Biochemical Pharmacology. Vol. 25, pp. 453 459. Pergamon Press. 1976. Printed in Great Britain.

IMPAIRMENT OF HEPATIC MICROSOMAL AND
PLASMA ESTERASES OF THE RAT BY
DISULFIRAM AND DIETHYLDITHIOCARBAMATE*

MicHAFL A. ZEMAITIST and FRANK. E. GREENEZ

Department of Pharmacology, Milton S. Hershey Medical Center, The Pennsylvania State
University College of Medicine. Hershey, Pa. 17033, U.S.A.

(Received 9 October 1974 accepted 9 May 1975)

Abstract—Twenty-four hr after oral administration (0-2 to 2-:0g/kg) of disulfiram (DS) to male rats.
significant impairment of hepatic microsomal carboxylesterase and plasma carboxyl- and cholinesterase
was observed. Plasma esterase activities returned to control values between 48 and 72 hr after a single
oral dose of DS (2:0g/kg). but microsomal carboxylesterasc activity was still significantly lower in
treated animals at both times. Daily administration of DS (0-1 or 0-4 g/kg) resulted in decreased micro-
somal carboxylesterase activity after 2 days. However, continued administration of DS for a total of
12 days did not produce further depression of microsomal esterase activity. Microsomal and plasma
carboxylesterase activities were also decreased 24 hr after oral administration (1-0 to 2-0 g/kg) of sodium
diethyldithiocarbamate (DDTC), the reduced metabolite of DS. Hepatic microsomal esterases that
migrated rapidly toward the anode during polyacrylamide disc gel electrophoresis were the most sensi-
tive to impairment by DS or DDTC. Esterase activity in the lung was also impaired after DS or DDTC
administration, whereas esterases of the heart. kidney and testis were essentially unaffected. Incubation
in vitro of liver microsomes with DS decreased microsomal carboxylesterase activity. while incubation
with DDTC had little effect. Plasma carboxylesterase was inhibited in vitro to a greater extent than
microsomal esterases by both DS and DDTC. Diethylamine and CS,. the decomposition products

of DDTC, were essentially inactive as esterase inhibitors in vitro.

Disulfiram (Antabuse, DS) has been used for over
20 yr in avoidance therapy for certain patients with
chronic alcoholism. Ingestion of ethanol by a patient
taking DS produces a wide range of unpleasant symp-
toms called the “Antabuse reaction.” DS inhibits alde-
hyde dehydrogenase: thus when ethanol is ingested
acetaldehyde accumulates. Therefore. it has been sug-
gested that acetaldehyde accumulation is primarily re-
sponsible for the Antabuse reaction [1,2]. However,
since acetaldehyde administration does not duplicate
all of the symptoms of this reaction, it has also been
suggested that the chemical product of a direct eth-
anol-DS interaction may be responsible [3] or that
ethanol may increase the toxicity of DS by inhibiting
its metabolism [4].

Although attention has been focused primarily on
the biochemical basis for the effectiveness of DS in
alcohol avoidance therapy, other unrelated actions
of clinical significance have been reported. Of particu-
lar significance is the observation that DS inhibits
oxidative drug metabolism both in vitro and in vivo
[5-73. Studies in man have shown that DS adminis-
tration prolongs antipyrine half-life [8] and may in-
hibit metabolism of diphenylhydantoin and warfarin
[9.10]. Recent experiments in our laboratory have
been designed to characterize the effects of DS on
oxidative and hydrolytic drug metabolism and the
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mechanisms by which it exerts these effects. Since
plasma and tissue esterases are responsible for hy-
drolysis of many ester and amide drugs [11-13], one
aspect of our work has been to study the effects of
DS and its reduced metabolite, diethyldithiocarba-
mate (DDTC), on certain esterases of the rat. The
results of these studies are presented in this report.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (200-300 g)
purchased from Charles River Labs were used
throughout the experiments. All animals had free
access to Purina lab chow and water, except where
noted.

