution 

Supernatu.nt 

i�lk Bovine Liver Pig Liver 
Aldehyde Oxidase 

Rabbit Liver 
Xanthine Oxidase X§nthine Oxidase Xanthine Oxidase 

2 . 5 3 . 00 3 . 00 2 . 8  
( Handler et al ,  

1 964) 
(i�ler et al , 1 954b ) ( Handler et al , 1 964 ) (Nelson & Handler 

1 968 ) 

1 0. 6  
( Palmer , 1 963 ) 

1 
(Gordon et al , 1 940)  

2 
( Gordon et al , 1 940 ) 

7 . 2 
( Acetaldehyde ) 

(Gordon et al , 1 940) 

1 00 
( Palmer , 1 963 ) 

+ 
very slight 

very slight 

mitochondria 
( Igo et al , 1 961 ) 

1 2 . 2  
(Raj agopalan et al ,  

1 962 ) 

2 
( Handler et al , 1 964 ) 

2 
(Handler et al , 1 964 ) 

8 . 4  
( cinchonid ine ) 

(Knox, 1 946 ) 

1 .  0 
(Raj agopalan & Hand­

ler, 1 964a ) 

+ 
very slight 

+ 

+ 

1 1  1 1 . 7  
(Bray et al , 1 966 ) ( Nelson & Hand­

ler , 1 968 ) 

2 2 
( Avis et al , 1 954 )  (Kielly , 1 9 55 ) 

2 
( Avi s et al , 1 954 ) 

8 . 3  
(xanthine ) 
(Bray , 1 963 ) 

36 
( Fridovich , 1 966 ) 

+ 
+ 

2 
(Kielly , 1 955 ) 

8 
(xanthine ) 

( Kielly , 1 955 ) 

? 

+ 
+ 

supernatant microsome s supernatant 
(Bray, 1 963 )  (Raj agopalan e.� al : 1 962 ) (Bray, 1 963 ) 

1.: 
I 
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although they inhibited rabbit aldehyde oxidase (Raj agopalan et al, 

1 962 ) .  Because of its possible physiological significance this property 

has been studied more closely in a later chapter. An aldehyde dehydro­

genase from rabbit liver was also sensitive to steroid s (Maxwell & 
Topper, 1 961 ) but it was inhibited by progesterone , and oestradiol-1 7;.3 
had no effect. 

While an electron chain system wus indicated by the different 

reaction shown with each hydrogen acceptor , the sites of oxidation and 

inhibition within the sheep aldehyde oxidase chain seem to differ from 

the sites in the rabbit sequence postulated by Raj agopalan & Handler 

( 1 964b ) .  The results from this study fit in reasonably satisfactorily 

with the electron transport sequence postulated for the rabbit alde­

hyde oxidase ( Handler et al, 1 964 ) .  

Menadione and triton X-1 00 , C oQ inhibitors (Raj agopalan et al ,  1 962 ) ,  

acted sub sequent to the ferricyanide reducing site in the sheep enzyme . 

Therefore ferricyanide appeared to couple with FAD or molybdenum 

reoxid ation. This is shown in the postulated sequence in Figure 1·'5 . ! ,  

Methylene blue and 2 , 6-dichlorophenol indophenol reactions �ere 

subject to inhibition by quinacrine , an FAD inhibitor , and the C oQ 

inhibitors , menadione and triton X-1 00. Their reduct ions therefore 

seemed coupled with CoQ reoxidation. 

Those inhibitors which appear to act on the iron moiety, 8-hydroxy 

quinoline and disulphiram (Jokivartio , 1 950; Daisy et al, 1 955 ) � 
inhibited only cytochrome c and oxygen reduction suggesting that this is 

the final intraenzymic step in the electron transfer sequence.  

C alcium carbimide appeared to inhibit sheep aldehyde oxidase at the 

iron transfer site . Rabbit aldehyde oxidase was not affected by 

calcium carbimide at all (Kj eldgaard , 1 949 ) .  Hetronidazole inhibition 

of sheep aldehyde oxidase affects coupling with all the hydrogen 

acceptors studied . It may not act at a specific site within the enzyme 

molecule but rather as a general inhibitor of electron transfer. 

N
1.

-methyl nicotinamide was active as a substrate only when as sayed 

in the methylene blue , ferricyanide and 2 , 6-dichlorophenol indophenol 

systems . Electron egress from the transport system appeared to occur 

prior to the iron prosthetic group. In contrast , formaldehyde 

oxidation was coupled principally to oxygen uptake and cytochrome c 

reduction. Iron appeared to act as the initial acceptor of electrons 

from formaldehyde.  

This work set out to  purify and describe sheep liver aldehyde 



F I GU R E  1 4  POSTU LATE D SEQU ENCE O F  SITES O F  E L ECTRON EGR ESS A N D  I N H I BITION OF E L ECTRON TRANSPOR T  WITH I N  
TH E SH E EP L I V E R  A L DEHYDE OXI DASE MOLECU LE 

Hydrogen Acceptors 

ferricyan ide MeB 
D C I  

cyto.chrome c 

Substrata �Mo6+ + � FAD - + �C�Q • + +Fe �02 

I n h ib itors 

q u i nacrine 
triton X- 1 00 
menadione 

8-hydroxy q u ino l ine 
d isu lph i ram 
cal c ium carb im ide 

Th i s  d iffers from that prev iously postu lated for rabbit  l iver a ldehyde ox idase i n  

the si tes for methylene b lue  ( MeB)  and 2 ,  6-d ichl orophenol i ndophenol ( DC I )  

reduction. 
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oxidase for use in later work. It has shown this enzyme to differ 

considerably from the previously known aldehyde oxidising flavoproteins , 

while retaining the basic high molecular weight structure and contain� 

ing flavin and molybdenum. 
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Chapter 3 

ESTIMATION OF ETHANOL AND ACETALDEHYDE IN BIOLOOICAL FLUJDS 

Methods for estimating ethanol and acetaldehyde in biological fluids 
have become more important as the medico·-legal interest in these has 
increased , and research centred on the add ictive properties of ethanol 
has expanded . Acetaldehyde was estimated in separate sample s by 
different method s until the advent of gas chromatographic procedures .  
Now it i s  possible to measure both ethanol and acetaldehyde concentrat-· 
ions accurately in a single blood sample . 
Ethanol Determinat_ions :  The original medico-legal method for ethanol 
determinations was based on the treatment of the distillate from a 
biological sample with added potassium dichromate . The excess dichro· · 
mate was assayed iodometrically (Widmark , 1 922 ) , This method was 
simplified in 1 948 (Ryan et al, 1 948 )  and Bennett ( 1 971 ) has now 
published a method which measures the optical density of an ether­
dichromate solution. In the modified procedure , ethanol is  converted 
to d iethyl ether with nitrous acid . Adaptation of the dichromate 
method to allow anal.vsis of alveolar air ( Begg et al , 1 964 ) has had 
important legal implications but the accuracy is too low to allow its 
use in research studie s where reproducibility and high levels of 
accuracy are essential . 

D espite its lack of specificity ,  the dichromate method for estimating 
ethanol concentrations was not contested until 1 950 ,  when Bm·bridge and 
his associates introduced a microdiffusion procedure to gi.ve greater 
specificity but this has not been used extensively . 

In 1 951 , enzymatic oxidation of ethanol was coupled to reduction of 
NAD

+ 
(Bonnischen & Theorell , 1 951 ) giving N.ADH which shows strong 

absorbance in the near u.ltraviolet :.�egion with a maximum at 340nm. 
The original enzymatic method measured the increase in optical 

density at 340nm when ethanol in distillates was oxidised in the 
presence of alcohol dehydrogenase .  Increased sensitivity was obtained 
when the fluorescence rather than the light absorbance of NADH >Jas 
measured (Ell is & Hill _, 1 969; Pe:cez et al, 1 971 ) • The use of alcohol 
dehydrogenase to reduce NAD

+ 
in the presence of ethanol has been the 

basis of several attempts to automate ethanol analysis ( Huet , 1 966; 

Ellis & Hill , 1 969 ; Mueller & La.ng , 1 9Ti ) . Other methods have been 
reported that couple NAD

+ 
reduction to phenazine methosulphate (Roos ,  

1 971 ) and nitro-blue tetrazoliwn (Rosalki, 1 9'/"'0) . It is well known that 
a number of aliphatic alcohols and aldehydes  interfere with these 
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enzymatic procedures . 
Acetaldehyde D eterminations : The e st imation o f  acetaldehyd e in blood was 
fir st de scribed by Gee and Chaikoff in 1 9 26 .  The insoluble d imedon 
d erivative of ac etaldehyde was formed , collected and weighed . A later 
method used bisulphite to obtain an e st imate of the c ontribution that 

acetaldehyde mad e to the total d ichromate oxidation d e s cribed in the 
ethanol determination method s (Janke & Stephan , 1 93 5 ) .  

The Stotz method for the estimat ion of acetaldehyd e in b iological 
fluid was based on the distillation of the substanc e from a tung stic 
acid filtrat e , the acetaldehyde be ing collected in bisulphite solution . 
The optical density of this solut ion was measured after reaction with 
p-hydroxybiphenyl ( Stot z , 1 94.3 ) .  A s imilar method which d i spens es with 
the distillat ion proced ure has s ince been developed ( Le ster & Greenburg , 
1 95 0 ) .  

A microdiffusion method in which the acetald ehyde was trapped in a 
semicarbazid e  solution with measurement of the optical d en sity of the 
semicarbazone at 224nm (Burbridge et al , 1 95 0a; Burbridge et al , 1 95 0b )  
has been used by some worker s ,  but other aliphatic aldehyde s  present 
interfere with the acetaldehyde reaction. 

An automated method for the chemical est imation of blood acetaldehyde 
has been described using a Technicon Autoanalyser (Duncombe & Shaw, 1 966 ; 
Taylor & N orthmore , 1 967 ) .  

Enzymatic methods for estimating acetald ehyde have included use of 
yeast ald ehyde dehydrogenase to catalyze the reduct ion of NAD

+ 
by acet­

ald ehyd e ( Lundquist , 1 958 ) .  The optical density of the NADH was measured 
at .340nm. Alcohol d ehydrog enase has also been used t o  reduce acetald e­
hyde to ethanol , the d ecrease in NADH concentration being measured 
(Berg enmeyer , 1 965 ) .  
Gas C hromatography : The introduction of gas chromatographic method s for 
the separation and e st imation o f  the volatile component s o f  serum was 
first d es cribed in 1 958 ( Fox, 1 958 ) .  In the orig inal method a prelimin­
ary fractional distillation o f  the serum was carried out and the 
dist illed components were separated on a column packed with firebrick : 
tricresyl pho sphate : glycerol ( 60 : 22 : 1 8 by weight ) .  

In 1 96 2 ,  Lester described the estimation o f  ethanol and acetaldehyde 
from a single sample . The method used C arbowax 1 5 00 ( 5% on Haloport 
60-F ) to separate the ethanol and acetaldehyd e in t he vapour phase over 
d eproteinised blood . 

An improved method used Polypak 2 (80-1 20 mesh ) to separate ethanol 
and acetaldehyde in the filtrate from deproteinised blood (Roach & 
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C reaven, 1 968 ) and an internal standard (tert. butanol ) was used to 

correlate the results where different sample vol�nes were used . 

Ethanol and acetaldehyd e from intestinal contents (Blomstrand , 1 9 71 ) 

and in fermented beverages ( 0 1 Keane et al ,  1 971 ) have been separated 

(by gas chromatography ) using Chromosorb 1 01 without a stationary phase .  

Diethyl ether arising from the preliminary oxidation o f  ethanol by 

nitrous acid has also been estimated gas chromatographically using 

Chromosorb 1 01 as the packing (Gessener , 1 971 ) . 

A comprehensive review of the gas chromatographic method s up to 1 971 

(C oldwell et al , 1 971 ) , has concluded that Haloport 60-F (60-80 me sh ) 

(Duritz & Truitt, 1 964 ) provided the most satisfactory separation of 
s 

ethanol , acetaldehyde and acetone . This packing has now been super�eded 

by Porapak Q which is  a polymer of ethyl vinyl benzene-d ivinyl benzene . 

It was introduced in 1 967 (C olehour , 1 967 ) and has been used to separate 

the ethanol and acetaldehyd e from both alveolar air ( Jansson & Lars son, 

1 969 ) and from blood ( Truitt , 1 970 ) .  

The method adopted for the present studie s  use s Porapak Q for the gas 

chromatographic estimation of ethanol , acetaldehyde and acetone in blood 

and the method has also been used with liver homogenates .  

DETAilS OF THE HETHOD 

C ollection of Blood : Blood was collected in a 1 cm3 , calibrated , d ispos­

able syringe fitted with a 1 . 5 11 , 20-gauge needle , which had been flushed 

with heparin before use .  The blood was d ivided into 0. 5cm3 duplicate 

samples  and put into 2cm3 vials which already contained 0. 5cm3 ice-cold 

diluent . The diluent contained n-propanol ( 0. 2cm3/ l) ,  which acted as an 

internal standard , and mercuric chloride ( 2mg/ l) as an antibacterial 

agent . 

Blcod saTiple s were normally taken from the left j ugular vein of the 

sheep (Fig . 1 5 )  and therefore comprise peripheral venous blood . Ethanol 

and acetaldehyde concentrations in the portal vein and the rumen 

artery blood were shown to be much higher than those in the j ugular 

vein (Table 1 2 ) . It was therefore important to specify the site of 

blood collection. 

Error s occur in measuring blood and d iluent volumes .  With syringe s ,  

maximum errors of 0. 05cm3 in 0. 5cm3 ( 1 0% )  were obtained , while the error 

in the d iluent volume was about 0. 02cm3 in 0. 5cm3 (4% ) .  Therefore the 

errors incurred in obtaining a diluted blood sample were about � 7% . 



FI G U R E  1 5  CO L L ECTION O F  B LOOD FROM T H E  L E FT JUG U L A R  V E I N  O F  A SH E EP 

Blood was col lected in a 1 cm� heparin i sed syri nge fi tted with a 1 %" 20-gauge needle. 
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TABLE 1 2  Qomparison of Ethanol and Acetaldehyde Levels in 

Jugular, Portal and Rumen Arterial Blood from Sheep 

Ethanol Acetaldehyde 

( •nH) (fllivi )  
Jugular 0. 34 0. 02 
Portal 0. 65 0 . 05 
Rumen Artery 0. 66 0 . 06 

Ethanol assays used the alcohol dehydrogenase method 
(Bonnischen & Theorell , 1 951 ) .  The change of optical 
density at 340nm was linear over the range from 

0-1 .40 mH ethanol. 

Acetaldehyde was assayed by the method of Burbridg e et al , 
( 1 950a ) .  The optical den sity at 224nm was linear through 
the range of 0. 01 -0. 70 mM acetaldehyde.  
Blood was taken from a ewe ,  anaesthetised with halothane 
gas , and analysed immediately. Each assay was perfor�ed 
in triplicate and the mean value is quoted. 
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Al l  experiment s reported in this the sis used sheep starved for twelve 

hours . Ethanol , acet aldehyde and acetone concentrations in peripher al 
venous blood were shown to vary throughout the day (Fig . 1 6 )  with a 
maximum at 0 . 5 - 1 . 0 hour after feed ing common to the three animals 
studied . To avoid unneces sary error s �  sampling and feed ing time s were 
standard i sed to 9 . 00a. m .  and 9 . 3 0a. m .  respectively . Shee p  were fed a 
standard maintenan c e  d iet of chopped hay (d ig e stibility 53% (Davey , 1 972 ) ) ,  
and commerci al sheep nut s .  
Storage of Blood Sample� :  The blood was immediately added t o  ice-cold 
diluent in a vial , which was sealed and refrigerated at 4°C unti l 
required for analysis . 

Some deterioration was shown to occur during prolonged storage under 
the se conditions but this d id not o c cur until after 1 0  d ays (F ig . 1 7 ) . 
The blood was therefore rout inely analysed within that time . 

Ethanol represent s l e s s  than half of the alcohols formed in putrefying 
blood ( Bogusz et a� , 1 9 70 ) .  Since n-·propanol is al s o  formed it could 
cause some errors in the e stimation of the compositi on of ag ed blood 
when it was us ed as an internal standard . 
Estimation of Eth�nol 1 Acetaldehyd e and A�etone in B l o od Sample s :  
Normally the deter:ninations of ethanol , acetaldehyde and acetone conc en­
trat ions were pe rformed on a V arian Aerograr:>h 1 700 g as chromatograph. 
This was fitted wit h a flame ionisation d ete ctor , and incorporated an 
1/611 ,8 1 stainle ss ste el column packed with Porapak Q ( 50-80 me sh ) ,  fitted 
for 11off-c olurnnn inj e ction . The c olUJnn was precond itioned overnight at 
1 50°C .  

