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Abstract-The effects of the aldehyde dehydrogenase inhibitors disulfiram, coprine and cyanamide on 
enzymes involved in the metabolism of biogenic aldehydes in rat liver and brain were studied. Both 
liver and brain aldehyde dehydrogenase activities were significantly decreased in rats pretreated with 
these drugs. In the liver, the low-K, aldehyde dehydrogenase activity was markedly decreased by all 
three drugs after 2 and 24 hr whereas only cyanamide inhibited the high-K,,, enzymes. The brain 
ALDH-activity with a low acetaldehyde concentration was significantly decreased by coprine and 
cyanamide at both times tested, whereas disulfiram caused no change after 2 hr but an inhibition of 
38% after 24 hr. The brain ALDH-activity with a high acetaldehyde concentration was significantly 
decreased by coprine and cyanamide but not by disulfiram. The activity of the substrate specific enzyme 
succinate semialdehyde dehydrogenase in brain was slightly but significantly decreased in rats pretreated 
with cyanamide but not in rats pretreated with disulfiram or coprine. None of the drugs caused any 
changes in the activities of aldehyde reductase and monoamine oxidase in brains in vivo. The activity 
of monoamine oxidase in liver was significantly decreased by coprine after 24 hr. In contrast to the 
effects obtained in viva, disulfiram was found to be an inhibitor in vitro of brain succinate semialdehyde 
dehvdroeenase and liver monoamine oxidase. Aldehyde reductase was slightly inhibited by both 
dis&raL and 1-aminocyclopropanol in uifro. 

Various compounds are known to cause hypersen- 
sitivity to ethanol. Disulfiram (Antabuse@) and 
cyanamide, in the form of titrated calcium carbimide 
(Dipsan@, Temposil@), have been used in alcohol 
therapy for many years. This therapy is based on the 
alcoholic’s fear of the unpleasant physiological 
reactions elicited after ethanol ingestion (for reviews 
see refs. [l-3]). A similar reaction to ethanol has 
also been observed in humans who have eaten the 
mushroom Coprinus atramentarius, and in experi- 
mental animals pretreated with coprine (p-(1- 
hydroxycyclopropyl)-L-glutamine), the active com- 
pound isolated from this mushroom [4-61. These 
three drugs are inhibitors of liver aldehyde dehy- 
drogenase (ALDH) in uiuo and cause an accumu- 
lation of acetaldehyde in the body during ethanol 
oxidation. Although it has been clearly established 
that the disulfiram-ethanol reaction (DER) is associ- 
ated with an increased aldehyde level, the mech- 
anism of the DER is not yet fully understood [l, 6, 71. 

The role of ALDH in the DER has not been 
discussed as much as the role of acetaldehyde. Apart 
from being responsible for the oxidation of acetal- 
dehyde in the liver, this enzyme is also responsible 
for the oxidation of biogenic aldehydes in CNS and 
peripheral tissues. These aldehydes are formed from 
the oxidative deamination of biogenic amines, cata- 
lysed by monoamine oxidase (MAO). In the CNS 
of man and rat, the aldehyde from noradrenaline is 
primarily reduced to an alcohol metabolite by a 
NADPH-dependent aldehyde reductase, whereas 
the aldehydes from dopamine and serotonin are pri- 
marily oxidized to acid metabolites by a NAD- 
dependent ALDH [8,9]. 

* Author to whom correspondence should be addressed. 

Several studies have shown that disulfiram as well 
as cyanamide inhibit ALDH in rat brain in uivo 
[10-151. It has also been reported that disulfiram 
interferes with the metabolism of serotonin in uiuo, 
causing a reduction of serotonin turnover and an 
impairment of the elimination of its metabolites 
[16, 171. Recently it was demonstrated that rat liver 
MAO was inhibited by disulfiram in vitro [18]. This 
inhibition was potentiated by ethanol and it was 
suggested that this synergistic effect of disulfiram 
and ethanol on MAO could be responsible for the 
DER. Thus, a change in the overall metabolism of 
biogenic amines caused by disulfiram may be an 
important factor involved in the DER. The present 
study was undertaken to further investigate the 
effects, in vivo and in oitro, of disulfiram and two 
other alcohol-sensitizing compounds, cyanamide and 
coprine, on enzymes involved in the metabolism of 
biogenic aldehydes. 

