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Effects of disulfiram therapy on aldehyde dehydrogenase activity in human 
leukocytes and erythrocytes 

(Received 4 February 1988; accepted 14 April 1988) 

Aldehyde dehydrogenase (ALDH, EC 1.2.1.3) catalyses 
the irreversible oxidation of various aldehydes to their 
corresponding acid metabolites. It is present in most tissues 
and organs with the highest specific activity in the liver. 
ALDH is responsible for the oxidation of acetaldehyde, 
the proximate metabolite of ethanol, to acetic acid. The 
main part of acetaldehyde oxidation occurs in the liver, and 
it is known that drugs such as disulfiram (Antabuse), that 
inhibit ALDH, cause an increased level of acetaldehyde 
during ethanol elimination. Ethanol ingestion during disul- 
firam treatment results in very unpleasant symptoms (e.g., 
flushing, tachycardia and hypotension), which is the ration- 
ale of using this “alcohol-sensitizing” drug in the treatment 
of alcoholism. 

ALDH is also present in human blood. Alcoholics have 
been reported to possess a decreased activity of ALDH, 
both in blood [l-5] and in liver [6-S]. This indicated that 
blood ALDH could serve as a marker for alcoholism or, 
rather, high ethanol intake, since the activity has been 
reported to return to normal values after abstinence [4,9]. 
The good correlation obtained between blood ALDH 
activity and sensitivity to ethanol in Japanese individuals 
suggested that bloodWALDH may also-prove useful as a 
marker for ethanol sensitivity in orientals 1101. Further- 
more, the erythrocyte ALDH activity has been shown to 
correlate significantly with the hepatic cytosolic ALDH 
activity in healthy controls, whereas no correlation was 
obtained for alcoholics [ 111. 

The ALDH activity in human whole blood is practically 
all due to the activity of the erythrocytes [12]. However, it 
was recently shown that not only erythrocytes, but leu- 
kocytes and platelets as well, possess ALDH activity [13]. 
Human erythrocyte ALDH, which is similar to the liver 
cytosolic isozyme (ALDH II), is very sensitive to disulfiram 
[12,14]. Since disulfiram is an irreversible inhibitor, and 
mature erythrocytes lack the ability to synthesize new 
enzyme and have a life-span of about 120 days, the ALDH 
activity in blood remains affected for a much longer time 
than in the liver after the disulfiram therapy has been 
completed [15, 161. Thus, the blood ALDH activity (i.e. 
the erythrocyte activity) is not a suitable marker for the 
duration of disulfiram inhibition of the liver ALDH. 

The present study was performed to compare the effects 
of disulfiram treatment on human leukocyte and erythro- 
cyte ALDH activities. A method previously used in a study 
on the biogenic aldehyde metabolism in intact human blood 
cells [13], and a method for routine analysis of ALDH 
activity in small samples of whole blood (171, were modified 
for analysis of the ALDH activity in leukocytes and 
erythrocytes. 

Materials and methods 

Chemicals. Dopamine hydrochloride, 3,4-dihydroxy- 
phenylacetic acid (DOPAC), sodium bisulphite and NAD 
were supplied by Sigma (St. Louis, MO). The bisulphite 
form of 3,4-dihydroxyphenylacetaldehyde (DOPAL) was 
prepared enzymatically from dopamine by .the use of rat 
liver monoamine oxidase (MAO, EC 1.4.3.4) 1181. The 
concentrations of DOPAL‘ and of the DOPAC‘standard 
were determined as described by Helander and Tottmar 
[17]. Percoll was obtained from Pharmacia AB (Uppsala, 
Sweden), and disulfiram (Antabuse, 400mg tablets) was 
from Dumex A/S (Copenhagen, Denmark). 

Bloodsamples. Fresh human titrated blood samples were 
obtained from healthy donors at the University Hospital of 
Uppsala (Sweden), and, furthermore, from four alcoholic 
patients (two men and two women) at Beckomberga Hos- 
pital (Bromma, Sweden) during disulfiram medication and 
at different times after the therapy had been completed. 
The patients had been on medication for at least 2 weeks 
before taking part in the study. During treatment, disul- 
firam was given every second day at an oral dose of 400 mg. 

Fractionation of blood. Fractionation of blood was per- 
formed by Percoll density gradient centrifugation technique 
as previously described by Helander and Tottmar [13]. 
Cytocentrifuge preparations of the leukocyte fraction were 
stained with Giemsa for identification of leukocyte 
subpopulations. The fraction was found to contain about 
60% granulocytes, 30% lymphocytes and 5% monocytes. 
and less than 5% erythrocytes. The erythrocyte fraction 
contained less than 0.001% leukocytes. 

For routine assays, erythrocytes and leukocytes were 
counted on a Hycel HC 333 cell counter (Clinicon, 
Mannheim, F.R.G.), equipped with a multi-channel 
analyzer. 