Chemicals. Tetracthylthiuramdisulfide, butyrylthio-
choline chloride and 5.5-dithiobisnitrobenzoate were
purchased from Sigma Chemical Co. (St. Louis, Mo.).
Sodium  diethyldithiocarbamate  trihydrate  was
obtained from Fisher Scientific Co. (Fair Lawn, N.J.).,
and indophenylacetate from Eastman Kodak Co.
(Rochester, N.Y.).

Preparation of tissues. After decapitation, blood was
collected in heparinized tubes and plasma was separ-
ated by centrifugation (800 ¢) for 15 min at 4°. Lungs,
kidneys. hearts, testes and livers were homogenized
in 4 vol. of :05M Tris—HCL pH 74, and centrifuged
at 9000¢g for 20min at 4°. The 9000g supernatant
was kept on ice and used for determination of esterase
activity in these tissues. Liver microsomes were pre-
pared as previously described [5]. Protein content was
determined by the biuret method [14].

Electrophoresis. Hepatic microsomal esterases were
separated by polyacrylamide disc gel electrophoresis.
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The microsomal suspension was diluted with 0-02M
Tris-HCI (pH 7-4)-1:15", KCl containing 1°, Triton
X-100 to a final protein concentration of 3 mg/ml.
Electrophoresis was performed according to the
method of Ornstein [15] and Davis [16] as modificd
in our laboratory [17]. Each tube (0-5¢m 1.d.) con-
tained 1-0 ml of separating gel (5%, acrylamide) above
which was polymerized approximately 0-15 ml of stack-
ing gel. Just prior to electrophoresis, 10 ub of the
solubilized microsomal suspension was added to a
small volume of stacking gel which was polymerized
on top of the pre-existing stacking gel. The upper
and lower bath buffers contained 0038 M glycine and
0-005M Tris HCL pH &3. Gels were run at a con-
stant current of 4 mA tube for 45min. Esterase ac-
tivity was localized by immersing cach gel in a solu-
tion of 1%, z-naphthylacetate and Fast Blue RR.
according to the method of Markert and Hunter [18].
After staining for 5 min. the gels were rinsed with dis-
tilled water and fixed in methanol water acetic acid
(4:4:1) overnight and were rehydrated in 77, acetic
acid for 1 day prior to scanning. The gels were
scanned at 445nm in a Gilford-2400 spectrophot-
ometer cquipped with a gel scanning attachment. The
resulting peaks were integrated by a Hewlett -Packard
3373B integrator. The integrator was interfaced with
a4 Hewlett-Packard 9810A calculator programmed to
total the integrated area of the scan and to determine
the per cent activity of cach pcak.

Determination of esterase activity. Carboxylesterase
activity was determined at 25 using a colorimetric
assay with indophenylacetate (IPA) as the substrate
[17.19]. The assay mixture contained enzyme (0-1 ml
plasma or 0-05ml microsomes. | 2mg protein/ml).
0-05M Tris- HCI buffer. pH 82, and 0-05 ml of :02M
IPA in absolute cthanol (final substrate concen-
tration. 33 x 10 * M) in a total volume of 3-0 ml. To
determine tissuc carboxylesterase activities. the fol-
lowing amounts of 9000 ¢ supernatant were added to
buffer and 0-05ml of 02M IPA in a total volume
of 3-:0 ml: heart. O-1 ml: lung, 005 ml; liver. 0-01 ml;
kidney. 0-02 ml: and testis, 0-05ml. The specific ac-
tivity of the enzyme was calculated from the absor-

Table 1. Microsomal and plasma esterase activity
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bance change at 522 nm/min by mcans of a standard
curve preparcd with the hydrolysis product. sodium
indophenol. Plasma cholinesterase activity was deter-
mined colorimetrically by measuring the rate of hy-
drolysis of 5 x 107*M butyrylthiocholine (BUTCH)
at 412nm [17.20]. Specific activity was caleulated
with  the  molar  extinction  coeflicient  of
13.600 M ' em ! for the S-thio-2-nitrobenzoate ion
released in the reaction.