MATERIALS AND METHODS 

Chemicals. Disulfiram and acetaldehyde were sup- 
plied by Fluka, Buchs, Switzerland. Disulfiram was 
recrystallized twice in 99.5% ethanol. Acetaldehyde 
was freshly distilled before use. Cyanamide was 
obtained from Schuchardt, Munich, West Germany. 
Coprine (Nj-(1-hydroxycyclopropyl)-L-glutamine) 
and l-aminocyclopropanol, synthesized according to 
Lindberg ef al. [19], were a gift from Astra Phar- 
maceuticals. Succinate semialdehyde was obtained 
from Sigma Biochemicals, St. Louis, U.S.A. All 
other chemicals were obtained from Sigma Bio- 
chemicals, and E. Merck, Darmstadt, West 
Germany. 

Animals. Female Sprague-Dawley rats (Antici- 
mex, Sollentuna, Sweden) weighing 200-250 g, were 
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used in all experiments. The rats had free access to 
food and tap water. 

Drug administration. All drugs were administered 
by intraperitoneal injections, 2 and 24 hr before the 
measurements. Disulfiram was suspended in 5% 
(w/w) gum arabicum (Acacia) and given in a dose 
of 150 mg/kg. Coprine and cyanamide were dissolved 
in saline and given in doses of 30 mg/kg. Control rats 
received the corresponding volumes of saline or gum 
arabicum. 

Tissue preparation and enzyme assays. The rats 
were killed and livers and brains were quickly 
removed. The livers were homogenized in a medium 
(pH 7.2) containing 0.25 M sucrose, 0.5 mM EDTA 
and 5 mM Tris-HCl. The brains were homogenized 
in ice-cold saline (0.9%). 

The aldehyde dehydrogenase (ALDH) activity in 
liver was assayed spectrophotometrically by measur- 
ing the reduction of NAD+ at 340 nm [20]. The 
activity of the low-K,,, enzyme and the total activity 
of ALDH were assayed with 25 pM and 5 mM of 
acetaldehyde, respectively. The difference between 
the total activity and the activity of the low-K,,, 
enzyme represents the activity of the high-K,,, 
enzymes [21,22]. 

4-hydroxyquinoline from kynuramine at 37” in 0.3 M 
K+-phosphate buffer (pH 7.4) [25]. MAO-activity 
in liver was also determined with benzylamine as 
substrate (2 mM) by following the formation of ben- 
zaldehyde spectrophotometrically at 250 nm in 
50 mM phosphate buffer (pH 7.5) according to Tabor 
et al. [26]. The activity of MAO in the in vitro 
experiments on liver mitochondria was measured by 
the last method. The mitochondrial fraction was 
isolated from a 10% (w/v) liver homogenate in 
0.25 M sucrose medium [21]. Samples of mitochon- 
dria were solubilized with sodium deoxycholate 
(0.5%, final concentration) shortly before the assay. 
The mitochondrial samples were preincubated at 
room temperature for l-30min in the presence of 
5-50 pM disulfiram (dissolved in dimethylsulfoxide, 
DMSO) before the addition of benzylamine. In con- 
trol tests, DMSO and ethanol were added to the 
same final concentration. 

Succinate semialdehyde dehydrogenase activity in 
brain was determined by the same method with 
succinate semialdehyde (35 @I) as the substrate. 
The effects in vitro of the inhibitors on this enzyme 
were measured with the same method in experiments 
on brain mitochondria isolated according to Pet- 
tersson and Tottmar [23]. Mitochondria were incu- 
bated with 2-40pM disulfiram (dissolved in meth- 
anol) or 1 mM cyanamide, coprine and l- 
aminocyclopropanol, respectively, for 10 min at 
room temperature before the reaction was started 
with the substrate. 