Assay conditions. Assays were performed by incubating 
blood cells under physiological conditions in a final volume 
of 1 ml with DOPAL, the aldehyde derived from dopamine 
oxidation, as the substrate [13]. The amount of acid metab- 
olite, DOPAC, formed after 15 min of incubation was 
measured using high-performance liquid chromatography 
IHPLC) with electrochemical detection 1131. The standard 
assays \;ere performed with intact cells: since the ALDH 
activity obtained in incubations with sonicated leukocytes 
and OSmM NAD only was about 50% of the activity 
obtained with the intact cells. By contrast, for erythrocytes, 
the activity obtained with sonicated cells was 3-5 times 
higher than with the intact cells. 

Results and discussion 

Assay conditions. The formation of DOPAC during an 
incubation period of 15 min using 5 million leukocytes/ml, 
or 50 million erythrocytes/ml, was measured with DOPAL 
concentrations of 5-100 pM. Both in incubations with leu- 
kocytes and erythrocytes, the reaction rate increased 
sharply at concentrations up to lO-20pM, and then pro- 
ceeded more slowly at higher aldehyde concentrations. The 
formation of DOPAC was linear during at least 20 min of 
incubation in assays using 50pM DOPAL and 5 million 
leukocytes or 50 million erythrocytes. About 7 and 4% of 
the DOPAL added had been oxidized after 20 min of 
incubation with leukocytes or erythrocytes, respectively. 
Furthermore, a good linearity between DOPAC formation 
and number of cells added in the range of l-10 million 
leukocytes/ml, or 5-200 million erythrocytes/ml, was 
observed in incubations for 15 min with 50 PM DOPAL. 
The recovery of DOPAC was almost 100%. 

These results showed that ALDH was saturated during 
the assay conditions used, and that the assays were not 
limited by the endogenous NAD concentration. Thus, a 
substrate concentration of 50pM, an incubation time of 
15 min, and 5 million leukocytes or 50 million erythrocytes 
in a final volume of 1 ml was chosen for the standard assay. 

HPLC analysis. The HPLC system used gives a good 
separation between bisulphite-free DOPAL and DOPAC 
with retention times of about 6 and 8 min. respectively [13]. 
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However, since bisulphite was added to the PCA, only 
small amounts of free aldehyde were detected. The 
DOPAL-bisulphite eluted close to the elution front. No 
interfering peaks were observed in the chromatograms with 
samples treated with PCA before addition of DOPAL, or 
in samples incubated in the absence of aldehyde (blanks). 
No formation of DOPAC was observed in incubations with 
reaction blanks. 

The incubations with intact leukocytes resulted in for- 
mation of small amounts of 3,4-dihydroxyphenylethanol 
(DOPET), the alcohol metabolite formed by reduction of 
DOPAL,’ probably by the action of aldehyde reductase 
IALR. EC 1.1.1.2), This is consistent with orevious results, 
showing a ratio of 15-20: 1 between the acid and alcohol 
metabolites formed from DOPAL in incubations with 
human intact leukocytes [13]. The small peak representing 
DOPET eluted between DOPAL and DOPAC, and did 
not interfere with the standard assay. 

The overall precision was 3% (coefficient of variation) 
when 10 replicate assays were performed with 5 million 
leukocytes/ml, or 50 million erythrocytes/ml, from the 
same pool of blood cells. 

Leukocyte and erythrocyte ALDH activities in healthy 
controlr. The ALDH activity obtained in incubations with 
5 million intact leukocytes from healthy controls was 
2.4 f 1.1 nmol DOPAC formed/l5 min (mean f SD; 
range = 1.3-4.4; N = 16, eight men and eight women) or, 
if related to amount of cells, 19.2 2 8.8 nmol DOPAC 
formed per hr per 10 million cells (range = W-35). The 
corresponding results obtained with 50 million intact 
erythrocytes were 1.4 f 0.2 nmol DOPAC formed/l5 min 
(mean 2 SD; range= 1.1-1.8; N =24, 12 men and 12 
women) or, if related to amount of cells, 1.12 2 0.14 nmol 
DOPAC formed oer hr oer 10 million cells (ranee = 0.9- 
1.4). The much higher ‘ALDH activity observed in leu- 
kocytes than in erythrocytes (about 17 times higher) is in 
accordance with previous results [13]. However, since the 
leukocyte : erythrocyte ratio in human blood normally is 
about 1: 800, the ALDH activity in whole blood is prac- 
tically all due to the activity of the erythrocytes [12]. 

