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Abstract-To assess the effect of non alcohol dehydrogenase (ADH) ethanol metabolism on mixed- 
function oxidation, aminopyrine demethylation was studied in uivo and in vitro in deermice having 
normal liver ADH (ADH+) or lacking it (ADH-), in the presence and absence of ethanol. When 
injected 15 min prior to administration of [“Cl aminopyrine, ethanol reduced the ‘%02 exhalation rate 
in both ADH- and ADH+ deermice. The inhibitor effect of ethanol was dose dependent in both 
strains, and there was no ~g~~c~t difference between strains. Chronic ethanol feeding increased ‘%Oz 
production from [i4C]aminopyrine in both animal strains (ADH- alcohol 5.9 + 1.3 vs ADH- control 
2.9 f 0.03, P < 0.025; ADH+ alcohol 5.9 t 0.3 vs ADH+ control 2.7 f 1.3 nmoles aminopyrine/lOO g 
body wt/min, P < 0.001). Alcohol feeding also induced aminopyrine iV-demethylase activity measured 
in vitro. This induction was more pronounced in ADH- deermice. Ethanol also inhibited aminopyrine 
demethylation in liver homogenates from ADH- and ADH+ animals in a dose-dependent manner and 
to a comparable degree in both strains. The kinetics of aminopyrine N-demethylase inhibition by ethanol 
was competitive in the microsomal fraction from ADH- as well as ADH’ animals. These results suggest 
that inhibition of mixed-function oxidation by ethanol may be due to an effect of ethanol on the hepatic 
microsomes rather than to redox changes produced by ADH-mediated ethanol oxidation. Further, 
chronic ethanol feeding increased microsomal ~inopy~ne demethylation independently of the presence 
of ADH. 

Drug interactions commonly complicate treatment; 
they include difficulties arising from the interference 
of ethanol with drug metabolism [l-5]. An inter- 
action between ethanol and a drug is defined as any 
alteration of the metabolism of either one because 
of the presence of the other [l]. Acute and chronic 
effects of ethanol on drug metabolism have to be 
distinguished. Whereas the major effect of an acute 
dose of ethanol is inhibition of drug metabolism 
[1,2,6], it is now widely accepted that the activities 
of various drug-metabolizing enzymes are enhanced 
following chronic ethanol intake [I, 5,7], resulting in 
an accelerated turnover of the drug. The “adaptive” 
changes of the liver following chronic ethanol con- 
sumption can be attributed in part to a proliferation 
of the smooth endoplasmic reticulum. This has been 
observed in rats [8] and deermice [9], as well as in 
humans [lo]. Moreover, the essential microsomal 
mixed-function oxidase components, cytochrome P- 
450, NADPH-cytochrome c reductase and micro- 
somal lipids have all been shown to increase in con- 
tent and activity after chronic ethanol administration 
[D-13]. The mechanism, however, through which 
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acute ethanol alters drug biotransformation is still 
unclear. Competition for a partially common micro- 
somal detoxification process [l, 2,6] as well as an 
indirect mechanism which involves alcohol dehydro- 
genase (ADH) [14-E] have been proposed. These 
previous studies were hampered by the need to use 
enzyme inhibitors to study specific aspects of ethanol 
metabolism. None of these inhibitors is completely 
specific, and indirect effects on other metabolic pro- 
cesses cannot be discounted. For example, pyrazole, 
widely used as an ADH inhibitor, also inhibits micro- 
somal ethanol oxidation [17]. A new animal model 
has been developed recently which circumvents the 
need for pyrazole for in uiuo studies of the role of 
non-ADH-mediated ethanol oxidation. Burnett and 
Felder [l&-20] described a mutant strain of deermice 
which totally lacks ADH. It has been demonstrated 
that, despite the absence of ADH, these animals 
are capable of ethanol metabolism [9]. A sensitive, 
noninvasive method for studying mixed-function oxi- 
dation in vivo was established with the aminopyrine 
breath test [21-281. The test is based on the recovery 
of 14C02 in the exhaled air following the application 
of the radiolabeled compound. It was the aim of this 
investigation to study the effect of an acute dose of 
ethanol on mixed-function oxidation as measured by 
the aminopyrine breath test, and to correlate results 
obtained in vivo with the in vitro inhibition of liver 
aminopyrine N-demethylase by ethanol. In addition, 
the kinetic properties of this inhibition and the effects 
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Fig. 1. Apparatus for the aminopyrine breath test. it consisted of a restraining box of X50-ml volume 
that was connected to three interchangeable gas-wash bottles. The first bottle contained 5.0 ml sulfuric 
acid, the other flasks 5.0 ml of an ethanolamine-methanol mixture. The air flow through restraining 

cage and gas-wash bottles was 0.5 l/mm. 

of chronic ethanol feeding were examined in both 
deermouse strains. 