M easurement of esterase inhibition in vitro. Plasma
and hepatic microsomal suspensions prepared from
five male rats were diluted to a final protein concen-
tration of 5 mg;ml with 0-05 M Tris HCL pH &2, Five
mi of cach sample wus incubated at 37 for 20 min.
cither alone or in the presence of DS, DDTC. CS..
diethylamine (DEA). or €S, + DEA. Aqueous solu-
tions of DDTC (0-03M). DEA (01 M) or (S,
(0-038 M) were added to produce a final concentration
of O-1 or SmM. The water solubility of DS was
not sufficient to prepare a coneentrated agueous solu-
tion: thercfore. appropriate amounts ol a 0:05M DS
solution in acctone were added to the incubations
to produce a final DS concentration of O-1 or -3 mM.
The amount of acctone added (1050 1) had no elfect
on liver or plasma carboxylesterase activity, Alter in-
cubation. carboxylesterase activity was determined in
an aliquot of the incubate as described above. No
significant  differences in - curboxylesterase  activity
were observed between incubated controls and unin-
cubated plasma or microsomal samples.

Statistical methods. Significant differences between
control and treated groups after DS or DDTC
administration were determined by means ol Stu-
dent’s r-test. Data obtained after incubation in citro
of DS, DDTC. (S, or DEA with microsomes or

plasma were compared by means of a paired f-test.

RESULTS

Microsomal carboxylesterase activity was signifi-
cantly reduced in male rats 24 hr after oral DS
administration (Table 1) Activity was reduced from
67 to 46 per cent ol control activity by doses of DS

24 hr after oral administration of DS or DDTCH

Esterase activity

Plasma

Compound Dosc Microsomal Plasma

administered  (g/kg-[m-moles/kg]) carboxylesteraset carboxylesterases cholinesterased

DS Control 110 + 0-05 1375 + 081 (94 = (305
0-2-[07] 0-78 + 0:07] (67) 1088 + 0-77¢ (79) 0-69 1 0:04i (73)
1-0-{3-4] 0-68 + 0-04| (58) 753 + 069 (54) 044 -+ 003 (47
2:0-[6:7] 0-54 + 004/ (46) TO8 4+ 069 (58) 047 + 007 (50)

DDTC Control 099 + 0-10 15-30 + 045 (85 + 014
0-2-[09] 100 + 0-04 (101) 1395 + (59 (92) 092 + 0-06 (109)
1-0-[4-4] 0-78 + 0:05(71) 10-82 + 0:93) (71) 093 + 0:05(110)
2:0-[89] 0-49 + 0-08 | (50) 770 + 0-34] (50)

003 - 008 (74

* After overnight starvation. male rats were given DS or DDTC by gavage in 2 3ml of 0-5°, carboxymethylecllulose

(CMCQ). Control animals received CMC vehicle only. Values are the means of four anmmals -+ S0 1

in parentheses are percentage of control.
+ umoles IPA hydrolyzed/min/mg of microsomal protein.
I nmoles IPA hydrolyzed/min/mg of plasma protein.
§ nmoles BUTCH hydrolyzed/min/mg of plasma protein.
il Different from control (P < 0-01).
¢ Different from control (P < (-05).

M. Numbers
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Table 2. Microsomal and plasma esterase activity 24 hr after i.p. administration of DS or DDTC*

Experimental Microsomal Plasma Plasma
group carboxylesteraset carboxylesterase} cholinesterase§
Control 1-18 + 0:07 11-35 + 036 099 + 0-06
DS 0-66 + 0-05 {56) 721 + O-511 (64) 044 + 002!l (44)
Control 1-:53 + 005 1261 + 062 094 + 006
DDTC 112 + 005 (73) 1312 £ 094 (104) 074 + 0-07(79)

* In separate experiments. male rats were given 04 g/kg (1-4 m-moles/kg) of DS or 04 g/kg (1-8 m-moles/kg) of DDTC
by Lp. injection. Control animals were given CMC vehicle i.p. Values are the means of four animals + S. E. M.

Numbers in parentheses are percentage of control.
+ pmoles 1PA hydrolyzed/min/mg of microsomal protein.

P nmoles IPA hydrolyzed;min/mg of plasma protein.