Leukocyte and erythrocyte ALDH activities during and 
after disuffiram therapy. The results from the analyses of 
the ALDH activities in erythrocytes and leukocytes from 
disulfiram patients, during medication and at different 

times after the therapy was completed, are shown in Figs 
1 and 2. Unfortunately, two of the patients discontinued 
the study 2 and 3 weeks, respectively, after the disulfiram 
therapy had been completed, and returned to drinking. 
The ALDH activity in the erythrocytes returned to control 
values after about 70 days, which is in accordance with 
previous observations [15,16]. However, the leukocyte 
ALDH activity returned to control values already within 
2-4 days after the therapy had been completed. Further- 
more, the erythrocyte ALDH activity was inhibited by 
about 90% during therapy, whereas the leukocyte activity 
only was decreased by 20-45%. These results are consistent 
with previous results from a study on isolated human blood 
fractions, where the leukocyte ALDH activity was much 
less affected by 50 PM disulfiram than was the erythrocyte 
ALDH activity [19]. A 95% inhibition of the leukocyte 
activity could, however, be obtained by performing assays 
in the presence of 1 mM disulfiram (unpublished 
observations). In disulfiram medication, the irreversible 
ALDH inhibition has a slow onset and long duration of 
action [20]. This might be explained by the need of 
diethyldithiocarbamate, the reduced metabolite of disul- 
firam rapidly formed in the blood, to be re-oxidized to 
disulfiram, or possibly co-oxidized with some natural 
metabolite to give a mixed disulphide, in order to be a 
potent inactivator of ALDH [21]. Thus, during medication, 
leukocytes (probably also immature leukocytes in the bone 
marrow) are almost continuously exposed to disulfiram, 
which indicates that the low degree of ALDH inhibition 
observed in leukocytes is not primarily explained by the de 
novo enzyme synthesis or the much faster turnover of 
leukocytes than of erythrocytes, but rather reflects the 
much lower sensitivity of the leukocyte ALDH activity to 
disulfiram. 

The difference in sensitivity to disulfiram between 
erythrocyte and leukocyte ALDH activities, together with 
the observation that the activity obtained in incubations 
with sonicated leukocytes could be increased by about 50% 
by addition of 0.5 mM MgClz, whereas the opposite (about 
60% reduction) was observed for erythrocytes, indicates 
that the ALDH activity in leukocytes is mainly due to a 
different isozyme from that in erythrocytes. The leukocyte 
ALDH might be similar to the human liver mitochondrial 
isozyme (ALDH I), which is less sensitive to inhibition by 
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Fig. 1. ALDH activity in erythrocytes from four disulfiram patients (the symbols represent different 
individuals). The ALDH activity was measured once during treatment and at different times after the 
disulfiram therapy had been completed. The treatment was completed at day 4 (arrow). The dashed 
line reoresents mean ervthrocvte ALDH activitv from 24 healthy control subiects. The ALDH assays 
were performed using 50 mildon erythrocytes according to the-standard method (see Materials and 

methods). 
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Fig. 2. ALDH activity in leukocytes from four disulfiram patients (the symbols represent different 
individuals; see Fig. 1). The ALDH activity was measured once during treatment and at different times 
after the disulfiram therapy had been completed. The treatment was completed at day 4 (arrow). The 
dashed line represents mean leukocyte ALDH activity from 16 healthy control subjects. The ALDH 
assays were performed using 5 million leukocytes according to the standard method (see Materials and 

methods). 

disulfiram [22] and, furthermore, is stimulated by Mg2+ 
ions 1231. 

In-conclusion, our results show that the erythrocyte 
ALDH was almost completelv inhibited during disulfiram 
treatment. whereas the’leukocyte activity was much less 
affected. Since mature erythrocytes, in contrast to leuko- 
cytes, lack the ability to synthesize new enzyme, the 
ervthrocvte ALDH is not a suitable in oiuo marker for the 
degree and duration of ALDH inhibition by irreversible 
inhibitors (like disulfiram). However, if the leukocyte 
ALDH is similar to the liver mitochondrial isozyme, which 
is primarily responsible for the oxidation of ethanol-derived 
acetaldehyde under normal circumstances, it could serve 
as an easily accessible marker for the conditions in the liver 
during disulfiram therapy. 

In summary, the aldehyde dehydrogenase (ALDH, EC 
1.2.1.3) activity was determined in leukocytes and erythro- 
cytes from healthy control subjects, as well as from patients 
during disulfiram treatment and at different times after 
the therapy had been completed. In healthy controls, the 
specific ALDH activity of leukocytes was about 17 times 
higher as compared to the erythrocyte activity. In patients 
during disulfiram treatment, the erythrocyte ALDH was 
inhibited by about 90% and did not return to control 
values until after about 70 days after the therapy had been 
completed. By contrast, the leukocyte activity was only 
inhibited by 20-45% during treatment, and returned to 
control values within 2-4 days after the therapy was 
completed. 
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Studies on the interaction of minoxidil with pros~cyciin synthase in vitro 

(Received 1 Pebr~~ 1988; accepted 1 April 1988) 

