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Alcohol dehydrogenase isozymes in adult human stomach and liver : 
evidence for activity of the ADH3 locus 

BY MOYRA SMITH, D. A. HOPKINSON AND HARRY HARRIS 
M.R.C. Human Biochemical Genetics Unit, Galton Laboratory, University College London 

In  a previous paper (Smith, Hopkinson & Harris, 1971) we put forward a genetical hypothesis 
to explain the isozyme patterns of human alcohol dehydrogenase in various tissues and at different 
times in development. It was suggested that there are three loci each coding for a structurally 
distinct type of polypeptide chain; that the isozymes are dimers; and that any particular isozyme 
may be made up of two identical subunits coded by a specific allele at  one of the loci, or of two 
non-identical subunits coded by alleles at two separate loci, or of two non-identical subunits coded 
by different alleles at  the same locus. The loci were called ADH,, ADH, and ADH, and the 
corresponding polypeptide subunits a, /3 and y. At each of the ADH, and ADH, loci the evidence 
indicated that two different common alleles occur, coding for structurally distinct forms of the 
corresponding polypeptide. 

According to the hypothesis, the isozymes in the cells of a particular tissue at a given time in 
development depend on the relative activities of the three loci. Thus in liver, a polypeptides 
determined by ADH, appear to predominate in early foetal life, but in the course of foetal develop- 
ment /3 polypeptides determined by ADH, appear in increasing amounts, so that while in the 
early foetus the main isozyme observed is aa, as development proceeds the isozymes a/3 and /3/3 
appear in increasing quantities. In  adult liver ADH, activity exceeds ADH, activity. In lung, 
kidney and the gastro-intestinal tract the total alcohol dehydrogenase activity is very much less 
than in liver, and the contributions made by the different loci to the total activity show striking 
differences. In  lung, polypeptides determined by ADH, appear to predominate both in foetal 
life and in the adult. In  kidney y polypeptides determined by ADH, predominate throughout 
foetal life but diminish after birth, and in the adult the ADH activity that can be detected appears 
to be mainly derived from ADH,. In  the gastro-intestinal tract y polypeptides determined by 
ADH, are found as in the kidney to predominate throughout foetal life. But because of lack of 
suitable material the situation in adult gastro-intestinal tract was not established in our earlier 
work. 

The findings reported in the present paper are concerned with two aspects of the problem. The 
first concerns the ADH isozymes in the adult gastro-intestinal tract. In  our previous studies we 
had attempted to examine this question using material from the intestine obtained at  autopsy. 
However, sufficiently clear and consistent isozyme patterns were not obtained. We have now 
found, however, that adult stomach samples from autopsy give clearly defined isozyme patterns 
and these correspond to those previously observed in foetal kidney and foetal intestine. Thus it 
appears that most of the ADH activity in adult stomach is derived from the ADH, locus. 

The second topic we consider here concerns certain isozymes which had previously been 
observed in adult liver, but which at that time could not be easily accounted for in terms of the 
three-locus hypothesis. These isozymes occur in addition to the aa, a/3 and /3/3 isozymes of liver, 
and it had been noted that they show marked variations from individual to individual in their 
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relative activities. We now present evidence which suggests that these previously unexplained 
isozymes represent hybrids containing a y polypeptide subunit, associated with an a: or /3 subunit. 
It has also been found that small amounts of the purely ADH, isozymes as seen in adult stomach 
and in foetal kidney and gastro-intestinal tract also occur in adult liver. Thus we now think tha t  
in adult liver the isozymes which occur are derived not only from the ADH, and ADH, loci, but 
also from ADH,. 

This extension of the original hypothesis with regard to the isozymes occurring in adult liver 
was made possible by the discovery of ADH, activity in adult stomach. This meant that we were 
able to compare the adult liver isozyme patterns in individuals of the three ADH, types (ADH, 1, 
ADH, 2-1 and ADH, 2) as defined by the isozyme patterns observed in their stomachs. Previously 
it had not been possible to do this because the ADH, types could only be identified in foetal or 
newborn material (kidney or intestine), while the additional liver isozymes whose identity was 
uncertain only appeared later in life. 

An additional finding reported here is that isozymes containing y subunits show relatively more 
activity when butanol or n-amyl alcohol is used as substrate than when ethanol is used. This is 
not the case for isozymes containing only a or p subunits. Thus by using more than one substrate 
it is possible to pick out y-containing isozymes from those containing only CL or p, in the complex 
series of isozymes observed in adult liver. 