MATERIALS ANJI METHODS 

Peromyscw ~aniculfft~ of about 17.0 to 2O.Og 
body wt used in the current studies had the following 
genotype for ADH: ADHF/ADHF (ADH) or 
ADHN/ADHN (ADH-). They were bred and raised 
in our animal facility and were derived from an 
original stock provided by Dr. M. Felder. To study 
chronic effects of ethanol, animals of each strain 
were pair-fed for 23 days nutritionally adequate 
liquid diets containing ethanol or isocaloric 
carbohydrate. 

A~i~opyr~~e breath test. The dimethylamine[14C] 
aminopyrine (New England Nuclear, Boston, MA) 
used in these experiments had a specific activity of 
105.0 #Ji/pmole and a radiochemical purity of 98% 
as determined by the company using thin-layer 
chromatography and high performance liquid 
chromatography. This solution was brought to a 
specific activity of 0.0583 @/vmole by adding 
120j~moles unlabeled (27.8 mg/5 ml) to 7 @i of 
[t4C]aminopyrine (5.556 mg/ml) and administered 
at a dose of 100 mg/kg body weight. 

For the in uivo studies, a 1: 10 solution of absolute 
ethanol with distilled water was prepared, and the 
animals were injected 15 min prior to the amino- 
pyrine application with a dose of either 1 g/kg body 
wt or 3 g/kg body wt. 

The apparatus for the collection of the expired 
14C02 consisted of two restraining boxes of 250- 
ml volume each, that were connected with three 
interchangeable gas-wash bottles (Fig. 1). For the 
quantitative collection of the 14C02, air was drawn 
through the restraining ca es and the gas-wash 
bottles at a flow-rate of 0.5 1 f min. The first bottle in 
each row contained 5.0 ml concentrated sulfuric acid 
to trap the exhaled water vapor. Each of the other 
flasks contained 5.0 ml of a 1: 4 ethanolamine-meth- 
an01 mixture. 

Air sampling was started immediately after the 
aminop~ne administration. The sampling intervals 
were 5 min during the first 45 min and 15 min after- 
wards up to 180min. 

Aminopyrine ~-de~ethyzation. Aminopyrine N- 
demethyiation was determined radiomet~cally in 
10% liver homogenates obtained from 10 mg of liver, 
as well as in liver microsomes, by using the procedure 

described by Poland and Nebert [29]. Microsomes 
were obtained from ADH+ and ADH- animals by 
homogenizing the livers in 0.2M potassium phos- 
phate buffer and centrifuging the 10,OOOg super- 
natant fraction at 105,000g for 1 hr. The microsomes 
were then washed in 0.2M potassium phosphate 
buffer, and the cent~fugation was repeated. Kinetics 
of aminopyrine N-demethylation were determined 
from double-reciprocal plots of velocity versus sub- 
strate concentration data and varying the con- 
centrations of substrate or inhibitor. Microsomai 
protein was measured by the method of Lowry et al. 
[30]. Where aminopyrine demethylation results are 
expressed per g liver (Figs. 3,7, and S), no correction 
for microsomal recovery was made. However, 
recoveries using the above described procedure for 
microsomal preparation have averaged about 50% in 
this laboratory. Results are given as mean ? S.E.M. 
Significance of differences was calculated by 
Student’s group (acutely treated deermice) or paired 
f-tests (pair-fed deermice in chronic studies). 

RESULTS 

Both the ADH+ and the ADH- strains of deer- 
mice were shown to be capable of metabolizing 
aminopyrine in vivo and in vitro. The *4C02 exha- 
lation following the i.p. injection of [14C]amino- 
pyrine appeared to be shghtly higher in ADH- ani- 
mals when compared to the ADH+ animal group, 
but the difference in the in viuo rates of aminopyrine 
metabolism was not significant between the two ani- 
mal strains. The i.p. injection of ethanol 15 min 
prior to the aminopyrine application resulted in a 
decreased 14C02 output in both animal strains (Fig. 
2), indicating a decreased rate of aminopyrine metab- 
olism. The decrease was dose dependent. Whereas 
a dose of 1 g/kg body wt of ethanof reduced the 
aminopyrine demethylation only slightly {Fig. 2), the 
inhibition became significant at a dose of 3 g/kg 
body wt of ethanol (Fig. 2) in both animal strains. 
At both alcohol concentrations, the results obtained 
from the aminopyrine breath test were not sig 
nificantly different, when ADH+ and ADH- animals 
were compared (Fig. 2). 