Protein was determined with bovine serum albu- 
min as standard [27]. Statistical analysis were per- 
formed by the Wilcoxon test for two independent 
samples [28]. The effect of ethanol on MAO-activity 
was analysed by linear regression. The estimated 
slope of the regression line was tested by an analysis 
of variance with a t-test [28]. 

RESULTS 

Effects on ALDH, succinate semialdehyde dehydro- 
genase and aldehyde reductase 

The ALDH-activity in brain homogenates with a 
low concentration of acetaldehyde (2OpM) was 
determined as the rate of disappearance of acetal- 
dehyde as previously described [14]. The recovery 
of acetaldehyde from tissue- and water-blanks was 
close to 100% showing that no or very little acetal- 
dehyde was lost through tissue binding or evapora- 
tion. The total activity of brain ALDH was measured 
by the same method as for the liver with 5 mM 
acetaldehyde. Samples of liver and brain homogen- 
ates were solubilized with sodium deoxycholate 
(0.5%, w/v, final concentration) shortly before the 
assay. 

In vivo. Disulfiram, cyanamide and coprine were 
administered in doses which according to previous 
studies [5,29] should inhibit the liver low-K,,, ALDH 
by 50-90% after a pretreatment time of 2-24 hr. 
Disulfiram caused a greater inhibition after 24 hr 
than after 2 hr, whereas the opposite effect was 
obtained with cyanamide. The inhibition with 
coprine was slightly greater after 24 hr than after 
2 hr. The high-K,,, activity of ALDH in the liver was 
markedly decreased by cyanamide but unaffected by 
disulfiram and coprine. 

Aldehyde reductase activity was determined by 
following the oxidation of NADPH spectrophoto- 
metrically at 340 nm with 0.5 mM p-nitrobenzalde- 
hyde as substrate [24]. The effects of the inhibitors 
of this enzyme in vitro were measured fluorimetri- 
tally in experiments on a brain cytosolic fraction 
isolated according to Pettersson and Tottmar [23]. 
The reaction mixture contained 0.1 M phosphate 
buffer (pH 7.0), enzyme solution, 1OpM NADPH 
and 40pM disulfiram (dissolved in methanol) or 
1 mM cyanamide, coprine and l-aminocylocopro- 
panol, respectively. After incubation for 10min at 
25” the reaction was started by the addition of 80 pM 
p-nitrobenzaldehyde. 

The ALDH-activity in brain with the low acetal- 
dehyde concentration (20 PM) was also decreased 
by the drugs. The inhibition pattern was rather sim- 
ilar to that found in the liver (Table 1). However, 
the inhibition was less pronounced, and disulfiram 
caused no inhibition after 2 hr. The ALDH-activity 
in brain with the high acetaldehyde concentration 
(5 mM) was decreased by cyanamide and coprine 
but not by disulfiram. 

No decrease in the ALDH-activity was found when 
liver or brain homogenates from control rats were 
preincubated at room temperature with homogen- 
ates from drug-treated rats. This showed that the 
homogenates contained no, or very low, levels of 
the drugs in their free form. 

The activity of succinate semialdehyde dehydro- 
genase in brain was unchanged in rats pretreated 
with disulfiram and coprine (Table 2). A slight, but 
significant inhibition of this enzyme was observed 
after pretreatment with cyanamide. The activity of 
the NADPH-dependent aldehyde reductase in brain 
was not affected by any of these drugs (Table 2). 

Monoamine oxidase (MAO) activity was meas- In vitro. Previous studies in our laboratory ([29] 
ured fluorimetrically by following the formation of and unpublished results) have shown that the low- 



T
ab

le
 

1.
 E

ff
ec

ts
 

of
 d

is
ul

fi
ra

m
, 

co
pr

in
e 

an
d 

cy
an

am
id

e 
on

 b
ra

in
 

an
d 

liv
er

 a
ld

eh
yd

e 
de

hy
dr

og
en

as
e 

ac
tiv

iti
es

 
in

 v
iu

o+
 

D
ru

g 
tr

ea
tm

en
t 

2 
hr

 

L
ow

 s
ub

st
ra

te
 

co
nc

en
tr

at
io

n 

%
 i

nh
ib

iti
on

 
24

 h
r 

%
 i

nh
ib

iti
on

 

H
ig

h 
su

bs
tr

at
e 

co
nc

en
tr

at
io

n 
(t

ot
al

 
ac

tiv
ity

) 

2 
hr

 
%

 i
nh

ib
iti

on
 

24
 h

r 
%

 i
nh

ib
iti

on
 

B
ra

in
 

C
on

tr
ol

 
0.