The elucidation of the isozyme pattern in adult liver has also been assisted by certain niodifica- 
tions in the electrophoretic technique previously used which have enhanced the resolution of the 
various isozymes. 

MATERIALS AND METHODS 

Foetal material was obtained from therapeutic abortions and adult and infant material was 
obtained from autopsy (Smith et al. 1971). Prior to extraction, all tissues were kept frozen a t  
- 20 "C. Liver tissue was extracted as previously described (Smith et uZ. 1971). Stomach tissue 
was washed with distilled water and then homogenized in a Silverson emulsifier without the  
further addition of water. The extraction of stomach material was carried out in a beaker sur- 
rounded by ice. Liver samples were centrifuged a t  2000g for 15 min.; stomach samples were 
centrifuged a t  10,000 g for 10 min. The supernatant was subjected to horizontal starch-gel 
electrophoresis, the inserts being made with Whatman No. 17 filter paper. 

Two buffer systems were used for electrophoresis, a tris HC1 buffer at pH 8.6 (gel buffer 0.025 M 

and bridge buffer 0.3 M tris HCl), and a tris phosphate buffer at pH 7.7 (gel buffer 0.005 M and 
bridge buffer 0-1 M tris phosphate). I n  each case the gel contained 4 x lo-, M nicotinamide adenine 
dinucleotide (NAD). Electrophoresis was carried out in a cold room (temperature range 0-10 "C) 
for 18 hr. a t  7 V./cm. 

Following electrophoresis the cathodal portion of the gel was sliced and stained using an agar 
overlay. Alcohol dehydrogenase was detected with a reaction mixture containing 20 mg. of NAD, 
10 mg. of tetrazolium salt MTT, 2 mg. of PMS and 0.3 ml. of the alcohol substrate (absolute 
ethanol, butanol or n-amyl alcohol) in 25 ml. 0.05 M tris HC1 buffer a t  pH 8.6, mixed with 25 ml. 
of 2 yo aqueous agar solution. 
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RESULTS 

Isozymes of adult stomach 
Pig. 1 shows typical electrophoretic patterns of ADH isozymes in extracts of stomach from 

different adults. Three distinct phenotypes can be readily recognized which correspond to the 
three ADH, phenotypes (ADH, 1, ADH, 2-1 and ADH, 2) previously discovered in kidney and 
gastro-intestinal tract material from foetuses and from newborn infants. The characteristic 
isozymes of these three phenotypes presumed t o  have the subunit structures ylyl, y1y2 and y2y2 
were shown to have the same mobilities in adult stomach as in foetal kidney and gastro-intestinal 
material, both a t  pH 8.6 and pH 7-7. 

Fig. 1. Photograph of starch gel showing alcohol dehydrogenase isozyme patterns of the three ADH, 
phenotypes ADH, 1, ADH, 2-1 and ADH, 2 in extracts of adult stomach. 

Table 1 shows the incidence of the three phenotypes observed in stomach samples from 314 
different adults. Also shown is the incidence of the three phenotypes determined on gastro- 
intestinal tract and kidney samples from 206 foetuses or newborn individuals. The frequencies 
of the three phenotypes observed in the two different sets of samples are in good agreement. 
Assuming as previously proposed that the three phenotypes are determined by two common 
alleles, ADH; and ADH;, then the allele frequencies for the data taken as a whole would be 0.60 
and 0.40. On this basis there is a good agreement between the observed numbers of the three 
phenotypes and the numbers expected, assuming a Hardy-Weinberg equilibrium. 

Phenotype ADH, 2-1 characteristically shows three components which are presumed to repre- 
sent the isozymes ylyl, y1y2 and y2y2. If yl and y2 were formed in equal amounts, were equally 
stable and contributed equally to the total activity then one would expect the relative intensity 
of the three bands to be in the ratio 1 : 2: 1 and the pattern to appear symmetrical. Although this 
appeared to be the case in some samples, there were many examples of the ADH, 2-1 phenotype 
in which an asymmetrical triple-banded pattern was observed. In  most of these the y2y2 isozyme 
appeared to be significantly weaker than yly1, which had an activity similar to yly2, thus 
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suggesting that y2 contributed less than y1 t o  the total activity. The same effect has also been 
observed in many of the ADH, 2-1 patterns observed in’material from foetal and newborn kidney. 

