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Preface

This book is aimed at those in the biomedical community that are
interested in the therapeutic applications, pharmacology, biochemistry,
toxicology and pharmacokinetics of the title compounds. Recent
findings regarding the ability of diethyldithiocarbamate (ditiocarb,
Imuthiol®) to delay the progression of HIV infections and AIDS, the
discovery of its potential as a rescue agent in cancer chemotherapy,
and the identification of disulfiram (Antabuse®) regimens that allow
alcoholics to achieve abstinence of many months’ duration have made
writing this book an exciting experience. At the same time the fact that
the two drugs differ substantially in their pharmacological effects in
spite of their easy interconvertibility has rendered the writing intellec-
tually challenging.

Diethyldithiocarbamate, an agent seemingly less toxic than aspirin,
rivals it in the multiplicity and diversity of its pharmacological proper-
ties. Notable among these are the manyfold potent immunostimulant
effects, and though most of these involve effects on T-cells, the
mechanism of diethyldithiocarbamate’s action remains far from clear.
The drug is also a potent chelator of heavy metals and this has led to
a number of clinical applications. As might be expected, it inhibits
several important enzymes. Further, it is one of the most effective
radioprotective agents; it also protects organisms against a variety of
toxic agents.

Disulfiram, long employed in the treatment of alcoholism, has proven
over the last thirty years notably free of side-effects. Its adoption as the
treatment of choice for alcoholism by some public health authorities
and the resultant decrease in alcohol-linked hospital admissions have
rendered a critical in-depth review of its clinical literature timely. This
book answers the need and should prove a useful reference source for
clinicians and therapists in the field as well as for research scientists.

We offer in this book both an analysis of published data and a
conceptual synthesis of diverse information gleaned from different
disciplines (pharmacology, therapeutics, biochemistry and chemistry).



xiv  Preface

Wherever possible, we have attempted to integrate published findings
into a narrative that includes critical discussion, novel conclusions and
summaries of large bodies of information in tabular form. Many of the
values we list in the tables were newly computed for this book from
data in the literature.

Finally, the book is unusual, indeed to our knowledge unique, in that
the author index is also a citation index. That is, under the name of
each first author are listed chronologically all of that author’s cited
references and the pages on which each is cited in the book.

We would like to acknowledge the colleagues, many of whom are
expert in the relevant fields, who helped us by reading and criticizing
sections of the monograph or by discussing with us aspects of the
subject. These include, alphabetically: Richard F. Borch, M.D., Colin
Brewer, M.D., Janusz Z. Byczkowski, Ph.D., Richard K. Fuller, M.D,,
Donald Gallant, M.D., Robert Mclsaac, Ph.D., Erling Petersen, Ph.D.
Michael Phillips, M.D., Regina Pietruszko, Ph.D., Per R¢nsted, M.D,;
Robert Whitney, M.D., and Marek Zaleski, M.D. We would also like to
thank the many workers in the field who responded to our request and
provided us with updated information regarding their investigations.
Additionally, we would like to thank the ever helpful staff of the SUNY
at Buffalo Health Sciences Library, an excellent facility. Lastly, we
appreciate the patience shown by our editors at Chapman and Hall.
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Introduction and scope
of monograph

1.1 INTRODUCTION . . . . . . e i et e e e 1
1.2 SCOPE OF MONOGRAPH . ... ... ... ... ... ... . ......
1.3 EARLIER REVIEWS . . . . . . . ... . .. . i 5

1.1 INTRODUCTION

Disulfiram (DSSD), widely known under the trade name, Antabuse®, is
a symmetrical disulfide which can be reduced to two molecules of the
thiol (DSH) which, at physiological pH is better than 99% ijonized to
diethyldithiocarbamate and so referred to in this book. The sodium salt
of diethydithiocarbamic acid is available both in an anhydrous form and
as a trihydrate. It was earlier given the appellation dithiocarb (West and
Sunderman, 1958; Sunderman and Sunderman, 1958; Merck Index,
1968). More recently it has been assigned the International Nonpro-
prietary Name ditiocarb sodium (Merck Index, 1989; USAN, 1990).

Suppliers of reagent grade chemicals (Aldrich, Baker, Fisher, ICN,
Kodak, Merck, Sigma, Waco) stock, as a rule, the trihydrate and this has
been the material used by most investigators in preclinical studies of
the pharmacological properties of DSH. On the other hand, Imuthiol®,
the brand of DSH produced by the French pharmaceutical company,
Institut Mérieux and the form usually used in the study of the
immunomodulatory and clinical effects of DSH, is the anhydrous sait.
Accordingly, the DSH doses and concentrations are reported in this
book in terms of the trihydrate except in Chapters 12, 13 and section
15.3 of Chapter 15 where, as noted therein, this information is given
in terms of the anhydrous salt.

DSSD is best known for its ability to inhibit acetaldehyde oxidation
in vivo and for causing, thereby, the disulfiram—ethanol reaction, an
unpleasant syndrome which follows the consumption of even relatively
small amounts of ethanol by individuals taking DSSD. This property of
DSSD has led to its widespread clinical use as an aversive drug in the

1



2 Introduction and scope of monograph

treatment of alcohol abuse. The formulations in which dispensable
DSSD is marketed in different countries vary. Thus, in Scandinavia and
much of Western Europe, but not the United Kingdom, United States
or Australia, it is available in the form of effervescent tablets containing
a wetting agent which speeds the dissolution of the DSSD. This can
result in major differences in its bioavailability (section 6.5.7) and
should be kept in mind when evaluating clinical studies from different
countries.

The reduction of disulfiram to diethyldithiocarbamate occurs readily
in vivo as well as in vitro and the thiol is the primary metabolite of
disulfiram. The thiol, in turn, can be readily oxidized to the disulfide.
Systems capable of bringing about this oxidation exist in vivo.

The easy interconvertibility of these two agents affects their chemi-
cal and biological properties. To emphasize the disulfide-thiol, oxida-
tion—reduction, dimer—-monomer relationship between them, we have
adopted in this book the abbreviations DSSD for disulfiram and DSH for
diethyldithiocarbamate. This usage is similar to that of Strémme
(1963a) who used ASSA and ASH, the A presumably being an allusion to
Antabuse. It is analogous to that of GSSG and GSH for the oxidized and
reduced forms of glutathione, respectively. It has the advantage of
serving as a clear reminder of the relationship between the two agents,
a characteristic not shared with the other frequently used abbrevi-
ations for disulfiram (viz. DSF, TETD, TTD) and diethyldithiocarbamate
(viz. DDC, DEDC, DDTC).

DSH has long been known for its avid chelation of heavy metals. This
has led to interest in its antidotal effects in heavy metal poisoning. In
that context it has been at times referred to under the generic name,
dithiocarb. In particular it is recognized as the agent of choice in the
treatment of nickel carbonyl intoxication. Also, it has been found to act
as a rescue agent, preventing renal damage from cisplatin, an important
chemotherapeutic agent.

More recently, the potent immunostimulant properties of DSH have
been recognized and much excitement has been generated by the
results of several controlled trials which indicate that it slows the
progression of HIV infection.

To some extent the in vivo pharmacological activities of DSSD and
DSH overlap, suggesting that the mutual interconvertibility of these
agents occurs to a pharmacologically significant extent. Thus, as in the
case of DSSD, administration of DSH can cause inhibition of acetalde-
hyde metabolism. Conversely, DSSD administration, like that of DSH,
results in the chelation of heavy metals and in alterations in their
distribution and excretion patterns.



Scope of monograph 3

1.2 SCOPE OF MONOGRAPH

DSSD and DSH have a large number of diverse effects on biological
systems and no unitary explanation can be given for all of them at this
time. These effects are subject to investigation and discussion in a large
number of fields and citations to relevant work are mostly field-oriented.
No review of their various actions has been written hitherto that is to any
degree comprehensive. This vast literature can be subsumed under two
headings. Firstly, the direct actions of these agents on biological systems
and secondly, their interactions with other agents and drugs. In this
monograph we strive to present as fully as possible the basic knowledge
about these compounds and the underlying principles of their actions,
illuminated by selected important examples that are discussed critically.
A complete cataloguing of their actions is, however, beyond the scope of
the book. We limit ourselves, therefore, to those interactions which are
of clinical importance or potentially so, thus the interactions with
ethanol, heavy metals, and chemotherapeutic agents.

Knowledge of the physical and chemical properties of DSSD and
DSH, particularly regarding the easy reducibility of DSSD, the formation
of metal complexes by DSH and its acid-catalyzed decomposition
(Chapter 2) is required for any discussion of their biological actions.

The difficulty experienced by many investigators in accounting for
DSSD in vivo, or even following its addition to blood iz vitro, has been
a source of confusion and controversy. Some find it possible to detect
DSSD in blood, but only after special stabilizing procedures. Even when
such procedures are used, more than a week of therapy is required
before measurable amounts can be detected in the blood samples of
patients. Others report that, following a single administration of DSSD,
they are able to measure its levels in blood over periods of hours, or
even days, and give half-lives for its disappearance. Consequently,
emphasis has been given in this book to the reactions of DSSD and DSH
with blood constituents (Chapter 3), and a critical discussion of the
available analytical methods for the determination of these entities in a
biological matrix (Chapter 4).

The metabolism of DSSD, DSH and that of the products of their
biotransformations is considered in two parts; first (Chapter 5) the
qualitative aspects of this metabolism are discussed. Next, a con-
certed effort is made to address the quantitative aspects of such
metabolism (Chapter 6) by collating reported pharmacokinetic para-
meters with additional ones computed for this book using published
data.

DSH is a therapeutically important avid chelator of heavy metals,
from cadmium and nickel to platinum and polonium (Chapter 7).
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Added to blood, DSSD is reduced stoichiometrically with the formation
of the copper chelate of DSH. Accordingly, chelation is considered in
close apposition to chapters on the disposition of these agents.

Many enzymes are inhibited by DSSD and DSH in vitro, in some
instances this is mediated by the chelation of the metal at the active
center of the enzyme. This and other mechanisms are discussed in
section 8.1. In vivo, these agents are potent inhibitors of drug metab-
olizing enzymes of the hepatic endoplasmic reticulum. The extent and
mechanism of such inhibition is reviewed in section 8.2. In somewhat
larger doses they bring about an inhibition of dopamine f-hydroxylase,
an enzyme which catalyzes the last step in the biosynthesis of
norepinephrine (section 8.3). Given in very large doses to experimen-
tal animals, DSH and DSSD also cause the iz vivo inactivation of some
of the enzymes responsible for protecting the organism against reactive
oxygen species, particularly superoxide dismutase (section 8.4).

The therapeutically important interaction between DSSD and
ethanol is discussed under four parts. First, the inhibition of aldehyde
dehydrogenase that follows DSSD administration, a subject which has
been extensively investigated, is reviewed (Chapter 9). Next, the
phenomenology and toxicology of the disulfiram—ethanol reaction
(DER) is discussed. In this context the aldehyde and the dopamine
B-hydroxylase hypotheses regarding the mechanism of the DER are
considered and evaluated (Chapter 10). This is followed by a consider-
ation of the DSSD therapy of alcoholism (Chapter 11). The therapy is a
very effective one, given that the patient remains compliant. According-
ly, special attention is given to a comparison of the efficiency of various
treatment paradigms in motivating patient compliance and reducing
the number of days on which ethanol is imbibed. The time course of
action, the side-effects, and other related matters are also discussed.

Chapter 12 is devoted to the potent immunostimulatory effects of
DSH. These actions of DSH have attracted a great deal of research
activity, initially almost exclusively among French investigators. The
immunostimulant properties of DSH appear to be mediated by its
action on T cells. This has led to clinical trials of its effectiveness in
retarding the progression of HIV infection (Chapter 13), its experimen-
tal employment in patients with such autoimmune diseases as rheuma-
toid arthritis, as an adjuvant for influenza vaccinations, and in the
stimulation of the immune system in patients undergoing gastrointes-
tinal surgery.

The modulation by DSH and DSSD of various biological phenomena is
discussed in Chapter 14. First, is collated the information regarding the
biphasic cytotoxicity frequently reported to be caused by these agents



Earlier reviews 5

seen in cell culture (section 14.1) and a hypothesis is advanced
regarding the mechanism of this phenomenon. Next, we review the
available information regarding the modulation of oxidative stress by
these agents (section 14.2). Finally, since DSH is one of the more
effective in wvitro and in vivo radioprotective agents, the relevant
phenomenology is considered in section 14.3.

The use of DSH as a rescue agent safeguarding against the develop-
ment of renal toxicity during treatment with the important chemother-
apeutic agent, cisplatin, is discussed in Chapter 15. Also presented
therein are the more recent findings that DSH protects experimental
animals against the myeloid toxicity of this and other chemother-
apeutic agents.

Finally, the toxicology of these agents is discussed in Chapter 16.
Both agents are relatively non-toxic, are not carcinogenic or mutagenic
and do not cause teratogenic effects.

1.3 EARLIER REVIEWS

The chemical properties of dithiocarbamates and their disulfide deriva-
tives were reviewed extensively by Thorn and Ludwig (1962). These
authors also reviewed the biochemical and pharmacological properties
of these agents, with particular emphasis on their fungicidal actions.
Hulanicki (1967) reviewed the chelation of metals by DSH, and a
shorter review of the chemical properties of DSH was published by
Halls (1969). Physical and spectral properties of DSSD have been
reviewed by Nash and Daley (1975). The analytical methods available
for the determination of DSSD and its metabolites were reviewed
comprehensively by Brien and Loomis (1983a). Eneanya et al. (1981)
reviewed the metabolic disposition of DSSD as known at the time; its
pharmacokinetic aspects were discussed by Brien and Loomis (1983b).
Beauchamp et al. (1983) reviewed the disposition of a metabolite of
DSSD and DSH, carbon disulfide. Fiala (1981) and Bertram (1988) have
reviewed the effect of DSSD on the metabolism and activity of carcino-
gens. The antifungal activity of DSH has been discussed by Allerberger
et al. (1991).