23
 *

 0
.0

2 
- 

0.
24

 +
 0

.0
5 

- 
2.

41
 t

 
0.

29
 

- 
2.

07
 t

 
0.

24
 

D
is

ul
fi

ra
m

 
0.

20
 2

 0
.0

3 
13

 
0.

15
 *

 0
.0

4*
 

37
 

2.
13

 +
 0

.2
0 

12
 

2.
02

 t
 

0.
17

 
2 

C
op

ri
ne

 
0.

07
 2

 0
.0

1*
* 

70
 

0.
08

 2
 0

.0
2*

* 
66

 
1.

69
 +

 0
.1

3*
* 

30
 

1.
57

 +
- 0

.2
6*

 
24

 
C

ya
na

m
id

e 
0.

07
 *

 0
.0

1*
* 

70
 

0.
16

 +
 O

.O
l*

* 
33

 
1.

44
 +

 0
.0

5*
 

40
 

1.
43

 t 
0.

14
**

 
31

 

L
ow

 s
ub

st
ra

te
 

co
nc

en
tr

at
io

n 
(l

ow
 K

,,,
-A

L
D

H
) 

H
ig

h 
su

bs
tr

at
e 

co
nc

en
tr

at
io

n 
(h

ig
h 

K
,-

A
L

D
H

) 

L
iv

er
 

C
on

tr
ol

 
6.

1 
2 

0.
4 

43
 

5.
8 

+
 0

.1
 

- 
12

.4
 2

 1
.0

 
- 

11
.8

 2
 1

.1
 

- 
D

is
uh

ir
am

 
3.

5 
+

 0
.3

**
 

1.
6 

+
 0

.3
””

 
72

 
13

.0
 +

 0
.1

 
- 

12
.5

 +
 0

.3
 

- 
C

op
ri

ne
 

1.
0 

t 
0.

1*
* 

84
 

1.
6 

+
 O

.l*
* 

72
 

12
.1

 r
 

0.
5 

12
.Y

 t 
1.

5 
- 

C
ya

na
m

id
e 

0.
2 

+
 0

.2
**

 
97

 
3.

3 
2 

0.
4%

” 
43

 
2.

7 
? 

0.
3*

* 
78

 
7.

2 
t 

0.
6*

* 
39

 

* 
Si

gn
if

ic
an

tly
 

di
ff

er
en

t 
fr

om
 

co
nt

ro
l 

va
lu

es
, 

P 
G

 0
.0

5.
 

**
 S

ig
ni

fi
ca

nt
ly

 
di

ff
er

en
t 

fr
om

 
co

nt
ro

l 
va

lu
es

, 
P 

c 
0.

01
. 

t 
R

at
s 

w
er

e 
gi

ve
n 

di
su

lf
ir

am
 

(1
50

 m
g/

kg
),

 
co

pr
in

e 
(3

0 
m

&
g)

 
or

 c
ya

na
m

id
e 

(3
0 

m
g/

kg
) 

2 
or

 2
4 

hr
 b

ef
or

e 
m

ea
su

re
m

en
ts

. 
T

he
 a

ct
iv

iti
es

 
of

 b
ra

in
 

A
L

D
H

 
ar

e 
ex

pr
es

se
d 

as
 n

m
ol

es
 o

f 
N

A
D

H
/m

in
/m

g 
pr

ot
ei

n 
(h

ig
h 

su
bs

tr
at

e 
co

nc
en

tr
at

io
n)

 
an

d 
nm

ol
es

 o
f 

ac
et

al
de

hy
de

 
ox

id
iz

ed
/m

in
/m

g 
pr

ot
ei

n 
(l

ow
 s

ub
st

ra
te

 
co

nc
en

tr
at

io
n)

. 
T

he
 a

ct
iv

iti
es

 
of

 l
iv

er
 A

L
D

H
 

ar
e 

gi
ve

n 
as

 n
m

ol
es

 
N

A
D

H
/m

in
/m

g 
pr

ot
ei

n.
 