The inj ection temperature was kept at 1 43°C and the d etector at 1 83 °C .  
The oven t emperature was maintained at 1 o6 °C and dry nitrog en ( flow rate , 
0 . 44cm3/ sec ) was used as the carrier gas.  Attenuation was set at 1 -4 x  

depending on concentrations in ithe sample � and the chart record er speed 
was 1 2cm/h , 

T o  estimate the ethanol and acetaldehyde in a sample , the prepa�ed 
blood solution ( 5jU )  was inj e cted directly into the inj e ction port . Non­
volatile material pr ecipitated in the trap v1hich was clear1ed after every 
three or four sample s .  

Volatile compound s in t he diluted blood sample s were separated suffi­
c iently to allow quantitative e st imation of ethanol , acetaldehyde and 

acetone concentrations ( F ig . 1 8 ) .  Methanol and formaldehyde peaks c ould 
also be identified in sheep blood b ut their overlap prevented their 
quantitative determinati on. Use of an internal standard ( n-propanol ) 
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FIGU R E  1 6  TYPICAL VAR IATION I N  ENDOGENOUS ACETALDEHYDE, ETH ANOL AND ACETON E LEV E LS I N  SHEEP BLOOD 
( L E FT JUGU LAR ) THROUGHOUT THE DAY 

9r-------------��----------------------------------------------------------, 

4 

TIME FROM F E E D I N G  (hours) 

0 o ethanol 

• 4 acetaldehyde 

A A acetone 

The ewe was fed at zero t ime with 554g chopped hay (d igestib i l ity 53% ( Davey, 1 972) ) and 82g 
commercial sheep nuts. 

B l ood samples were taken from the left jugular vein as described in the text. They were assayed in dupl icate 
for acetaldehyde, ethanol and acetaldehyde gas chromatographically. 



F I G U R E  1 7  VAR IATIONS I N  ACETAL DEHYDE AN D ETHAN O L  CONCENTRAT I ONS I N  

A TYPICAL B LOOD SAMPL E  DU R I NG STORAG E A T  4°C. 

1 0 

_ 8  
::E 
E -

2 0 
1-c:t: 
� 6  2 w u 2 0 u 

4 

2 

ethanol 0 o 

acetaldehyde e e 
acetone �"---�6 

l im i t  t ime  for 
norma  storage 

STORAGE TI M E  AT 4°C 

2 0 25 

(days) 

Blood was d i l u ted 1 : 1  ( by vol . )  with aqueous n-propanol  (0.2cm3/ I conta i n ing 
HgC I2( 2mg/ l )) .  E ach solut ion  was assayed gas chromatographi cal l y  in dup l icate for 

ethanol,  acetaldehyde and acetone concentrations. 

3 0  
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The com ponents of each sample (5J.I I )  were separated on a 8', 1 /8 "  sta in less steel co l u m n  packed with Porapak 

0( 60-80 mesh ) ,  fi tted fo r "off-co l u m n "  inject ion,  and ma intai ned at  1 06°C. The i nject ion temperatu re was kept 
at 1 43oc and the temperatu re of the detector was 1 83°C . The chart recorder moved th e paper at the rate of 
1 2cm/h. Carrier gas passed through the col u m n  at a flow rate of 0.44cm 3/sec. 

The blood sample was d i l uted 1 : 1  ( by vo l . )  wi th d i l uent {n-propanol ,  0.2cm3/ r contai n i ng H gC I 2 ( 2mg/ l l) and 
stored at 4°C prior to ana lysis.  
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made the volume of sample inj e cted on to the gas chromatograph uncritical 
since all peak areas were expre ssed relative to the n-propanol peak area. 

The total errors from duplicate e stimations of the composition of a 
single blood sample have been calculated in Table 1 3 .  The larg e st 
errors were obtained with acetaldehyde , at this stag e , because it was not 
completely separated from methanol.  For all the compound s e stimated ,  the 
maj or errors arose in the planimetric method for measuring pe ak areas . 
Very small concentrations (0 . 01 -0 . 05�1)  can incur an error of �50% due 
to reading the plan imeter to � 1 unit . Thi s  was decreased to about �6% 
for ethanol concentrations above 2 . 6ru'1 and acetaldehyde concentrations 
above 1 • 55rru'-l. 

C alibration curves for the gas chromatographic meas urement o f  ethanol , 
acetaldehyde and acetone concentrations (Fig . 1 9 )  were prepared using 
standard aqueous solutions containing n-propanol as the internal standard . 
(The detector response was shown to be the sane for both blood and 
aqueous solution s . ) 

The re sponse ratio = area under compound peak 
area und er n-propanol peax 

1 when 

ethanol concentration = 4 . 52mr-1 
acetaldehyde concentration 3 . 54mi'1 
acetone concentration 2 . 92mH 

The curves were line ar in the range 1 o-1 
,..1 o-51111 conceiltrations and the 

constant blank reading s ,  equivalent toO. CBnli'1 ethanol , 0. 56rru'v1 acetaldehyde 
and 0. 06mi'1 acetone , were shown to be caused by components of the diluent 
solution. 
Infusion of Ethanol or Acetaldehyde into Sheep: Ethanol (20mmole s )  or 
acetaldehyde ( 7mmole s )  was administered intravenously into sheep in 
1 0cm3 sterile phys iological saline . The infusion was complete in thirty 
second s  and zero time was taken from its completion . The site of 
infusion was very low in the left jugular vein and blood sample s were 
taken from at least 611 above the inj ection site. 

Dundee and his associates ( 1 971 ) have reported that intravenous 
infusion delays the equilibration of arterial and venous blood ethanol 
levels in humans for up to fifteen minutes  while equilibration thro ugh­
out the body fluid can take thirty to sixty minute s .  This would seem to 
be due to d ifference s in blood flow through various tissue s . 
Liver Homogenate Preparation and Analysis : Homogenate s were prepared 
from sheep liver les s  than 1 h  from slaughter .  Liver sample s (8g ) were 
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TABLE 1,2 Errors incUI-red in the Estimation of Ethanol 

Acetaldeh�de and Acetone C oncentrations by 

Gas Chromatography 

Acetaldehyde Ethanol Acetone 

Duplicate number (m:'1) (rn1'1) (mM) 
1 0.4.3 1 . 29 0 . 1 8  
" 0. 61 1 . 29 0 . 1 8 
u o. 61 1 • .32 0. 22 
u o.  71 1 • .32 0. 22 

2 0.46 1 • .3.3 0. 1 8  
" 0 . 67 1 . •  21 0. 2.3 
\1 0 .67 1 . 21 0 . 2.3 
n ? 1 . 29 0 . 1 8 

Mean= 0. 59 1, . 28 0. 20 
Range= 0.43-0 . 71 1 . 21 -1 . 3.3 o. 1 8-0. 2.3 

S . D . = o. 1 1 0. 04 0. 02 

SEH 0 .  04 0 . 02 o .  01 

Normally single e stimations of each duplicate 

were used and the results meaned . 



FIGURE 19 CALIBRATION CURVES FOR THE GAS CH ROMATOGRAPHIC ESTIMATION OF ETHANOL, ACETALDEHYDE 
AND ACETONE CONCENTRATIONS 
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Response Ratio = area under compound peak 

area under n-propanol peak 

Each compound was in aqueous solution. Assays were performed in triplicate and each point shown is 
the mean result for the assay. 
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homogenised in 40cm3 0 . 1 M  phos phate buffer ( pH7 . 4 )  in a Potter Elvej h&� 

homogeniser ( Potter & Elve j ham ,  1 936 ) ac cording to the method of 

Lunquist , Svend sen & Peters on ( 1 963 ) • 

The homogenate (9. 5 cm3 ) was equilibrated ( 37°C ,  5 min ) in a tube fitted 

with a re seal ing stoppe� and any exogenous c ompound s were ad ded in buffer 

( 0 . 1 M  pho sphate , pH7 . 4 ) .  Substrate s ( 0 . 5cm3 in O. H1 phosphate buffer , 

pH7 . 4 )  were inj ected through the s topper and sample s ( 0. 5 cm3 ) were with­

drawn at the times stated . The sample s were immed iately placed in vials 

which alre ady contained 0 .  5 cm3 ice-cold diluent . This diluent was an 

aqueous solution of n-propanol ( 0 . 3.cm3 /1)  and barium hydroxide ( 0 . 3M) . 

A 5% ( w/v ) solution of zinc sulphate ( 0 . 5cm3 ) was added to the vial , 

which was stoppered and refrigerated immed iately. 

Gas chromatographic analysis of the homogenate sample s foll owed the 

method used for blood . Ho chang e in ethc:mol , acetald ehyde or ace tone 

concentrations was ob served d uring storage for seven days and the extra 

components in the sample s d id not seem to affect g as chromatographic 

separati on of the volatile compound s or the sen sitivity of the dete c tor . 

D I SC USSION 

The method s used in e stimuting ethanol , acetald ehyde and ac etone 

concentrations in this study were d e s igned to reduce to a minimum the 

errors which were inherent in the collection , storag e  and analysis of 

sample s .  

Sampling from the j ugular vein provided the means for taking ind ivid QC!.l 

samples at short intervals of time ; five minute intervals between s�nple s 

were pos s ible under mos t c ircumstan c e s .  Measurement of the endogenous 

concentrations of ethanol , acetaldehyde and acetone in blood could have 

be en better achieved by using the portal vein between the d ige stive tract 

and the l iver, but this was not used as it necessitated entering the 

abdominal cavity ,  with a general anae sthetic and consequent alteration of 

metabolism. 

Ethanol metabolism varie s rnarkedly between animals in one spe c ie s ,  and 

even within the one animal from d ay to day ( Marshall & Fritz , 1 953 ) .  It 

therefore seemed reasonable to reduce this variation by using each a�imal 

as its own control; a statistic ally reliable nwnbe r  of sample s were taken 

from e ach animal both before and during any given treatment. Sheep used 

as blanks were . included in each experiment . 

Gas chromatography allowed for the s imultaneous identification and 

e stimation of micro amounts of ethanol , acetaldehyde and acetone in 

single sanple s .  This has eliminated those error s associated with the use 
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of different sample s with different methods for the e stimation of each 

compound . The gas chromatographic method is certainly the most popular 

and practicable e stimation method for studie s  which involve the 

measurement of concentrations of several volatile compounds in a 

single sample . 
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C hapter 4 

EFFECT OF PROGESTERONE ON ETHANOL AND ACETALDEHYDE METABOLISM 

Many reports of the effect of hormone s on ethanol metabolism have 

appeared in the literatur e .  Thyroid hormone is claimed to increase 

ethanol metaboli sm in rats ( K.inard et al , 1 962; HcC arthy & Lovenberg , 

1 968; Rawat & Lundquist , 1 968 ;  Ylikahri & �enpaa , 1 968 ) although lt 

appears to decrease the rate of ethanol oxid ation in man (Trystrup ��-al ,  

1 965 ; Stoke s & Lasley , 1 967 ) .  Glucagon i s  reported t o  increase ethanol 

metabolism L� mammal s by Nel son and Jensen ( 1 961 ) but Kinard ( 1 967 )  

could not confirm the se re s ul t s .  Ins ulin seems to increase ethanol 

metabolism and there is an as sociated increase in plasma free fatty 

acid s (Rawat , 1 969 ) .  

At the enzyme level , thyroid hormone has been shown to d e crease the 

activity of alc ohol dehydrogenase from rat liver ( Ylikahri & Mlienpaa , 

1 968 ) .  

Proge sterone and oestradiol-1 7p hav8 been repor t ed to inhibit rabbit 

liver aldehyde oxidase (Raj agopalan et al , 1 962 ) and aldehyde dehydro­

genase (Maxwell & Topper, 1 961 ) , with the aldehyd e oxid ase inhibition 

being attributed to interference with the electron transfer system in 

the enzyme . Aldehyde dehydrog enase inhibition can be reversed by urea 

and it is likely that proge s terone affects the enzyme by causing a 

change in configuration (Maxwell , 1 962 ) . 

The sex-as soc iated difference in sheep liver aldehyde oxidase activity 

de scribed in this work was found by chance and further study was enc our­

aged by the pos sibility that ac etald ehyde metabolism may be associated 

with the sex-linked d if ferences exhibited by alcoholic s (Hilkinson et al ,  

1 971 ) . For example , it has be en reported that female patient s take 

thirtee n  years to b ecome physically dependent on alcohol , from their 

first hospitalization caused by drink, while for men the corre sponding 

figure is nine teen years .  

I n  this study the effect of progesterone and other s teroid s o n  she e p  

liver aldehyde oxidase has been examined and proge sterone has been shown 

to affect the total aldehyde oxidase activity in the liver . It al so 

influence s  the endogenous levels and the metab olism of ethanol and 

acetaldehyde in vivo . 

METHODS 

The initial survey of sheep liver activitie s of aldehyde oxidase and 

xanthine oxidase used fre sh liver s  obtained from the local abbatoirs . 
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Livers were kept on ice prior to use ond as s ays were performed within 
two hours of slaughter. Sampling wo.s co.rried out at intervals during an 

eight month period ( October, 1 970 - May, 1 971 )  when t he abbatoirs were 
operating . 

Liver Extract :  Extract was prepared by homogenising liver ( 3 00g ) in 

i ce-cold distilled water ( 45 0g ) .  This was performed in a Wnring blender 

for two 1 minute period s ,  the homogenate centrifuged ( 1 4 , 600g ; 0°C ; 
60min ) ,  and the supernatant c ollect ed . 
Partial Purific�tion of Aldehyde Oxidase : Liver extract was taken to 
pH5 . 5  by addit� hydrochloric ac id ( 1 M )  dropwise.  After standing ( 4°C ; 
1 5 min ) the preparation was centrifuged ( 1 4 , 6 00,�; 0°C 5 3 0min ) and solid 
ammonium sulphate added to the supernatant to give 3 0% saturation. The 
solution was stirred at 0°C for 30 minute s and then c entrifuged ( 1 4 , 600g ;  
0°C ; 20min ) .  1'1ore ammonium sulphate was added to the superno.tant to 
g ive 40% saturation. After again s tirring and centrifug ing the pre cipitate 
was dissolved in a s olut ion of 1 0-JM molybdenum trioxide .  This was then 
d ialysed �ainst aqueous molybdenum trioxid e (1 o-6M )  for 1 2  hours at 
4°C . 

The spec ific activity of the enzyme preparation increased 3 0-40 fold 
during the se steps . No alcohol dehydrog enase activity was pre sent in 
the preparation and xanthine oxida se activity was le s s  than 5% than in 
the orig inal extract .  

As say s  were performed as d e s cribed in C hapter 2 .  One unit of 
aldehyde oxid a se activity catalyzed the reduction of 1 yg methylene 
blue in one minute . 
Partial Purification of Aldehyde D ehydrogenas� : The preparat ion of 
sheep liver aldehyde dehydrog enase has been described in the Appendix I .  

The method involved extraction o f  211 acetone powder from liver with an 

EDTA soluti on ( 1 M, pH 7 . 0 ) .  An ethanol prec ipitate ( 0 . 4-1 . 4  vol . 
ethanol ; -1 0°C ) obtained from the EDTA extract was d i s s olved in EDTA 
solution ( 1 M, pH 7. 0 )  and when thi s  solution was acidified ( pH 4 . 5 ) , 
the activity remained in the supernatant . Precipitation steps using 
RNA ( 5% )  and an ammonium sulphate fractionation between 5 0-60% 
s aturation , further increased the activity of the enzyme . 

This procedure increased the s pecific activity of aldehyde dehydro­
genase 53 time s and no alcohol dehydrogenase , aldehyde oxidase or 
xanthine oxidase activity remained in the preparation . 

Assays of aldehyde dehydrogenas e  activity were carried out by follow­
ing the reduction of NAD+ at pH 9 .3 ( pyrophosphate buffer, 0. 01 M ) ,  
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observ.ing the change in optical density at 340nm (Racker, 1 949 ) •. 