Truitt and Walsh (1971) undertook a critical analysis of the role of
acetaldehyde and inhibition of dopamine f-hydroxylase in the manifes-
tations of the DER. Various factors in the DER were reviewed subse-
quently by Kitson (1977) and by Peachey and Sellers (1981). The
pharmacology and clinical employment of DSSD were reviewed by
Faiman (1979). Haley (1979) considered various aspects of DSSD
action, focusing in particular on toxic reactions and effects on the
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metabolism of other drugs. Side-effects of DSSD therapy were reviewed
by Wise (1981). Rainey (1977) focused on the similarities between
some toxic effects of DSSD and those of carbon disulfide.

Peachey et al. (1981b) have discussed the pharmacology and toxic
complications of DSSD therapy in the context of a comparison with the
parallel properties of calcium carbimide. A review of the toxicity of
DSSD, with particular reference to the DER reaction, is to be found in
Gosselin et al. (1984). A shorter overview of the subject of alcohol-
sensitizing drugs was published by Brien and Loomis (1985).

A review of the clinical employment of DSSD, focusing on CNS
involvement, was written by Kwentus and Major (1979). The early
treatment literature has been reviewed by Lundwall and Baekeland
(1971) and by Etzioni and Remp (1973). Cavanagh and Barnes (1973)
have reviewed the induction of peripheral neuropathy by DSSD. A good
clinical primer is to be found in the Medical Letter (1980); also
noteworthy is article written by Sellers et al. (1981). A short discussion
of the clinical employment of DSH is given by Gale (1981). The
annotated bibliography on disulfiram in the treatment of alcoholism is a
useful document (Busse et al., 1978). Peachey and Naranjo (1983) have
written an excellent review of the pharmacology, efficacy and clinical
use of alcohol sensitizing drugs. A short monograph by McNichol et al.
(1987) reviews some aspects of the clinical use and pharmacology of
disulfiram. More recently the use of disulfiram in the treatment of
alcoholism has been reviewed by Liskow and Goodwin (1987) and by
Wright and Moore (1989; 1990).

Aldehyde dehydrogenase isozymes and the inhibitory effects of DSSD
were reviewed by Pietruszko (1983, 1989). The mechanism of the
inhibition of this enzyme by DSSD was reviewed by Kitson (1988), The
relationship between the polymorphism of these isozymes and sensitiv-
ity to alcohol was reviewed by Agarwal and Goedde (1986, 1987, 1989)
and Goedde and Agarwal (1990), and the pharmacology of acetal-
dehyde, with a discussion of the DER, by Brien and Loomis (1983c).
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2.1 INTRODUCTION AND GENERAL PROPERTIES

Chemically, disulfiram (DSSD; trade name Antabuse®), is tetraethyl-
thiuram disulfide, or tetraethyl thioperoxydicarbonic diamide (Chemi-
cal Abstracts designation), or bis (V,N-diethylthiocarbamyl) disulfide. As
the last name implies, it is a dimeric molecule wherein two diethyl-
dithiocarbamate moieties are linked through sulfur atoms forming a
disulfide bond. Its structure is given below:

/
N—C /C—N

/A \
CH,CH, S-S CH,CH,

CH;CH S S CH,CH
N N s

DSSD (molecular weight 296.54) is sparingly soluble in water and
saturation occurs at about 40-100 uM. To obtain aqueous solutions
higher than 15 pM it is necessary to use solvents such as ethanol (Kitson,
1975). Solutions up to 50 uM can be obtained by adding 50 pl of 2 10 mM
DSSD solution in ethanol to 10 ml buffer (Stromme, 1965a; Agarwal, R.P.
et al., 1986). The partition coefficient for DSSD between octanol and
water is 646, giving a log P value of 2.81 (Johansson, 1990b).
Diethyldithiocarbamic acid (molecular weight 149.23; Chemical Ab-
stracts designation, diethyl carbamodithioic acid) has a pK, of 4.04. The
unionized acid is lipid-soluble, consequently the distribution of diethyl-
dithiocarbamate (DSH) between lipid solvents and water is a function
of pH. Several investigators have determined pH,,,, that is, the pH at

7
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which DSH is distributed equally between the aqueous and organic
phases. The values reported have been 6.21 (Bode, 1954; Stary and
Kratzer, 1968), 6.72 (Still, 1964 quoted by Yeh et al., 1980), 7.0 (Aspila et
al., 1975). The sodium salt is available both in an anhydrous form (mole-
cular weight 171.21) and as a trihydrate (molecular weight 225.26).

The disulfide bond of DSSD is rather unstable; the compound can be
dissociated into two dithiocarbamate radicals by heating (Klebanskii and
Fomina, 1960). In solution, DSSD is readily reduced to DSH by ascorbic
acid (Goldstein, M. et al., 1964) and by compounds with free sulfhydryls,
as for instance by 0.14 mM reduced glutathione (Johnston, 1953), or 1 mM
mercaptoethanol (Agarwal, R.P. et al., 1986) as well as by free sulfhydryl
groups of proteins. Such reactions result in the formation of mixed disul-
fides wherein the sulfur of the thiol becomes linked with the DS moiety;
concurrently, half of the molecule of DSSD is released in the form of DSH
(Stromme, 1965a; Neims et al., 1966b). DSSD is also reduced by cuprous
ions to yield the cupric ion complex, Cu(DS), (Akerstrom, 1950).

Just as DSSD is easily reduced to DSH, so the latter is readily oxidized
to DSSD, for instance, by cytochrome ¢ (Keilin and Hartee, 1940) and
by hydrogen peroxide (Thorn and Ludwig, 1962).

2.2 ACID CATALYZED DECOMPOSITION

In acid solution DSH is protonated and the subsequent decomposition
to form carbon disulfide and diethylamine proceeds through the
dipolar ion as follows (Hulanicki, 1967):

CH,CH, /s CH,CH, S CH,CH,
N—c/ TL‘}T H*--\-N‘q—C/ — NH+CS,

/ N\ / 0\ /

CH,CH, S CH,CH, (s cHyCH,

Bode (1954) studied the half-life of DSH in water at various pH values;
Hallaway (1959) did so in a phosphate—citrate buffer. From their
results, obtained at 20° and 15°C, respectively, it is apparent (Fig. 2.1)
that the DSH half-life is a linear function of pH. Specifically the least
squares solution for the regression of Bode’s half-life values on pH is
given by the relationship log #,,=—2.53+1.00pH while the re-
gression of Hallaway’s half-lives on pH is given by the relationship log
t,,,= —1.82540.979 pH. Hallaway (1959) also reported that there is an
8-fold increase in the rate of breakdown between 7° and 30°C.
Bubbling of air or oxygen through a solution of DSH does not change
the rate of its acid-catalyzed decomposition, although it removes the very
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Figure 2.1 Plot of the half-life of diethyldithiocarbamate in water as a function of
pH. Solid circles data of Bode (1954); open circles data of Hallaway (1959).

volatile carbon disulfide that is formed and precludes the reverse reac-
tion sequence. Conversely, at highly alkaline pH, the equilibrium for the
reaction sequence is very far to the left and, in the presence of diethyl-
amine, carbon disulfide is quantitatively converted to DSH. Accordingly,
such trapping of carbon disulfide in an alkaline alcoholic solution of
diethylamine is the basis for a sensitive method for determination of
carbon disulfide in breath. The DSH formed in this manner gives, in the
presence of cupric ions, a deep yellow copper complex the concentra-
tion of which can be determined spectrophotometrically. Since carbon
disulfide is a pulmonary metabolite of DSSD (section 5.6), the method is
used in testing compliance of patients with DSSD therapy (section 11.8).

Even in the solid state, DSH slowly breaks down (Hallaway, 1959).
Hence analytical grade samples of DSH have a half-life of about seven
years under ordinary laboratory storage conditions.

2.3 FORMATION OF METAL COMPLEXES

Extraction of a metal (M) with ionic charge 7 from aqueous phase into
a solution of DSH in an organic solvent can be viewed (Stary and

Kratzer, 1968) as
[M™*].q + 72[DSH] org =[M(DS),]org + 7[H ™ |aq 2.1)
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The equilibrium, or extraction, constant for this equation will be

[M(DS),Jorg[H* 124

K=
[M"*]4[DSH] G,

(22)

The extraction constant for the reaction of cupric ions with DSH to
form the Cu(DS), complex is very much larger than the parallel one for
the formation of Zn(DS),. Accordingly Zn(DS), will react quantitatively
with copper to give Cu(DS), via ligand exchange. Determination of
extraction constants for a large number of DSH metal complexes has
allowed the formulation of displacement series (Table 2.1). Given any
two metals in this series, that on the right will displace the one on the
left from its DSH complex via ligand exchange with the formation of
the DSH complex of the metal on the right. Below the symbols for the
metal in Table 2.1 is the value of (1/7) log K for the specified oxidation
state of the metal.

The efficiency with which, in the presence of DSH, organic solvents
will extract metals as their DS complexes is given by the two phase
stability constant of the complex

[M(DS) ,]org

SN E @

The value of f can be calculated from that of K by virtue of the
relationship

(1/n)log f=(1/n) log K+pH, (24)

where pH,,, is the pH at which 50% of the DSH is in the organic phase.

For Cu(DS),, 8 has a value of 10%%, For Zn(DS), that value is 10"
(Yeh et al., 1980). From these figures it is clear that DSH is a very
powerful ligand of metal ions. DSSD also chelates metal ions avidly;
with copper, at least, the same metal complex appears to be formed
whether the reaction is with DSSD or DSH.

The high lipophilicity of the metal complexes of DSH contributes to
their tendency to undergo irreversible adsorption on surfaces such as
glass, Teflon (Hiring and Ballschmiter, 1980) and Sephadex gel
(Stromme, 1965a). Some investigators working with DSSD and DSH
seek to avoid such problems by taking special steps to remove traces
of complexing metal ions from solutions they use. Thus, Strémme
(1965a) used buffers 0.01 M with respect to EDTA and extracted them
twice with 0.1 diphenylthiocarbazone in chloroform. Agarwal, R.P.
et al. (1986) dialyzed albumin solutions, to be used in DSSD experi-
ments, against Tris—EDTA. It should be noted, however, that the
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complexation with metal ions, particularly copper, may be of consider-
able physiological significance. Thus, upon addition of DSSD to blood in
a 5 uM concentration, the DSSD is quantitatively converted to Cu(DS),
(Johansson and Stankiewicz, 1985).
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3.1 INTRODUCTION

Disulfiram (DSSD) and diethyldithiocarbamate (DSH) interact with
blood constituents in a variety of ways which are still poorly under-
stood. Nevertheless these interactions are central to the design and
evaluation of analytical procedures, as well as to the interpretation of
experimental results and their biological consequences. Many inves-
tigators have reported on the difficulties experienced when seeking to
recover DSSD added to blood, plasma or serum, and on their inability
to detect DSSD in the plasma of animals or humans dosed with it.
Conditions have now been described under which it is possible to
stabilize DSSD added to blood iz vitro and to recover it (Johansson,
1988). Using these conditions it is possible to detect DSSD in the blood
of individuals dosed with it. The conditions that have to be used are,
however, highly unphysiological and therefore underscore our poor
understanding of how the interactions of DSSD with blood constituents
permit its survival in blood in vivo.

The reactions of DSSD and DSH with blood constituents are best
discussed under three headings. Firstly, the interaction of plasma
copper with these agents to form the copper chelate of DSH (section
3.2). Secondly, the interaction of DSSD, in the absence of metal ions,

13
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with plasma proteins that results in the formation of mixed disulfides
(section 3.3). Thirdly, the interaction of DSSD with the cellular el-
ements of blood, particularly the erythrocytes (section 3.4).

3.2 FORMATION OF COPPER COMPLEXES

DSSD and DSH have a very high affinity for heavy metal ions, particu-
larly those of copper, with which they form complexes. Divatia et al.
(1952) observed that the inability to recover (by extraction with
ethylene dichloride) DSSD added to blood, or plasma, could be over-
come by equilibrating the sample first with copper sulfate. Quantitative
recoveries (100+5%) over a DSSD concentration range of 17-670 uM
could be effected, the DSSD being present in the extract as its copper
complex, Cu(DS), Stromme (1965a) observed in his work on the
interaction of DSSD with plasma proteins, the formation of heavy metal
complexes and their adsorption at the top of the Sephadex column.
Consequently, he took pains to remove heavy metal ions and com-
plexes from his solutions and subsequently used EDTA buffers, as did
Agarwal, R.P. et al. (1983, 1986). Under more physiological conditions,
the heavy metals in blood and other tissues would be expected to play
an important role in the fate of DSSD and DSH in such tissues. DSSD
added to blood, or plasma, in an amount calculated to give a 5puM
concentration, is all reduced stoichiometrically to Cu(DS), within 5
min (Johansson and Stankiewicz, 1985). The same complex is obtained
upon the reaction of copper with either DSSD or DSH (Sauter et al.,
1976; Johansson and Stankiewicz, 1985).

The formation of the complex is a mass action reaction, the equi-
librium of which very much favors the formation of the complex
(section 2.3). In the presence of other compounds with a high affinity
for copper, dissociation of the complex is to be expected. An illustra-
tion of these principles is provided by the fate of Cu(DS), in the spiked
plasma in vitro, wherein its levels decrease quite slowly (half-life
>20 h). Its disappearance is much more rapid, however, when
ethylenediaminetetraacetic acid (EDTA) is present (Johansson and
Stankiewicz, 1985). This is attributable to the fact that EDTA and
DSH have similar affinities for cupric ions and compete for them.
The two DS moieties of the Cu(DS), complex in plasma are able to
undergo decomposition with the stoichiometric formation of
diethyldithiocarbamic acid ethyl ester (DSEt) under the conditions
used analytically to ethylate DSH (Johansson and Stankiewicz,
1985), that is, following addition of mercaptoethanol and ethyl
iodide.
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The formation of ternary complexes between plasma proteins, cop-
per and DSH has been suggested (Johansson and Stankiewicz, 1985).
Formation of complexes of the form below:

/S\\ //S\ CH,CH,
A

N 7

protein Cu c—

CH,CH,

need not be limited to plasma. Morpurgo et al. (1983) have presented
evidence that DSH forms such ternary complexes with copper-sub-
stituted carbonic anhydrase.