V
al

ue
s 

ar
e 

th
e 

m
ea

ns
 

rf
r.

 SD
. 

of
 3

-5
 e

xp
er

im
en

ts
. 

T
ab

le
 2

. 
E

ff
ec

ts
 

of
 d

is
uh

ir
am

, 
co

pr
in

e 
an

d 
cy

an
am

id
e 

on
 s

uc
ci

na
te

 
se

m
ia

ld
eh

yd
e 

de
hy

dr
og

en
as

e 
an

d 
al

de
hy

de
 

re
du

ct
as

e 
in

 b
ra

in
 

in
 c

iu
o*

 

D
ru

g 

C
on

tr
ol

 
D

is
ul

fi
ra

m
 

C
op

ri
ne

 
C

ya
na

m
id

e 

Su
cc

in
at

e 
se

m
ia

ld
eh

yd
e 

de
hy

dr
og

en
as

e 
A

ld
eh

yd
e 

re
du

ct
as

e 
(n

m
ol

es
 

N
A

D
H

/m
in

/m
g 

pr
ot

ei
n)

 
(n

m
ol

es
 

N
A

D
PH

im
in

im
g 

pr
ot

ei
n)

 

2 
hr

 
24

 h
r 

2 
hr

 
24

 h
r 

11
.4

 3
- 0

.6
 

11
.2

 +
 0

.6
 

2.
46

 t
 

0.
22

 
2.

31
 r

 
0.

13
 

11
.2

 z
!z

 0.
9 

11
.5

 *
 

1.
3 

2.
40

 t
 

0.
18

 
2.

33
 t

 
0.

14
 

10
.7

 I
t 

1.
2 

10
.8

 2
 1

.2
 

2.
28

 2
 0

.3
9 

2.
38

 ”
 0

.1
9 

9.
1 

r 
0.

9t
 

9.
9 

+
 0

.3
t 

2.
27

 t
 

0.
17

 
2.

32
 i

t 
0.

12
 

* 
T

he
 e

nz
ym

e 
ac

tiv
iti

es
 

in
 b

ra
in

 h
om

og
en

at
es

 
w

er
e 

as
sa

ye
d 

2 
an

d 
24

 h
r 

af
te

r 
ad

m
in

is
tr

at
io

n 
of

 d
is

u~
fi

ra
m

 (
15

0 
m

gi
kg

),
 

co
pr

in
e 

(3
0 

m
&

g)
 

or
 c

ya
na

m
id

e 
(3

0 
m

&
g)

. 
T

he
 v

al
ue

s 
ar

e 
th

e 
m

ea
ns

 
rt

 S
D

. 
fr

om
 

fi
ve

 e
xp

er
im

en
ts

. 
i 

Si
gn

if
ic

an
tly

 
di

ff
er

en
t 

fr
om

 
co

nt
ro

l 
va

lu
es

 
(P

 <
 0

.0
1)

. 



3902 E. HELLSTROM and 0. TO~MAR 

1 

6 ] t 
0 20 40 60 

D~sulfiram (PM) 

Fig. 1. Dose-response curve for inhibition of rat liver 
monoamine oxidase by disulfiram in vitro. The reaction 
mixture contained 50 mM sodium pyrophosphate buffer, 
pH 8.8 (solid circles) or 50mM phosphate buffer, pH 7.5 
(open circles), enzyme solution and disulfiram (5-50 MM 
in- DMSO). After-incubation at room temperature .for 
20 min. the reaction was initiated bv the addition of 2 mM 
benzylamine. Control activities were 4.9 2 0.1 and 7.3 i 
0.1 nmoles benzaldehyde formedlminimg protein at pH 7.5 
and 8.8, respectively. Values are the means t SD. from 

three determinations. 

K,,, ALDH present in rat liver and brain is irreversibly 
inhibited in vitro by disuhiram, cyanamide and l- 
aminocyclopropanol (the active metabolite of 
coprine). No further experiment in vitro with ALDH 
was performed in the present study. 