Aminopyrine IV-demethylase activity was 
measured in vitro in liver homogenates of ADH’ 
and ADH animals. As in the case of our in vivo 
results, the activity of the aminopyrine N-demethyl- 
ase was not significantly different in either animal 
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Fig. 2. Effects of acute admi~stration of ethanol at doses 
of 1 g and 3 g/kg body wt on aminopyrine deme~ylation 
in ADH+ and ADH- deermice in ho. Details are 

described in Materials and Methods. 

strain (Fig. 3). The presence of ethanol in the reac- 
tion mixture at concentrations of 10 and 60 mM 
significantly inhibited the enzyme system in ADH+ 
and ADH- animals. In the ADH+ strain, the enzyme 
activity was reduced by 20% at 10mM ethanol 
(P < 0.01) and by almost 35% at 60 mM (P < 0.001) 
(Fig. 3). Similar data were observed for ADH- ani- 
mals (Fig. 3). No difference between the ADH” and 
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Fig. 3. In vitro aminopyrine demethylation and its inhi- 
bition by 10 and 60 mM ethanol in liver homogenates of 
ADH+ and ADH- animals. In each assay, incubation of 
10 mg iiver (as 10% homogenates) with [14C]aminopyrine 
was followed by extraction to remove unreacted amino- 
pyrine. The [14C]formaldehyde formed remained in the 

aqueous phase and was counted [29]. 
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Fig. 4. Lineweaver-Burk plot showing inhibition of amino- 
pyrine N-demethylase by ethanol in microsomes of ADH- 
deermice. V: nmoles substrate metabolized per mg micro- 
somal protein, per min. S: substrate concentration (mM). 
A~nop~ine demethylation was measured as described in 

the legend of Fig. 3. 

ADH- animals was observed at low, as well as high, 
inhibitor concentrations (Fig. 3). 

To elucidate the mechanism of inhibition of amino- 
pyrine demethylation by ethanol, Lineweaver-Burk 
plots were drawn using data obtained from micro- 
somes of ADH+ and ADH- animals. The substrate 
con~ntrations used ranged from 0.5 to 5 mM amino- 
pyrine; ethanol concentrations were 10 and 60mM 
respectively. In both animal strains, a y-axis inter- 
section of the lines of the Lineweaver-Burk plots 
was observed, demonstrating that the inhibition of 
aminopyrine iV-demethylase by ethanol was com- 
petitive in ADH- (Fig. 4) as well as in ADH+ (Fig. 
5) animals. K, values for aminopy~ne demethylation 
were 4mM for ADH- (Fig. 4) and 1.85 mM for 
ADH+ (Fig. 5) which, given normally accepted vari- 
ation in Km values, should probably not be con- 
sidered different. 
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Fig. 5. Lineweaver-Burk plot showing inhibition of amino- 
pyrine N-demethylase by ethanol in microsomes of ADH+ 
deermice. V: nmoles substrate metabolized per mg micro- 
somal protein, per min. S: substrate concentration (mM). 
Aminopy~ne demethyIation was measured as described in 

the legend for Fig. 3. 
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Fig. 6. Effect of chronic ethanol feeding on aminopyrine 
demethylation in uivo in ADH+ and ADH- deermice. Pair- 
fed deermice (details of feeding in Materials and Methods) 
were all given an alcohol-free liquid diet 12 hr prior to the 
experiment, and administered 100 mg [%]aminopyrine/ 
kg body wt at the start of the experiment. Aminopyrine 
metabolism was measured by the breath test (Fig. 1 and 

Materials and Methods). 

Prolonged administration of the alcohol-con- 
taining diet to ADH+ and ADH- deermice increased 
mixed-function oxidation (as measured by amino- 
pyrine demethylation) in both animal strains. In 
uiuo, following the i.p. injection of [14C]amino- 

r4C02 exhalation was significantly higher (in 
:zzDH+ and ADH- animals) after ethanol pre- 
treatment when compared to the respective pair-fed 
controls (Fig. 6). No differences between animal 
strains were observed (Fig. 6). 