In  addition to these characteristic ADH, isozymes a weak zone of activity corresponding in 
mobility to the /3P isozyme of liver and lung was also seen in some of the stomach samples. This 
suggests that ADH, may contribute to a small extent to the adult stomach ADH activity. 

An extra and often quite prominent zone of activity was also commonly observed close to the 
origin on the cathodal side. The nature of this component is not at present understood. It does 
not appear to occur in the other tissues studied, nor has it been seen in material from foetal 
gastro-intestinal tract or liver. 

Table 1. Distribution of alcohol dehydrogenase (ADH,) phenotypes in stomach extracts from 31 4 
adz& and intestinal and kidney extracts from 206 foetuses and newborn infmts 

(The expected numbers are calculated assuming a Hardy-Weinberg equilibrium 
and allele frequencies ADH: = 0.60 and ADH: = 0.40.) 

ADH, type 
> 

I 2-1 2 Total 

Adults (stomachs) 115 (0.366) I45 (0.462) 54 (0.172) 314 (1.000) 
Foetuses and newborns (intestine and kidney) 81 (0.393) 91 (0.442) 34 (0.165) 206 (1.000) 
Totals 196 (0.377) 236 (0.454) 88 (0.169) 520 (1.000) 

Hardy-Weinberg expectations 189.8 (0.365) 248.6 (0.478) 81.6 (0.157) 520 (1.000) 

Butanol, n-amyl alcohol and other alcohols as substrates 
Pig. 2 shows the electrophoretic patterns obtained when an adult stomach sample of phenotype 

ADH, 2-1 is run side by side with a liver sample from a premature infant and stained using 
ethanol as substrate (Fig. 2a) or n-amyl alcohol as substrate (Fig. 2b). The stomach sample 
contains the isozymes ylyl, y1y2 and y2y2. The liver sample contains the isozymes aa, ap and pp. 
It will be seen that while the y-containing isozymes show relatively more activity when n-amyl 
alcohol is used as substrate, the a and P-containing isozymes show less activity with n-amyl 
alcohol than with ethanal. The y-containing isozymes were also found to  be relatively more active 
than the a- and P-containing isozymes when the activity obtained using butanol as substrate was 
compared to that obtained using ethanol. A similar differential effect was obtained with hexanol, 
heptanol and octanol but was not found with methanol, propanol, secondary propanol, ally1 
alcohol, secondary butanol, secondary amyl alcohol, secondary octanol, benzyl alcohol, cyclo- 
hexanol or glycerol. 

Adult liver isoxyme patterns in individuals of difjerent ADH, types 
Fig. 3 shows the electrophoretic patterns at  pH 8.6 of liver samples from adults of the ADH, 1, 

ADH, 2-1 and ADH, 2 phenotypes as defined by the isozyme patterns in their stomachs. In  each 
case components corresponding to the isozymes whose subunit structures are thought to be aa, 
aP and Pp are present. But there are also additional isozymes which differ according to the ADH, 
phenotype. 

In  individuals of type ADH, 2 whose stomachs show the isozyme y2y2, there are present in 
liver two very active additional isoeymes. One of these has a mobility somewhat more cathodal 
than aa, and is found in a position intermediate between those of aa and y2y2 when appropriate 
samples are run side by side. The other major additional isozyme seen has a mobility somewhat 
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more cathodal than ap, and takes a position intermediate between y2y2 and pp. Both these 
additional components show greater relative activity compared with the aa, up and pp isozymes 
in the same sample with n-amyl alcohol or butanol as substrate than with ethanol (Fig. 4). 
Neither of these isozymes are seen in liver from individuals with stomachs of ADH, 1 type, but 
are observed though in relatively smaller amounts in liver from individuals with stomachs of 
AUH, 2-1 type. The simplest interpretation is that these two major additional isozymes in 
individuals of ADH, 2 type have subunit structures ay2 and py2 respectively. Besides these two 
major additional liver isozymes in ADH, 2 individuals a small ambunt of an isozyme which 
appears t o  be y2y2 is also often seen. This has the appropriate mobility, and while it is only seen 
as an extremely weak zone when ethanol is used as substrate it becomes much more prominent 
with n-amyl alcohol or butanol. 

Ethanol as substrate n-Amy1 alcohol as substrate 

Fig. 2. Photograph of starch gel showing the alcohol dehydrogenase patterns of adult stomach 
(phenotype ADH, 2-1) and infant liver obtained using (a)  ethanol as substrate and ( b )  rz-amyl 
alcohol as substrate. 