Minoxidil (6”(l-pipe~dinyl)-2,4-pyrimi~nediamine-3- 
oxide, Lonolox*) is a potent antih~e~ensive agent in man 
[l] and has been implicated to act as a direct smooth muscle 
vasodilator by a yet undefined biochemical mechanism [Z]. 
InterestingIy, as a side effect the drug promotes hair growth 
in man for which the underlying mechanism is also obscure 
(cf. [J] and Literature cited herein). Recently, Kvedar et 
al. reported that minoxidil selectively inhibits prostacychn 
(PGI,)* synthesis of cultured endo~eiial and smooth 
muscle cells from bovine aorta [3]. Prostacyclin synthase 
had been previously characterized as a cytochrome P-450 
protein [4] and therefore spectral changes could be 
expected with minoxidil. In the present study we have 
investigated the interaction of minoxidil with solubilixed 
prostacyclin synthase in order to demonstrate that the 
target for the inhibitor action of minoxidil is the heme 
active site of prostacyclin synthase. 

~afer~a~ and methods 

Minoxidil was a gift from the Upjohn Co. (Kalamazoo, 
MI). Piperidine and pyrimidine were obtained from Ald- 
rich-Chemie (Steinheim, F.R.G.) and imidazole, B-keto- 
PGF,, and ~anyIc~romine from Sigma-Chemie (Deisen- 
hofen, F.R.G.). II-i4ClPGH, was nrenared as described 
[S]. Bovine ao& microsomes were isolated according to 
published procedures, resuspended in 10mM KP, buffer 
(0.1 mM BHT, O.lmM DTI, O.lmM EDTA, 20% 
glycerol, pH 7.5) and solubilized with 0.5% cholate/O.2% 
lubrol PX (v/v) for 30min at O-4’ followed by cen- 
trifugation for 60 min at l~,~g. The supernatant, 
referred to as solubilized prostacyclin synthase, contained 
1.61 nmol/ml ~to~hrome P450 (cf. 161). Optical difference 
spectra for determining the binding affinity of minoxidil 
were recorded with a Cary 118 spectrophotometer (Varian, 
Darmstadt, F.R.G.) between 350 and 5OOnm j7]. The 

In order to clarify which nitrogen atom of the minoxidil 
molecule is involved in the binding process, difference 
spectra were recorded also with piperidine and p~midine. 
None of these compounds caused a spectral change similar 
to that of mino~dil in concentrations of up to 1 mM, 
suggesting that the primary amino group attached to posi- 
tion 2 of the py~midine ring interacts with the heme iron 
(data not shown). Neither ~noxidil nor tranyl~romine 
produced difference spectra with solubihzed throm~xane 
synthase from human platelets in ~ncen~ations of up to 
1 mM (data not shown). Since the small imidazole molecule 
selectively interacts with thromboxane synthase [7] but 
not with prostacyclin synthase (data no shown), this also 
indicates that there exists a characteristic difference in the 
topology of the active site of both enzymes. 

* Abbreviations used: BHT, butylated hydroxytoluene Thus, only the primary amino groups of minoxidii or 
(2,6-di-t-butyl-p-cresol); DTT, DL-dithiothreitol; PG, tranylcypromine seem to have access to the heme iron of 
prostaglandin; PG12, prostacyclin. Enzymes: Guanylate prostacyclin synthase whereas aromatic nitrogen deriva- 
cyclase (EC 4.6.1.2); prostacyclin synthase (EC 5.3.99.4); tives seem to be sterically hindered. This is just opposite 
thromboxane synthase (EC 5.3.99.5). for thromboxane synthase. 

i~ibito~ effect of minoxidil on prostacyclin synthase 
activity was assayed upon incubation of [l-“C]PGHr with 
the enzyme followed by HPLC radiochromato~aphic 
analysis of [l-l”C)-labelled bketo-PFG,,, the stable 
hydrolysis product of PGIr. 

Results and discussion 

Tlte addition of rn~o~dii to solubilized prostacyclin syn- 
thase (Fig. 1) caused a con~ntration-de~ndent increasing 
difference spectrum typical for a nitrogen ligand binding to 
cytochrome P450 [7]. The observed spectral change with a 
peak at 438 nm and a trough at 417 nm is similar to the 
difference spectrum produced bv rra~-2-vhenvicvclo-vro- 
pylamine (t~anylcyp~omine, 435vs 415 nm with a*$-value 
of 12OnM 1611, the most well-known inhibitor of orosta- I 
cyclin syntha~e. From the ~rres~nding titration curve 
(Fig. 1) a spectral dissociation constant of 2.4 nM can be 
calculated which, with respect to the enzyme wncentration 
employed (1.6 PM), reflects an almost stoichiometric bind- 
ing of minoxidil to the heme active site of prostacyciin 
synthase (therefore the term <‘KS” and not KS should be 
used). 