One unit of this enzyme was taken as the amount of enzyme required to 

change the optical density at 340nm by 0 . 001 in one m.inut e .  The 

standard assay c onditions have been d escribed in Appendix I .  

In vivo experiments with progesterone were performed on 28 . 1 kg ( mean ) ,  

one year old , Southdown sheep which had been neonatally castrated 

( i . e .  wethers ) .  A maintenance diet of c hopped hay and commercial sheep 

nuts was provid ed . 

Proge sterone ( 60mg ) was suspended in peanut oil and administered 

subcutaneously in the rear loin each day .  A control animal was inj ected 

with oil containing no progesterone . 

C ollection and analysis of blood from the j ugular vein ha s been 

de scribed in Chapter 3 .  Sample s were analysed for ethanol , acetaldehyde 

and acetone by gas chromatography . In in vivo metabolism experiments 

ethanol ( 20 mmoles )  or acetaldehyde ( 7  mmoles )  was administered intra­

venously in 1 0cm3 sterile saline . 

Liver Homogenate g The preparation of l iver homogenates �  which has 

already been de scribed (Chapter 3 ) , fo llowed the method de scribed by 

Lundquist and his as soc iates ( 1 963 ) .  

Statistic s :  The s ignificances of all d ifferences  quoted were measured 

using the t-te st.  

RESULTS 

Aldehyde Ox idase and Xanthine Oxidase Activities in Sheep Livers :  Alde­

hyde oxidase activity in ewe liver varied depend ing on the date of 

sa,npling (Table 1 4  ) .  The activity in the 1'1arch-1V1ay ( 11late li ) period was 

much higher than in the October-February ( 11early11 ) period ( p< 0. 001 ) .  

Wether liver aldehyde oxidase levels did not differ from the "early11 

ewe liver activity and were lower ( p  <o. 001 ) than the ''late" ewe liver 

activitie s .  Differences in xanthine oxidase activity followed the 

changes  in the aldehyde oxidase activity but were not large enough to 

be significant.  

Mapping the aldehyde oxidase activity of individ ual livers on  a 

histogram (Fig . 20 )  has shown that 11early11 ewe and wether samples follow­

ed J-type curves with low maxima. Host wether samples fell in the 

50-1 00 unit s/ g liv er range but the 11 early11 ewe liver activitie s were 

mostly in the 0-50 unit s/g liver rang e .  Activities of ewe livers 

samples  between March and May ranged from 0-346 units/g liver.  

Steroid Effect on Sheep Liver Aldehyde Oxidase : The effects of various 

steroid s on sheep liver aldehyde oxidase activity were investigated. 
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TABLE 14 Aldehyde Oxid ase and Xanthine Oxidase Activities 

in Ewe ��d Wether Livers 

Total Ewe 

Oct . -Feb . 

1'-Iar .  -May 

Aldehyde Oxidase Activities xanthine Oxidase Activities 

( N ) ( units/g wet weight live�SEM) (units/g wet weight liver=:sEM) 

(3'1 ) 
+ 

63 . 7 - 1 4 . 5  
+ 

43 . 5  - 5 . 9  

( 1 () ) 25. 3 !. 9 . 4  
+ 

33 . 5 - 5 . 6  

( 21 ) 
+ 

1 45 . 0  - 1 8 . 2  
+ 

62 . 2 - 7. 6 

Total Wether ( 1 6 )  3 0. 2  !. 1 . 8  
+ 

31 . 7  - 8 . 4  

Aldehyde oxidase was assayed in the "methylene blLLe" 

system described in Chapter 2 ,  using acetaldehyde ( 23@�) 

as substrate. 

Xanthine oxid ase was assayed in the 11methylene blue11 

system described in Chapter 2, using hypoxanthine ( 5 . 2mM) 

as substrate . 
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activities in the l ivers from ewes sampled between March and May in the 

sampl ing period 

activities in l ivers from ewes sampled between October and February in the 

sampling period 

activities in l ivers from wethers sampled throughout the sampl ing period 

Assays for a ldehyde ox idase activity fo l l owed the method described in Chapter 2, us ing methylen e b lue  as  the hydrogen acceptor. One  u n it of enzyme catalyzed the reduction of  ,pg methy lene b lue i n  one  minute. 
L iver extracts were prepared by homogen is ing l Og fresh l iver in  1 5  cm3 ch i l led,  d i st i l led water in a Waring blendor ( for two 1 m inute periods), The homogenate was centrifuged ( 1 4,600g, 0°C, 60 m in)  and the resu lt ing supernatant was u sed i n  assays for a ldehyde ox idase activity. E ach assay was performed i n  dup l icate. 
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Among the compounds studied (Table 1 5 ) ,  progesterone ( O. J2mM) and 

androsterone ( O o 1 4��)  stimulated oxygen uptake catnlyzed by sheep liver 

aldehyde oxidase preparation s ,  and proge sterone ( O. J2rn£v1 ) ,  oestradiol -1 ¥ 
( 1 . 75mM) and cortisone (0 . 74®�)  increased the rate of methylene blue 

reduction catalyzed by the enzyme (Chapter 2 ,  Table 8 ) .  Progesterone 

was the only steroid in the study to stimulate both the uoxidase" and 

"dehydrogenase" reactions of sheep liver aldehyde oxidase . 

The electron acceptors which couple with aldehyde oxidase showed 

universal stimulation by progesterone (Table 1 6 )  and it seemed likely that 

activition was associated with facilitation of general electron transfer 

within the aldehyde oxidase molecule , or with the first two electron 

ac ceptors , molybdenTh� and FAD ; When proge sterone concentration in the 

system was plotted against the observed aldehyde oxidase activity (Fig . 

21 ) a logarhythmic relationship was noted .  This pattern of aldehyde 

oxidase response was unusual and is difficul'; to explain as due to simple 

enzyme activation. The possibility that progesterone itself was being 

oxidised has not been studied . 
+ 

Steroid Effect on Sheep Liver Aldehyde Dehydrogenase : The NAD -dependent 

aldehyde dehydrogenase enzyme was active ( 1 8 , 800 ,:: 3262 ( SE
M

) N.AD+ units/ 

g liver ) in twelve ewe livers assayed during the March-i\fu.y sampling 

period . Progesterone ( O . J2mM) caused a 60% inhibition of the partially 

purified sheep liver aldehyde dehydrogenase . Maxwell & Topper ( 1 961 ) 

have reported that progesterone also inhibited the rabbit liver enzyme . 

Administration of Progesterone to Sheep: Ethanol , acetaldehyde and ace­

tone are endogenous constituents of sheep blood . In a study to deter­

mine the effect of progesterone on the levels of these substance s ,  daily 

samples were taken from wethers both before and during progesterone 

treatment. The results showed that endogenous ethanol levels were 

reduced by hormone treatment (Table 1 7 )  despite strict adherence to a 

standard diet programme . No significru1t changes in acetaldehyde or 

acetone blood level s were observed . 

The clearance of intravenously infused �cetaldehyde showed that 

little ac cumulation of the compowrl occurred either before or during 

progesterone treatment (Fig . 22 ) .  The initial reaction reducing acetald­

hyde to ethanol was less active in the treated sheep. A large amount of 

ethanol seemed to be synthesised p�rticularly forty-five minutes after 

the acetaldehyde had been infused into the sheep . Both treated and un­

treated animals showed this effect and it could be associated with the 

e stablishment of a new equilibrium between reduced and oxidised hydro,c�on 

I 
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TABLE 1 � Assay of SheeQ Liver Aldeh�de Oxidase Catal�zed Ox�gen 
UQtak:e in the Presence of Several Steroids .  

Final 
Steroid Concentration Relative Rate 

(mM) 
Nil 1 00 

Progesterone 0 . 32 1 60 

Pregnanediol 0. 65 1 00 

Oestradiol - 1 7f3 1 . 75 1 00 

Tetrahydrocortisone 0. 64 89 
Tetrahydrocortisol 0 . 1 7  64 

Androsterone 0 . 1 4  1 24 
Cortisone 0. 74 63 

Oestriol 0. 1 2  I 87 
Testosterone 0 . 82 88 

Assays were performed at pH 8 . 5  as described in 

Chapter 2 with acetaldehyde ( 23 mM) as the 
substrate. The rate of oxidation of acetaldehyde 
in the absence of steroids has been arbit��Lrily 
placed at 1 00 .  This was equivalent to a rate of 
o:xygen uptake equal to 3 . 6  jllO/min, under 
standard assay conditions. 
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TABLE 1 6  The Effect of fro�esterone (0.32 mM) on the 
C oupling of Aceta1dehyde Oxidation to Various 

Electron Acceptors by Sheep Liver Aldehyde Oxid ase 

Electron Ac ceptor C ontrol Progesterone 

Methylene Blue 1 00 1 42 
Oxygen 1 00 1 60 
2-6 Dichlorophenol Indophenol 1 00 1 83 

Cytochrome c 1 00 1 56 
Ferricyanid e 1 00 1 35 

All assays were performed under the standard 

conditions described in C hapter 2 using 

acetaldehyde (23 ��) as sub strate . The rate of 

oxidation of acetaldehyd e in the absence o f  

progesterone has been arbitarily placed at 1 00,  

for each assay system. In each assay 54 unit s 

of enzyme ( mean specific activity = 1 8 . 3 units/mg 

protein )  were used. 

Each a�say was performed in duplicate ,  using two 

different enzyme preparations , and the mean value 

is quoted . 
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A ldehyde oxidase activ ity was assayed by measu ring the i n it ia l  rate o f  oxygen 
uptake u sing the method descri bed in Chapter 2. Each a ssay contai ned forty u n its 
of a ldehyde ox idase ( mean spec if ic  activity = 1 8 .3 · units/m g  prote in )  and was 

performed in dup l icate u sing two different enzyme preparations. The resu lt  shown 

is the mean. 
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TABlE 1 7  Endogenous C ons@ft�uents of Peripheral Venous 

Blood before and d uring Progesterone Treatment 

Acetaldehyde Ethanol Acetone 

(N ) (mH � SE
M

) ( rru'vl � SE
M 

) (mM � SE
M

) 

Sheep N o . 1 

Before Proge sterone (25 ) 0 . 34 .:!:_0. 1  0' 7.35  � 2 .  75 0 .41 .:!:,0. c6 
With Progesterone ( 1 5 )  0 . 34 .:!:, 0. 1 6 2 . 23 .:!:. 0. 77 0 . 34 .:!:_0. 07 

Sheep No. 2 

Before Progesterone (1 7 )  0. 24 .:!:. . 05 . 8 .  56 .:!:. 3 . 65_ 0 .47 .:!:,0. 04 

With Progesterone ( 1 6 )  0. 1 5 .:!:. • 07 1 . 53 .:!:. 0.47 0 . 33 .:!:_0. 08 . 

Sheep No .3  ( control )  

Before Oil ( 1 3 )  0. 1 9  _:1;,0. 06 7 . 88 .:!:. 2 . 76 o .36 =.o. 04 
With Oil ( 1 8 )  o. 1 3  =.o. 1 1  7 .  CF) .:!:. 1 .  03 o . 31 _:�:.o. 03 

Wethers were maintained on a standard diet , and 

blood samples ( 1 cm3 ) were taken prior to feeding 

each day.  They were diluted (1 :1 by vol . ) with 

diluent (n-propanol, 0. 2 cm3/l;  HgCl2 , 2mg/l )  �1d 

stored at 4 °C .  

As says for acetaldehyde, ethanol and acetone were 

performed on the gas chromatograph (Chapter 3 ) .  

Each animal was allowed two days on each treatmen� , 

before any blood sa�ples were analysed . 



FIGURE 22 C LEARANCE PATTERN OF ACETALDEHYDE FROM THE PERIPHERAL VENOUS BLOOD OF SHEEP FOLLOWING 
ITS INTRAVENOUS INFUSION 
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FIGURE 23 CLEARANCE PATTERN OF ETHANOL FROM THE PERIPHERAL VENOUS BLOOD OF SHEEP FOLLOio"ING ITS INTRAVENOUS 
I NFUSION 
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Acetaldehyde (7mmoles) or ethanol (20mmoles) was infused into the lower left jugular vein in 10cm3 

physiological saline immediately after the 'zero' blood sample had been taken. Infusion was complete in 
30 seconds and time was measured from its completion. Each experiment was performed on both sheep under 
treatment with progesterone and on two control wethers. The mean concentrations at each time interval after 
infusion have been plotted. 

Blood samples ( 1 cm3) were taken from the left jugular vein of the wethers at the times indicated. Each 
was divided into two 0.5 cm3, duplicate samples and diluted ( 1 : 1  by vol.) with di luent as described in Chapter 3. 
The samples were stored at 4°C until they could be analysed on the gas chromatograph. 
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acceptors . The size of the increase would preclude the pos s ibility 

that it aro s e  d ire ctly fro m the infused acetaldehyd e . 

The cle arance of ethanol fro m peripheral venous blood i s  shown 

graphically in Figure 23 ; the delay in re aching a maximum has been 

reported in humans by Dund ee and others ( 1 971 ) and is probably 

associated with d elayed equilibration of the ethanol throughout the 

b lood s tream . Progesterone increased the mean ethanol disappearance 

rate from 0 . 3 0mM/min ( N=1 0 )  to 0. 51 ��min ( N=6 ) but there was no change 

in the rate in the control an imal . Overall , less ac etalde hyd e accumu­

lated d ur ing ethanol oxidation in the prog e sterone-tr eated animals 

d e spite mor e rapid ethanol removal . It i s  possible that this is due to 

a stimulation of the aldehyde ox idase enzyme . 

At the c onclusion of these progesterone experiment s the animals were 

slaughter ed and liver homogenate s  were pr epared for use in the experi­

ments d e s cr ibed below . 

Liver Homogen ate s : Homogenates of the l ivers fro m prog e st erone-treated 

and control wether s were assayed for alc ohol dehydrogenase , ald ehj� e 

d ehydrogenase ,  x anthine oxidase and ald ehyd e ox idase activity ( T able 1 8 ) . 

Only ald ehyd e oxidase showed any marked d ifferenc e in activity b etween 

the pr og e st erone-treated and untreated animals .  Ald ehyd e oxid ase 

activity in the liver appeared to have b e en increased as a re sult of the 

in vivo administration of prog esterone . The daily d o se of pr oge sterone 

( 60mg ) was only six time s that required to prevent ovulation in ewe s 

(Dutt & C asiola, 1948 ; Woody et al , 1 967 ) .  

The homogenates prepared from the l ivers of prog e sterone-treated and 

control wethers were further used in an experiment d e s igned to show the 

effect that in vivo progesterone administration had on ethanol metabol ism 

in vitro . Ethanol was introduced into t he temperature-equilibrated 

(37°C )  system as d e s cribed in Chapter 3 ,  and sample s  were withdrawn from 

the mixtur e at the times stated. 

Very similar ethanol concentration change s  were rec orded in the homo­

g enates of liver s from treated and untreated animals (Fig . 24 ) .  However ,  

the ac etaldehyd e  ac cumulation in t he homogenates o f  liver s from the 

control wethe rs did not seem to oc cur in those from t he prog e sterone­

treated sheep. 

An anti-aldehyd e  oxidase �-globulin solution , prepared from rabbit 

serum as described in Chapter 2 ,  was used to demonstrate the role of 

aldehyde oxidase in producing tho s e  differenc es in ethanol met abolism 

which s e em to r esult from administration of progesterone in vivo . 
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TABLE 1 8  Activities of Various Enzymes in Livers 

from Wethers Treated with Progesterone 

a Enzyme s 

Aldehyde c Xanthine
d 

Aldehyde 
Oxid ase Oxidase 

El 
Alcoholb 

Dehydrogenase 
( pmole s ethanol/ 

min/g liver ) 

Dehydrogenase 
pmole s acetaldehyde/ 

min/ g liver ) 
pmoles hypo- ( prnole s 
xanthine/ Acetaldehyde 
min/g liver ) /min/g liver ) 

Sheep N o . 1  8 . 1  2. 3 0 . 04 0 . 59 

Sheep No .  2 5 . 3  3 . 7 0 1 . 09 

Sheep No . 3  7 .4  2 . 8  0 0 . 03 
( control ) 

Sheep No . 4e 8 . 6 1 • 2 o .  03 0 . 03 
( control ) 

a )  As says were performed at pH 7 . 4  ( 0 . 1 M  phosphate buffer ) .  