In  livers from individuals with stomachs showing the ADH, 1 phenotype (Fig. 3), isozymes 
with the properties of ay2, Py2 and y2y2 are not found. However, two other additional major 
isozymes and also a minor isozyme which are thought to be ayl,  By1 and ylyl are present. The 
ayl component has a mobility slightly less cathodal than up and intermediate between aa and 
y1y1. It is often difficult t o  resolve completely from a/3 at pH 8.6. The by1 component has a mobility 
slightly less cathodal than ,8,b and these two components are also difficult to resolve at pH 8.6 
because of their overlapping zones of activity. The distinction between my1 and ap, and between 
By1 and /?p becomes more apparent, however, when the patterns using ethanol as substrate are 
compared with those obtained using n-amyl alcohol or butanol. With the latter substrates the 
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ayl and By1 components become relatively more prominent. Isozyme ylyl moves slightly less 
cathodally than /3y1 and is difficult to resolve at  pH 8.6. 

In  livers from adults with the stomach ADH, 2-1 phenotype, Fig. 3, isozymes with the mobili- 
ties and staining properties expected of ayl, ay2, /3y1 and py2 are consistently found. On average 
their activities relative to aa, a/3 and pp appear to be what would be expected in a simple mixture 
of livers of the ADH, 1 and ADH, 2 types. In  addition, minor isozymes apparently representing 
y1y1, yly2 and y2y2 may also be seen though they are usually weak. 

Fig. 4. Photograph of starch gel showing the alcohol dehydrogenase isozyme patterns in stomach 
and liver extracts prepared from an individual of the ADH, 2 phenotype. (a) Ethanol as substrate, 
( b )  n-amyl alcohol as substrate. 

Liver isozyme patterns have now been examined in 314 adults in whom the ADH, phenotype 
was also determined. Of these 115 were ADH, 1, 145 were ADH, 2-1 and 54 were ADH, 2. The 
liver patterns described above for the three phenotypes were consistently found, and in fact once 
the basic relationships between the stomach and liver patterns were discovered it became quite 
easy to predict the correct stomach phenotype from the liver pattern. 

It will be noted that while electrophoresis at  pH 8.6 gives a clear resolution of the my2 and /3y2 
isozymes in the liver patterns of the ADH, 2 phenotypes, clear resolution of ayl from ap and of 
Pyx from /3/3 in the liver patterns of phenotypes ADH, 1 is not often obtained because the zones 
of activity tend to  fuse into one another. However, it has been found that if electrophoresis is 
carried out at  pH 7.7 good resolution of the ayl and /3y1 is effected, but under these conditions 
the separation of ay2 and /3y2 from aa and ap respectively is lost. 

The relative change in the mobility of the various isozymes between pH 8.6 and pH 7.7 is 
most clearly seen by running side-by-side stomach samples (ADH, 2-1) containing ylyl,  y1y2 
and y2y2, with foetal or newborn liver samples where the principal isozymes are aa, ap and /3/3. 
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Fig. 6 illustrates the effect. When the pH is reduced from pH 8.6 to pH 7.7 the mobilities of the 
y-containing isozymes are relatively less towards the cathode than the mobilities of the a and /3 
isozymes. Thus while at  pH 8.6, y2y2 is appreciably more cathodal than aa, at pH 7.7 the two 
isozymes appear to have essentially the same mobilities. At pH 8.6 y1y2 is slightly more cathodal 
than a/3 whereas at  pH 7.7 it  is less cathodal than ap. Similarly at  pH 8.6 ylyl is only slightly less 
cathodal than /3/3 whereas at  pH 7.7 the difference in their relative mobilities towards the cathode 
is much more marked. 

p~ 8.6 pH 7.7 

Fig. 5. Photographs showing the relative mobilities of the alcohol dehydrogenase isozymes in adult 
stomach (phenotype ADH, 2-1) and infant liver after starch-gel electrophoresis ( a )  a t  pH 8.6 and 
( b )  a t  pH 7.7.  