3.3 FORMATION OF MIXED DISULFIDES

Stromme (1965a), who was the first to address rigorously the question
of the interaction of DSSD and DSH with serum proteins, developed a
method for the separation of DSSD, DSH and serum proteins on a
Sephadex column. Using a 15 min incubation period, he observed that
$S-DSSD, added to human serum diluted with pH 8.5 EDTA buffer,
reacts with serum proteins with the formation of a stoichiometric
quantity of DSH and retention of 50% of the label bound to the protein.
In human serum, almost all the reactive -SH groups are associated with
albumin and the *S-labeled protein formed in the reaction of serum
proteins with 3S-DSSD has the same electrophoretic mobility as al-
bumin. Suspecting the albumin complex formed to be a mixed disulf-
ide, Strénme (1965a) used glutathione (GSH) [previously shown by
Johnston (1953) to reduce DSSD in virtually stoichiometric fashion]
and found it to liberate a stoichiometric quantity of DSH from the
albumin complex. The observed phenomena can be represented,
therefore, by two thiol-disulfide exchange reactions as follows:

albumin—SH + DSSD —albumin—S—-SD + DSH

albumin—S—SD + GSH —albumin—S$-SG + DSH

Stromme (1965a) also noted that a complete blockage of the albu-
min -SH groups could be obtained with a slight excess of DSSD,
indicating the equilibrium of the first reaction above was displaced far
towards the right side. The study of analogous reactions of 3*S-DSSD
with a variety of native and denatured proteins (Neims et al., 1966a)
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indicates that the amount of **S-DSH liberated in such reactions
corresponds closely to the number of available sulfhydryls on the
object proteins. For instance, native hemoglobin is known to possess 2
reactive thiol groups and 4 latent sulfhydryls per mole of protein. Upon
reaction of hemoglobin with »S-DSSD, two mole equivalents of 3*S-DSH
are liberated. However, if the hemoglobin is first denatured with
sodium dodecyl sulfate, reaction with *S-DSSD liberates 5.6 moles
equivalents of ¥*S-DSH. Moreover, all the radioactivity is rapidly released
from the ¥S-labeled hemoglobin upon addition of an excess of GSH, or,
alternatively, cysteine (Neims et al., 1966b).

In contrast to DSSD, DSH, when added to human serum diluted with
pH 8.5 EDTA buffer, forms only a loosely bound adduct with serum
proteins (Stromme, 1965a). The extent to which such adduct forma-
tion occurs is a function of the DSH concentration and, unlike the
reaction of DSSD with albumin, it is readily reversible upon dilution
with buffer.

The kinetics of the reduction of DSSD by serum albumin have been
studied by Agarwal, R.P. et al. (1986), who followed the time-depend-
ent changes in the ultraviolet difference spectrum of a mixture of these
entities in Tris—EDTA buffer. They found that the reaction proceeds by
a first-order mechanism, independent of the concentration of both
initial reactants. This finding led them to propose that the first step in
the reaction is a very rapid formation of a non-covalent DSSD—albumin
adduct, which precedes a slower unimolecular reduction of DSSD with
the liberation of DSH.

albumin - S---S-D
albumin—SH + DSSD— | ‘ —albumin—-SSD + DSH

H S-D

At pH 7.4, the overall rate for the reaction is 0.0052s !, which re-
presents a half-life of 133s.

Interestingly, in an earlier study Agarwal, R.P. et al. (1983) had
pursued the interaction of DSSD with plasma proteins using an analyti-
cal method based on a multistep extractive procedure and HPLC
analysis of the resulting heptane extracts. The sample was diluted with
an equal part of pH 9.5 phosphate-EDTA buffer. The first extract, used
to assay DSSD, was secured without any other pretreatment of the
sample; the second, used to assay free DSH, was made following
alkylation of the sample with methyl sulfate; the third, employed to
assay for protein-bound DSH, was obtained following addition of
cysteine and methyl sulfate. Under these circumstances, about 58% of
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the DSSD reacted with plasma components within 1 or 2 min with the
formation of almost equal concentrations of free and protein-bound
DSH; very similar results were obtained with albumin. Over the period
of the next hour, or two, DSSD levels declined slowly with concomitant
increase in protein-bound DSH and little or no change in the free DSH.
The results were tantalizingly similar, yet rather different from those
reported by Strémme (1965a), in that (a) the conversion was not
complete within 15 min and (b) following the first couple of minutes,
continued conversion of DSSD to protein-bound DSH occurred without
the expected stoichiometric release of free DSH. Agarwal, R.P. et al.
(1983) considered the possibility of the slow formation of a non-
covalent adduct between DSH and the protein, but when exogenous
DSH was incubated with plasma proteins iz vitro no such adduct could
be detected. As complex as the interaction between proteins and the
DSSD-DSH system is in aqueous buffers, the introduction by Agarwal,
R.P. et al. (1983) of lipophilic solvents and the perturbing effects these
may have on the tertiary structure of plasma proteins, renders the
situation substantially more complex.

3.4 UPTAKE OF DISULFIRAM BY BLOOD CELLS

Divatia et al. (1952) noted that upon a 10-min equilibration of whole
blood with DSSD, added in a quantity calculated to give a ca 350 uM
concentration of DSSD, there was an almost equal distribution of the
DS moiety between plasma and the cells.

Pedersen (1980), following addition of **S-DSSD to plasma in a
1.7-13.5 uM concentration, could account for 80% of the label in terms
of DSSD and total (free and cysteine-releasable) DSH. Furthermore, he
found that upon addition of the DSSD to whole blood only 58% of the
label could be thus accounted for in plasma, 24% of the label having
been taken up into the erythrocytes. An observation by Pedersen
(1980), left unexplained, is the large difference in the ratio of protein-
bound to free DSH recoverable immediately following addition of DSSD
to serum and whole blood (4.5 and 0.11, respectively). Interpretation
of these findings is complicated by the use by Pedersen (1980) of the
extractive procedures involving lipophilic solvents later used by Agar-
wal, R.P. et al. (1983), as described in section 3.2 (his phosphate buffer,
however, contained no EDTA).

Pedersen (1980) found that, following p.o. 3°S-DSSD administration
(to rats, in a 40 mg/kg dose), the distribution of the label in plasma
changed yet again: virtually all of the *S was present as either protein
disulfide-bound dithiocarbamate (PrSSD) or diethyldithiocarbamic acid
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methyl ester (DSMe), only threshold values of free DSH being detect-
able. The PrSSD/DSH ratio in plasma was similar to that previously
reported by Stromme (1965b) following i.p. administration of *S-DSSD
(to rats in a 10 mg/kg dose). The actual PrSSD levels, however, were
markedly different. Thus while Stromme had found these to be 24, 2.2
and 0.82pg/ml at 1, 2 and 4h post administration, respectively,
Pedersen reported values of only 0.025, 0.083 and 0.081 pg/ml at the
corresponding time points. Pedersen (1980) did not advance any
explanation for these results, though he did warn that some of the
protein-bound DSH might originate from ex vivo conversion of DSH or
DSSD.

Added to blood in wvitro, DSSD is rapidly reduced and converted
stoichiometrically to Cu(DS),. In this, the behavior of blood is similar
to that of plasma. Cu(DS), disappears, however, more rapidly from
whole blood (down to 50% in ca 2h at 23°C) than from plasma
wherein its half-life exceeds 20 hrs (Johansson and Stankiewicz, 1985).
This difference is attributable to the redistribution of the DS moiety
from plasma to cells. This redistribution has been studied by incubating
blood with either “C-DSSD or “*C-Cu(DS), for 30 min at 37°C. It is
found that the uptake of label into the erythrocyte cell membrane is
linearly proportional to the amount of the compound added to blood,
but that the amount taken up into the cytosol of the erythrocyte is a
hyperbolic function of this quantity (Johansson, 1990a). This hyper-
bolic relationship led Johansson (1990a) to postulate the involvement
of a saturable transport mechanism. A replot of the *S-DSSD uptake
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Figure 3.1 Plot of the logarithmic metameter of the uptake of disulfiram (DSSD)
into the cytosol of the erythrocyte during a 30-min incubation at 37°C as a function
of the logarithmic metameter of disulfiram blood concentration. Data of Johansson
(1990a).
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data (Fig. 3.1) shows, however, that rather than tending to approach
some constant value, the amount found in the cytosol is a log-log linear
function of the blood concentration of DSSD. This behavior is analog-
ous to that observed for the adsorption of solutes on activated charcoal
(Gessner and Hasan, 1987) and suggests that as the free DSSD concen-
tration increases, DSSD interacts with -SH groups of progressively
lower reactivity.

The recovery of added DSSD in the form of DSSD, be it from blood
or plasma, has proved rather challenging. Both plasma and blood
have considerable reductive power, that of blood being several times
that of plasma. Much of this is due to the thiol content of blood being
40 times that of plasma. The ionization of thiols, and thus their
reactivity towards disulfides, can be depressed by acidification. In
the presence of diethylenetriaminepentaacetic acid (DPTA), a
chelating agent, acidification of plasma to pH 4.5 with acetic acid
stabilizes added DSSD and makes it possible to recover it quantitatively,
if the analysis is carried out immediately. Using such methodology,
Johansson (1988) was able to detect DSSD in the plasma of alcoholic
patients in the second and third, though not the first week of DSSD
therapy (400 mg every second day). He found that, 6 h after the latest
dose, the plasma DSSD concentration in these patients was on average
0.16 pM. Clearly, given the rapidity with which DSSD disappears from
blood in wvitro, efficient processes must exist #n vivo that either
maintain it unreduced, or reoxidize the DSH that is formed from it. In
this context, it should be noted that Johansson (1990a) has reported
that addition of DSH to plasma spiked with DSSD increases the
recovery of the latter by 20% (details not given), an observation that
led him to conclude that DSH is oxidized to DSSD in fresh heparin
plasma. Other evidence that DSH can be oxidized to DSSD in blood is
discussed in section 6.3.

3.5 SUMMARY

In the presence of normal blood copper concentrations, added DSSD
is stoichiometrically reduced with the formation of Cu(DS),. If the
blood copper is chelated, DSSD is reduced with the formation of mixed
disulfides. There is much evidence to suggest, however, that the DS
moiety as such is relatively stable in blood, certainly in plasma.
However, it may be present in a variety of forms, taxing the analytical
abilities of investigators to discern them and quantitate them without
materially affecting the distribution of the moiety between the differ-
ent forms.
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4.1 INTRODUCTION

Numerous methods have been published for the determination of
disulfiram (DSSD) and its metabolites in biological material. The very
multiplicity of published methods, most of which have been used
subsequently only by their authors, if at all, is indicative of the difficul-
ties inherent to the problem. Brien and Loomis (1983a) have written
a comprehensive and detailed review of this subject. Accordingly,
this chapter deals first with a discussion of overriding issues; secondly,
with methods deemed noteworthy because of their inherent advan-
tages, and thirdly with such other methods as were used in measuring
the plasma levels of DSSD and metabolites, values from which the
pharmacokinetic parameters listed in the tables of Chapter 7 were
computed.

21



22 Assay methods for disulfiram and metabolites
4.2 GENERAL CONSIDERATIONS

Following its in vivo administration, or its iz vitro addition to blood,
DSSD disappears so rapidly as to have frustrated the efforts of many
investigators to detect it as such in this fluid (Cobby et al., 1977b;
Pedersen, 1980; Masso and Kramer, 1981; Agarwal, RP. et al., 1986;
Johansson, 1986). This is due, to a large extent to the high reductive
power of blood. As shown by Stromme (1965a), sulfhydryl groups of
serum proteins reduce DSSD with the formation of mixed disulfides
(section 3.3) and the release of stoichiometric amounts of diethyl-
dithiocarbamate (DSH). Also, endogenous copper reacts with DSH, as
well as with DSSD, to form the bis-(diethyldithiocarbamato) copper
complex, Cu(DS), (section 3.2). In none of these reactions is the DS
moiety degraded, yet it is clear that it can exist in blood in a variety of
interrelated forms. Accordingly, the analytical task is one which re-
quires definition. Optimally, it would be desirable to identify and
quantitate the amounts of all the different forms of the DS moiety
present in the biological matrix. That, however, is a daunting analytical
task yet to be achieved. Many of the extant efforts at measuring one or
more of these forms involve procedures which are either known to
bring an ex vivo redistribution of the DS moiety between the various
forms, or are likely to do so.

Some investigators report being able to account, in terms of one or
more analytical entities, for all of the DSSD added to either serum
(Strémme, 1965a), plasma (Agarwal, R.P. et al., 1983) or blood (Divatia
et al., 1952; Sauter and van Wartburg, 1977; Johansson and Stan-
kiewicz, 1985; Johansson, 1986, 1988). The analytical entities assayed
do not necessarily reflect those actually present in the sample. The
work from the laboratory referenced last illustrates this well. Johan-
sson (1986) reported that within 5 min of addition of DSSD, in a
concentration range of 3.4-3400 nmol/ml, to fresh heparinized plasma
no detectable amount of DSSD could be found. In the same time
frame, all of the added DSSD was recoverable, however, as Cu(DS),
(Johansson and Stankiewicz, 1985). Alternatively, if the plasma was
acidified to pH 5.5 with acetic acid and hematoporphyrin was added
to it, the DSSD was stabilized and could be recovered as such (Johan-
sson, 1988). Similarly, added DSSD can be recovered from blood that is
acidified to pH 4.5 with acetic acid and treated with diethylenet-
riaminepentaacetic acid. The rationale behind this approach is that
acidification represses the ionization of sulthydryl groups, suppressing
their nucleophilic character and decreasing their reactivity towards
disulfides. Using this latter procedure, Johansson (1988) was able to
detect DSSD in the blood of patients who had been on daily DSSD
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therapy for at least 1 week. An unresolved question is in what form
was the DSSD present in the blood before it was ‘stabilized’ by this
procedure.