In contrast to the results obtained in vivo, disul- 
firam was found to be a potent inhibitor of brain 
succinate semialdehyde dehydrogenase in vitro. 

L 

I- , f 
0 1 2 3 

Ethanol concentration 1%) 

Fig. 2. The effect of ethanol on the inactivation of rat liver 
monoamine oxidase by disulfiram in vitro. The mitochon- 
dria were incubated with disulfiram (30 @J in DMSO) and 
ethanol at various concentrations for 20 min at room tem- 
perature before the reaction was initiated by the addition 
of 2mM benzylamine (solid circles). In the control tests 
with benzvlamine, ethanol and DMSO were included at 
the same final concentration (open circles). Values rep- 
resent means 2 SD. from at least three experiments. (A) 

pH 7.5; (B) pH 8.8. 

Addition of disulfiram to a preparation of brain 
mitochondria caused a rapid decline in the enzyme 
activity during the first 2 mitt, followed by a slow, 
progressive decline. Almost total inhibition was 
obtained after 10 min with 10 FM disulfiram, and a 
50% inhibition was obtained with 5 PM disulfiram. 
The degree of inhibition observed after 10 min with 
5 ,uM disulfiram was similar after a IO-fold dilution 
of the enzyme-inhibitor mixture, which showed that 
disulflram was firmly bound to the enzyme. Addition 
of succinate semiaidehyde to the assay mixture 
before disulfiram did not protect the enzyme from 
inhibition. 

Cyanamide and l-aminocyclopropanol were much 
less effective than disulfiram as inhibitors of succinate 
semialdehyde dehydrogenase. The inhibition was 
2&30% after 10 min preincubation with these drugs 
at a concentration of 1 mM. Coprine caused no 
inhibition in vilro. 

The effects of the drugs on brain aldehyde reduc- 
tase in vitro was studied fluorimetrically in experi- 
ments on a cytosolic fraction isolated from the brain 
homogenate. The activity was measured at non-satu- 
rating concentrations of NADPH and p-nitroben- 
zaldehyde in order to reduce a large NADPH-depen- 
dent blank reaction and a quenching of the 
fluorescence caused by p-nitrobenzaldehyde. The 
activity of aldehyde reductase was slightly decreased 
(1525%) after a preincubation time of 10 min in the 
presence of 40 PM disulfiram and 1 mM l-amino- 
cyclopropanol. Cyanamide and coprine did not affect 
the enzyme activity. 

Effects on MAD-activity in vivo 

The activity of MAO in liver was determined with 
two different substrates. Disulfiram and cyanamide 
caused no changes in the MAO-activity in rats pre- 
treated for 2 or 24 hr. Pretreatment with coprine for 
24 hr significantIy decreased the activity by 32% 
(0.94 & 0.20, n = 8, and 0.64 rt 0.05, it = 6, nmoles/ 
minimg protein, respectively, P < 0.01) when ben- 
zylamine was used as substrate, but not with kyn- 
uramine as the substrate. None of the three drugs 
tested had any significant effects on the MAO- 
activity in brain after 2 or 24 hr. 

Effects of ~~u~~ra~ and ethanol on MAP-activity 
in vitro 

The effects of disulfiram and ethanol on the activity 
of the mitochondrial MAO in liver were studied at 
two different pH-values. The control activity of 
MAO was approx. 1.5-times higher at pH 8.8 than 
at pH 7.5. Disu~~ram inhibited the enzyme more 
markedly at the higher pH-value (Fig. 1). The inhi- 
bition was dose-dependent and increased with the 
time of preincubation (not shown). Addition of 
ethanol, up to a concentration of 3% (v/v), increased 
the control activity at pH 8.8 in a dose-dependent 
way (Fig. 2b). Ethanol also stimulated the MAO- 
activity in the presence of disulfiram. Linear regres- 
sion analysis showed that MAO-activity both in the 
presence and absence of disulfiram correlated sig- 
nificantly with the ethanol concentration (P < O.OOl), 
and that the estimated slope of the regression line 
was significantly different from zero (P < 0.01). 
Thus, the inhibition by disulfiram remained rather 
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constant (33-38%) at the different concentrations 
of ethanol. At pH 7.5, the enzyme activity was 
unaffected by ethanol both in the presence and 
absence of disulfiram (Fig. 2a). 