Each as say was performed in duplicate and the mean 

value is  quoted . 

b )  Alcohol dehydrogenase was assayed by measuring the rate 

of change in optical density at 340 nm when ethanol 

oxidation was coupled to NAD+ reduction ( Trenholm et al ,  

1 970 ) .  

c )  Aldehyde dehydrogenase was assayed according t o  the 

method described in Appendix I (Racker ,  1 949 ) . 

d )  Methylene blue was used to assay for xanthine oxidase 

and aldehyde oxidase (Chapter 2 ) .  

e )  Sheep No . 4 was a control wether not subj ected to 

administration of oil. 
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It was shown that this specific inhibitor of the sheep aldehyde oxidase 

enzyme had little effect on ethanol metabolism in homogenates of livers 

from untreated sheep (Fig . 25 ) .  However ,  the t-globulin preparation d id 

seem to increase the acetaldehyde concentrations in the homogenate s of 

livers from treated animals during ethanol metabolism ,to levels 

similar to those recorded for the controls . Higher aldehyde oxidase 

activities in the livers from wethers treated with progesterone in vivo 

appeared to result in decreased acetaldehyde levels in the homogenate s 

of those livers during ethanol metabolism in vitro . 

Oestral Variation in Endogenous Levels of Ethanol and Acetaldehyde : 

The oestral cycle in the ewe lasts seventeen days (Deane et al , 1 966 ) .  

The day for onset of oestrus is normally designated day 0 when progest­

erone levels are low allowing ovulation to occur on day 1 .  They rise 

rapidly until day 9 ,  and slowly until day 1 4 .  On day 1 5 , the proge st­

erone level falls markedly over twenty four hours in preparation for 

the next cycle (Dingle et al ,  1 968 ) .  Values from a recent publication 

by Dunn and his as sociates (1 972 ) have been plotted in Figure 26. 

Endogenous ethanol and acetaldehyde levels in peripheral venous 

blood from a normally cycling ewe have been plotted below this with 

two seventeen day cycles correlated with variations in the blood 

ethanol concentrations . If it is considered that the maximum ethanol 

levels oc cur on day 0, as would be suggested from the ethanol levels in 

progesterone-treated wethers , as inverse relationship between progest­

erone and ethanol concentrations could be claimed. Acetaldehyde 

concentrations did not vary noticeably during the sampling period. 

Endogenous Levels of Ethanol and Acetaldehyde during Pregnanc_x : The 

endogenous concentrations of ethanol and acetaldehyde were as sayed in 
the veno�a blood of a pregnant ewe which eventually delivered twins . 

Pregnancy lasts for twenty one weeks in the sheep (Short , 1 961 ) and in 
this study time has been counted back from parturition since the date 

of conception was not known, A slow rise in blood ethanol was evident 

by week 1 4  (Fig . 27 )  but levels were variable and comparatively low 

until one week after parturition. At this time endogenous ethanol 

concentrations had increased to twenty times the leve] .. at week 7, and 

they decreased again the following week . 

Individual levels of ethanol and acetaldehyde in blood have been 

plotted in Figure 28 for several weeks before and after parturition. 

The striking increase in blood ethanol concentration occurred within 

twenty four hours of weaning , the lamb remaining with the ewe for five 

days. 
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Blood was taken from the left jugular  vein of the ewe and d i l u ted 1 : 1  (by vol . )  with 
d i luent ( n-propanol , 0.2cm3/ I ;  H gCI 2, 2mg/l ) .  l t  was stored at 4°C unt i l  analysis. 

Assays of the ethanol and aceta ldehyde concentrations in each sam p l e  were performed 
gas chromatographica l ly  as descri bed i n  Chapter 3. 

Absol ute val ues for acetaldehyde and ethanol concentrations in the b lood have been 
graphed, for every th ird day of sampl ing.  
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Blood samples were taken dai ly from the left jugular vein of the ewe and d i luted 1 : 1  ( by vol . )  with 
d i luent  ( n-propanol, 0.2cm3/ I ;  HgCI2, 2mg/l ) .  They were stored at 4°C u nti l  analysis. 

Assays of the acetaldehyde and ethanol concentration in each sample were performed gas chromatographica l ly  
as  described in Chapter 3 .  
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Progesterone levels rise during pregnancy to about the maximum 

oestral value (Short & Moore , 1 959 ) and sheep synthe sise about 2 . 7  mg 
total progesterone per day, in contrast to human production ( 25 0mg/day ) 

during pregnancy . The corpus luteum normally produce s  the hormone but 

during pregnru1cy an extraovarian synthetic site is said to be involved 

( Short & Moore , 1 959 ; Short , 1 961 ) .  

Proge sterone in the peripheral blood of the ewe falls rapidly within 

a few hours of birth (Short & Moore , 1 959 ) . The demonstrated increase 

in blood ethanol following parturition , seemed to be delayed by 

lactation and it is pos sible that the hormones re sponsible for 

lactation ( oxytocin and lactating hormone ) might interfere with other 

endocrine influence s  on ethanol metabolism. 

DISC USSION 

High progesterone levels in sheep have been shown to correlate well 

with high liver aldehyde oxidase activitie s .  The enhancement of enzyme 

activity was found to be independent of the progesterone concentration 

in the enzyme assay system and it occurred under normal physiological 

conditions as well in experimental animals where higher proge sterone 

levels had been administered . Purified sheep liver aldehyde oxidase 

was also stimulated directly by proge sterone , but the incre as ed 

activity observed was insufficient to account for the aldehyde oxidase 

activities or the accelerated acetaldehyde metabolism observed in 

livers from progesterone-treated animals .  It seemed that progesterone 

was causing some indirect increase in total liver aldehyd e . oxidase 

activity perhaps by enzyme induction or release from a regulatory 

control.  

High levels of progesterone in the sheep were also associated with 

low endogenous ethanol concentrations in peripheral venous blood , and 

accelerated ethanol metabolism in vivo . This occurred when there was 

no apparent change in liver alcohol dehydrogenase activity d uring the 

administration of progesterone to experimental animals . It i s  po ssible 

that progesterone plays a physiological role by diverting acetaldehyde 

oxidation through the aldehyde oxidase pathway. Such a change in meta­

bolism could accelerate ethanol oxidation by removing the product of 

alcohol dehydrogenase activity without involving Nlill
+

. This interpre­

tation could also provide an explanation of the report that ethanol 

does not alter the redox state of pregnant women ( Kes&niemi & Kurppa, 

1 971 ) , since the se women have elevated progesterone levels . 
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Chapter 5 

EFFECT OF DISULPHIR.Al'1 Al'ID OTHER C 01viPOUNDS ON ETHANOL AND ACETAlDEHYDE 

r1ETABOLISM 

A nwnber of compound s produce unpleasant clinical effects when 

consumed at the same time as ethanol . Among those in routine pharma­

cological use ,  tolazoline ( a  vasodilator ) ,  furazolidine ( an  anti­

bacterial agent ) ,  chloral hydrate ( a hypnotic ) ,  barbiturate s 

( hypnotics and sedative s )  and metronidazole ( an antitrichomoniachal 

agent ) ht:tve this effect (Forney & Hughes ,  1 968 ; Creaven & Roach , 1 969 ; 

Trenholm et al , 1 970; Evans & Caterall , 1 971 ) .  Other compound s which 

cause an adverse reaction to ethanol are disulphiram (used in the 

rubber industry ) ,  cyanamide ( an agricultural fertilizer ) and an unknown 

component of the fungus C oprinus atramentarius . Flushing , giddine ss , 

acc elerated pulse rate , and increased respiratory r�te and volume are 

predominant sy mptoms of this adverse effect ( Hald et al ,  1 948 ) .  

Disulphiram (Hald et al , 1 948 ) ,  metronidazole ( Semer et al , 1 966 ) 

xnd cyanamide ( Akabane , 1 970)  or its calcium derivative , calcium 

carbimide (Ferguson,  1 956 ) ,  have been used as deterrents to drinking 

in the treatment of alcoholic s .  

This study was planned to show the effect of disulphiram on ethanol 

and ac etaldehyde metabolism in sheep . The effects of diazepam and 

amitryptyline , alone or in conj unction with di sulphiram, were also 

Bxamined and some preliminary experiment s using metronidazole were 

performed . 

Disulphiram : Disulphiram ( structure , Fig. 29 ) is a widely used deterrent 

drug which is only slowly eliminated from the body ( Hald et al, 1 948 ; 

Hald & Jacobsen , 1 948b ;  Eldj arn, 1 95 0; Martindale , 1 958 ) .  The compound 

is  toxic in large doses,  resulting in anorexia , muscle wasting , 

decreased body temperature and paralysis . The LD
5 0  for rats is 

8 . 6g/kg (C hild , 1 95 0; Child et al ,  1 951  ) .  

The normal therapeutic dose for adults , 0. 5-1 . 5  g/day, causes  little 

toxicity ( Hald et al, 1 948 ) though some side effects may aris�; fatigue , 

gastrointestinal upset s ,  anxiety and decreased mental acuity and sexual 

potency (Child , 1 950;  Child et al, 1 951 ; Graham, 1 951  ) .  Increased 

blood lactate (Jokivartio , 1 950 )  and decreased liver re spiration in __ 

vitro (Edwards ,  1 949 ) caused by d isulphiram have been claimed to 

account for some of the se effects , and it has been reported that 

d enaturati on of serum protein (Burnett & Re ading , 1 969 ) ,  depre s sed 
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c ard iac activity ( Ikomi , 1 956a ) and decreased thyroid secretion (Wase 
& Christensen , 1 954 ) may also res ult . 

Disulphiram inhibits several enzyme s ,  including dopamine-}3 -hydro­
xylase and micro somal mixed function ox id as e s  (Ve s sell et al ,  1 9 71 ) • 

The d isulphiram inhibition of tho se enzyme s c atalyz ing aldehyde 
oxidation , aldehyde oxidase ( Kj eldgaard , 1 949 ) ,  ald e hyde dehydro­
g enase (Graham , 1 9 5 1 ) and xanthine ox idase ( Hunter & Lowry , 1 956 ) ,  
appears to c ause ac etaldehyde accumulation after ing e s tion of ethanol . 
Two to ten-fold increase s in blood acetaldehyde concentrations during 
ethanol metab olism when disulphiram is pre sent have b een attributed 
entirely to decreased acetaldehyde oxidation , not to an increased rate 
of ethanol metab olism ( Hald & Jacobsen ,  1 948 a; Hald et nl ,  1 949 ; 
Barrera et al ,  1 95 0 ;  Hine et al ,  1 9 5 0; Jac ob sen ,  1 95 0; Newman & 
Petz old , 1 9 51 ; Hine et al , 1 9 5 2 ;  Ikomi , 1 9 56 b ) .  

Although most of the toxic reaction t o  ethanol in d isulphiram­
treated patients i s  c aused by the high ace taldehyde conc entrations that 
arise in the body , s everal of the effects are not d irectly attributable 
to acetaldeh_y·de ( Hal d  & Jacobsen , 1 948 a ) .  It has been s ugge sted that 
a toxic ethanol-disulphiram compound (Fuj iwara & N iigata, 1 953 )  on a 

quaternary ammonium compound (Burnett & Read ing , 1 969 )  may be respon­
sible for the se . 
Diazepam and Amitryptyline : Diaz epam and amitryptyline have been shown 
to alter the clinical reaction to ethanol in the pre s ence of d isulphiram 
( MacC allum, 1 969 ) .  

Diazepam ( structure , Fig . 29 ) is a tranquiliser often used to treat 
withdrawal symptoms and severe ethanol intoxication in alcoholic s 
(Glatt , 1 970; Guerro-Figueroa et al ,  1 970; Lundquis t , 1 97Ca; Burns , 1 972 ) 
but it does not affect ethanol metabolism in these people (Forney & 
Hughes ,  1 968 ) .  

Amitryptyline is a central nervous system stimulant (Forney & Hughe s ,  
1 968 )  usually admini stered as amitryptyline hydrochl or ide ( structure , 
F ig . 29 ) .  There appear to be few reports of the effe c t  of amitryptyline 
on ethanol metabolism but it does decrease the duration of ethanol­
induced sleep in mice ( Khanna & Kalant , 1 970 ) .  
Metronidazole : Metronidazole ( structure , Fig .  "29� has been used by 
several workers in attempts to deter alcoholic s from drinking ethanol 
(Semer et al ,  1 966 ; Lehmann & B an ,  1 9 67 ;  F riedland & Vraisberg , 1 968 ) .  
Some authors havB queried its effectivene s s  (Goodwi n ,  1 967; Linton & 
Hain , 1 967; Gallant et al , 1 968 ; Gelder & Edward s ,  1 968 ; Stra s s man 
et al , 1 970 ) but the compound has been reported to d ec rease e thanol 
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consumption in rats (C ampbell et al, 1 967 ) .  Metronidazole hcs been 

shown to inhibit alcohol dehydrogenase and xanthine oxidase from rats 

(Fried & Fried , 1 966 )  and alc ohol dehydrogenase from humans (Edwards 
& Price ,  1 967 ) .  

METHODS 

Enzyme Preparation and Assay:  Sheep liver aldehyde oxidase was prepared 

for use in in vitro studie s  following the method described in Chapter 

4 .  Dialysis after the ammonium sulphate fractionation steps gave enzyme 

preparations which had 30-40 time s the activity in the original liver 
extract , and contained no alcohol dehydrogenase or aldehyd e dehydro­

genase activitie s .  Xanthine oxidase activity was reduced to less  than 
5% that in the orig inal extract.  

Unle ss otherHise stated , aldehyde oxidase wi.i s as sayed by following 

the rate of oxygen uptake using ccetaldehyde (23��) as substrate . The 

reaction was carried out in borate buffer (pH 8 . 5 )  at 3 7°C (Chapter 2 ) .  

Inhibitors were incubated with the enzyme for five minutes prior to  
the addition of s ubstrate . 

Sheep liver aldehyde dehydrogenase was purified 53 time s using the 
method described in Appendix I .  Preparations contained no alcohol 
dehydrogenase ,  aldehyde oxidase or xanthine oxidase activitie s .  The 
enzyme assays measured the rate of reduction of NAD+ by following the 

change in optical density at 340nm. They were performed in pyro­
phosphate buffer (pH 9 .3 ;  0 . 01 M ) at 22°C using acetaldehyde ( 0 . 23 mM)  

as  the substrate ( Appendix I ) .  
In V ivo experim�nts used ewe s ( approx. 5 0kg ) fed a maintenance diet of 
chopped hay (digestibility 53% (Duvey , 1 972 ) )  and commercial sheep nuts .  
Disulphiram, diazepam and amitryptyline hydrochloride were administered 

orally, each treatment lasting ten to fourteen days . 
The compounds were administered to each animal sequentially in the 

order : -

control 
disulphiram ( 1 6mg/kg/ day )  
disulphiram ( 1 6mg/kg/day ) and diazepam ( o. 8mg/kg/day )  

together 
disulphiram ( 1 6mg/kg/ Jay )  

disulphiram ( 1 6mg/kg/day )  and amitryptyline 

hydrochloride ( 1 . 2mg/kg/day )  together 

d isulphiram ( 1 6mg/kg/day )  
control 
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Diaze pam and amitryptyline hydro c hloride control s  were administered 

in a s eparate experiment in the sequence : -

cont rol 

diaze pam ( 0 . 8mg/kg/day ) 

control 

amitryptyline hydrochlorid e  ( 1 . 2mg/kg/day ) . 

Metronid azole (8 rng/kg/day ) was ad;ninistered in a further separate 

ex periment . 

Each tre.::tment v.�as continued for t'.JO days be fore blood sumple s v.�ere 

taken for analysis . Experiments requiring intraveno us administration 

of ex ogenous e thanol v.�ere performed on the tenth d ay of each tre atment . 

Blood sample s ( 1 cm3 ) v.�ere taken from the left j ug ular vein d aily , 

diluted ( 1 : 1  by vol . ) v.�ith diluent ( n-propanol , 0 . 2 c m3/l ; HgC1
2 , 2mg/l ) 

and stored at 4°C .  Each sample v.�as as sayed for acetaldehyd e ,  e thanol 

and ac etone using the g as-chromatographic method de scribed in C hapter 3 .  

Statis tic s :  The s ignificance s of the differenc e s  quoted were determined 

by the t-te s t .  