4.2.1 Diethyldithiocarbamate, free and bound

DSH is considered an obligatory intermediate in DSSD metabolism, and
many investigators aspire to measure its levels in blood or plasma.
Because of the reaction of DSSD with sulfhydryls to form mixed
disulfides, DSH can exist in blood in both ‘bound’ and free form. Upon
reduction with reduced glutathione (GSH), for instance, the mixed
disulfides release the bound DS moiety as one mole equivalent of DSH
(Stromme, 1965a). This has relevance to the in vivo fate of DSSD, as
shown by the fact that, following administration of **S-DSSD to rats,
¥S$-DSH can be displaced from serum proteins ex vivo with GSH
(Stromme, 1965b). Surprisingly, subsequently published analytical
methods have seldom addressed empirically the question of the fate of
such mixed disulfides. In assays that include addition of a reducing agent
such as cysteine (Sauter et al., 1976; Pedersen, 1980) or 2-mercap-
toethanol (Johansson, 1986), liberation of DSH would be expected. It is
of interest to note in this context that Sauter et al. (1976) and Sauter and
van Wartburg (1977) found that all DSH and DSSD added to blood could
be accounted for if 10 mg/ml cysteine was added to the blood sample, but
not otherwise. It is less clear, however, what might be the effect of
exposure to lipophilic solvents, or alkylating agents, on recoveries of the
various forms of the DS moiety. Such solvents would be expected to
cause some denaturation of the proteins of blood or plasma, exposing
sulfhydryl groups able to react with DSSD. It is noteworthy that the
majority of methods used for the assay of DSSD and its metabolites in
blood and plasma involve extraction with lipophilic solvents (Divatia et
al., 1952; Cobby et al., 1977b; Faiman et al., 1977, 1978b; Davidson and
Wilson, 1979; Jensen and Faiman, 1980; Pedersen, 1980; Masso and
Kramer, 1981; Giles et al., 1982; Agarwal, R.P. et al., 1983). The degree to
which the consequent denaturation results in additional reaction of
protein sulfhydryls with DSSD has not been addressed. The work of
Pedersen (1980) suggests (section 3.4) that there is a need to further
explore possible ex vivo conversions, particularly as they may occur in
methods using extractive fractionation procedure and alkylation steps.

4.2.2 Bis<(diethyldithiocarbamato) copper complex

The Cu(DS), complex, formed by the reaction of DSSD and DSH with
copper, is an intense yellow chromophore with absorption at 430 nm.
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The use of exogenous copper to bring about formation of this complex
and its subsequent spectrophotometric determination has been the basis
for a number of methods for the analysis of the DS moiety in biological
fluids (Domar et al., 1949; Linderholm and Berg, 1951; Divatia et al.,
1952; Prickett and Johnston, 1953; Tompsett, 1964; Sauter et al., 1976).
Johansson (1986), using high pressure liquid chromatography (HPLC),
also utilizes the absorption at 430 nm to estimate the levels of the
complex formed from endogenous copper in blood or plasma. Irth et al.
(1986, 1988) have developed an HPLC method which utilizes formation
of the complex in a post-column derivatization system. The DSSD in the
column effluent is exposed to finely divided metallic copper, obtained by
the reduction of Cu(I)Cl, and the concentration of the resulting
chromophore, Cu(DS),, is measured by a spectrophotometric detector.
DSH on the other hand, is chromatographed following derivatization to
Pb(DS), by reaction with lead acetate. It is then converted to the Cu(DS),
chromophore by use of a post-column copper(II) phosphate reactor. The
system is likely to be sensitive to other forms of the DS moiety, as well as
to other dithiocarbamates and should allow analysis of complex mixtures
with a minimum of precolumn clean-up.

Ironically, many of the methods developed to assay the various forms of
the DS moiety in plasma incorporate the use of 10°M EDTA buffers
(Faiman et al., 1977, 1978b; Davidson and Wilson, 1979; Jensen and
Faiman, 1980; Masso and Kramer, 1981; Agarwal, R.P. et al., 1983), a
measure likely to preclude the existence and thereby detection of the
Cu(DS), form. Johansson and Stankiewicz (1985) have reported that in
blood, though not in plasma, Cu(DS), levels decline rapidly and that at
low plasma DSSD levels intermediate plasma protein—-Cu-SD complex
€exists.

4.2.3 Carbon disulfide derivatives

Carbon disulfide (CS,) is formed during DSSD and DSH metabolism
(section 5.6). Following CS, administration, more than 90% of the free
CS, found in blood is associated with erythrocytes, specifically with
hemoglobin, although it also binds to other proteins, particularly
albumin (Lam et al., 1986). CS, reacts in vivo with amines and amino
acids to form acid-labile metabolites, mostly dithiocarbamate deriva-
tives (McKenna and DiStefano, 1977a, b) which chelate copper (Lam
and DiStefano, 1986). It also binds to sulfhydryl groups with the
formation of trithiocarbamates (Lam and DiStefano, 1986).

The possible presence of such CS,-derived dithiocarbamates is a
source of concern relative to assay methods for DSH and DSSD which
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rely on the acid-induced generation of CS, (Prickett and Johnston, 1953;
Brown et al., 1974; Sauter et al., 1976; Sauter and von Wartburg, 1977).

4.3 SPECIFIC METHODS

Optimally, a method for the separation and quantitation of the various
forms of the DS moiety in blood or plasma would not involve exposing
the sample to non-aqueous media and would not subject it to derivatiz-
ation procedures. The two methods that come closest to meeting this
criterion are those of Strémme (19652) and Johansson (1986); the
method of Irth et al. (1986, 1988), though not yet applied to biological
samples other than urine, holds significant promise.

4.3.1 Method of Stromme

Stromme (1965ab) used radiometric assay in conjunction with gel
filtration on a Sephadex G-25 column as a method of separation. DSSD
and DS-protein mixed disulfides elute separately. DSH, the S-glucuronide
of diethyldithiocarbamic acid (DSGa), and sulfate elute together. DSH is
determined in an aliquot of the eluate by acidification with 2.5 x 10~*M
hydrochloric acid and trapping of the CS, formed, DSGa by trapping the
CS; formed upon boiling with 7.3 M phosphoric acid for 3.5h, a
correction being made for the DSH, and the sulfate by measuring the
radioactivity before and after precipitation of barium sulfate.

Using this method, Stromme (1965a,b) reported recoveries for DSSD
(n=9) and DSH (7=28) of 94.2 and 95.5%, respectively. Recoveries for
DSGa (n=9) were 83.3%. In the determination of sulfate by precipita-
tion with BaCl,, DSH was found to co-precipitate and was therefore
removed from the sample by acidification prior to precipitation of the
sulfate.

4.3.2 Method of Johansson

Johansson (1986) used a reverse phase HPLC system with direct
injection of heparin plasma onto a precolumn for on-line enrichment
and purification. To analyze for DSSD and Cu(DS),, plasma samples are
injected onto the precolumn without any additions. To analyze for DSH
(protein bound and free) and the methyl ester of diethyldithiocarbamic
acid (DSMe), mercaptoethanol is added to assure reduction of DSH
bound to plasma protein cupric ion; this is followed by addition of ethyl
iodide to bring about ethylation of DSH to the ethyl ester of diethyl-
dithiocarbamic acid (DSEt). In a modification of this method, Johansson
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et al. (1989) used direct injection of plasma, spiked with a diethyl-
monothiocarbamic acid ethyl ester standard (DmSEt), for determina-
tion of its diethylmonothiocarbamic acid methyl ester (DmSMe), a
metabolite of DSSD (section 5.9).

Using the same method, Johansson and Stankiewicz (1985) reported
that upon addition of 5 nmol DSSD per ml of blood or plasma, all of it is
reduced with the formation of Cu(DS),. Addition of the alkylating
mixture of mercaptoethanol and ethyl iodide to plasma aliquots results
in all of the DS moiety being ethylated to DSEt. Johansson (1986)
reported recoveries from plasma of 95% and 100% for DSMe and DSH,
respectively.

Because DSSD cannot be recovered from plasma when the latter is
injected onto the precolumn without additions (Johansson, 1986), an
alternative procedure was devised. It involves ‘stabilization’ of the
plasma sample by acidification to pH 5.5 with lactic acid and addition of
hematoporphyrin, a chelator of bivalent ions (Johansson, 1988). In the
case of blood, acidification with acetic acid to pH 4.5 is used because
lactic acid causes hemolysis, and diethylenetriaminepentaacetic acid is
added as a chelating agent.

4.4 OTHER METHODS

Two criteria have been used in selecting assay methods considered in
this section. The first of these is whether the method is applicable to
either blood or plasma. The second is whether the method was used in
generating data that were used in computing the pharmacokinetic
parameters reported in the tables of Chapter 6. Five sets of methods, in
addition to those of Stromme (1965ab) and Johansson (1986) previ-
ously discussed, meet these criteria. Chronologically they are those of
Prickett and Johnston (1953), Faiman et al. (1977), Cobby et al.
(1977b), Jensen and Faiman (1980), Giles et al. (1982) and Lieder and
Borch (1985). They are considered below.

In the method of Prickett and Johnston (1953) DSH is decomposed
in the blood sample by addition of 6 NH,S0,. The CS, formed is
trapped in a solution of diethylamine and copper chloride and the
concentration of the Cu(DS), complex formed is measured spec-
trophotometrically. Recoveries from whole blood were uniformly low
(15-20%), though the data, obtained from six to nine animals per point,
evidences orderly progression.

The method of Faiman et al. (1977) is based on a multistep
extractive fractionation procedure and radiometric measurement.
Blood is diluted with nine volumes 0.01 M EDTA buffer at pH 8.5 to
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which DSSD carrier has been added. A pentane extract of the sample is
considered to contain DSSD and DSMe and is subjected to TLC to effect
separation; the aqueous layer from the first extraction is alkylated with
methyl iodide and again extracted with pentane; the latter is con-
sidered to contain DSMe derivatized from DSH. The aqueous layer from
the second extraction is considered to contain protein-bound DSH,
DSGa and sulfate. The first is defined as the fraction precipitable with
trichloroacetic acid, the last as that which is precipitable with BaCl,, and
the balance of the activity is ascribed to DSGa. No information was pub-
lished regarding recoveries. Cobby et al. (1978) have expressed concern
regarding the adequacies of the separation procedures in the assay; the
question is a legitimate one in view of the statement of Sauter et al.
(1976) that their efforts to separate DSSD and DSH by lipophilic solvent
extraction at pH 9 failed because the DSH was found to contaminate the
DSSD by approximately 30%. Brien and Loomis (1983a) have expressed
concern regarding equilibration between *S-DSH and carrier DSSD;
Such an equilibrium is, according to Stromme (1965a), instantaneous at
pH 3—4; its rate at higher pH values is not known. The results obtained
using this method by Faiman et al. (1983) in rats administered *S-DSMe,
raise additional concerns, since significant levels of DSSD and DSH were
reported as present in the tissues, yet the rats failed to excrete any CS,, a
well established metabolite of both DSH and DSSD.

The method of Cobby et al. (1977b) as employed by Cobby et al.
(1978) is limited in scope to the analysis of plasma for DSMe and
administered DSH. The former is accomplished by gas-liquid
chromatography (GLC) of a carbon tetrachloride extract of plasma. To
assay DSH, the plasma is alkylated with methyl iodide prior to carbon
tetrachloride extraction. Non-linear, but highly reproducible calibration
curves for DSH in plasma were obtained. Recoveries for DSMe were
78+ 2%.

The method of Jensen and Faiman (1980) is based on a multistep
extractive fractionation procedure parallel to that of Faiman et al.
(1977), but chloroform rather than pentane is used. Also, an HPLC assay
rather than a radiometric one is employed. The aqueous layer obtained
following methylation of DSH and extraction is further analyzed for
diethylamine (Et,NH) and CS, (rather than DSGa, protein-bound DSH
and sulfate) by addition of excess CS, to one aliquot and excess Et,NH to
another. Alkylation of the DSH thus formed is effected with methyl
iodide. HPLC analyses are performed on the resultant chloroform
extracts. Reported recoveries from plasma for DSSD, DSH, DSMe, Et,NH
and CS, were 51.04+3.8,854+10.1, 91.0+ 3.1, 52.0+5.6 and 48.7 + 10.5,
respectively. The large standard deviations for some of the recoveries
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may have contributed to what Jensen (1984) terms ‘the marked
variability’ of the data obtained using the method.

The method of Giles et al. (1982) is one for the determination of
DSMe and DSH in plasma. DSMe is assayed by extraction into chloroform,
concentration of the extract, and HPLC, using an acetonitrile—pH 4
acetate buffer mobile phase. The DSH assay is based on alkylation with
methyl iodide prior to the extraction step and subtraction of the value
obtained for DSMe. Reported recoveries for DSMe were 99.5%.

Lieder and Borch (1985) elaborated a very efficient and rapid method
for the ethylation of DSH in plasma by applying triethyloxonium
tetrafluoroborate (Meerwein’s reagent) for the purpose. The ethylation
occurs within seconds of the additions of 10 pl of the reagent to 0.5 ml of
plasma and with an efficiency ranging from 70 to 100% depending on the
origin and age of the ethylating agent. The ethyl ester is then quantitat-
ively (95%) extracted into chloroform and analyzed by HPLC. The
quantitation of DSH is subject to some of the ambiguities that were
discussed above, that is, regarding possible redistribution of DSH due to
the presence of the alkylating agent and the use of solvent extraction.
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5.1 INTRODUCTION

The first and rapid step in the metabolism of disulfiram (DSSD) is the
reduction of its disulfide bond. This biotransformation can be effected by
endogenous thiols, sulthydryl groups of proteins (section 5.2), or
reduced forms of redox cycling metal ions (section 5.4). Moreover, such
reactions can occur in blood, liver and other tissues. The eventual end
result of these reactions is the conversion of both the DS moieties of
DSSD to diethyldithiocarbamic acid (DSH). The sulfhydryl groups of
thiols and proteins react with DSSD to yield immediately one equivalent
of DSH. The second equivalent of DSH becomes available when the DS
residue-containing mixed disulfide is subsequently reduced. In the case
of proteins the latter reduction can be brought about by a vicinal
sulfhydryl group, if one is present. This results in the formation of an
intramolecular disulfide bond between the protein’s vicinal sulfhydryls
while DSH is released (section 8.1). Reducing metal ions react with DSSD
to form chelates from which DSH can be later displaced (section 5.4).

29
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Conversely, DSH is easily oxidized back to DSSD by such endogenous
oxidants as hydrogen peroxide and Fe**. That some oxidation of DSH
to DSSD occurs in vivo and is likely to occur in various cellular or
subcellular preparations #n vitro, is indicated by what happens follow-
ing administration of *S-labelled DSH (section 5.3). Thus the com-
monality of some of the pharmacological effects of DSSD and DSH
derives from their, at least partial, interconvertibility.