§ nmoles BUTCH hydrolyzed/min/mg of plasma protein.

i Different from control (P < 0-01).

ranging from 02 to 20g/kg. Plasma carboxyl- and

cholinesterase activities were also reduced to approxi- 3 29[

mately 75 or 50 per cent of control after 02 or 8 L

1-0g/kg of DS. However, no further decrease in 3 .

plasma esterasc activitics occurred when 20g/kg of 8 '2f  &-memmoo. :§: __________ - S "

DS was given. O - S ©
In contrast. 0-2g'kg of DDTC had no effect on € * -

esterase activitics and 10 g/kg of DDTC impaired 8 o4}

only plasma carboxylesterasc activity (Table 1). When £ ) | ‘ l | [

DDTC was administered at the highest dose o 2 4 6 8 ) 2

(2:0 g/kg). microsomal and plasma carboxylesterase Days

activity was similar to activity recorded after 2-0 g/kg
of DS (approximately 50 per cent of control). How-
ever, plasma cholinesterase impairment was not sta-
tistically significant even after 2-0g/kg of DDTC. Tt
should be noted that. although the doses of DS and
DDTC were equal on a g/kg basis, on a molar basis
approximately 30°, more DDTC (trihydrate sodium
salt) was given at each dosage level.

Since one cxplanation for the lower potency of
DDTC as compared to DS could be that DDTC
decomposes in the gut to CS, and diethylamine
before it can be absorbed [4], the effects of DS and
DDTC were also compared 24 hr alter i.p. adminis-
tration. As shown in Table 2. 0-4 g/kg (1-4m-moles/kg)
of DS significantly impaired microsomal carboxyles-
terase and plasma carboxyl- and cholinesterase 24 hr
after i.p. administration. On the other hand. 0-4 g/kg
(I-8 m-moles’kg) of DDTC significantly decreased
only microsomal carboxylesterase activity. These
results appear to rule out destruction of DDTC in
the gut as the only rcason for the observed differences
in oral effectiveness of these compounds.

Since. in clinical practice, DS is usually adminis-
tered for several days or weeks. an cxperiment was
conducted to determine if repeated administration of
DS could lead to cumulative impairment of esterase
activity. Groups of male rats were given either (-]
or 04 g'kg of DS by gavage daily for 12 days: the
effects of this treatment on microsomal carboxylester-
asc activity are presented in Fig. 1. Maximum inhibi-
tion was scen alter 2 days for both doses, indicating
that cumulative impairment of microsomal esterases
beyond 2 days does not occur.

Plasma carboxyl- and cholinesterase activities were
also determined in these experiments, but the results
were not included in Fig. 1. Neither cnzyme was
affected in the group given 01 g/kg of DS, but both
were significantly reduced to about 65 per cent of

Fig. 1. Impairment of hepatic microsomal carboxylesterase
activity during daily disulfiram administration. Male rats
were divided into three groups and received either 0-1 or
0-4 g/kg of DS suspension or 0-5%, carboxymethylceliulose
vehicle by gavage. Animals were dosed daily: groups
(N = 4) were sacrificed after selected intervals. Esterase
activity is expressed as umoles IPA hydrolyzed/min/mg of
microsomal protein (mean + S. E. M.). Control, vehicle
only (——): 01 g/kgof DS (...... ); 04 g/kg of DS (——-).
An asterisk indicates different from control (P < 0-05).

control levels after 2 days of administration of
04 g/kg. Unexpectedly, both plasma carboxyl- and
cholinesterase activities returned to control levels by
day 5. despite continued DS administration.

Esterase activities,
percent of control

20 -

I | | | L { | ]
o 20 40 60 80 100 120 140 180

Time after disulfiram, hr

Fig. 2. Time course of esterase impairment after a single
oral dose of disulfiram (2:0 g/kg). Male rats were starved
overnight and received either DS suspension or 0-5%, CMC
vehicle by gavage. At the indicated times, control and
treated animals (N = 4) were sacrificed and esterase activi-
ties were determined. Values are expressed as percentage
of control activity for each measurement. Microsomal car-
boxylesterase (—-): plasma carboxylesterase (-—-);
plasma cholinesterase (-~ - - - - ). An asterisk indicates differ-
ent from control (P < 0-05.
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Fig. 3. Polyacrylamide disc gel clectrophoresis of hepatic

microsomal esterases. Gel 1. control; gel 2. DS, (-1 g/kg

p.o.. for 12 days: gel 3, DS, 04 g/kg p. o. for 12 days.