In some separate experiments the effects of 
coprine and aminocyclopropanol on MAO-activity 
were tested in a similar way. Neither of them, at 
concentrations of 0.1 mM, caused any changes in the 
activity at pH 7.5 or 8.8. 

DISCUSSION 

In agreement with previous results it was found 
in the present study that all three drugs caused a 
pronounced inhibition of the low-K,,, ALDH in liver 
in vitro but that only cyanamide inhibited the 
high-K, ALDH [29]. 

Low- and high-K,,,forms of ALDH are also present 
in rat brain [23]. The ALDH-activity in brain at the 
low acetaldehyde concentration, which probably 
mainly represents the activity of the low-K,,, ALDH 
[23], was less sensitive to drugs than the liver enzyme. 
In contrast to this, Berger and Weiner [ll] reported 
that disulfiram caused a greater inhibition of ALDH 
in the brain than in the liver of rats. They measured 
the activity indirectly by following the formation of 
3,4_dihydroxyphenylacetic acid from dopamine in 
tissue slices. However, in experiments with brain- 
and liver-mitochondria from disulfiram-treated rats, 
no significant difference in inhibition was found when 
the activity was assayed directly with a low concen- 
tration (5 ,uM) of 3,4_dihydroxyphenylacetaldehyde 
(Pettersson, H. and Tottmar, O., unpublished 
results). In the study of Berger and Weiner [ll], 
disulfiram caused an increased deamination rate of 
dopamine in the liver slices but not in the brain 
slices. Thus, the concentration of the aldehyde in 
the liver slices from the disulfiram-treated rats might 
have increased to a level where the high-K, forms 
of ALDH are operative. Since the high-K, activity 
is largely unaffected by disulfiram, the rate of oxi- 
dation of the aldehyde would appear to be less 
affected by disulfiram in this situation, thereby sug- 
gesting a smaller inhibition of ALDH. 

In a study on cyanamide-treated mice, Deitrich 
et al. [lo] found a more marked difference in sen- 
sitivity of liver and brain ALDH than that observed 
in the present study on rats given a similar treatment 
with cyanamide. They measured the total ALDH- 
activity at a high concentration of acetaldehyde, and 
therefore, no conclusion can be made about the 
relative sensitivity of the low- and high-K, ALDH 
present in the brain and liver of mice. It appears 
from the results shown in Table 1 that the difference 
in cyanamide sensitivity between liver and brain 
ALDH will be more marked when the activity is 
measured at a high acetaldehyde concentration than 
at a low concentration. 

A different degree of inhibition of brain ALDH 
at the low and high substrate concentrations was also 
observed by Minegishi et al. [13] in rats pretreated 
with disulfiram. The inhibition of the low-K, enzyme 
by disulfiram is rather difficult to detect if the activity 
is measured at a high substrate level, especially in 
brain, since the low-K, enzyme constitutes only 

RI-15% of the total ALDH-activity ([23], see also 
Table 1). 

Succinate semialdehyde dehydrogenase is a spe- 
cific form of ALDH involved in the catabolism of 
y-aminobutyric acid [30,31]. Succinate semialde- 
hyde dehydrogenase occurs in great excess in rat 
brain [32], and it appears unlikely that the slight 
inhibition in cyanamide-treated rats would affect the 
level of y-aminobutyric acid. 

The inhibition of succinate semialdehyde dehy- 
drogenase in vitro by disulfiram appeared to be 
irreversible, since the reaction between the enzyme 
and disulfiram was clearly time-dependent, and 
dilution of the enzyme-inhibitor complex did not 
affect the degree of inhibition. This seems to exclude 
the possibility that the unchanged activity found in 
brain homogenates was merely due to a dissociation 
of the enzyme-inhibitor complex on dilution. 