Apart from thiol-disulfide exchanges and metal complex formation,
the further metabolism of DSSD is considered to occur via DSH. The
biotransformation of DSH proceeds either degradatively, or via conjuga-
tion to glucuronide or methyl ester. Rapid degradation of DSH to
diethylamine and carbon disulfide occurs spontaneously at acidic pH
(section 5.6) and it can take place in the stomach after an oral dose.
Carbon disulfide is oxidatively desulfurated to carbonyl sulfide (section
5.7). DSH forms two conjugates. One of these, the glucuronide (section
5.5), is easily excreted as such. The other, the lipophilic methyl ester of
DSH (section 5.8), is highly pharmacologically active in vivo (section
9.4.2). It undergoes further biotransformations, including desulfuration
to the monothioester and degradation to the sulfate. The diethyl-
monothiocarbamic acid methyl ester (section 5.9) is also active phar-
macologically in vivo (section 9.4.3). The enzymes and the redox
systems necessary for the biotransformation of DSSD and DSH are
present in the blood, liver, and probably most other tissues, hence
metabolism of these compounds is likely to occur, to a varying extent,
at many sites.

5.2 FORMATION OF MIXED DISULFIDES WITH GENERATION OF
DIETHYLDITHIOCARBAMATE

Many sulfhydryl containing proteins and endogenous thiols reduce
DSSD with the liberation of one mole equivalent of DSH and formation
of one mole equivalent of a DS-containing mixed disulfide. In blood, for
instance, reduction of DSSD can occur via a thiol-disulfide exchange
reaction with the protein sulfhydryl groups (PrSH in Fig. 5.1) of
albumin (Stromme, 1965a; Agarwal, R.P. et al., 1986) or hemoglobin, as
well as with the sulfhydryls of cysteine or glutathione (Kelner and
Alexander, 1986).

Albumin, in the native state, has one (effectively 0.7-0.8) reactive
sulfhydryl group (Kolthoff and Tan, 1965; Stromme, 1965a) available for
the protein thiol-disulfide exchange reaction; hemoglobin has two
(Neims et al., 1966b). The reaction between albumin and *S-DSSD
results in the liberation of one mole of 3*S-DSH, per mole of albumin,
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DSH

HbFe®* HbFe?*

DSH+H" DS
Figure 5.1 Schematic of the interconversions of disulfiram and diethyldithiocar-
bamate through interactions of disulfiram with sulfhydryl groups of proteins,
endogenous thiols and metalloproteins. To guide the eye, disulfiram (DSSD) is
shown at the center and diethyldithiocarbamate (DSH) is shown (multiple repre-
sentations) beyond the periphery of a dashed circle. Other entities are represented
as follows. GSH, reduced glutathione; GSSG, oxidized glutathione; MeSH, methane-
thiol; MeS-SD, N, N-diethyldithiocarbamyl-S-methyldisulfide; Pr, a protein, PrSH, a
protein sulfhydryl; PrS-SD, a mixed disulfide with diethyldithiocarbamate; Pr-Cu, a
copper—protein complex; DS-Cu-SD, bis (diethyldithiocarbamato) copper complex;
HbFe?*, deoxyhemoglobin; HbFe**, methemoglobin; HbFe**O;, oxyhemoglobin.
This schematic is based on reported interactions with albumin, hemoglobins, and
aldehyde dehydrogenases.

and fixation of a second *S-DS residue (Stromme, 19652); that between
hemoglobin and **S-DSSD results in the liberation of two moles of
¥S-DSH, per mole of heme protein, and fixation of two *S-DS residues
(Neims et al., 1966b).

The kinetics of DSSD interaction with serum albumin in the pres-
ence of EDTA have been studied by Agarwal, R.P. et al. (1986). There is
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a rapid formation of an albumin-DSSD non-covalent adduct which has a
half-life of 133 seconds and is reduced with the release of free DSH.
The rapidity of the reaction and the fact that albumin is the major
drug-binding plasma protein, puts it center stage at the first step in the
metabolism of DSSD to DSH.

Turning to the possible roles of endogenous thiols, reduced
glutathione (GSH) rapidly and non-enzymatically reduces DSSD to DSH
(Johnston, 1953). GSH, moreover, also liberates DSH from some mixed
disulfides of proteins with DS residues (PrS-SD in Fig. 5.1), e.g. those of
albumin or oxyhemoglobin (Sttomme, 1965a; Neims et al., 1966b).
Thus, GSH displaces, in the form of *S-DSH, about 80% of the label that
becomes bound to the soluble proteins of the liver and serum follow-
ing the administration of *S-DSSD to rats (Stromme, 1965b). Cysteine
also can reduce DSSD to DSH (Neims et al., 1966a). Quantitatively,
however, the role of GSH is more important because it is much more
abundant than cysteine, its levels in cells being 0.5-10 mM (Meister and
Anderson, 1983). The oxidized disulfide form of glutathione, GSSG, is
less abundant in cells because it is easily extruded and is found chiefly
in extracellular fluids (Akerboom and Sies, 1981). Moreover, GSH is
maintained in the reduced form by the activity of cellular glutathione
reductase and the NADPH reducing equivalents derived from glucose
metabolism. In erythrocytes, in particular, a very active hexose mono-
phosphate shunt and the glutathione reductase are crucial to this
purpose (Srivastava and Beutler, 1969). Already in 1963, it was pointed
out that the glutathione—glutathione reductase system offers an effi-
cient protection against DSSD poisoning in erythrocytes (Stromme,
1963b).

The reduction of DSSD by methanethiol (MeSH) is a special and
potentially important instance of mixed disulfide formation, since the
product, N,N-diethyldithiocarbamyl-S-methyl disulfide (DSSMe, Fig.
5.1), is a very potent iz vitro inhibitor of E,, the mitochondrial low-K,,
aldehyde dehydrogenase (ALDH). Accordingly, since E, is quite resis-
tant #n vitro to inhibition by DSSD (section 9.2.2), it has been
suggested that DSSMe might the active entity which is responsible for
the #n vivo inhibition of this enzyme following administration of DSSD
(MacKerell et al., 1985). To date, however, DSSMe has not been
reported to be a metabolite of either DSSD or DSH.

5.3 FORMATION OF DISULFIRAM FROM DIETHYLDITHIOCARBAMATE

Following the i.p. administration of **S-DSH some of the label is found
to be irreversibly bound to plasma proteins from which it is displaced
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by GSH yielding **S-DSH (Strémme, 1965b). In vitro, DSH does not
become irreversibly bound to proteins (section 3.1). Accordingly, the
occurrence of such binding in vivo is seen as an indication that some
DSH is oxidized in vivo to the DSSD which then participates in thiol
exchange reactions with the sulfhydryl groups of proteins to form
mixed disulfides. Stromme (1965a) suggested a possible involvement of
cytochrome ¢, or methemoglobin, in the oxidation of DSH.

In erythrocytes, oxyhemoglobin (HbFe**O;) and methemoglobin
(HbFe**) can each catalyze oxidation of DSH to DSSD (Fig. 5.1). Of the
two, the reaction catalyzed by HbFe**O; is some five times faster than
that catalyzed by HbFe** (Kelner and Alexander, 1986). To a degree,
the two reactions can be coupled in a cycling process involving
consumption of oxygen and production of hydrogen peroxide. Eryth-
rocytes have an efficient, glucose-dependent, GSH regenerating system.
Since GSH readily reduces DSSD to DSH (section 5.2), in its presence no
detectable accumulation of DSSD occurs (Kelner and Alexander, 1986).
Hemoglobin (HbFe?") also effects the reduction of DSSD to DSH.

There is also evidence that heme-containing enzymes of the liver
share oxyhemoglobin’s ability to catalyze oxidation of DSH to DSSD.
Thus, upon incubation with hepatic microsomes and NADPH under
aerobic conditions, DSH is converted to DSSD (Masuda, 1988; Masuda
and Nakamura, 1989). The conversion is inhibited by #-octylamine
(Masuda and Nakamura, 1989), but not by heating of the microsomal
fraction at 45 °C for 5 min (Masuda, 1988). This rules out the involve-
ment of the microsomal flavin-containing monooxygenase, which is not
inhibited by n-octylamine (Poulsen et al., 1979), but is inactivated by
the heat treatment (Ziegler, 1980). Instead, it suggests the involvement
of P-450. This is further supported by the fact that the formation of
DSSD from DSH parallels P-450 levels when the latter are manipulated.
Thus, phenobarbital pretreatment of the animals results in both higher
microsomal P-450 levels and greater DSSD formation. Carbon tetra-
chloride pretreatment of the animals has the opposite effect, as does
exposure of the microsomes themselves to cumene hydroperoxide
(Masuda and Nakamura, 1989). Appropriately, for a P-450 mediated
reaction, no DSSD is formed in the absence of NADPH and it is
markedly suppressed upon incubation under 100% nitrogen. Since it is
not inhibited by carbon monoxide (Masuda, 1988), however, the
reaction cannot involve the full monooxygenase cycle. By analogy with
the reaction of DSH with oxyhemoglobin to yield DSSD and hydrogen
peroxide (Kelner and Alexander, 1986), DSH might react with the
superoxo—ferriheme complex of P-450 (Fe**O;), and possibly also
with a carbonyl-ferriheme complex, to give DSSD.
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5.4 FORMATION OF THE COPPER COMPLEX

Johansson and Stankiewicz (1985) have observed that human blood
catalyzes a complete reduction of DSSD to DSH, with simultaneous
formation of a stoichiometric molar concentration of Cu(DS), (Fig. 5.1).
They suggested the complex is an important lipophilic metabolite of
DSSD, which they detected in plasma of 10 of 11 alcoholics on DSSD
therapy and four of four volunteers. The role of albumin in this reaction
has not been defined. However, in addition to having a free sulfhydryl
group, it also has associated with it some loosely bound copper which
likely participates in the reduction of DSSD.

5.5 S-GLUCURONIDE OF DIETHYLDITHIOCARBAMIC ACID

The glucuronide of DSH, N,N-diethyldithiocarbamoyl-1-thio-f-D-glyco-
pyranosiduronic acid (DSGa, compound V in Fig. 5.2) was first iso-
lated by Kaslander (1963) from the urine of subjects administered
DSSD. The structure of the derivatized DSGa (the triacetyl methyl
ester) was confirmed by elemental analysis and by comparison of
melting points and infra-red spectra with those of a synthetic sample
of the compound. Stromme (1965b) showed DSGa is a urinary meta-
bolite of **S-DSSD given i.p. to rats. He identified it by comparing its
chromatographic and electrophoretic behavior to that of authentic
DSGa. Gas chromatographic—mass spectroscopic confirmation of the
structure of DSGa has been supplied by Eneanya et al. (1983) follow-
ing its isolation from bile, obtained from a rat liver perfused in vitro
with DSH.

Using a liver perfusion system, Masuda et al. (1988) found 60—
70% of infused DSSD to be metabolized to DSH and its glucuronide.
They observed, moreover that the fraction metabolized to DSGa can be
enhanced by inducers of glucuronidation. It can be calculated, based
on the areas under the concentration—time curves for the metabolites
(Masuda et al., 1988, their Fig. 6), that livers from normal rats convert
21% of infused DSSD to DSGa. In livers from rats pretreated with
3-methylcholanthrene (40 mg/kg/day for 3 days), or phenobarbital
(0.1% in drinking water for 5—-6 days), the DSGa production is increased
markedly, that is, to 39 and 51% of the infused DSSD, respectively.
Depending upon whether DSSD or DSH is administered, DSGa may
account, respectively, for 2-11% or about 30% of the administered dose
excreted in the urine (Stromme, 1965b; Gessner, T. and Jakubowski,
1972; Faiman et al., 1984). DSGa is synthesized enzymatically by
transfer of the glucuronic acid moiety of uridinediphosphoglucuronic
acid to DSH (Dutton and Illing, 1972). The reaction is analogous to the
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formation of O-glucuronides and involves microsomal glucuronyltran-
sferase. DSGa is stable in acetate buffer at pH 5.5, but it is hydrolyzed by
B-glucuronidase (Dutton and Illing, 1972). By analogy with O-glucuron-
ides, conversion of DSH to DSGa in vivo is most likely to be chiefly
hepatic, since liver is a rich source of glucuronyltransferases.

5.6 FORMATION OF CARBON DISULFIDE AND DIETHYLAMINE

Johnston and Prickett (1952) first reported on the formation of
carbon disulfide (CS,, IV) from DSSD by rat liver homogenates. Later,
they showed that CS, is also produced from DSSD in rats in vivo
(Prickett and Johnston, 1953). In vitro, the process involves two steps,
namely, the enzymatic reduction of DSSD to DSH followed by the
spontaneous decomposition of the DSH to diethylamine (Et,NH, III)
and CS, (Johnston and Prickett, 1952). Non-enzymatic degradation of
DSH to Et,NH and CS, occurs through proton-catalyzed decomposi-
tion. The half-life of DSH becomes progressively shorter with decreas-
ing pH and with increasing temperature; at room temperature the
half-life is in the range of 19-73 h at pH 7.4, but only 30-120 s at pH 4
(section 2.2).

In humans, CS, is present in both the blood (Johansson, 1989b) and
expired air (Merlevede and Casier, 1961) following administration of
DSSD. Its presence in expired air is utilized in monitoring the compli-
ance of patients with their DSSD therapy (section 11.8). The data of
Merlevede and Casier (1961) indicate that in humans the ¢, for CS, as
a metabolite of DSSD, administered per os, is about 12 h (section 6.5.1).
In contrast, humans administered DSH orally, excrete CS, by a process
with a half-life of only 20-30 min. This indicates that in the stomach
there is considerable acid-catalyzed decomposition of DSH to CS, and
Et,NH, but very limited conversion of DSSD to DSH. Data obtained by
Stromme (1965b) show that in rats administered DSSD or DSH i.p. (in
doses of ca 37 and 93 mg/kg, respectively) the difference between the
half-lives of CS, (63 vs 31 min, respectively), appears to be much less
dramatic. The exposure of orally administered DSH to the acid environ-
ment of the stomach may be responsible for the rapid formation of CS,,
which is then quickly eliminated in breath as observed by Merlevede
and Casier (1961).

The rate of *S-CS, production following oral administration of 3S-
DSSD in rats chronically pretreated with DSSD is significantly higher
than in naive animals (Neiderhiser et al., 1983). This suggests that
DSSD can induce its own metabolism. However, since the total amount
excreted as CS, does not change, the induction must involve an early
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step. Some suggestion that such induction may also occur in humans
derives from the data of Rogers et al. (1978).