Microsomes from cach group of four animals were pooled

and diluted to equal protein concentrations for
clectrophoresis.

A similar dissociation between liver and plasma
esterases was seen when esterasc activity  was
measured at selected intervals after a single dosc of
DS (Fig. 2). Maximal inhibition of plasma esterases
occurred 824 hr alter DS, but recovery was rapid
and activity returned to control levels by 48-72hr.
In contrast, microsomal carboxylesterase impairment
was maximal at 48 hr and activity was still below con-
trol levels 168 hr after DS administration. Twelve
days (288 hr) after DS administration, microsomal
carboxylesterase activity had also returned to control
levels (data not shown).

The substrates used to measure “carboxylesterase”™
activity in the described assay procedure and on
polyacrylamide gels (IPA and x-naphthylacetate re-
spectively) are hydrolyzed by A- and B-esterases
[19.21, 22], both of which have been identified in rat
liver homogenates [23] and in hepatic microsomes
[24]. Previous studies have further demonstrated that
microsomal A- and B-esterases can be separated and
identified by electrophoresis and that A-esterases
migrate more rapidly toward the anode during clec-
trophoresis [24]. Therefore, microsomal csterases
were separated and quantitated by disc gel clectro-
phoresis to determine if DS pretreatment selectively
impaired certain “isozymes,” since this distinction

Disulfiram Disulfiram
Control Oigm/kg, po xi2days| ©4gmskg,po xi2aays
-0 + A —oraginy
1
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Fig. 4. Densitometric tracings of polyacrylamide gels from

Fig. 3. Row I shows division of the pattern into six major

areas of activity designated peaks A through F. Row Il

represents the integrated area of each individual peak. Row

IIT 1s the total integrated arca of each scan. The origin

is to the right of cach tracing and the anode is to the
left.

could not be madc by simply mcasuring IPA hydro-
lysis.

The esterase zymograms of control microsomes and
of microsomes isolated from DS-treated rats are pre-
sented in Fig. 3. Daily DS administration (O-1 or
0-4 g/kg) resulted in greater impairment of the micro-
somal esterases that migrated more rapidly toward
the anode. The gels pictured in Fig. 3 were scanned
as described in Methods and the resulting peaks were
divided into six major areas of activity designated
peaks A through F (Fig. 4). Selective impairment of
the esterases contained within peaks A-D was cvi-
dent, since the percentage of control activity for these
esterases was consistently lower than the correspond-
ing percentage decreases in peaks E and F. Selective
impairment of the esterases contained within peaks
A-D was also observed 24 hr after single doses of
DS or DDTC (20 g/kg).

Since esterases are found in most rat tissues [23].
an experiment was carried out to determine if the
activities of various extrahepatic esterases were also
decreased after DS or DDTC administration. The
results of this study are summarized in Table 3. Con-
sistent with previous results (Tables | and 2). carboxyl-
csterase activity in plasma and liver was significantly
reduced 24 hr after DS (1-0 g/kg) administration, while
this dose of DDTC had little effect. Carboxylesterasc
activity in the heart and testis was unaffected by DS
or DDTC, and activity in the kidney was slightly de-
creased by DS (not statistically significant). In con-

Table 3. Tissue carboxylesterase activity* 24 hr after oral administration of DS or DDTCH

Tissuc
Experimental
group Liver Plasma Kidney Heart Lung Testis
Control 5282 + 2:02 068 + (-04 30-12 + 188 07 + 015 19 + 025 +79 = (04l
DS 2886 + 3391 (55) 047 + 0:03% (69) 2298 + 2-8% (76) 097 £ 009 (9 282 + 0061 (67) F3E 023 (90)
DDTC 48:55 4+ 344 (92) 0-66 + 006 (97) 2900 + 1-78 (Y6) 1-04 + 0-0R (97) 243 + 0-14% (58) d46 + 0-20(93)

* umoles IPA hydrolyzed/min/g of tissue or ml of plasma.