This relative shift in electrophoretic mobility of y-containing isozymes as opposed to a- and 
/3-containing isozymes has been checked using a variety of samples over a range of pH’s and 
appears to be quite consistent. In practice it means that if one examines adult liver samples of 
ADH, 2 or ADH, 2-1 individuals at  pH 7.7 the isozyme ay2 is not resolved as a separate zone 
because it now overlies aa, and the isozyme py2 is not resolved because it overlies a,!?. However, 
under these conditions the separation of ayl from a/3, and ofpyl from ,!?,!? in liver from individuals 
of the ADH, 1 and ADH, 2-1 types is greatly improved. The isozyme patterns observed at  
pH 7.7 of adult liver samples from individuals of the three ADH, types are shown in Fig. 6. 

It will be apparent that the resolution and identification of the various isozymes in the different 
phenotypes is considerably enhanced if the individual samples are examined both at pH 8.6 and 
pH 7 .7 .  

Time of appearance of ADH, activity in liver 
These results indicate that in adult liver, y subunits determined by alleles at the ADH, locus 

are formed as well a sp  subunits derived from ADH, and a subunits from ADH,. These y subunits 
mainly occur in hybrid isozymes in association with either a or subunits. However, these ay 
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and /?y isozymes have only been found consistently in liver samples obtained from adults. They 
have not usually been detected in liver samples from newborns and they have not been seen in 
foetal liver samples. Thus in liver significant ADH, activity manifested by the production of 
appreciable quantities of y subunits appears to develop sometime after birth. Because of the 
paucity of liver samples from individuals of the appropriate age it is not possible a t  present to 
be more precise about the time when this ADH, activity first begins to be prominent. It seems 
certain, however, that it post-dates the appearance of ADH, activity which occurs in foetal life 
and which in turn is antedated by ADH, activity. 

DISCUSSION 

The results reported here extend our previous picture of ADH isozyme patterns observed in 
different tissues at different stages of development, with particular respect to adult stomach and 
liver. 

It appears that ADH, activity which had previously been shown to be the principal source of 
ADH activity in the gastro-intestinal tract in the foetus and newborn persists as the main source 
of activity into adult life at  least as far as the stomach is concerned. The situation in the adult 
intestine remains to be clarified since intestinal autopsy material is not very satisfactory for such 
studies and biopsy material will no doubt be required. 

In the case of liver, the present results show that ADH, activity contributes significantly to 
the total activity in the adult. However, it appears to make little or no contribution in the foetus 
or newborn. 

Because of the ADH, polymorphism, the adult liver isozyme patterns can be classified into 
t h e e  distinct types which correspond to the three types seen in stomach end which had previously 
been demonstrated in the foetal and newborn kidney and gastro-intestinal tract. But it is of some 
interest that the principal isozymes which serve to distinguish the phenotypes are not the same 
in the two cases, because while in the stomach the differences between the phenotypes depend 
on the occurrence of the ylyl, y1r2 and y2y2 isozymes, in the liver they depend principally on the 
occurrence of ayl, ay2, Py1 and ,8y2. Thus the same ADH, genotype is expressed phenotypically 
in different ways in the different tissues. 

SUMMARY 

1. Alcohol dehydrogenase (ADH) has been examined by starch-gel electrophoresis in 314 
samples of adult human stomach. Isozymes, previously detected only in foetal intestine and 
kidney, and attributed to a structural locus ADH,, were regularly found to occur. 

2 .  The frequencies of the variant phenotypes ADH, 1,2-1 and 2 in adult stomach samples 
were similar to those observed in 206 Eamples of foetal and newbolmintestinal and kidney extracts. 
The gene frequency estimate of ADH; is about 0.60 and of ADH; is about 0.40 in each group. 

3. The liver corresponding with each stomach was examined and it was found that the previ- 
ously unexplained person to person variation in adult liver ADH isozyme patterns was correlated 
with the ADH, phenotype of the individual. 
4. Detailed analysis of the adult liver isozyme pattern and comparison with the corresponding 

stomach pattern in each case indicates that the ADH, locus is active in adult liver. It is manifest 
predominantly in the form of hybrid isozymes consisting of ADH, polypeptides y1 or y2 (deter- 
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mined by ADH; or ADH;) with a /3 polypeptide (determined by ADH,) or an a polypeptide 
(determined by ADH,). 

5 .  It has been found that the y-containing isozymes exhibit more activity with butanol and 
n-amyl alcohol than with ethanol as substrate. This property differentiates them from isozymes 
containing only a or /3 polypeptide subunits and aide in their identification. 

6. The y-containing isozymes also show differences in relative electrophoretic mobilities in 
starch gels at  pH 8.6 and pH 7.7 which are not shared by the isozymes which contain only a or /3 
polypeptides. 
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