The formation from DSSD and DSH of Et,NH (III), the complement-
ary metabolite to CS,, has been studied much less extensively (see
tables 6.1-6.3), the emphasis having been often on the fate of the sulfur
moiety of DSSD or DSH. Following p.o. administration of “C-DSSD to
rats, 27% of the dose is excreted as *C-Et,NH (Neiderhiser and Fuller,
1980). Most human studies of Et,NH excretion following DSSD dosing
have had compliance testing in alcoholics as a goal (section 11.8) and
have not been quantitative (Neiderhiser et al., 1976; Gordis and
Peterson, 1977; Fuller and Neiderhiser, 1981). Faiman et al. (1984)
have reported the urinary excretion of Et,NH to be minuscule (1.6% of
the dose), but the methods for urine collection and analysis were not
described.

5.7 METABOLISM OF CARBON DISULFIDE AND FORMATION OF CARBONYL SULFIDE

Carbonyl sulfide (COS, VIII) is found in the blood of alcoholics
chronically treated with DSSD (Johansson, 1989b). The levels of COS in
the blood 4 h following DSSD administration show wide interindividual
variations (range 20-540 nmol/1).

The metabolism and toxicology of CS, have been studied extensively,
because occupational exposure to it occurs in viscose rayon industry
(for review, see Beauchamp et al., 1983). Briefly, inhaled CS, is
metabolized chiefly by the cytochrome P-450 monooxygenase system
to the more toxic metabolite, COS. Administration to rats of “C- and
$S-CS, (19 mg/kg i.p.) indicates that more of the S than “C derived
activity is retained in tissues 3 h post administration (Snyderwine and
Hunter, 1987). The amount which is biotransformed increases from
17% in 1-day-old animals to 42% in 40-day-old rats. This is in keeping
with the general observation that young animals have a low mono-
oxygenase capacity. Paradoxically, the tissue levels of covalently bound
3§ label at 3 h are higher in the younger than the older animals. This is
in part due to the faster clearance of such label by the older animals
(Snyderwine and Hunter, 1987). The above suggests that one may
expect individual differences in the degree of desulfuration of CS, and
its metabolites dependent upon the activity of the individual’s cytoch-
rome P-450 monooxygenase system. The mechanism of this desulfura-
tion reaction involves the formation of atomic sulfur. It inactivates the
cytochrome P-450 by attacking the cysteine residue that serves as the
thiolate ligand of the cytochrome’s heme iron (section 8.3.5). COS, in
turn, is further metabolized to sulfate (XI) and carbon dioxide (XII), by
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a process mediated by cytosolic carbonic anhydrase (Chengelis and
Neal, 1979).

CS, also undergoes anaerobic metabolism. Thus, it is known
(Beauchamp et al., 1983) that some CS, is metabolized to thiourea
(XIII) and dithiocarbamate derivatives of amino acids (IX). The latter
compounds in turn can give rise to 2-thio-5-thiazolidinone (XV). Both
thiourea and 2-thio-5-thiazolidinone have been found in the urine of
workers exposed to CS, (Van Doorn et al., 1981, 1982; Beauchamp et
al., 1983). Conceivably, the dithiocarbamate derivatives of amino acids
may also be metabolized to their methyl esters, since Jakubowski and
Gessner (1972) found that such compounds can be methylated iz vitro
by a cytosolic methyltransferase. The reaction is less efficient, however,
than the methylation of DSH by microsomal thiol-S-methyltransferase
(Gessner, T. and Jakubowski, 1972). Thiazolidine-2-thione-4-carboxylic
acid (XIV), which can be derived from dithiocarbamates of glutathione
or cysteine, has been detected in the urine of alcoholics receiving
DSSD therapy (Van Doorn et al., 1982).

5.8 THE METHYL ESTER OF DIETHYLDITHIOCARBAMIC ACID

Diethyldithiocarbamic acid methyl ester (DSMe, I) was first identified
as a metabolite of *S-DSSD in rats by Gessner, T. and Jakubowski
(1972) by (a) chromatography against authentic DSMe (boiling point
112-114°C at 4 mmHg) in four solvent systems and (b) isolation with
purification to constant count of the isotopically diluted metabolite. Its
formation from DSSD has also been observed in humans with confirma-
tion of its identity by mass spectrometry (Cobby et al., 1977a). It has
also been observed to be formed from DSH in dogs (Cobby et al., 1978)
and from DSSD in mice (Jensen and Faiman, 1980). Guillaumin et al.
(1986) found that upon administration of *S-DSH to mice the radioac-
tivity which was taken up within 5 min by the liver, thymus and brain
neocortex selectively persisted in these tissues for at least 45 min
(section 6.6.5). When pentane extracts of the neocortex were analyzed
by HPLC, they were found to contain *S-DSMe.

The methylation of DSH is effectively catalyzed by a liver microsomal
methyl transferase (Gessner, T. and Jakubowski, 1972). This lipophilic
thiol-S-methyltransferase has been purified from rat liver microsomes
(see review by Weisiger and Jakoby, 1980) and DSH was found to be a
very good substrate, its K, value being 12 pM (Weisiger and Jakoby,
1979). The enzyme is ubiquitous in tissues. The highest specific activity
of this enzyme is found in colonic mucosa; the specific activity of the
cecal mucosa is comparable, but gastric mucosa is about 20% as active.
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High activities are also found in the liver, lung and kidney. Erythrocytes
have about 1/100th of the activity of the mucosa (Weisiger and Jakoby,
1980). On the basis of the above considerations a substantial amount of
extrahepatic metabolism to DSMe should be expected, especially in the
gut, lungs and kidneys.

Gessner, T. and Jakubowski (1972) reported that at 2 h following i.p.
administration of ¥*S-DSSD to mice, 15% of the *S in the liver is present
in the form of DSMe. At 1, 3, and 6h following administration of
$S-DSSD substantial concentrations of DSMe are also found in the
kidney as well as in the liver (Faiman et al., 1978a, 1980). Nevertheless,
no DSMe is excreted in the urine. Even after the i.p. administration
of ¥S-DSMe itself to rats, there is no measurable urinary excretion of
the unchanged compound (Gessner, T. and Jakubowski, 1972; Faiman
et al., 1983). Instead some 62-80% of the dose appears in the urine in
the form of sulfate (Gessner, T. and Jakubowski, 1972; Faiman et al.,
1983). This contrasts with the much lower (20-40%) formation of
sulfate when either DSH or DSSD is administered (Stromme, 1965b;
Gessner, T. and Jakubowski, 1972). The fact that DSMe is so extensively
metabolized to sulfate, led Gessner, T. and Jakubowski (1972) to
propose that DSMe is a transient metabolite of DSSD on the chief
pathway to sulfate formation (Fig. 5.2).

Once DSMe is formed there appears to be no substantial conversion
of it back to DSH. Firstly, rats administered **S-DSMe fail to exhale any
CS, in the breath (Faiman et al., 1983). The same is true of dogs
administered *S-DSMe (Jensen, 1984). Yet, CS, is a well-documented
and substantial excretory product of DSH (section 5.6). Secondly, rats
administered **S-DSMe do not excrete measurable amounts of DSGa, as
shown by Gessner, T. and Jakubowski (1972) using specific analytical
methods for DSGa, although, again, DSGa is a major excretory product
of DSH (section 5.2). Subsequently, it has been reported that DSH can
be detected in rat plasma 3-5 h following administration of DSMe in a
60-90 mg/kg dose (Johansson et al., 1989). From the data presented
by these authors, however, the formation of DSH from DSMe appears to
be a minor pathway in comparison with the desulfuration route which
yields the monothio ester (section 5.9).

DSMe is an important metabolite of DSSD because in vivo it is at
least as potent and long lasting in inhibiting the low-K,, ALDH activity
as DSSD (section 9.4.2), while its onset of action is significantly faster
than that of DSSD (Yourick and Faiman, 1989). In vitro, DSMe does not
inhibit the purified Class 1 or 2 ALDH of sheep liver (Kitson, 1976), or
the low-K,, ALDH activity of rat hepatic mitochondria (Yourick and
Faiman, 1987). However, it does inhibit the hepatic low-K,, ALDH
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activity following incubation with liver homogenate under aerobic
conditions (Johansson et al., 1989). Moreover, DSMe pretreated rats
are sensitized to ethanol so that administration of the latter to such
animals causes a marked elevation in blood acetaldehyde (section
9.4.2) and a significant fall in blood pressure (section 10.9).

5.9 THE METHYL ESTER OF DIETHYLMONOTHIOCARBAMIC ACID

Johansson et al. (1989) identified (by GLC—mass spectroscopy) a
monodesulfurated metabolite of DSMe in the plasma of rats adminis-
tered either DSSD or DSMe. This metabolite is referred to in this book
as diethylmonothiocarbamic acid methyl ester (DmSMe, II), the inclu-
sion of ‘mono’ in the name being adopted to avoid confusion with the
parent dithio ester. DmSMe is highly lipid soluble, the log of its
partition between octanol and water (Log P) is 1.85 (Johansson,
1990b). Its plasma levels, 3 to 5 hours after DSMe administration,
exceed by 10- to 50-fold those of DSH. In rats, 5 h after the last dose of
DSSD (30 mg/kg preceded 16 h earlier by 100 mg/kg) plasma levels of
DmSMe exceed those of DSMe 25 fold (Johansson et al., 1989). The
value of DmSMe/DSMe ratio may be, however, a function of time of
observation since in humans, for instance, DSMe plasma levels peak
earlier than those of DmSMe (Johansson and Stankiewicz, 1989).

Johansson et al. (1989) have identified DmSMe in the plasma of
alcoholics on DSSD therapy. In the majority (7/10) of patients receiving
a single dose of DSSD (400 mg), however, the plasma levels of DmSMe
were below the detection limit of the analytical method. In the
remaining patients, the peak levels (278 + 158 nM) were of the same
magnitude as those of DSMe (312+ 181 nM), the latter metabolite
being detectable in 9 of 10 patients (Johansson and Stankiewicz, 1989).
The times following DSSD administration at which the peak concen-
trations of DSMe and DmSMe were observed in these patients (1.8 and
3.3 h, respectively) suggest that DmSMe is formed from DSMe. In
contrast, in volunteers maintained on various daily doses of DSSD for
2—4 weeks, the plasma DmSMe levels at 2h after the final DSSD
administration were generally detectable and as much as 10- to 20-fold
higher than those of DSMe. On average, moreover, the DmSMe levels
were higher the larger the daily DSSD dose and the longer the duration
of daily DSSD dosing (Johansson and Stankiewicz, 1989).

In rat liver homogenates, DmSMe generation from DSMe was ob-
served by Johansson et al. (1989) to require NADPH and aerobic
conditions, analogously to monooxygenation. These observations led
them to propose that the conversion of DSMe to DmSMe occurs via
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oxidative desulfuration of the thiocarbonyl group “>C==S to the
carbonyl group ~>C==0. They reported that in homogenates in which
such DmSMe formation has taken place, determination of the low-K,
ALDH activity reveals it to be depressed.

The importance of DmSMe as a metabolite of DSSD derives from the
fact that, like DSMe, it is a potent and long-lasting iz vivo inhibitor of
the mitochondrial low K,, ALDH (section 9.4.3). Its onset of action is
even faster than that of DSMe (Hart et al., 1990). Although in vitro
DmSMe behaves as a suicide inhibitor of the purified Class 2 ALDH
of bovine liver, its potency is very low: a 25% inhibition of the enzyme
is observed after a 24 h incubation with 2.76 mM DmSMe (Johansson,
1989¢). This contrasts with the potent inhibitory effect of DmSMe on
the low K, ALDH activities in rat liver homogenate assays (Johansson
et al., 1989) where, following a 1-h incubation under aerobic con-
ditions, 27.6uM DmSMe causes a 75% inhibition of the low-K,
ALDH. Moreover, DmSMe is as potent as DSMe in sensitizing rats to
the blood pressure lowering effects of subsequently administered
ethanol (section 10.9).

Taken together the above observations strongly suggest that the
ultimate. highly potent, inhibitor of the low-K, ALDH is a further
metabolite of DmSMe, rather than DmSMe itself. Such a metabolite may
be generated by the enzyme(s) present in tissue homogenates, or in
intact cells, when such preparations are used in the assays with either
DmSMe or DSMe.

5.10 OTHER METABOLITES

Sulfate (XI) would be generated from the oxidative desulfuration of
DSMe to DmSMe. Gessner, T. and Jakubowski (1972) suggested that
sulfate might also be generated from DSMe via an esterase-catalyzed
hydrolysis which could split off MeSH (VI) and generate diethyl-
monothiocarbamate (DmSH, VII), initially in its tautomeric form (Fig.
5.2). It is also conceivable that DmSH may undergo methylation to form
DmSMe. The latter, in turn, should also be cleavable by an esterase to
MeSH and diethylcarbamate, thus providing an alternative route for the
desulfuration of the dithiocarbamate moiety. Whether the proposed
reaction occurs remains to be tested. Any MeSH formed would be
readily converted to sulfate (Canellakis and Tarver, 1953; Derr and
Draves, 1983, 1984). As for DmSH, it is known that monothiocar-
bamates can be rapidly decomposed by acids (Ewing et al., 1980) with
the liberation of COS and the amine. It is therefore proposed here that
some of the DmSH (VII) undergoes H* catalyzed metabolism to COS
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(VIID) and Et,NH (III). COS, in turn, is known to be extensively
metabolized to sulfate and carbon dioxide (XII) (Beauchamp et al.,
1983).

Some of the metabolites of DSSD on the pathway to sulfate formation
(see Fig. 5.2), that is, MeSH and DmSH, have not yet been identified as
products of biotransformation of DSSD, DSH, DSMe or DmSMe in
animals or humans. These pathways await further elucidation. Addition-
ally, MeSH, whether a product of DSMe or DmSMe metabolism, or of
endogenous origin (Kromhout et al., 1980; McClain et al., 1980;
Cooper, 1983; Mardini et al., 1984), may play an important role in the
toxicity of DSSD. Thus MacKerell et al. (1985) proposed the mixed
disulfide DSSMe, which could arise by a thiol-disulfide exchange
reaction between DSSD and MeSH (Fig. 5.1), to be the potent active
metabolite of DSSD, causing irreversible inhibition of the important
mitochondrial low-K,, ALDH. Such a metabolite has not been found as
yet, but is quite plausible.