+ After overnight starvation, male rats were given 1-0g/kg (3-4 m-moles/kg) of DS or 1-0g/kg (44 m-moles/kg) of
DDTC by gavage. Control animals received CMC vehicle only. Values arc the means of four animals + S, E. M.
Numbers in parentheses are percentage of control.

1 Different from control (P < 0-01).
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Table 4. Inhibition in vitro of microsomal and plasma carboxylesterases by DS. DDTC, carbon disulfide (CS,) and
diethylamine (DEA)*

Concen of Carboxylesterase activity +3
Enzyme inhibitor
source {mM} Controt DS DDTC s, DEA S, + DFA
Microsomes 1 01+ 010 89 £ 0118 099 + 009 O+ 010 O+ 010 [RHEE R ]
Microsomes [ 106 + 008 79 + R 497 = Qg PO £ 009 102 4 009 99 + 009
Plasma [ 183 + 64 793 + 052 522 + 003N TH92 + (682 1i-86 + 078 862 & ORES§

* Plasma or microsomes from male rats (S mg protein/ml) were incubated at 37" for 20 min, either alone (controls)
or in the presence of the indicated compounds. Values are the means of five amimals + S. E. M. Data were analyzed

by a paired t-test.
+ Microsomes, umoles 1PA hydrolyzed/min/mg.
1 Plasma. nmoles IPA hydrolyzed/min/mg.
§ Dafferent from control (P < 0:01).
I Different from control (P < (-05).

trast, carboxylesterase activity in the lung was signifi-
cantly impaired 24 hr after either DS or DDTC
administration. In a separate experiment, neither ace-
tylcholinesterase nor carboxylesterase activity in the
brain was altered 24hr after oral DS (20g/kg)
administration (data not shown).

In order to directly compare DS and DDTC as
esterase inhibitors, carboxylesterase activity was
measured in plasma and microsomes after incubation
with these compounds in vitro. The acid decomposi-
tion products of DDTC (CS, and diethylamine) were
also tested in vitro to evaluate the possihility that one
of these compounds might contribute to esterase inhi-
bition, since CS, has been shown to inhibit oxidative
drug metabolism by hepatic microsomes [25]. The
results of these experiments are summarized in Table
4. Carboxylesterase activity of microsomes incubated
with 01 or :5mM DS was decreased to 88 and 75
per cent of control activity respectively. On the other
hand. the same concentrations of DDTC had little
effect. Moreover. 0-1 or 0-5mM CS, or diethylamine
(DEA), either alone or in combination, did not alter
microsomal carboxylesterase activity. Incubation of
plasma with either 01 mM DS or DDTC significantly
decreased plasma carboxylesterase activity to 67 and
44 per cent of control respectively. When -1 mM CS,
or DEA was incubated with plasma, no alterations
in plasma carboxylesterase activity were observed;
however. a combination of 0-l mM CS, and DEA
decreased carboxylesterase activity to 73 per cent of
control activity.

DISCUSSION

The administration of DS in doses used in previous
drug metabolism studies [5-7] produced a significant
decrease in microsomal carboxylesterase and plasma
carboxyl- and cholinesterase. Although the physio-
logical role of esterases and the effect of inhibition
of these enzyme are unclear [ 11, [2], our results sug-
gest that disulfiram administration may alter the
metabolism and activity of the more than 200 phar-
macologically active esters which may be hydrolyzed
by plasma and tissue esterases [13]. Therefore,
patients on disulfiram therapy or persons who are
occupationally cxposed to analogs of disulfiram in
industry or agriculture [26] may show exaggerated
responses to pharmacologically active esters or to
other environmental esterase inhibitors such as
organophosphate insecticides.