RESULTS 

I ) DISULPHIRAH ,  D IAZEPAM .AND Iiiv1ITRYFTY LINE 

A three-prong ed approach was adopted in this study of the e ffect s  of 

di sulphiram, diazepam and c..mitryptyline on e thanol and acetaldehyd e 

metabolism in sheep.  This involved investigation of 

i )  Effects on Sheep Liver Enzyme s ( Aldehyd e Oxidase and 

Ald ehyd e Dehydrogena se ) in vitro 

ii ) Effects on Endog enous Levels of Ac etaldehyde , Ethanol 

and Acetone in Peripheral Venous Blood in vivo 

iii ) Effects on the C learance of Ex og enous Ethanol from 

Peripheral Venous B lood in vivo 

i )  Effects of Disulphiram, Diazepam and Amitryptyl ine Hydrochloride on 

She ep Liver Enzyme s in vitro 

Sheep Liver Aldehyde Oxidase : D isulphiram Effect : Inhibition of she e p  

liver aldehyde ox idase activity by d isulphiram had previously be en 

shown (C hapter 2 ,  Table 7 )  and this effe ct was spe c i fi c  for the 

c oupling of aldehyd e oxid ation to re duction of cytochrome c and 

molec ular oxygen. Further study has shown the disulphiram inhibitor 

constant to be 1 .6rnM (Fig . 3 0 )  and inhibition was non-competitive . 

Sheep Liver Aldehyde Oxidas e : D iaz epam Effect : D iaz e pam alone wa� 

shown to h.o.ve no effe ct on the " oxid ase11 reacti on of sheep l iver 

aldehyd e ox idase in vitro but it d id appear to prot e c t  the enzyme from 
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b) Assays were performed at pH 8.5 (borate buffer) and 37°C. The assay system u sed molecu l a r  oxygen 
as the hydrogen acceptor and is described in Chapter 2. Unless otherwise stated acetaldehyde (23m M )  was 
used as the substrate. 

E ach experiment was performed in dupl icate with two different enzyme preparations, and the res u l t  
plotted i s  the mean value. 
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d isulphiram inhibition (Table 1 9 ) .  
An experiment to show the effe ct of varying the d iazepam concentrat­

ion in the a s s ay system, while maintaining the d isulphiram concentration 

c onstant , demonstrated that complete protection was obtained with 

diazepam levels whic h were one-tenth those of d isulphiram (Fig . 31 ) . 

It would seem there for e that d iazepam d oe s  not react d irectly with the 

d i sulphirnm to prevent its inhibition of ald ehyde oxid a s e . 

Sheep Liver Judehyde Oxidase : Amitryptyline Effect : luuitryptyline 

hydrochlorid e  inhibited oxyg en uptake c atalyzed by she e p  liver aldehyde 

oxid a se (Table 1 9 )  and was further shown to act non-compe titively , with 

an inhibitor cons tant of 1 7  . 4rnlv1. 

Increased inhibition was observed when d i sulphiram wns pre sent in 

the assay sy stem (Table 1 9 )  and a synergys tic effe c t  b e tween the two 

compound s ,  amitryptyline hydro chlorid e and d i sulphiram ,  s eemed pos s ible . 

Ad d ition of the percentage inhibition shown in separate d isulphirnm and 

amitryptyline assays gave value s le s s  than the figure s rec ord ed when 

the same concentrat ions were used to g e ther in the ald e hyde ox idase 

as say system (F ig .  32 ) .  

Sheep Liver l�d ehyd e Dehydrogenase : D i s ulphiram Effec t :  Shee p  liver 

aldehyde dehydrogenase was inhibited by disulphiram in vitro (Table 20 ) ,  

but the conc entration required to cause 56% inhibition was about one 

thousand time s that required for a s imilar e ffect on t he bovine enzyme 

preparation (D eitrich & Hellerman , 1 963 ) .  
Sheep Liver Aldehyde Dehydrogenase : D iazepam Effect : D iaz epam ( 0 . 1 8��)  

appeared to b e  a weak inhib itor of s heep liver aldehyde dehydrogenase 

(Table 2 0 ) , and it d id not affect the disulphira� inhibition of the 

enzyme at a concentrati on similar to that e ffective with aldehyde 

oxidase . 

Sheep Liver Ald ehyde Dehydrogenase : Amitryptyline Effec t : Amitryptyline 

hydrochloride (9 . 6mM) was a potent inhibitor of she ep l iver aldehyde 

d ehydrogenase activity in vitro , b oth in the pre sence and ab senc e  of 

d isulphiram ( Table 20 ) .  

ii ) Effects of D isulphiram, D iazepam and Amitryptyline .Administrati on 

in vivo on End ogenous Ac etaldehyd e ,  Ethanol an d  Ac e tone Leve l s  in 

Peripheral Venous Blood of . Sheep 

End ogenous Acetaldehyde : Disulphiram administrat ion to sheep more 

than d oubled the concentration of endog enous acetaldehyde in the peri­

pheral venous blood ( p<o. o1 ) (F ig . 33 ) , an increase very s imilar t o  

that reporte d i n  humans und er d isulphiram treatment (Hine et al ,  1 952 ) .  
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TABLE 1 9  Effect o f  Several C ompounds on Sheep Liver Aldehyde 

Oxidase Activity 

C ompound Added Relative Activity 

Nil 1 00 

Disulphiram ( 1 . 25mH) 5 5  

Diazepam ( 0 . 1 3��)  99 

Amitryptyline Hydrochloride ( 1 0 . 5��)  76 

Disulphiram (1 • 25mi'1) and Diazepam ( 0 . 1 Jffii·'l ) 98 

Disulphiram ( 1 . 25��) and ft�itryptyline 20 

Hydrochloride ( 1 0 . 5��)  

The enzyme activity in the absence of  inhibitor s has 

been arbitarily set at 1 00p  which corre sponds  to a 

mean rate of oxygen uptake equal to 0 .22 ;:-l·J/min/mg 
protein in the standard assay system (C hapter 2 ) .  

As says were performed at pH 8 . 5  ( borate buffer ) and 

37°C ,  with acetaldehyde ( 23�vr ) i:lS the substrate 

(C hapter 2 ) .  

Each assay was performed in duplicate with two 

different enzyme preparations , and the re sult quoted 

is the mean value . 



FIGURE 32 I N H I BITION O F  SH E EP LIVER ALDEHYDE OXI DASE BY AMI T R YPTY L I N E  H Y DR OC H LOR I DE 
V''I TH AND WI THOUT DISU LPH I RAM PR ESENT 

z 
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••------ee amitryptyline hydrochloride alone 
o-----.odisulphiram ( 1 .25 mM) and amitryptyline 

hydrochloride present together ..,..,,....._ ___ ......,..,. sum of effects of disulohiram 
( 1 .25mM) and amitryptyline 
hydrochloride added 
separately 

AMITRYPTY L I N E  HYDROC H LOR IDE CON CENTRATION (mM)  

Values are expressed a s  % decrease in the in itial rate o f  oxygen uptake catalyzed by sheep l iver a ldehyde 
oxidase (42 un its/assay, mean specific activity =27.6 units/mg. protein) at pH 8 . 5  (borate buffer) and 37oc. 
with acetaldehyde (23mM ) as substrate (Chapter 2) .  

Each assay was performed i n  dupl icate with two different enzyme preparations and the resu l t  p lotted is 
the mean. 
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TABLE 20 Effect of Seyera1 Compounds on Sheep Liyer A1dehyde 
Dehydrogenase Activity 

Compound Added Relative Activity 

Nil 1 00 

Disulphiram ( 1 . ?mM) 44 

Diazepam ( 0 . 1 8mM) 73 

Amitryptyline Hydrochloride ( 9 . 6rnH) 0 

Disulphiram (1 . ?rru'v!) and Diazepam ( 0 . 1 8m:'1 ) 42 

Disulphiram ( 1 . 7rru'v! ) and Amitryptyline 0 

Hydrochloride ( 9 . 6�Y! ) 

The enzyme activity in the absence of inhibitors 
has been arbitarily set at 1 00, which corresponds 
to a mean change in on340nm of 0 . 029/1 0sec/mg 
protein. 
Assays were performed at pH 9 . 3  ( 0. 01 M  pyrophosphate 
buffer ) and 22°C ,  with acetaldehyde (0 . 23�\1 ) as the 
substrate (Appendix I ) .  
Each as say was performed in duplicate with two 
different enzyme preparations , and the result 
quoted is the mean value. 



F I G U R E  33 E F F ECTS OF DISULPH I RAM, DI AZEPAM AND AM I TRYPTY L I N E  HYDROCH LOR IDE ADM IN ISTRATION I N  VIvO 
ON ENDOGENOUS ACETALDEHYDE, ETHANOL AND AC ETON E LEVELS I N  PE R I PH E RAL VENOUS B LOOD OF SHEEP 
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B lood samples ( 1 cm3) were taken from the left jugular vein prior to feed ing each day. They were 
di luted 1 : 1  (by vol)  with di lu ent I n-propanol, 0. 2cm3/ I ; HgCI2. 2mg/l )  and stored at 4°C. 

Assays for acetaldehyde, ethanol and acetone were performed on the gas chromatograph (Chapter 3 ) .  

Each value is the  mean of a l l  samples col lected from the  three ewes receiving treatment and is  expressed 
as mean ±sEM . 
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Within twenty-four hours of beginning d iazepam administration in 

conj unction with disulphirnm, the endogenous acetaldehyde levels had 
dropped to their basal value s ( p<o. o1 ) (Fig . JJ ) ,  and when diazepam was 

withdrawn after ten days administration, endogenous acetaldehyde 

concentrations again rose (p<0. 01 ) .  
Administration of amitryptyline hydrochloride  together with d isul­

phiram had no significant effect on the already high endogenous acetalde­

hyde levels in the sheep (Fig . JJ ) ,  but its withdrawal resulted in a 
l�rge decrease in blood acetaldehyde within two days (p<0. 01 ) , despite 
maintenance of disulphiram administration. The new acetaldehyde 
concentration was similar to the basal level and some metabolic com­

pensation may have been !Tlade by the animals for reduced acetaldehyd e 
oxidation rates caused by disulphiram and amitryptyline together . 

Withdrawal of disulphiram had no effect on the already low endogen­
ous acetaldehyde levels . 

Endogenous Ethanol and Aceton� : Administration of di sulphiram had no 
significant effect on the endog enous ethanol and acetone concentrations 

in peripheral venous blood of the sheep (Fig . JJ ) .  The administration 
of diazepam or amitryptyline in conj unction with disulphiram did not 
alter this effe ct but the final wi thdrawal of disulphiram did cause 
some increase in endogenous ethanol concentrations ( p(0 . 05 ) .  

Effect of Diazepam or Arnitrvptyline J�dinini stered Alone : C ontrol experi­
ments in which diazepam or G.mitryptyline hydrochloride was administered 

alone to the sheep , showed th!:lt both the se compound s affected the 
endogenous constituents of peripheral venous blood in vivo . 

Oral administration of diazepam tripled the endogenous ethanol 
levels in the animals (p<0. 01 ) (Fig . 34 ) ,  the increase being maximum 

within seventy-two hours of beginning the treatment . Although d iazepam 
d id not affect endogenous acetaldehyde or acetone c oncentrations, its 

withdrawal decreased the acetaldehyde levels ( p(0. 01 ) together with 
the ethanol concentration (p<o . o1 ) .  

It was found that amitryptyline administration increased the 

endogenous acetaldehyde in venous blood within twenty-fours of beginn­

ing treatment (p<0. 01 ) . An apparent increase in blood ethanol was not 
considered significru1t because of variations between individual 
sample s during arnitryptyline treatments. 

iii ) Effects of Disulphiram, Diazepam and Amitrvptyline on the C learance 

of Exogenous Ethanol from Peripheral Venous Blood of Sheep 

A study of the effects of several combinations of compound s on 



FIGU R E  34 E F F ECTS O F  DI AZEPAM AND A M I TRYPTYLI NE HYDROCH LOR I DE ADM I N ISTRATION W. 
� ON ENDOGENOUS ACETALDEHYDE, ETHANOL AND ACETON E  LEVELS I N  
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Blood samples ( 1 cm3) were taken from the leftdugu lar vein prior to feeding each day. They were 
di luted 1 : 1  (by voiJ with di luent (n-propanol, 0.2cm I I ;  H gCI2,2mg/ I )  and stored at 4°C. 

Assays for acetaldehyde, ethanol and acetone were performed on the gas chromatograph ( Chapter 3) .  

Each val ue i s  the mean o f  a l l  samples col lected from the two ewes receiving treatment and i s  expressed 
as mean ± SEM . 
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exogenous ethanol metabolism in sheep was de s igned to extend and 

supplement those re sult s obtained in the inve stig ation of t he c hang e s  

in the end ogenous components o f  blood . 

Effec t s  of Admini stration of Disulphiram alone , and in C ombination with 

D iazepam ;  Acet�d ehyd e ac cumulated in the blood o f  d isulphiram-tre at e d  

sheep d uring me tabolism of exogenous e thanol (Fig . 3 5 ) .  Thi s d iffered 

from t he results obtained for untreat ed animals , and for tho s e  receiv­

ing diaze pam and d i sulphiram concurrently. There appeared to be some 

reduc tion li1 the e thanol oxidation rate in she ep und er d i sulphiram 

treatment , possibly due to d i splacement of the alc ohol d ehyd rog enas e  

equil ibriwn ,  and acetone level s were not affe c ted b y  admini s tr ation of 

either d is ulphiram or d iazepam . 

Effe ct s of Administration of Dis ulphiram alone , and in C omb ination with 

Amitryptyl ine : Acetaldehyde ac c umulati on in sheep d ur ing in vivo 

ethanol metabolism was about the same in animals treated with d i sulphira:n 

alone and those re ce iving amitryptyline and d isulphiram together (Fig . 

36 ) .  Ethanol d i s appearance may have been slower during tre atment with 

amitryptyline and d i s ulphiram together , and ac etone level s were not 

influenced by either treatment . 

When amitryptyl ine was withdrawn ,  ac etald ehyd e c oncentration s in 

blood d uring ethanol metabolism d ecreased de spite maintenru1ce of 

d i sulphiram administrati on. The ac etaldehyde levels were l ower than 

tho se appe aring during ethanol metabolism und er previous d isulphiram 

tre atment s (Fig . 3 5 ,  F ig . 3 6 ) ,  supporting the previous sugge s tion that 

s ome mechanism exists to adapt acetald ehyd e metabolism to t he pr e s ence 

of amitryptyline and d i s ulphiram together . 

Effects of Administrati on of Diazepam or Amitryptyline alone : D iaz e pam 

admin is tered alone had little effect on acetaldehyd e l evel s in shee p  

blood d uring i n  vivo ethanol metaboli sm. Althoug h it s pre s ence d id not 

alter ethanol conc entrations e ither , withdrawal of the diazepam 

ac celerated the change in e thanol c oncentration from a maximu� of 

0 . 7��min ( N=2 ) to 1 . 8�1/min ( N=2 ) .  

Amitryptyline hydrochloride administered alone caused acetaldehyd e 

ac cumulation to 1 . 1 5mM ( N=2 ) thirty minutes afte r  e thanol admin istration . 

It had little effect on ethanol or acetone concentrations in she ep 

blood during ethanol metabolism in vivo . 

II ) METRONIDAZOLE 

Some preliminary experiments were performed to ex amine the effe c t  

o f  metronidaz ole on ethanol metaboli sm. 



FIGURE 35 EFFECTS OF ORAL ADMINISTRATION OF DISULPHIRAM, AND DIAZEPAM AND DISULPHI RAM TOGETH E R  
O N  � CLEARANCE OF EXOGENOUS ETHANOL FROM PERIPHERAL VENOUS BLOOD O F  SHEEP 
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-----..a. oral administration of disulphiram 
and diazepam 
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TIME AFTER ETHANOL INFUSION (minutes) 

Ethanol (20mmoles) in 10cm3 sterile physiological saline was infused into the lower left jugular vein 
immediately after the'zero' blood sample had been taken. Infusion was complete in less than 30 seconds 
and time was taken from its completion. 

Blood samples ( 1 cm3) were taken from the left jugular vein of the ewes at the times indicated. Each 
was divided into two 0.5cm3, duplicate samples and d iluted ( 1 : 1  by vol.) with diluent ( n·propanol, 0.2cm3/ l ;  
HgCI 2, 2mg/ l ) .  The samples then were stored at 4oc until analysis. 

Assays of the acetaldehyde, ethanol and acetone concentrations in each sample were performed gas 
chromatographically as described in Chapter 3. 

Three ewes were subjected to each treatment and each point plotted is the mean of the concentration 
of each component at that particular time after ethanol infusion. 