The inductive effect of chronic ethanol feeding on 
the aminopyrine demethylation observed in vivo was 
confirmed by in vitro experiments which showed an 

Ethanol-fed deermice 
Pair-fed contrds 
n=6 per grout 
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Fig. 7. Inductive effect of chronic ethanol feeding on amino- 
pyrine N-demethylase activity and its inhibition by 10 and 
60 mM ethanol in liver homogenates from ADH- deermice. 
Enzyme activity was measured as described in the legend 

Fig. 8. Inductive effect of chronic ethanol feeding on amino- 
pyrine N-demethylase activity and its inhibition by 10 and 
60 mM ethanol in liver homogenates from ADH+ deermice. 
Enzyme activity was measured as described in the legend 

of Fig. 3. to Fig. 3. 

increase in aminopyrine N-demethylase activity in 
liver homogenates of both animal strains after 
chronic ethanol pretreatment (Figs. 7 and 8). The 
inductive effect was more pronounced in ADH- 
than in ADH+ animals (1.12 2 0.005 compared 
to 0.5 + 0.003 vs 0.6? 0.01 compared to 
0.45 f 0.004 nmoles formaldehyde/g liver/min). A 
dose-dependent inhibition of the aminopyrine 
demethylation by 10 and 60 mM ethanol was seen 
in homogenates from both alcohol-fed animals and 
paired controls. 

DISCUSSION 

The present study reveals that, even in the absence 
of ADH, ethanol inhibited the demethylation of 
aminopyrine in vivo and in vitro. This suggests that 
a non-ADH-related mechanism is responsible for 
the inhibition of metabolism of this drug by ethanol. 
The inhibition of the aminopyrine N-demethylation 
by ethanol was dose dependent and ADH inde- 
pendent in vivo and in vitro. A competitive type of 
inhibition was observed in liver microsomes of 
ADH+ and ADH- animals. An indirect ADH- 
mediated mechanism for the inhibition of drug 
metabolism by ethanol has been suggested [15,16]. 
That hypothesis is based on the assumption that 
cytosolic NADH generation resulting from ethanol 
oxidation by ADH indirectly alters the mitochondrial 
redox state and inhibits the citric acid cycle. This 
could deplete intermediates that are necessary for 
the generation of cytosolic NADPH, which is essen- 
tial for mixed-function oxidation [14-161. The lack 
of difference in the in vivo and in vitro inhibition 
of aminopyrine demethylation between ADH+ and 
ADH- deermice suggests that this is not the case, at 
least in this animal species. 

The finding that the inhibition of the aminopyrine 
N-demethylation by ethanol was competitive in 
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microsomes of both animal strains and published 
evidence that ethanol and drugs interact at the micro- 
somal level [2,3,5,6,8] raise the possibility of direct 
interference of alcohol with drug metabolism. In 
addition, ethanol binds to hepatic microsomes in 
vitro [7,31,32]. as is the case for other drugs. This 
“binding” results in decreased activity of microsomal 
drug-metabolizing enzymes as long as ethanol is pre- 
sent. These changes can be explained, at least in 
part, on the basis of the microsomal ethanol-oxid- 
izing system (MEOS), which not only uses ethanol 
as substrate but also shares many properties with 
known drug-metabolizing enzymes. It requires oxy- 
gen and reduced NADPH, is inhibited by carbon 
monoxide, and, unlike ADH, has its pH optimum 
in the physiological range (6.8 to 7.2) [33]. Moreover, 
chronic ethanol administration increases not only 
MEOS activity but also the total amount of endo- 
plasmic reticulum in the hepatocytes, activates drug- 
metabolizing enzymes, and increases cytochrome P- 
450 [I], These effects are also produced by chronic 
administration of other drugs which are metabolized 
by hepatic microsomes. On the other hand, ethanol 
can inhibit drug metabolism in association with its 
binding to cytochrome P-450, which has been shown 
to produce spectral changes. Such a mechanism was 
also demonstrated, for example, for the binding of 
aniline to cytochrome P-450 [34,35]. It should be 
noted that indirect non-ADH mediated mechanisms 
of ethanol interference with in uioo drug metabolism 
are not ruled out by these experiments. 

Finally, an inductive effect by chronic ethanol 
feeding of aminopyrine demethylation in ADH+ as 
well as ADH- deermice suggests that the presence 
of ADH is not essential for the ethanol-mediated 
induction of aminopyrine demethylation in deer- 
mice. 
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