The extent to which hydrolysis of an ester or amide
drug is impaired by DS treatment may depend on
whether the drug is primarily hydrolyzed by plasma
or microsomal esterases. Such considerations must be
made, since plasma esterases recover more rapidly
than the microsomal enzymes (Fig. 2} and are less
sensitive to impairment by daily DS administration.
Since previous studies indicate that plasma esterases
are derived in part from the liver [27,28], it does
not appear likely that the return of plasma esterase
activity to basal levels is due to synthesis of new
enzyme, because microsomal esterase activity is still
declining. A recovery of plasma esterase activity could
occur, however, if membrane-bound esterases were
released from microsomes into the plasma by the
actions of DS. In this regard, Higashino er al. [29]
have demonstrated that ip. administration of CCl,
to mice results in a loss of hepatic microsomal ester-
ase that leads to higher levels of esterase activity in
hepatocyte cytosol and in plasma. Release of microso-
mal esterasc activity into plasma has also been
demonstrated after exposure of rats to CCl, vapor
[30]. Although we have no direct evidence that this
is the case after DS administration, such a mechanism
would explain the experimental observations presented
in Fig. 2.

The return of plasma esterases to basal levels of
activity could also reflect the disappearance of DS
or an active metabolite from plasma. However, this
possibility seems less likely since the absorption of
the poorly soluble DS from the gut would still be
occurring during the rise of serum esterase levels.
Moreover, during continuous administration of DS,
plasma esterases had returned to control levels at
times when microsomal carboxylesterase activity was
depressed (Fig. 1).

Electrophoretic analysis of microsomal esterases
revealed that the more rapidly migrating esterases
were impaired to the greatest extent by DS treatment
(Figs. 3 and 4). It has been proposed that the microso-
mal esterases that migrate rapidly toward the anode
are A-esterases. while the slowly migrating enzymes
are B-esterases [24]. Although differences in the
mechanism of catalysis between these two esterases
are still not clear, it had been suggested that A-ester-
ases contain an —SH group in their active site while
B-esterases do not [317]. Since it has been proposed
that DS inhibits enzymes such as hexokinase [32].
aldehyde dehydrogenase [33,34] and p-amino acid
oxidase [35] by interacting with essential enzyme
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~—SH groups, the selective impairment of the rapidly
migrating microsomal csterascs (A-esterases) by DS
may be the result of interactions between DS and
active site thiol groups of these enzymes. The rcla-
tively weaker inhibition of the B-esterases by DS may
result from interactions between DS and enzyme
—SH groups on u portion of the molecule away from
the active site.

Esterases exist in multiple forms not only in the
liver but also in a wide range of other tissues that
have been studied [23]. Therefore. the overall impair-
ment of ¢sterase activity in a given tissue after DS
administration may depend on the relative popula-
tions of A- and B-csterases {or DS-sensitive vs DS-in-
sensitive esterases) i the tissue. The heterogeneity of
tissue esterase populations may account for the fact
that liver. lung and plasma esterases were significantly
impaired after DS administration while heart. kidney
and testis esterases were not (Table 3). In addition,
accumulation of DS or active metabolites in particu-
lar tissucs could also contribute to the observed vari-
ation in sensitivity of tissue esterases to DS.

In the rat DS is rapidly reduced to the correspond-
ing thiol. DDTC [4]. Twenty-four hr after oral
DDTC administration, microsomal and plasma car-
boxylesterase activity was impaired but only at rela-
tively high doses (Table 1) Since oral administration
of DDTC may result in decomposition of a portion
of the dose to CS. and dicthylamine (DEA) in the
gut [4]. esterase activity was also determined 24 hr
after 1.p. admmistration of DS and DDTC (Table 2).
After 1p. administration. DS also impaired esterase
activity {o a greater extent than DDTC. which may
indicate that the presence of DS in the disulfide form
is required for maximal esterase inhibition. as pro-
posed for DS inhibition of several other enzymes
[32 35]. However, cven after ip. administration of
DS. absorption from the peritoncum is relatively
slow. DDTC ahsorption is more rapid, and by 24 hr
a significant portion of the administered dose may
have already been conjugated with glucuronic acid
or been otherwise metabolized or climinated [4].
Therefore, different rates of absorption. biotransfor-
mation and cxcretion of DS and DDTC may contrib-
ute to the observed differences in esterase impairment
24 hr after admimstration. Moreover. Lp. adminis-
tration of DS produces a scrofibrinous inflammatory
reaction. which muy in some way contributc to
cnzyme inhibition or to the rate of recovery from
the inhibition [5].