FIGURE 36 E F F ECTS OF ORAL ADMINISTRATION OF OISULPHIRAM, AND AMITRYPTYLINE HYDROCHLORIDE AND 
DISULPHIRAM TOGETHER ON I N  VIVO CLEARANCE OF EXOGENOUS ETHANOL FROM PERIPHERAL V E NOUS 
BLOOD OF SHEEP 
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amitryptyline hydrochloride 
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TIME AFTER ETHANOL INFUSION (minutes) 

Ethanol ( 20mmoles) in 10cm3 sterile physiological saline was infused into the lower left jugular vein 
immediately after the'zero' blood sample had been taken . I nfusion was complete in less than 30 seconds 
and time was taken from its completion. 

Blood samples ( 1 cm3) were taken from the left jugular vein of the ewes at the times indicated. Each 
was divided into two 0.5cm3. duplicate samples and diluted ( 1 :  1 by vol.) with diluent ( n-propanol,  0. 2cm3/ I ;  
HgC12, 2mg/ I ) . The samples then were stored a t  4°C until analysis. 

Assays of the acetaldehyde, ethanol and acetone concentrations in each sample were performed gas 
chromatographically as described in Chapter 3. 

Three ewes were subjected to each treatment and each point plotted is the mean of the concentration 
of each component at that particular time after ethanol infusion. 
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i )  Effect of Metronidazole on Sheep Liver Aldehyde Oxidase and Aldehyde 

Dehydrogenase in vitro : Metronidaz ole inhibited the reactions of all 

the hydrogen acceptors te sted which couple with sheep liver aldehyd e 

oxidase activity (Chapter 2 ,  Table 7 ) .  

Sheep liver aldehyde dehydrogenase activity was decreased by 3 5% in 

the presence of metronidazole ( 0 . 3��) ,  in contrast to the finding of  

Fried and Fried ( 1 966 )  that the compound had no  effect on  rat liver 

aldehyde dehydrogenase .  

i i ) Effect of  Metronidazole Administration in vivo on  Endogenous Acetald­

hyde, Ethanol and Acetone Levels in Peripheral Venous Blood of Sheep : 

Administration of metronidazole ( 8mg/kg/ day )  to ewe s  was found to  

elevate ( p <: 0. 01 ) the acetaldehyd e  concentration in peripheral venous 

blood to some seven times the control level ( Table 21 ) .  Endogenous 

ethanol levels also tended to rise but variability in the control 

ethanol value s reduced the significance of these results.  Acetone c on­

centrations remained unchanged by metronidazole treatment. 

Withdrawal of metronidazole resulted in decreased ( p <:0. 05) endogen­

ous acetaldehyde concentrations in the peripheral venous blood of 

sheep ,  though they did not revert to their basal level , and ethanol 

c oncentrati ons also tended to be lower. 

iii )  Effect of Metronidazole on the C learance of E:xogenous Ethanol from 

Peripheral Venous Blood of Sheep : The influence exerted by metro­

nidazole on the clearance pattern of ethanol from sheep blood is shown 

in Figure 3 7 .  It seemed to have slowed acetaldehyde oxidation over  

the first twenty minutes  after ethanol infusion , and ethanol metabolism 

may be decreased . This was ant icipated from the alcohol dehydrog e nase 

inhibition reported in monogastric animals (Fried & Fried , 1 966; 

Edward s & Price , 1 967 ) , and it may have reduced acetaldehyde accumul­

ati on at later sampling time s .  Acetone levels during ethanol metabol­

ism were le ss  variable in the metronidazole-treated animal . 

D I SC USSION 

The re sults pre sented in this chapter of the the sis  have shown that 

d is ulphiram altered ethanol and acetaldehyd e metabolism in sheep ,  in 

both in vitro and in vivo experime nts . Sheep liver aldehyde oxid ase 

was subject to inhibition by disulphiram at inhibitor concentrations 

similar to those reported to inhibit bovine liver xanthine oxid ase  

( Hunter & Lowry, 1 956 ) .  Disulphiram was a much le ss  potent inhibitor 
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Effect of Administration of Metronidazole on 

Endogenous Levels of Ethanol, Acetaldehyde and 

Acetone in Sheep Blood 

Treatment Heun .2:. SEM 

Nil (N=8 ) Acetaldehyde = o.  1 9  .2:. o. 1 5 mi.'1 

Ethanol = 2 . 66 .2:. 1 . 24 mr1 
iJ.cetone = o .  56 .2:. o. 08 mM 

1'1etronidazole Acetaldehyde = 1 .  29 .2:. o .  56 ffii.Yl 
( N=8 ) 

Nil ( N=7 ) 

Ethanol = 5 .  03 .2:. 1 .36 mivi 

Acetone = 0 .45 .2:. 0 . 07 mM 

Acetaldehyde = 1 .  01 .2:. 0 .3 0  ml·1 

Ethanol = 2 . 1 2  .2:. 1 • 24 ml"l 

Acetone = 0 .43 2. 0 . 21 mf.f 

Blood sample s ( 1 cm3 ) were taken from the left 
j ugular vein prior to feeding each day .  They 
were diluted ( 1 : 1  by vol . ) with diluent 

(n-propanol 1 0.2crr?/l; HgCl2 1 2mg/l ) and 
stored at 4 °C .  

Assays for acetaldehyde , ethanol and acetone 

were performed on the gas-chromatograph 

(Chapter 3 ) .  



FIGURE 37 EF FECTS OF ORAL ADMIN ISTRATION OF M ETRONI DAZOLE ON � CLEARANCE OF EXOGENOUS ETHANOL 
FROM THE PER IPH ERAL VENOUS BLOOD OF SHEEP 
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Ethanol ( 20mmoles) in 1 0cm3 physiological saline was infused into the lower left jugular vein immediately 
after the 'zero' blood sample had been taken. I nfusion was complete i n  30 seconds and time was taken from 
its completion. 

Blood samples ( lcm3) were taken from the left jugular vein of the ewe at the time ind icated. Each was 
divided into two 0.5cm3, dupl icate samples and diluted ( 1 :  1 by vol.) with diluent (n-propanol, 0.2 cm3!1; Hg c12, 
2mg/l ) .  The samples were then stored at 4°C until analysis. 

Assays of the acetaldehyde, ethanol and acetone concentrations were performed gas chromatographical l y  
a s  described in Chapter 3. 
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of  sheep liver aldehyd e dehydrogenase than that reported for bovine 

liver aldehyde dehydrogenase (Deitrich & Hellerman , 1 963 ) .  

Endogenous acetaldehyde levels in sheep blood were approximately 

thirty times those reported by Hine and his associate s  ( 1 952 ) for 

hwnans , and ethanol concentrations were about the same in both spe c ie s .  

Disulphiram administrati on in vivo raised the endogenous acetaldehyde 

concentration to 2 . 4  times the controls in these experiments with 

sheep ,  three times the controls in the earlier work with humans ( Hine 

et al , 1 952 ) ,  and the tendency toward increased ethanol levels was 

also very similar in sheep and humans .  Metabolism of ex ogenous ethanol 

in vivo by sheep was altered by disulphiram in a manner similar to that 

reported in humans , and both sheep and humans showed decreased rate s of  

e thanol oxidation and the same proportional increase s in  ac etaldehyde 

accumulation in the blood . 

Therefore ,  overall ethanol and acetaldehyde metabolism in sheep and 

its alteration by di sulphiram seemed qualitatively very similar to 

those in humans . �uantitative differenc e s  in acetaldehyde concentrat­

ions may have arisen from specie s  differences in the s ubstrate/prod uct 

equilibria of the enzyme s involved but th is aspect was not inves tigated . 

The re sults pre sented he�e for the effects of diazepam and amitrypty� 

line on the disulphiram-induced change s  in sheep ethanol and ac etalde­

hyde metabolism may be extrapolated into the human situation. Diazepam 

had been previously shown to protec t patients und er di sulphiram treat­

ment from the clinic al reaction they should have experienced when they 

drank alcohol ( MacC allum , 1 969 ) . It seemed pos sible from this work 

with sheep that diazepam may have protec ted the ald ehyde ox id ase  

enzyme from inhibition by disulphiram , and thus acetaldehyde accumu­

lation during ethanol metabolism would be decreased . 

MacCallum ( 1 969 ) also reported that ami tryptyline ensured a strong 

reaction to ethanol in disulphiram-treated patients.  In sheep , 

amitryptyline was shown to inhibit aldehyde oxidis ing enzymes ,  to 

potentiate the inhibition of these enzyme s by disulphiram and to 

c ause acetaldehyde ac c umulation during ethanol metabolism in vivo . 

Similar reactions in humans c:ould result in the intense clinical 

reaction to ethanol observed during treatment with d isulphiram and 

amitryptyline together .  

Studies  of the influenc e that metronidazole exerts on ethanol 

metabolism in sheep have sugge sted that the c ompound decreased the 

rate of ethanol oxidation in vivo . It seemed to cause a rise in 
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endogenous ace tald e hyd e concentrations in v ivo and inhib it alde hyd e 

oxid i s ing en zyme s in vitro , but there was no accumulati on of ac etalde­

hyde d uring me tabolism of exogenous e thanol . It may be pos s i ble to 

explain the var iable clinical respons e ob served in humans who consume 

alcohol when und er me tronid azole treatment ( Friedland & Vrai sberg , 

1 968 ; G allant et al ,  1 968 ) fro m the se re sult s , s ince d e c reased e than ol 

ox idati on would prevent much of the in vivo ac etaldehyde cJ.cc umul ati on 

expec te d  fr om the purified enzyme s tudie s .  A mor e inten siv e  s tudy of 

the e ffects of metronidaz ole would be mos t  int ere sting . 
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Chapter 6 

OTHER ASPECTS OF ETHANOL AND ACETALDEHYDE l'1.ETABOLISJ'1 

C hronic consumption of ethanol alters general metabolism, particular­

ly in the liver , and several extensive review article s have been pub­

lished describing the se effects ( Lieber , 1 9 70;  Lundquist ,  1 970; 

cvfendelson, 1 970 ) .  Exposure to ethanol seems to re sult in fatty infil­

tration of the liver and increased plasma free fatty acid concentrati ons 

( Iseri et al , 1 966 ) . Mitochondrial respiration decrease s ( Kie ssling & 

Tilander , 1 963 ) while blood lactate and 1 7  �-hydroxy steroid levels 

increase ( Lie ber , 1 968 ;  Aderand et al , 1 970 ) .  Hypoglycemia may oc cur 

in some people who drink large quantitie s of ethanol ( Akabane et al ,  
1 964b ; Murdock,  1 971 ) but this seems to be an unusual s ide effect 

(Forney & Hughe s ,  1 968 ) restricted to individuals with depleted glycogen 

reserves ( Krei sberg et al , 1 971 ) and diabetic s (Nakanish i ,  1 963 ) .  

These effects of ethanol administration may be attributed to the 

changes in the relative concentrations of NADH and NAD+ that oc cur in 

the liver during ethanol me tabolism ( Maj chrowicz et al , 1 967 ) .  Ethanol 

oxidation catalyzed by liver alcohol dehydrogenase probably causes some 

of the se increased NADH levels but up to 85% of acetaldehyde metabolism 

can be catalyzed by NAD+-dependent aldehyde dehydrogenase (Richert & 

We sterfeld , 1 9 57 ) and it seems that acetaldehyd e ox id ati on could accoun t  

for nearly half of the NADH formation during ethanol metabolism. 

Studie s  of the propertie s of the FAD-dependent sheep l iver aldehyde 

oxidase , reported in Chapter 2 ,  have revealed its stimulation by even 

low concentrations of ethanol in the assay system. If aldehyde oxidase 

was ac tive in in vivo acetaldehyd e oxidation, le ss accwnulation of NADH 

would result and those effects of ethanol metabolism which seem to 
re sult from increased NADH levels in the liver may decrease . It might 

al so accelerate ethanol ox idation by making more NAD+ available , so 

explaining the increased ethWJ.ol oxidation rate s observed in alcoholic s 

de spite the lack of increased alcohol dehydrogenase activity (Green 

et al , 1 965 ; Banks et al , 1 970; Hillbom & Pikkarainen ,  1 970; Mezey, 

1 972 ) and doubtful activity of the micro somal ethanol oxid ising system 

( Khanna & Kalant , 1 970; Mezey , 1 9 72 )  in the se people . 

These possibilitie s prompted a study of the effects of chronic 

ethanol consumption on in vivo acetaldehyde metabolism  in sheep . A 

further set of experiments was designed to show the effects  of ethanol 

and acetaldehyde metabolism in vivo on the relative c oncentrations of 

NADH and NAD+ in sheep liver ,  and to allow calculation of the proport­

ion of acetaldehyd e oxidation c atalyzed by ald ehyde oxidase during 
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in vitro ethanol metabolism by sheep liver homogenates .  

1'1ETHODS 

In v�vo experiments were performed with Romney ewes ( approx . 5 5kg ) fed 

a maintenance diet of chopped hay ( digestibility 53% (Davey, 1 972 ) ) 

and commercial sheep nut s .  Normally water was always available but 

those animals required to consume d ilute ethanol solut ions ( 5% by vol . ) 

were offered these as their only source of fluid . Ethanol solutions 

were made up freshly each day , and the volume consumed over twenty four 

hours was me�sured by 9 a . m . , prior to feeding . 

Those e� periments which required infusion of ucetaldehyd e were per­

formed on sheep which had been starved for twelve hour s .  Fluid was not 

available for the duration of the experiment and acetaldehyd e ( ?rrunole s )  

w�s infused ( into the lower left j ugular vein ) in 1 0cm3 sterile , 

phy siological saline . Infusion was complete in 30 second s and time 

was measured from its completion. 

Blood samples ( 1 cm3 ) were taken from the left j ugular vein, divided 

into 0 . 5cm3 , duplic ate sample s and diluted ( 1 : 1  by vol . ) with diluent 

(n-propano l ,  0. 2cm3/l; HgC12 , 2mg/l ) .  The se solutions were stored at 

4 'c until they were assayed for acetaldehyd e ,  ethanol and acetone on 

the gas chromatograph (Chapter 3 ) . 

Lactate and Pyruvate Estimations were performed on b1ood samples ( 1  cm3 ) 

taken from the left j ugular vein at the same time as those  for gas 

chromatographic analysis . They were deproteinised immediately by adding 

1 cm3 B a ( OH )2 solution ( 0. 3M)  followed by 1 cm3 Znso4 . 6H2o solution 

( 5% w/v ) ,  and centrifuging ( 550g ; 0°C ;  5 min ) .  The supernatants were 

refrigerated (4°C )  for no longer than 90 minutes and then analysed for 

lactate and pyruvate following a method described by Lundquist , 

Fugmann, Klaning and Rasmussen ( 1 959 ) .  

Pyruvate : The reaction m�ture includ ed 

buffer ( 0 . 1 M  phosphate , pH7 . 4 )  1 . 0cm3 

NiillH ( 0 . 01 r4) 0 .3cm3 

distilled water 0. 7cm3 

deprote inised blood solution 1 . 0cm3 

Inctate dehydrogenase ( 1 0mg/25cm3 ) ( 25 pl)  was added to start the 

reaction. The system was incubated ( 22°C ,  5min ) u.nd the decrease in 

optical density at 340nm was observed on a Hitachi 1 01 spectrophoto­

meter. A calibration curve was prepared for each e� periment from 

standard pyruvate solutions which ac companied each set of blood 

assays.  

LIBRAR Y 
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Lactate � The as say system for lactate estimations included 

�c o3 ( 1 . 2M )  + semicarbazide ( 0 . 9M; pH 1 0.3 ) l . ocrr? 
NAD+ ( 0 . 01 M) 0 . 3 cm3 

d istilled water 0 . 7cm3 

deproteinised blood solution 1 . Ocm3 

3 Again 25 Jil lactate dehydrogenase solution ( 1 0mg/25cm ) was add ed 

to start the reaction .  The increase in optical density at 340run was 

recorded on a Hitachi 1 01 spec trophotometer after 1 OOmin ( 22°C ) .  The 

standard graph showed a linear relationship between increase in 

optical density at 340nm and lactate conoentration over the range 

observed in blood . · Standard lactate solutions were assayed with each  

set of blood sample s .  