None of the drugs tested had any effect in vivo 
on the activity of aldehyde reductase in brain. The 
results obtained with disulfiram are in agreement 
with previous studies performed in vivo on rats [13] 
and in vitro with aldehyde reductase from human 
brain [33]. In the study by Minegishi et al. [13] and 
in the present study, the activity of aldehyde reduc- 
tase was determined with a relative high concentra- 
tion of p-nitrobenzaldehyde. Since both high- and 
low-K,,, forms of aldehyde reductase have been 
reported to be present in rat brain [24], some effects 
by these drugs on the low-K,,, enzyme cannot be 
excluded. 

It was recently shown that MAO of rat liver 
mitochondria was inhibited by disulfiram in vitro 
[18], and a similar effect of disulfiram was observed 
in our study. The inhibition was most pronounced 
at a high, unphysiological pH, and this may explain 
the lack of inhibition in vivo. Ethanol stimulated the 
MAO-activity in vitro both in the presence and 
absence of disulfiram at pH 8.8 but not at pH 7.5. 
In sharp contrast to this, Schurr et al. [18] found that 
ethanol potentiated the inhibition by disulfiram at 
pH 7.4 but decreased the inhibitory effect of disul- 
firam at pH 9.1. They suggested that this inhibition 
of MAO, potentiated by ethanol, as well as the 
known inhibition of dopamine-phydroxylase by 
disulfiram may lead to increased levels of dopamine, 
which together with acetaldehyde may be responsible 
for the DER. In view of the results obtained in the 
present study, and in previous studies on 
disulfiram-treated rats [ 17,341, it seems unlikely, 
however, that inhibition of MAO by disulfiram 
would be an important factor in the DER. 

Acetaldehyde is a poor substrate or inhibitor for 
aldehyde reductase, at least in pig and bovine brain 
[35-371. On the other hand, in vitro studies have 
shown that acetaldehyde at low concentrations 
(Ki = 2.6 PM) competitively inhibits the metabolism 
of 5-hydroxyindoleacetaldehyde (the aldehyde from 
serotonin) by rat brain ALDH [38]. Since the K,,, for 
acetaldehyde is in the order of 1,uM [23,31,39], 
very low concentrations of acetaldehyde could inhibit 
the metabolism of biogenic aldehydes. It has been 
suggested that brain ALDH may function as a metab- 
olic barrier to prevent an accumulation of acetal- 
dehyde [40,41]. Thus, during normal metabolism of 
ethanol, ALDH in brain could maintain the con- 
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centration of acetaldehyde at an extremely low level. 
It has been shown, however, that after ethanol 
administration to rats pretreated with disulfiram, the 
levels of acetaldehyde were increased in blood as 
well as in brain, whereas no a~etaldehyde was 
detected in brain of rats receiving ethanol only [42]. 
If the observed competitive inhibition of ALDH by 
acetaldehyde also occurs in viva, this means that 
brain ALDH can be inhibited by both disulfiram and 
acetaldehyde during the DER. The oxidative path- 
way might then become rate limiting and lead to 
increased steady-state levels of biogenic aldehydes 
or to an increased reduction of the aldehydes to the 
corresponding alcohols catalysed by aldehyde reduc- 
tase [43,44]. Several studies have shown that bio- 
genie aldehydes themselves have pharmacological 
properties [45-48] and are particularly important in 
the regulation of sleep [49, Xl]. 

Another possibility is that accumulation of bio- 
genie aldehydes might result in a condensation 
between biogenic amines and their aldehyde deriva- 
tives, or with acetaldehyde, to form alkaloid products 
(for a review see ref. [51]). These products have 
been shown to affect uptake, storage, release and 
metabolism of biogenic amines and to act as false 
neurotransmitters [51]. So far, the occurrence of 
condensation products in brain has mainly been dem- 
onstrated after drug administration leading to 
increased acetaldehyde levels, Since all three drugs 
tested in this study may promote an accumulation 
of both biogenic aldehydes and acetaldehyde due to 
inhibition of ALDH in brain and liver, it is pertinent 
to speculate on the possible role of these conden- 
sation products in the alcohol reaction. 
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