Comparisons between DS and DDTC are further
complicated by the fuct that DDTC can be reoxidized
to DS by endogenous compounds such as cyto-
chrome ¢ and methemoglobin [32, 347, Therelore, DS
and DDTC were incubated with microsomes or
plasma in vitro to compare their activity under condi-
tions where metabolic interconversions between the
oxidized and reduced compounds would not be a sig-
nificant problem (Table 4). In contrast to the impair-
ment scen afler DS administration. incubation of
control microsomes with DS or DDTC resulted in
only small decrcases i esterase activity. However,
during these incubations. impairment was consistently
greater in the presence of DS than DDTC. These
obscrvations may indicate that the disulfide is
required for maximum impairment or. alternatively.
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that the more lipid-soluble disulfide may enter the
microsomal membrane more casily than DDTC and
therefore have better access to the membrane-bound
csterases. In this regard. it had been shown that a
solubilized microsomal amide-splitting cnzyme was
inhibited to a greater extent by SKF-325A (2-diethyl-
aminoethyl 2.2-diphenylvalerate HCl) than the par-
ticulate enzyme from which it was derived [36]. More-
over, incubation of plasma with either 0-l mM DS
or DDTC produced approximately 50 per cent inhibi-
tion of plasma carboxylesterasc activity (Table 4). The
similar activity of DS and DDTC as inhibitors in
vitro of plasma carboxylesterases may be due to the
fact that the plasma enzymes are soluble and there-
fore equally accessible to DS und DDTC.

Although the studies in ritro did not define the
nature of the interaction between DS or DDTC and
carboxylesterascs. they did demonstrate that csterase
inhibition is not due to the metabolic products. €S,
and diethylamine (DEA). Ncither of these com-
pounds. alone or in combination. had any effect on
hepatic esterases in vitro (Table 4). Similarly, neither
CS, nor DEA alone inhibited plasma carboxylester-
ases, but a combination of the two reduced activity
to 73 per cent of control. However. an equimelar con-
centration of DDTC reduced activity to 44 per cent
of control. which suggests that breakdown of DDTC
to CS; and DEA is not responsible for esterasc inhibi-
tion. We have also found that oral administration of
CS, (025 or 050 ml/kg) to male rats had no effect
on plasma or microsomal esterases (results not
shown). further indicating that this metabolite of DS
and DDTC is not responsible for the observed im-
pairment of esterase activity. Inhibition by the CS,-
DEA nuxture may be duc to formation of DDTC
when these compounds are combined. Such an effect
had been reported with the lungicide dimethyldithio-
carbamate (DMDTC), which decomposes to CS, and
dimethylamine. A combination of CS, and dimethyla-
mine was found to be many times more toxic to
spores of Monilic fructicolg than cither compound
alone. which implics that the breakdown of DMDTC
may be reversible under appropriate  conditions
[26].

An interaction between DS and procaine (the ester
of p-aminobenzoic acid and dicthylaminoethanol) was
observed when procaine HCl (230 mg/kg. ip) was
given to control rats and to rats pretreated 24 hr pre-
viously with 2 g/kg of DS (unpublished observations).
Although procaine produced convulsions in approxi-
mately 80 per cent of the rats in both groups. 60
per cent of the control animals recovered while all
pretreated animals died. These preliminary observa-
tions suggest that DS does not alter the convulsive
threshold to procainc but may increase its toxicity
by impairing hydrolysis of the compound i rviro.
Although procaine is hydrolyzed primarily by plasma
csterases [[12]. the results reported herein suggest that
the hydrolysis of drugs by hepatic microsomal cster-
ases may also be impaired by DS treatment. More-
over, the degree of impairment may depend upon
which microsomal csterases are responsible for hy-
drolysis of a specific substrate since clectrophoretic
data indicate that A-esterases appear to be particu-
larly sensitive to DS inhibition. However. further
studics are required to verifv this hypothesis and to
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identify the exact nature of the interactions between
DS and individual microsomal esterases.
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