Liver homogenates  were prepared from sheep livers within one hour of  

slaughter .  Liver was homogenised in 0. 1 M  phosphate buffer, pH7. 4  ( 1  : 5  

w/v )  as described in Chapter 3, and NAD
+ 

was added in 0 . 5cm3 phosphate 

buffer ( 0. 1 M; pH7.4 ) a. s required . 

Sample s ( 1 . 0cm3 ) were withdra�1 from the reaction mixture ( initially 

1 Ocm3 ) through a re sealing stopper at the indicated time s during incu­

bation (3?°C ) with ethanol. They \.Jere treated with Ba ( OH )2 solution 

( 0. 3M, containing n-pro [.Junol , 0 . 03cm3/l ) and Znso4 . 6H20. solution ( 5% 

w/v )  as described in Chapter 3 ,  and analyse s for ethanol and acetalde­

hyde were performed on the gas chro�atograph. 

Anti-sheep liver aldehyd e oxidase �globulin solutions were prepared 

as described in Chapter 2 .  The preparation used had a protein concen­

tration of 1 3 . 9mg/cm3 , and 3 cm3 of this solution were incubated 

( 37°C ,  5 min ) in 1 Ocm3 total volume of homogenate reaction 1nixture , 

prior to addition of the ethanol . 

Statistics :  The significances  of the differences quoted were mea sured 

by the t-test . 

RESULTS 

The results presented in this chapter have been divided into two 

sections. The first descr ibe s the effect that chronic ingestion of 

ethanol has on in vivo acetaldehyd8 metabolism in sheep. Section II  

de scribes  the interrelat ionships between ethanol an d  acetaldehyde 

metabolism and the relative concentrations of NAD+ and NADH in vivo 

and in vitro . 
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I )  EFFECTS  OF CHRONIC INGESTION OF DILUTE ETHANOL SOLUTIONS ON ETHANOL 

1!.ND ACETJ.1.LDEHl'DE i1ETABOLISM IN VIVO 

i )  Vol1.mtary Intake of Dilute Ethanol Sglutions :  The volwne of 5% 
( by vol . ) ethanol voluntarily consumed by two ewes wa s compared with 
the water consumption by control  sheep over a period of twenty weeks 
(Fig .  38a; Fig . 38b ) .  There was little difference between the volwne s of 
fluid ingested by those animals exposed to ethanol and those exposed to 
wnter dur ing the first sixteen weeks of the experiment . After this 
time one sheep  showed a marked increase in it s consumption of ethanol 
but this was not altered when the ethanol solution was later replaced 
by water . 

The ethanol consumption for sheep I was equivalent to the conswnption 
of 23 0-408 c alories per day (Fig . 38 a )  and sheep II consumed between 
23 0-1 072 calorie s per day as ethanol (Fig . 38b ) .  If the se value s are 
c ompared with the maintenance requirement for sheep of 1 930  calorie s 
per day for a 52kg sheep under similar conditions reported in the 
literature ( C oop , 1 962 ) ,  sheep I ana II seemed to be receiving about 
1 0-25% and 1 0-55% re spectively of their daily calory requirements as 
ethanol.  

ii ) Effect of Chronic Ingestion of Ethanol on Basal Ac etaldehyd e ,  
Ethanol and Acetone _ Levels in Peripheral Venous Blood of Sheep :  

Basal ethanol concentrations in the peripheral venous blood o f  those 
ewes consuning dilute ethanol solutions were increased ( p <:o. 01 ) from 
0 . 1 �0 . 05mM( mean� SEM; N=5 ) before ethanol cons umpti on to 3 .9�1 . 2 
( mean�SEM; }F5 ) during treatment , in sample s taken randomly throughout 
the experiment .  Acetaldehyde and acetone levels in the peripheral 
venous blood also increased , 2 . 24 and 1 . 5 time s respectively, but 
variability in the se concentrations dur ing exposure to e thanol made 
the differenc es insignificant . 

iii ) Effect of Chronic Consl.l{npti on of Ethanol on the C learance of 
Exogenous Acetaldehyd e from the Peripheral Venous Blood of Sheep: 

Acetaldehyde disappearance from the peripheral venous blood of 
sheep was accelerated by the chronic consurnption of d ilute ethanol 
solutions (Fig . 39 ) ,  to be virtually complete within thirty minutes of 
infusion in those animals exposed to ethanol for 6 n 5  ci!ld 1 9 . 5  weeks . 
The change s  in the ethanol levels in the venous blood that occur 
d uring acetaldehyde metabolism were also altered by chronic cons��pt­
ion of ethanol. Ethanol concentrations were reduced to below their 
' zero ' value during acetaldehyde metabolism in those sheep consuming 
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FIGURE 38a VOLUNTARY CONSUMPTION OF DI LUTE ETHANOL SOLUTIONS BY S H E EP 
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F IGURE 38b VOLUNTARY CONSUMPTION OF D I L UTE ETHANOL SOLUTI ONS BY S H E EP 1 1  
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Dilute ethanol (5% by vol.)  was available to each animal as their sole flu id source. The control an imals 
had water always avai lable, as did the experimental sheep at the ti mes indicated before and after exposure to 
ethanol. 

The fluid intake was measured each morning at 9 a.m prior to feeding and fresh ethanol sol utions were 
made up dai ly. 



FIGURE 39 EF FECT OF CHRONIC CONSUMPTION OF DI LUTE ETHANOL SOLUTIONS ON THE � CLEARANCE O F  
EXOGENOUS ACETALDEHYDE FROM T H E  PERIPHERAL VENOUS BLOOD OF SHEEP 
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Two ewes were exposed to di lute ethanol solutions (S% by vol . )  as their sole fluid source and the pattern 
of clearance of exogenous acetaldehyde was determined in each animal at the indicated times after commencing 
the experiment. Mean results from the two animals have been plotted. 

Acetaldehyde ( 7mmoles) was infused into the lower left jugular vein in 1 0cm3 physiological saline immediately 
after the 'zero' blood sample had been taken. 

Blood samples ( 1 cm3) were taken from the left jugular vein of the ewes at the times indicated. Each 
was divided into two 0.5cm3, dupl icate samples and diluted ( 1 :  1 by vol.) with d i luent (n·propanol, 0.2cm3/l; 
HgCI 2, 2mg/ 1 ) .  They were stored at 4°C until their analysis. 

Assays for acetaldehyde, ethanol and acetone were performed gas chromatographically as described in Chapter 3. 
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e thanol , whereas the control animals showed increased ethanol level s -
po ssibly resulting from reduction of acetaldehyde.  Chronic consumption 
of ethanol appe ared to have little effect on the chang e s  in ac etone 
concentration in peripheral venous blood that oc curred during acetalde­
hyde metabolism. 
II ) REL.TIONSHIPS BETWEEN RELAT IVE C ONCENTRATIONS OF NADH AND NAD+ , AND 

ETHANOL AND AC ETALDEHYDE i'1ETABOLISH IN SHEEP LIVER 

i )  Metabolism of Exogenous Ethan ol in Sheep Liver Homogenate s :  Ethanol 
metabolism in homogenates prepared from ewe livers was altered depend-

+ ing on the concentration of exogenous NAD pre sent in the system (Fig . 
40 ) .  Although effects on the change s  in ethanol concentration were 
slight, acetaldehyde accumulated or was reduced to ethanol in those 
homogenate systems  containing no NAD+ , and the se effects  were le ssened 

+ + by 0. 1 4mM NAD and prevented at 0 . 20mM NAD level s .  
The anti-aldehyde oxidase i-globulin preparation de scribed i n  C hapter 

2 was used in an attempt to asse s s  the proportion of acetaldehyd e ox ida­
tion that is catalyzed by aldehyd e ox idase during ethanol metabolism in 

+ sheep liver homogenates in _y_itro . When no exogenous HAD was added to 
the system, the change in ethanol concentration was 2 . 0mM in twenty 
mlllUtes and 0 . 1 5mM acetaldehyd e ac cumulated in that time ( Fig . 41 ) .  
The mean rate of acetaldt::hyde oxidation can therefore be estimated to 
be about 0. 09m;'1/min. However,  when anti-aldehyde oxidase '{globulin 
preparation was added to this system which contained no exogenous Nlill+ 

the acetaldehyde concentration , twenty minutes after adding the ethanol , 
was increased to 1 .3mM while ethanol levels remained the same . The 
rate of acetaldehyde oxidation appeared to be reduced to 0 . 03��min by 
this specific inhibitor of aldehyde oxidase activity, suggesting that 
aldehyde oxidase was catalyzing 66% of the acetaldehyde oxidation 

+ 
occurring in sheep liver homogenates in the .::tbsence of exogenous NiJ) • 

+ When NAD ( 0 . 6�� )  was added to the liver homogenate system prior to 
the addition of ethanol (Fig .4 1 ) the rate of ethanol ox idation was 
similar to thnt occurring when Nlill

+ was limited ( 0 .  09�'-'Vmin ) .  Anti­
aldehyde oxidase {-globulin preparation added to the homogenate had 
no effect on the changes in either ethanol or acetald ehyde concentra­
tions , that occurred during ethanol metabolism. Aldehyde oxida se may 
have been inactive when Niill+ concentrations were s ufficient to nllow 
acetaldehyde oxidation by the aldehyde dehydrogenase enzyme system. 
It seemed that aldehyde oxidase contribut ed significantly to ace talde­

+ hyde oxidation only when NAD was limited .  
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Liver was homogenised in 0. 1 M phosphate buffer (pH 7 .4) as described by Lundquist and his associates 
( 1 963). NAD+ (in 0. 1 M  phosphate buffer, pH7.4) was incubated with each homogenate for five m inutes (37°C) 
prior to addition of ethanol (65mM, in 0. 1 M  phosphate buffer, pH7.4; 0.5cm3) through a reseal i ng stopper. 
Samples ( 1 cm3) were withdrawn through this stopper at the times stated. The 'zero' sample was taken 1 5  
seconds after addition of the ethanol. 

Each sample was divided into two 0.5cm3, dupl icate samples and deprotein ised with 0.5cm3 Ba( O H I 2 
solution (0.3M, containing n·propanol, 0.3cm3/ 1 . )  ZnS04 .CKa,O (0.5cm3; 5% w/v) was added and the samples 
were stored at 4oc until they were analysed. 

Ethanol and acetaldehyde determinations were performed on the gas chromatograph as described in Chapter 3. 



FIGURE 41 EFFECT OF ANTI-ALDEHYDE OXIDASE -y--GLOBULIN PREPARATION ON ETHANOL AND ACETALDEHYDE 
LEVELS IN SHEEP 
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Each experiment was performed with two different l iver homogenates and the ethanol and acetaldehyde 
concentrations plotted are the means. 

Liver was homogenised in 0. 1 M  phosphate buffer (pH7.4) as described by Lundquist and h is associates ( 1 963). 
NAD+ (in 0. 1 M  phosphate buffer, pH7.4) and anti-aldehyde oxidase -y-globulin solution (in physiological saline) 
were incubated with each homor,nate for five minutes (37°C) prior to the addition of ethanol (65mM in 0. 1 M 
phosphate buffer, pH7.4; 0.5cm ) through a resealing stopper. Samples ( 1cm3) were withdrawn through this stopper 
at the times stated. The 'zero' sample was taken 1 5  seconds after addition of the ethanol.  

Each sample was divided into two 0.5cm3, du�l icate samples and deproteinised with 0.5cm3 Ba(OH)2 solution (0.3M, containing 
n-propanol, 0.3cm3/l ) .  Zn so4• 6H 2o (0.5cm ; 5% w/v) was added and the samples were stored at 4°C until they were analysed. 

Ethanol and acetaldehyde determinations were performed on the gas chromatograph as described in Chapter 3. 

Each experiment was performed with two different l iver homogenates, and the ethanol and acetaldehyde concentrations plotted are 
the means. 
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ii ) Change s iJ1 the Relative C oncentrations of PyruY._ate and Lactate in 

Peripheral Venous Blood of Sheep during Acetaldehyde and Ethanol 

Metabolism in vivo : The changes that occur in the lactate :. pyru­
vate ratio in venous blood have been reported to reflect  the change s  in 

the NADH : NAD+ ratio thut are oc curing at the same time in the cytoplasm 
of the liver cells ( Lieber, 1 968 ) .  Metabolism of exogenous acetalde­
hyde by sheep in vivo was accompanied by a five-fold increase in the 
lactate : pyruvate ratio ten minute s after ac etaldehyde infusion (F ig . 42 ) . 
This maximum corresponded with the greatest rate of change in the 
acetaldehyde concentration of the blood . After ten minutes  the lactate : 
pyruvate ratio rapidly decreased to value s le ss  than those observed 
before ac etaldehyd e infusion . The se were the re sult of low lac tate 
levels in the peripheral venous blood , the concentration changing from 
9 . 8mM to 0 . 1 �� in the interval thirty to sixty minut e s  after acetalde­
hyde infusion. 

In vivo metabolism of exogenous ethanol by sheep was accompanied by 
a five-fold rise in the relative conc entrations of lactate and pyruvate 
in peripheral venous blood (Fig .42 ) . This was similar to that observed 
dur ing acetaldehyde metabolism de spite the larger amount of ethanol 
which was infused . The rapid return to the basal value of the lactat e :  
pyruvate ratio was caused by decreasing lactate concentrations in the 
blood as the rate of ethanol metabolism decreased , and accompanying 
increase s in the pyruvate levels to seven time s  the 1 zero 1 concentration 
sixty minutes after ethanol infusion. 

D I SC USSION 

A mechanism \-Jhich increases the rate of acetaldehyde oxidation in 
sheep liver appeared to be active d uring the chronic cons umption of 
dilute ethanol solutions . This effect was not observed by Maj chrowic z 
and his eo-workers ( 1 968 ) in experiments with rats which Here offered 
20% (by vol. ) ethanol for four months . 

While the ethanol levels in the peripheral venous blood of she ep 
appeared to be insufficient to directly stimulate aldehyde oxid ase 
activity in the manner described in C hapte r  2, the concentrations in 
the portal vein and the hepatic artery taking blood to the liver may 
be up to forty times those in the peripheral blood (Krebs & Perkin s ,  
1 970 ) .  It is pos sible that the increased rate of acetaldehyde 
metabolism observed in sheep subj ected to chronic consumption of dilute 
ethanol solutions could re sult from direc t  stimulation of the aldehyde 
oxidase enzyme by ethanol being absorbed from the gut. 
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Acetaldehyde ( 7mmoles) or ethanol (20mmolesl was infused into the l ower left j ugu lar vein in  1 Ocm3 physiological 
sal ine immediately after the 'zero' blood sample had been taken. I nfusion was complete in 30 seconds and 
time was measu red from its completion. Each experiment was performed on two d ifferent wethers and the 
concentrations plotted are the means for each time interval .  

B lood samples were taken from the left jugular  vein at the times indicated. They were treated w ith 
di luent ( n-propanol, 0.2cm3/I ;HgCI2, 2mg/ I )  or deproteinised ( 8a (OHl 2/ZnS04.6H 20l as described in the text 
and stored at 4°C. 

Assays for acetaldehyde and ethanol were performed gas ch romatograph ical ly  as described in Chapter 3. 
Pyruvate and lactate analyses used the lactate dehydrogenase method and have been described in the text. 
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Tolerance of ethQllol in humans is increased by exposure to it 

( Huwkins , 1 966 ) �d decreased acetaldehyd e levels in t he body during 

ethanol metabolism could be a factor in this adnption. Accumulation 

of NlillH in the liver during ethanol metabolism may also c ontribute to 

the toxicity which can ac company metabolism of large amoun� of ethanol 

( Lieber ) 1 968 ) .  The rise in the lactnte : pyruvnte ratio in peripheral 
+ 

blood that reflects the NADH : NAD ratio in the liver ( Lieber , 1 968 ) 

seemed to re sult from acetaldehyde oxidation by the sheep d uring the 

in vivo metabolism of both ethanol nnd acetaldehyde. 