NOTE ADDED IN PRESS

Hart and Faiman (Bioch. Pharm. 43, 403—6, 1992) report the presence of
(CH;3CH,),NCO-SO-CHj, S-methyl diethylmonothiocarbamate sulfoxide
(DmSOMe), in the plasma of rats administered DSSD, DSH, DSMe or
DmSMe. To-date the identification of DmSOMe as a metabolite of DSSD is
based solely on the HPLC analysis of an evaporated chloroform extract of
EDTA treated plasma. Incubation of synthetic DmSOMe with liver
mitochondria for 60 min at 37° caused a marked inhibition of the
mitochondrial low-K;, ALDH activity (ICs, 0.73 uM). Additionally, DmSOMe
proved effective as an iz vivo inhibitor of this activity (IDs, 3.5 mg/kg).
The latter inhibition was said to be unaffected by administration of an
inhibitor of P-450 (unspecified), though administration of the P-450
inhibitor was stated to prevent both the DSSD-induced ¢z vivo inhibition
of the low-K, ALDH activity and the appearance of DmSOMe in the plasma
of rats treated with DSSD. Based on these results, Hart and Faiman (1992)
suggest this metabolite as the most likely responsible for the in vivo
inhibitory effects of DSSD on the low-K,, ALDH in the rat. No information is
available at this time, however, regarding the in vitro effects of DmSOMe
on the purified enzyme.
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44  Pharmacokinetic aspects of the disposition
6.1 INTRODUCTION

The many investigations of the fate of disulfiram as a function of time
have resulted in an accumulation of a wealth of information, little of
which has been subjected to pharmacokinetic analysis. Continued lack
of agreement regarding even such basic questions as whether disul-
firam (DSSD) is detectable in the blood of patients or experimental
animals dosed with it, may have inhibited a comparative discussion of
the findings to date. In the context of this monograph, however, such
a discussion is essential and accordingly the relevant pharmacokinetic
parameters have been assembled or computed and are listed in Tables
6.1-6.3.

Normally, in considering the pharmacokinetics of a compound and
its metabolites, it is usual to mingle information obtained from the
administration of the parent compound and of its metabolites. There is
little doubt that diethyldithiocarbamate (DSH) is a metabolite of DSSD
in vivo. It is clear however, that, in vivo, DSSD can also form mixed
disulfides and metal complexes. Under appropriate circumstance, these
may disassociate to give DSH. Accordingly, the kinetics of DSH and its
metabolites are discussed in two sections, the first of these (section
6.5) deals with kinetic events that follow DSH generation iz vivo from
DSSD, the second (section 6.6) with those that follow administration
of exogenous DSH.

6.2 METHODS

Due to the infrequency with which pharmacokinetic parameters
accompany the original studies, most of the listed values result from
retrospective pharmacokinetic evaluations, some performed by Cobby
et al. (1978), others computed for the purposes of this monograph. In
performing these evaluations the published tabular or graphic data has
been fitted by the non-linear least-squares computer program NLIN
(Marquart, 1964) to either the first or second of the following two
pharmacokinetic models, depending on whether the data represented
plasma disappearance or cumulative excretion data, respectively. The
two models are

c=¢ge X (6.1)

q=q.(1—e™™) (62)

where tis time elapsed, c and ¢, are the concentrations at times ¢ and
zero, respectively, g and g,, are the quantities excreted at times #and
infinity, respectively, and K is the rate constant which is related to
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half-life by the relationship #,,=0.693/K Values of t,, are listed in
Table 6.1 and those of g, the fractional excretion, in Table 6.2. The
latter, being a prediction of the total amount of metabolite that would
be eventually excreted, is based on the totality of the data. Thus, g,
may differ somewhat from the cumulated amount observed to have
been excreted at the time of the last observation. In Table 6.3 are listed
the values of the apparent volume of distribution in the few instances
where these are available.

In fitting data to equation (6.1) a zero time shift was performed
when necessary to insure that only the terminal exponential portion of
the concentration—time curve was evaluated. Expiratory carbon disulf-
ide (CS,) excretion rate data were converted to cumulative excretion
data by use of the trapezoidal rule. The CS, excretion data uniformly
show a clear delay in the appearance, and thereby the onset of
biotransformation, a delay occasioned, presumably, by phenomena
related to absorption following oral administration. Accordingly, such
data were fitted to the following model:

q=q,(1—e 1) (6.3)

where T'is an additional parameter relating to the absorption-induced
delay.

The fitting of the simple models of equations (6.1)~(6.3) to metab-
olite data represents the use of simplifying working assumptions.
Though the use of more complex models would have been appropri-
ate, the numerical paucity of the data at hand precluded consideration
of such models. Even so, as already noted by Cobby et al. (1978), it is
necessary to recognize the limitations of kinetic analysis when the
number of data points barely exceeds the number of unknown par-
ameters; the resulting half-lives need to be viewed, therefore, as
ball-park figures. To emphasize this, the values of these parameters,
usually given to three significant figures in the tables, when cited in the
text are generally rounded off to two significant figures. To give the
reader some sense of the pharmacokinetic limitations of the database,
we report, in Table 6.1, the total observation time (expressed in terms
of half-lives) and the number of time points available for each analysis.

6.3 URINARY EXCRETION OF DISULFIRAM METABOLITES
6.3.1 Experimental animal data

The excretion of radioisotope label following administration of DSSD,
synthesized from '“C-labeled diethylamine and *S-labeled carbon disulf-
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ide, can be taken as a starting point for consideration of the phar-
macokinetics of DSSD and its metabolites. Neiderhiser et al. (1983)
administered this, compound to rats p.o. and reported on the urinary
excretion of the radioactivity; from their graph, computation yields an
apparent half-life of 16 h for the radioisotope label (Table 6.1, line 33).
Earlier, Neiderhiser and Fuller (1980) had reported on the urinary
excretion of "C label following the p.o. administration of “C-DSSD to
rats. Analysis of those data yields an apparent half-life of 15 h (Table 6.1,
line 28). Pedersen (1980) has reported an apparent urinary excretion
half-life of 18 h following p.o. administration of *C-DSSD to rats (Table
6.1, line 30), with 91% of the administered label being thus excreted
by 96 h (Table 6.2, line 27); another 11% was excreted in the feces
(Table 6.2, line 28).

The analysis of the data of Neiderhiser and Fuller (1980) indicates
that eventually 88% of the administered “C label would be excreted in
the urine (Table 6.2, line 25); at 24 h, when 40% of the label had been
excreted, 4/7 of it was in a conjugated form, the remaining fraction
(28%) was reported to be diethylamine (Et,NH) (Table 6.2, line 26).
This is a much higher proportion than the 1.6% of the administered
DSSD reported by Faiman et al. (1984) to be excreted as Et,NH by
humans (Table 6.2, line 58). Neiderhiser and Fuller (1980) had, how-
ever, collected the urine in 1N hydrochloric acid, while no such
collection method was specified by Faiman et al. (1984). Not only is
Et,NH a volatile compound, while its hydrochloride is not, but also
DSH is acid labile and any that might have been excreted would have
been converted to Et,NH. Conversely, under basic conditions Et,NH
and CS, combine to form DSH, and thus the report of Linderholm and
Berg (1951) that, in individuals co-administered DSSD with 6-8g
sodium bicarbonate, 1.6% of the administered DSSD is excreted as
DSH may be related (Table 6.2, line 45). Based on the data of
Linderholm and Berg (1951), the apparent half-life derived from this
excretion was calculated to be 4.4 h (Table 6.1, line 48). Stromme
(1965b), who did not take similar measures to alkalinize the urine,
reported no DSH to have been excreted following i.p. administration
of 3S-DSSD to rats.

As regards metabolites derived from the dithiocarboxyl portion of
the DSSD molecule, the data of Faiman et al. (1980) yield, upon
computation, a half-life of 11 h for the urinary excretion of the *S label
(Table 6.1, line 25) following i.p. administration of S-DSSD to rats.
Faiman et al. (1980) also reported that in the 48 h post administration
of 3S-DSSD i.p. or p.o. to rats, 67% of the *°S label was excreted in urine
(Table 6.2, lines 19 and 22). In parallel experiments in the same
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species, Jensen (1984) reported values of 55, 62, 65, and 60% following
ip., iv., p.o. and intraduodenal administration, respectively (Table 6.2,
lines 32, 36, 38, and 34).

Following administration of ¥S-DSSD, Stromme (1965b) identified
the S-glucuronide (DSGa) and sulfate as the main labelled urinary
metabolites excreted by rats, with the glucuronide being excreted
much more rapidly (calculated half-life 48 min; Table 6.1, line 12) than
the sulfate. Though sulfate excretion was followed for too short a
period to allow calculation of a half-life, that calculated from the data of
Eldjarn (1950a2) in the same species is 13h (Table 6.1, line 4).
Application of (6.2) to this information indicates that the fractional
DSSD urinary excretions as DSGa and sulfate were 11 and 22%,
respectively (Table 6.2, lines 6 and 1).

6.3.2 Human data

From data of Eldjarn (1950b) and Iber et al. (1977), respectively, quite
similar values (14 and 15 h; Table 6.1, lines 47 and 54) are obtained for
the apparent urinary excretion half-lives of label administered as
38-DSSD. The figure derived from the data of Iber et al. (1977) is
especially interesting, being the mean of the half-lives for urinary
excretion of label by 19 different subjects, all patients in an alcoholism
treatment program. In general, as shown in Fig. 6.1, these half-lives are
shorter in individuals receiving chronic disulfiram therapy. Also, no
patient had a half-life of 15-19 h, suggesting a bimodality in their
distribution. On average, the patients studied by Iber et al. (1977)
excreted 42% of the administered label in urine, and 7% in feces (Table
6.2, lines 46 and 47). Although Eldjarn (1950b) reported a somewhat
higher figure (74%; Table 6.2, line 43), it is within the range of those of
Iber et al. (1977). Eldjarn (1950b) also determined the fraction
eliminated as inorganic sulfate, and at 63% of the dose (Table 6.2, line
44), it is clearly the preeminent urinary metabolite derived from the
dithiocarboxyl portion of the DSSD molecule.

There is little quantitative information regarding human urinary
excretion of DSGa, the other major sulfur-containing DSSD metab-
olite found in rat urine. Kaslander (1963) recovered 0.75% of the
DSSD dose from human urine as DSGa when isolating it for pur-
poses of identification. Because of the many and laborious steps
involved, he stressed this should be considered only as a minimum
value. Faiman et al. (1984) reported 1.7% of the DSSD dose to be
excreted as DSGa, however the assay method used was not specific
for DSGa.
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Figure 6.1 Plot of the apparent half-lives for urinary excretion of 35S label by
patients administered 3°S-disulfiram. (Left) Patients given a single dose of disul-
firam. (Right) Patients who had been taking disulfiram for at least a month. Values
computed from the data in Table 2 of Iber et al. (1977) by application of
equation (6.2).

6.4 PULMONARY EXCRETION OF DISULFIRAM METABOLITES

6.4.1 Human data

The most detailed information regarding the pulmonary excretion of
CS, following DSSD administration derives from human studies. Cobby
et al. (1978) analyzed the data of Merlevede and Casier (1961) and
reported that the terminal half-life for pulmonary CS, excretion follow-
ing DSSD administration was 12h (Table 6.1, line 49). The rates of
pulmonary CS, excretion following DSSD administration to humans
have also been the subject of a report by Rogers et al. (1978). One
individual (Subject 1 in their Fig. 2) received 250 mg DSSD on two
occasions: analysis of these data indicates half-lives of 9 and 11h,
respectively (Table 6.1, lines 56 and 57). Another individual had been
taking DSSD chronically (their Fig. 1); analysis of the rate of pulmonary
CS; output by this individual indicates a half-life of 5h (Table 6.1, line
55). This much shorter value might be attributable to induction by
DSSD of its own metabolism. [Such induction has been shown by
Neiderhiser and Fuller (1980) to occur in rats, a 21-day pretreatment
with DSSD lowering the apparent half-life for the urinary excretion of
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"“C-DSSD label from 14.9 to 6.9 h.] From the report of Rogers et al.
(1978) it is possible to calculate the fraction of the 250 mg DSSD dose
exhaled as CS,, on each of two occasions, by each of the two individuals
studied (subjects 1 and 2 in their Fig. 4). This gives values of 15 and 13%
for subject 1 and 12% on both occasions for subject 2 (overall mean for
the two subjects 13%; Table 6.2, line 56). Merlevede and Casier (1961),
on the other hand, reported that the CS, their subjects exhaled
accounted for 45, 38 and 59%, respectively, of the 500, 750 and 1000
mg of DSSD doses administered (Table 6.2, lines 49, 50 and 51), while
those of Iber et al. (1977) averaged 30% (Table 6.2, line 48). More
recently, Faiman et al. (1984) reported 22% of 250 mg doses of DSSD
administered orally to alcoholics to be excreted as CS, (Table 6.2, line
59); these authors also reported the half-lives for respiratory and blood
CS, to be 13 and 9 h, respectively (Table 6.1, lines 64 and 63).