It see,ned thnt aldehyde oxidase was c apable of increased activity 

both in the presence of ethanol and when Nlill+ concentrations were 

reduced .  This would reduce acetaldehyde accumulation by providing an 

alternative route for its metabolism . NADH accumulation resulting from 

aldehyd e dehydrogenase catalyzed acetaldehyde oxidation would be 

les sened and ethanol oxidation accelerated. A pos sible mechanism for 

removing the toxic products of ethanol metabolism may involve the 

uldehyd e oxidase bypass  for acetaldehyde oxidation. 
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C hapter 7 

CONCLUSION 

Ethanol is a natural product of gastrointestinal fermentation and 
mammals have a complete metabolic pathway for its degradation (Fig . 4J ) .  
Results in this thesis substantiate reports that sheep also form 
ethanol in the gastrointe stinal tract . The alcohol seems to arise from 
fermentation in the rumen but under normal conditions the rumen ethanol 
level is about the same as that in the stomach of a non-ruminant ( Kreb s 
& Perkins , 1 970 ) .  These  results sugge st that the basal blood alcohol 
level s are similar to those in humans and there seems little reason to 
suppose that extrapolation from the re sults  of this work with sheep 
into the human situation should pre sent more problems than other type s 
of generalisation between species .  

The pathway for ethanol metabolism via ac etaldehyde is similar in 

both ruminant s and monogastric animal s .  Drugs which spec ifically impair 
ald ehyde oxidation have a similar effect in both type s of animal . The 
main differences  appear to be the result of the higher basal blood 
acetaldehyde levels in sheep which could be influenced by the in vivo 
ethan ol : acetaldehyde equilibrium probably maintained by alcohol dehydro­
genase (Westerfeld , 1 955 ) . 

The contribution that aldehyde oxidase make s to acetaldehyde metabol­
ism is maximal under conditions where NAD+ reoxidation is a l imiting 
factor in the action of ald ehyde dehydrogenase . The high affinity for 
substrate shown by aldehyde dehydrogenase provides an explanation for 
acetaldehyde rapidly increasing the NADH concentrations in the body . 
However , the aldehyd e oxid ase levels are sufficient to explain the 
acetaldehyd e metabolism rates following a 90% depletion of aldehyde 
dehydrogenase activity in rat liver reported by Westerfeld , ( 1 961 ) .  

l�ldehyde oxidase could play a vi tal role in limiting the formation 
of high level s of acetaldehyde during ethanol metabolism without 
d irectly involving NlJ)+ . Results in this study sugge st that some 
detoxification mechanisms which cope with ac ute and chronic elevated 
ethanol levels in sheep are centred on the aldehyde oxid ase enzyme . 

Chronic ethanol cons umption in sheep led to an increase in the 
in vivo rates of acetaldehyd e oxidation and in vitro studie s showed 
that ethanol itsalf d irectly stimulated aldehyde oxidase activity. 
The se factors would prevent the build-up of NADH or acetaldehyde and 
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could be compared to the type of results expected if NAD+ was added 

directly to the system. It has been common practice for some time to 

reduce the alcohol dependence of addicts by exogenous NAD+ administra­

tion ( 0 1 Hollaren, 1 961 ; Rappaport , 1 969 ) and it has be en found that 

the treatment reduces both acute and chronic symptoms of ethanol 

ingestion.  

The effects of progesterone on aldehyde oxidase may give some 

protection from the toxic products of ethanol oxidation to embryos 

during the crucial stages of development. Progesterone levels are high 

during the latter half of the oe strus cycle , after release of the ovum, 

and during pregnancy. Reduced concentrations of acetaldehyde would 

result at the se time s through progesterone stimulation of aldehyde 

oxidase . 

The results described have indicated that rates of ethanol and 

acetaldehyde metabolism in sheep are dependent on the endocrine state 

and the pattern of ethanol consumption in the animal . 
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Appendix I 

ALDEHYDE DEHYDROGENASE 

The pathway for acetaldehyde oxidation in sheep liver has already 
been shown to depend on the availability of NAD

+
, and NADH formation 

during acetaldehyde metabolism has been assumed to result from the 
coupling of aldehyde oxidation to NAD

+ reduction by ald ehyde dehydro­
genase . A preliminary study of the propertie s of t he sheep aldehyde 
dehydrogenase enzyme was therefore required to extend some aspects of 
the aldehyde oxidase investigation. 

Bovine aldehyde dehydrogenase was partially purified by Racker in 
1 949 . It catalyzed the coupling of aldehyde oxidation to reduction of 
NAD

+ and could also participate in a dismutation reaction between 
acetaldehyd e and pyruvate , in conj unction with alcohol dehydrogenase .  

More recent study of the aldehyde dehydrog enase enzyme s from various 
species  has shown them to be sulphydryl proteins ( Stoppani & Mil stein , 
1 957;  Deitrich, 1 967 ) with a broad spec ificity for aldehyde s  (Glenn & 
Vanko , 1 959;  Maxwell & Topper , 1 961 ; Deitrich et al , 1 962 ) .  

This Appendix describes a method for partially pur ifying sheep liver 
aldehyde dehydrogenase and includes the results of a preliminary study 
of some kinetic propertie s of the enzyme . 

METHODS 
Enzyme Assay:  Assay of aldehyde dehydrogenase 
rate of formation of 
the reaction mixture 

N.P.D 
+ 

NADH by following 
at J40nm (Racker, 
( O . J OM )  

change s 
1 949 ) .  

activity measured the 
in the optical density of 
The as say mixture included 

0 . 2cm3 

buffer , pH9 .3  ( 0 . 01 M pyrophosphate ) 0 . 5cm3 

2 . 5 cm3 

O. J cm3 
distilled water 
enzyme solution ( 1 00-1 000units/cm3 ) 

0 The mixture was equilibrated for 5 minutes at 22 C and the reaction 
was then started by adding 0 . 5cm3 substrate . The change in OD340nm 
was measured in a Hitachi 1 01 spectrophotometer. Unles s  otherwise 
stated acetaldehyde ( 0 . 26mM) was used as the substrate . 

One unit of aldehvde dehydrogenase activity was defined as the 
amount of enzyme required to catalyze a change in optical d ensity at 
J40nm of 0 . 001 absorbance units per minute . 

Compounds used in the inhibitor studie s  were incubated in the 
assay mixture for 5 minutes ( 22°C )  before the reaction was started . 
Protein Estimation : Protein concentrations were e stimated by the 
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spectrophotometric method of Lowry, Rosebrough, Farr and Randall ( 1 951  ) .  
A linear relationship between protein concentration and absorbance at 
500nm was demonstrated und er the test conditions using bovine serum 
albumin solutions . An increase in ODSOOnm of 0 .81 corre sponded to a 
protein concentration of 1 mg/cm3 • 

RESULTS 

I )  PURIFIC ATION OF SHEEP LIVER ALDEHYDE DEHYDRcx:;.ENASE: 

The results of a typical purification run are tabulated in Table 22.  
Fresh sheep liver (1 09 g )  was homogenised in ice-cold , red istilled 
acetone (21 7 cm3 ) for three 30 second periods .  Further ice-cold acetone 
( 21 7  cm3 ) was a.dded to the homogenate and the mixture was immediately 
centrifuged ( 1 4 , 600�, 0°C , 1 5min ) .  The precipitate was dried on blotting 
paper at 22°C until all the residual acetone had evaporated . 

The resulting acetone powder (94 g )  was stirred with 282 cm3 EDTA 
( 3 . 6rnH, pH7 . 0 )  for two hours ( 22°C ) and then centrifuged ( 1 4 , 600�, 
0°C , 3 0min ) .  The aldehyde dehydrogenase activity was in the supernatant . 

The next step in the procedure was an ethanol precipitation achieved 
by adding 1 1 3  cm3 absolute ethanol (-1 0°C ) dropwise to the EDTA extract. 
The solutions were kept at -1 0°C in ice/salt baths and after stirring 
for thirty minute s the mixture was centrifuged (1 4 , 600�, -1 0°C ,  1 5min ) .  
The precipitate was discarded and a further 1 1 3 cm3 absolute ethanol 
(-1 0°C ) was added dropwise to the supernatant, with stirring (30min y 
-1 0°C ) .  

After centrifuging ( 1 4 , 600g , -1 0°C , 1 5min ) ,  the precipitate was 
taken up in 35 cm3 EDTA solutlon (3 . 6��, pH7 . 0 ) .  

fill acid ification step was performed by adding 0 . 1 M  HC l dropwise to 
the enzyme solution, reducing the pH to 4 .4 .  The nixture was immed iate­
ly centrifuged ( 23 , 500�, 0°C , 1 0min ) and the supernatant was retained . 

Sodium hydroxide solution ( 0 . 1 M) was slowly added to the preparation 
until pH 5 . 2  had been reached , and 0. 07 cm3RNA solution ( 5% (w/v ) ,  

pH5 . 2 ,  0°C ) was then added .  After centrifuging (23 , 5 00g , 0°C , 1 0min ) ,  
a fm:.t.her 0. 07 cm3 5% (w/v )RNA solution ( pH5 . 2 )  was add�d to the 
supernatant. The mixture was again centrifuged and the precipitate 
was taken up in 1 0  cm3EDTA solution (3 . 6��, pH7. 0 ) .  

Sodium hydroxide ( 0 . 1 M) was again added dropwise to the preparation 
to raise the pH to 6 .3 ,  and a protamine sulphate solution ( 1 %w/v ) was 
added slowly to pre�ipitate any excess RNA . When no further precipit­
ation could be observed the mixture was centrifuged ( 23 , 500g , 0°C , 
1 0min) and the protamine sulphate procedure was repeated with the 
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TJJ3LE 22 Purification Procedure for Sheep Liver l.ldehyde 
Dehydrogenase 

Step Volume Activity Protein Yield Spec ific 
C oncen- .hctivity 
tration 

( cm3 ) ( un its/ cm3 ) ( mg/ cm3 ) (% )  ( unit s/mg ) 

EDTil. 
extract of 282 148 7 . 43 1 00 1 9 . 8  
acetone 
powder 

JJ.cohol 
Precipitation 3 5 200 1 0  1 6 . 8 20 
( 0 . 4-0. 8 vol . ) 

Precipitati on 
at pH4 .4 .  33 1 40 2 . 1 5 1 1  • 1 65 

Treatment with 
RN.b. and 1 4  672 3 . 92 22 1 71 
Protamine Sulphate 

J.rnmonium 
Sulphate 
Fractionation 2 858 2 . 72 4 . 1  3 1 8 
( 5 0-60% satur-

ated ) 

Elution from 
Sephadex G . 2.oo 4 390 0.37  3 . 7  1 045 

Weight of liver used to prepare acetone powd er = 1 09g 
The f inal enzyme solution was prepared in 3 . 6mM 
EDTJ�, pH7 . 0. 

Purifi-
cation 

( x )  

1 

1 • 1 

3 . 3 

8 .9 

1 6 . 1  

53 
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s upernatant . C entrif ugation left the ald e hyde dehydrogenase activity 

in the supernatant ( 1 4  cm3 
) .  

�ithout ad j usting the pH ( pH6 .3 ) ,  sol id ammonium sul phate was add e d  

t o  the s up ernatant at 0°C to re�ch 50% saturation . Stirr ing was 

continued for sixty minutes and the solut i on was then c entrifuged 

( 23 , 500g , 0°C ,  1 Omin ) .  The concentration of ammonium sulphate was the n  

ruised in t he supernatant, with stirring , to 6 0%  saturation. 

After c entrifuging , the prec ip itate was taken up in 2 •. 0 c m
3

EDT.l;. 

solution ( 3 . 6��, pH? . O ) .  

The enzyme s olution was pas s ed thro ug h  a column ( 1  . 5x1 3crn )  of 

Se phad ex G . 200 which had been prepared in EDT 1. ( 3 .  6ml'1, pH? . 0 ) .  Normally 

the aldehyde dehydrogenase ac tivity appear ed in the second and third 

2 cm3 fr actions collec ted after protein had begun to e lut e .  The puri­

fication achieved with this step was between one and five time s d epend­

ing on the specific activity that had been achieved in the previous 

steps . 

The enzyme preparation had a spec ific activity of 1 000-1 0 5 0  unit s/ 

mg prote in , which is about e fifty-fold purification from the ace tone 

powder extract .  De itrich ( 1 962 ) claimed to have purified the bovine 

aldehyde dehydrogenase forty thr ee t ime s ,  achieving a spec ific 

activity of 1 3 00 unit s/mg protein in his preparation. No alcohol 

dehydrogenas e , ald ehyde oxidase or xanthine oxidase activitie s c ould 

be detected in the enzyme preparations but some l�ctate dehydrogena s e  

was pre sent . 

I I )  KINETIC PROPERTIES OF SHEEP LIVER ALDEHYDE DEHYDROGENASE 

i )  Spe c if ic ity :  Several compounds wer e  te sted as substrat e s  for shee p  

liver aldehyde dehydrogenase ( Table 23 ) .  Aliphatic aldehyd e s  were 

rapidly oxid ised by the enzyme but no activity was observed with 

benzaldehyde or c inchonidine as sub strate . 

luthough formaldehyde acted as a substrat e  for this enzyme prepar­

ation the re action could have been c atalyzed by a separate formalde­

hyde dehydrogenase enzyme ( Strittmatter & B all , 1 9 5 5 ) .  

ii ) Michaelis C onstant � The K for the enzyme for NJ�
+ as the m 

substrate was 0 . 36mM. This was much greater than that reported for 

bovine aldehyde dehydrogenase by Deitrich ( 1 962 ) and c ould not be 

explained by extraneous alc ohol dehydroge nase activity . 

iii ) Inhibition: The compound s assayed for their effect on aldehyde 

dehydroge nase activity are given in T able 24 . Prog e sterone inhibite d  

sheep liver aldehyde dehydrogenas e  a s  it d id the rabbit enzyme 
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TABLE 23 
a 

Spec ificity of Sheep Liver Aldehyde Dehydrogenase 

Final 
Sub strate C oncen tra tion Relative Activity 

(mH) 
Acetaldehyde 0 . 23 1 00 

Crotonaldehyde 1 5  57 

Benz aldehyde 1 0  0 

Formaldehyde 25 88 

Pyruvic Aldehyde 1 5 53 

Salicylic Aldehyde 1 0  25 

C inchonidine Satd . 0 

TABLE 24 The Effect of Several C ompounds on Sheep � 
a Aldehyd e Dehydrogenase Activity 

Final 
Inhibitor C oncentration Relative Rate 

( rru'1) 

Nil 1 00 

Progesterone 0 . 31 40 

Disulfiram 1 .  7 44 
Metronidazole 0 .3 65 
C alcium C arbimide 3 . 1 1 00 
Henadione o. 01 5 48 
Triton X-1 00 0 . 78 29 
8-Hydroxy 
Acetate 

Quinoline 1 70 54 
30 1 00 

a ) Assays were carried out at pH9 . 3 as described in 

the text , using acetaldehyde ( 0. 23mM) as substrate 

unless otherwis e stated . 
The rate of oxidation of acetaldehyde alone has been 

arbitarily plac ed at 1 00. This was equivalent to a 

change in optic al density at 340nm of 0. 1 65/min/mg 

protein under standard assay conditions . 

Each assay was performed in duplicate , using two 
different enzyme preparations and the mean value 

is quoted. 
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(Ma:x.well & Topper , 1 961 ) , and disulphiram inhibition of the sheep 
enzyme required one thousand time s the concentration required by the 
bovine enzyme for the same effect (Deitrich & Hellerman , 1 963 ) .  The 
metronidazole inhibition of the sheep liver enzyme was not observed 
by Fried and Fried ( 1 966 )  in their work with the rat liver aldehyde 
dehydrogenase . Inhibitor s of g eneral electron transfer-menadione , 
triton X-1 00 and 8-hydroxy quinoline-appeared to  inhibit aldehyde 
dehydrogenase activity while the product of acetaldehyde oxidation , 
acetate , had no effect. 
iv ) Optimum pH: Sheep liver aldehyd e dehydrogenase was 1 . 4 time s rnore 
active at pH9 . 3 than at pH7. 4.  

DISC USS ION 

Sheep liver aldehyde dehydrogenase prepared in the manner described 
appeared to d iffer markedly from the enzyme prepared from bovine liver 
( Deitrich, 1 962 ) .  The spec ificity for aliphatic aldehydes  was similar 
to the cytoplasmic aliphatic aldehyde specific dehydrogenase de scribed 
in rabbit liver (Raison et al , 1 966 ) which was also sensitive to 
steroid s .  The sheep liver enzyme was more active in alkaline than 
neutral solution which differentiated it from a mitochondrial enzyme 
observed in rat livers (Glenn & Vanko , 1 959 ) .  

Previous results in this the sis have suggested that she ep liver 
aldehyde dehydrogenase was active in catalyzing acetaldehyde metabolism 
in sheep although it would not have been saturated at the physiological 

+ 
NAD concentrations that have been reported in rat livers ( Lundquist 
et al , 1 959 ) .  
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