6.4.2 Experimental animal data

Prickett and Johnston (1953), Stromme (1965b) and Faiman et al.
(1980) have reported on the time course of pulmonary CS, excretion
following DSSD administration to rats. All agree that the fraction of the
administered dose that can be accounted for as expiratory CS, in the
first 2—4 h is quite low. Thus at 2 h they report 1.8% post 30 mg/kg and
2.5% post 60 mg/kg iv. (Prickett and Johnston); 1.8% post 37 mg/kg i.p.
(Stromme); 1.1 and 1.0% following 7 mg/kg i.p. and p.o., respectively
(Faiman et al., 1980). After the initial 2-h period, Prickett and Johnston
(1953) and Stromme (1965b) both found the CS, excretion to taper
and ceased collecting at 3 and 4 h, respectively. Faiman et al. (1980),
who had not collected prior to the 2 h point, continued to collect for
48 h by which time they could account for 12—-13% of the DSSD dose in
this manner (Table 6.2, lines 21 and 24). Analysis of these data suggests
half-lives of 5.5 and 7.5 h, respectively (Table 6.1, lines 26 and 27). The
data of Prickett and Johnston (1953), and those of Stromme (1965b)
indicate, however, a rapid initial CS, excretion (Table 6.1, lines 7, 8 and
22) which is not compatible with these long half-lives, raising the
question of whether CS, formation from DSSD might reflect more than
one process. Jensen (1984) has examined the effect of the route of
administration on the fraction of *S-DSSD administered to rats that
undergo pulmonary excretion as CS, during the first 48 h post adminis-
tration. He reported the amount thus excreted after iv. or p.o.
administration (18 and 17%, respectively; Table 6.2, lines 37 and 39) to
be markedly greater than after i.p. and intraduodenal administration
(8.5 and 8.6%, respectively; Table 6.2, lines 33 and 35).
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6.5 PLASMA DISULFIRAM AND METABOLITES FOLLOWING ITS ADMINISTRATION

6.5.1 Plasma disulfiram levels

A significant controversy exists whether it is possible, without very
special stabilizing procedures, to detect DSSD in blood, plasma or
serum following its administration, in quantities sufficient to allow its
measurement (see Chapters 3 and 4). Most groups which have attemp-
ted to measure such levels have been unable to detect any measurable
quantity of DSSD in these fluids at any time following its administration
(Stromme, 1965b; Sauter et al., 1977; Pedersen, 1980; Masso and
Kramer, 1981; Johansson, 1986). Johansson (1988), using a DSSD-
stabilizing procedure that involved acidification to pH 5.5 with acetic
acid and addition of 10 mM diethylenetriaminepentaacetic acid, re-
ported being able to detect DSSD in the blood of alcoholics adminis-
tered 400 mg daily, but only after more than 7 days of therapy.

Two groups have reported finding DSSD in plasma at earlier times;
Davidson and Wilson (1979) noted level in humans to vary 600-fold, a
variation which could not be explained by differences in sampling
times. In contrast, Faiman and co-workers have reported extensively on
DSSD tissue levels following its administration to mice (Faiman et al.,
1977, 1978a), rats (Faiman et al., 1980, Jensen, 1984), dogs (Faiman et
al., 1977, 1978a, Jensen, 1984) and humans (Jensen et al., 1982;
Faiman et al., 1984). In mice administered 200 mg/kg *S-DSSD i.p.,
Faiman et al. (1978a) found the drug to disappear rapidly from plasma
and to be undetectable after 45 min. Following administration of 200
mg/kg DSSD i.p. to rats, Faiman ez al. (1978b) were unable to detect it
in plasma after 45 min, though later Faiman et al. (1980) reported it as
present in rat plasma at 1 and 5 h following administration of a 7 mg/kg
dose and Jensen (1984) reported plasma concentrations of **S-DSSD to
peak at 8 and 24 h following p.o. administration of a 70 mg/kg dose. In
the dog, Faiman et al. (1978a) reported graphically that the disappear-
ance of ¥S-DSSD, administered i.v. in polyethylene glycol, was rapid, no
detectable levels being observed after 30 min; Jensen (1984) later
reported the half-lives of DSSD, following its iv. administration in
dimethylsulfoxide to three dogs, to be 7.3, 9.3 and 40.8 min, respective-
ly (average 19 min; Table 6.1, line 41). Finally, Faiman e? al. (1984) have
reported that, following its p.o. administration, the plasma half-life of
DSSD in humans is 7 h (Table 6.1, line 59).

Jensen (1984) argues that, because he found ‘marked variability’ in
plasma concentrations of DSSD and its metabolites following iv. admin-
istration of DSSD, the variability observed after oral administration by
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Davidson and Wilson (1979) and Jensen et al. (1982) cannot be fully
ascribed to interindividual differences in absorption. However, he also
reports that the infusion over a period of 90-120 s of 7 mg/kg DSSD in
2.7-3.4 ml dimethylsulfoxide was associated with a fall in heart rate
from 90 to 30 beats/min in all three dogs, an effect not seen following
injections of the dimethylsulfoxide vehicle alone. The hemodynamic
consequences of such extreme bradycardia on drug distribution may
have contributed to the observed variability in plasma levels. Addition-
ally, interpretation of these results will be difficult as long as the
analytical controversy remains unresolved (section 4.1).

6.5.2 Plasma levels of free diethyldithiocarbamate

DSH appears, at first sight, to present fewer difficulties of estimation. In
keeping with this, a number of investigators have reported measurable
quantities of it in blood following DSSD administration. There is a lack
of unanimity in this regard, however, and the information regarding the
kinetics of DSH disappearance when generated iz vivo from DSSD are
rather disparate. Prickett and Johnston (1953) reported that, in rats
administered 60 mg/kg DSSD iv., DSH disappeared from the blood
quite quickly, only a trace being detectable at 60 min. Based on their
data, DSH would appear to have had a half-life of just 10 min (Table 6.1,
line 9). Pedersen (1980), following the administration of radiolabeled
DSSD, found only a trace of DSH in the plasma of one of two rats at 0.5
h, and neither he nor Stromme (1965b) could detect any at 1 h. Cobby
et al. (1978) analyzed the data of Faiman et al. (1977) for DSH levels in
a dog administered 20 mg/kg **S-DSSD iv. in polyethylene glycol and
obtained a value of 30 min for the apparent half-life (Table 6.1, line 37).
Giles et al. (1982) administered DSSD in 80% ethanol i.v. to rats; they
reported a biphasic plasma DSH curve, with a terminal half-life of
95 min (Table 6.1, line 31).

In humans administered DSSD, some measure of DSH half-life can be
gained from the data of Johansson (1986). The plasma levels he
reported showed marked variability at a secondary peak, 8 h post
administration, yet since they fell to baseline levels by 24 h, a half-life in
excess of 6 h appears unlikely. In contrast, Faiman et al. (1984) have
reported a half-life of 15.5h for DSH in humans administered DSSD.
The data from which that value is obtained are odd, in that the plasma
levels of DSH, the metabolite, rose much more quickly and peaked well
before those of DSSD, the parent compound, a phenomenon for which
it is difficult to envisage a pharmacokinetic mechanism. The DSH blood
levels observed by Jensen (1984) in two of three dogs administered
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DSSD i.v. show minimal regression on time during the 6-h observation
period. Likewise the DSH blood levels observed by Jensen (1984) in
rats administered *S-DSSD ip. and p.o., remained elevated for the
3-day duration of the experiment. The striking difference between the
results of Pedersen (1980), Giles et al. (1982), Faiman et al. (1984)
and Jensen (1984), all of whom used similar analytical methods,
suggests that concerns raised by Pedersen (1980) regarding ex vivo
conversions [between DSSD, DSH (free and bound) and diethyl-
dithiocarbamic acid methyl ester (DSMe)] need to be further con-
sidered, particularly in assays employing solvent extraction. The con-
cern regarding such ex vivo conversions is heightened by the fact
that, following administration of *C-DSSD to rats (Pedersen, 1980), the
sum of DSSD, DSH (free and bound) and DSMe in plasma accounts for
only a small fraction of the radioactivity in blood. Thus Pedersen
(1980) reported that from 1 to 48 h the sum of these entities account-
ed for 2—6% of the radioactivity in plasma and, in turn, at 48 h (data
not available for earlier times) plasma radioactivity accounted for only
4.8% of that in whole blood.

6.5.3 Plasma levels of protein-bound diethyldithiocarbamate

Both Stromme (1965b) and Pedersen (1980) have reported significant
plasma levels of protein-bound radioisotope label from which DSH
was released upon treatment with a thiol. Strénme (1965b), sampling
between 1 and 4h post DSSD administration, was able to identify
14-24% of the plasma *S as protein-bound; Pedersen (1980), samp-
ling between 0.5 and 96h post administration, observed that only
1-8% of the plasma "“C could be accounted for in this manner. From
Stromme’s data, the apparent half-life for the disappearance of pro-
tein-bound DSH from plasma was calculated to be 117 min (Table 6.1,
line 17).

6.5.4 Plasma levels of diethyldithiocarbamic acid methyl ester

Plasma levels of DSMe have been followed in humans subsequent to
DSSD administration by Pedersen (1980), Faiman et al. (1984), Johan-
sson (1986), Johansson and Stankiewicz (1989), Johansson et al. (1991)
and Andersen (1991). Pedersen’s data from one subject suggest a
terminal half-life of 60 min (Table 6.1, line 58). Johansson’s very clean
data from five alcoholics show a 6 h terminal half-life (Table 6.1, line 65).
Johansson and Stankiewicz, who found the peak plasma concentration
time in nine alcoholics administered 400 mg DSSD to be 1.8+0.4h,
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reported a mean half-life for DSMe of 6.3+ 1.5h (Table 6.1, line 68).
Faiman et al. (1984) reported a half-life of 15 h (Table 6.1, line 60).

Faiman et al. (1977) have reported graphically (their Fig. 2) on the
plasma DSMe levels in dogs following the i.v. administration of **S-DSSD.
Cobby et al. (1978) calculated the half-life associated with these data
to be 22 min, but have also questioned the separation procedures of
the assay, noting that Faiman et al. (1977) reported the plasma levels of
both DSH and DSMe to be ‘declining virtually in parallel while exhibi-
ting similar concentration magnitudes’, a difficult phenomenon to
envisage pharmacokinetically for a compound and its metabolite.

Andersen (1991) performed a comparative bioavailability study of
the effervescent DSSD formulation marketed in Denmark by A/S
Dumex and the non-effervescent DSSD formulation available in the
United Kingdom from CP Pharmaceuticals. The cross-over study in-
volved 24 volunteers each of whom received a single administration of
800 mg of each of the two DSSD formulations. Serum concentrations of
DSMe were followed for 24 h after each administration. Relative bi-
oavailability was deduced from a comparison of the areas under the
curve (AUC) for serum DSMe. The mean AUC for the effervescent
formulation was 2337 + 1294 ng h/ml while that for the non-efferves-
cent formulation was 855 +559ngh/ml. On this basis Andersen es-
timated the bioavailability of the non-effervescent formulation to be
34% of the effervescent one. For both formulations the time corre-
sponding to peak serum concentration were similar (3.8 + 1.4 h for the
effervescent formulation, 3.7 + 1.0 h for the non-effervescent formula-
tion) but the peak serum concentrations differed significantly
(P<0.0001) being 324+ 168 ng/ml and 124 +63 ng/ml for the effer-
vescent and non-effervescent formulations respectively.

6.5.5 Plasma levels of diethylmonothiocarbamic acid methyl ester

Johansson and Stankiewicz have reported the plasma half-life for the
diethylmonothiocarbamic acid methyl ester (DmSMe) in three alcohol-
ics administered DSSD to be 11.2+ 3.0 h (Table 6.1, line 69) with peak
concentration occurring at 3.3 + 1.2 h. It should be noted, however that
this metabolite could only be detected in the plasma of 3 of 10
alcoholics administered DSSD.

6.5.6 Plasma levels of the S-glucuronide of diethyldithiocarbamic acid

DSGa is another metabolite the plasma levels of which have been
followed after DSSD administration (Stromme, 1965b). The apparent
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plasma half-life computed from these data is 55 min (Table 6.1, line 18),
a value similar to the 48 min value obtained from the urinary DSGa
excretion data of Stromme (1965b).

6.6 DIETHYLDITHIOCARBAMATE AND METABOLITES FOLLOWING
ITS ADMINISTRATION

6.6.1 Pulmonary carbon disulfide excretion

Merlevede and Casier (1961) have reported that the excretion of CS, in
breath following DSH administration is quite rapid. These workers
administered DSH orally in doses of 50, 100, 250 and 500 mg p.o. to
humans and collected CS, exhaled in the breath until the excretion
ceased. Analysis of their data yields apparent half-lives of 36, 32, 46 and
41 min, respectively, for pulmonary CS, excretion (Table 6.1, lines
50-53). These half-lives are dramatically shorter than the correspond-
ing ones observed following DSSD administration. As suggested by
Stromme (1965b), this could be a reflection of acid-catalyzed decom-
position of DSH, occasioned by its oral administration and exposure to
the stomach environment. Merlevede and Casier (1961) also reported
that as the dose of DSH increased so did the fraction of it that could be
accounted for in terms of exhaled CS, (Table 6.2, lines 52—55). This
suggests that pulmonary CS, excretion is less easily saturable than
other pathways available for DSH or CS, disposition, or that some CS, in
breath enters it via the esophagus. Even following the i.p. administra-
tion of **S-DSH, however, the apparent half-life for the pulmonary
excretion of CS,, as calculated from the data of Stromme (1965b), was
only half as long (31 min; Table 6.1, line 22), as that following 3*S-DSSD
administration (63 min; Table 6.1, line 21). Furthermore, Stromme
reported that a greater fraction of the dose was excreted as CS, when
rats were given 3S-DSH (10%; Table 6.2, line 11) than when they were
given *S-DSSD (2.5%; Table 6.2, line 10). Because different doses were
used, it is not possible to determine whether this difference is a
significant one.

6.6.2 Plasma diethyldithiocarbamate levels: free and bound

The AUC (area under the curve) figure obtained for plasma DSH by
Bodenner et al. (1986b) following i.p. administration of DSH in a
250 mg/kg dose was only 54% of that obtained following i.v. administra-
tion of the same dose. This indicates that first-pass hepatic metabolism
results in the degradation of almost 50% of DSH administered i.p.
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The data from most studies suggest that the plasma half-life of DSH
administered as such is quite short. A value of 5.2 min results from the
data of Stromme (1965b) in rats following i.p. administration (Table 6.1,
line 14); Cobby et al. (1978) reported a half-life of 3.4 min in dogs
infused DSH iv. (Table 6.1, line 39); Bodenner et al. (1986a) have
published values of 10 and 11 min in mice administered DSH i.p. and
s.c., respectively (Table 6.1, lines 2-3), values of 10, 20 and 21 min in
rats administered the agent iv., i.p. and s.c,, respectively (Table 6.1,
lines 34-36), and a value of 8.75 min in dogs following i.v. administra-
tion (Table 6.1, line 45). Lieder and Borch (1985) reported a value of
7.0 min in the dog (Table 6.1, line 44). Qazi et al. (1988) have
published values of 13.4+0.7 and 13.14+0.5 min in humans infused
with doses of 75 and 150 mg/kg DSH, respectively (Table 6.1, lines 66
and G7). In contrast, Jensen (1984) reported half-lives of 19.1, 26.6 and
138 min for DSH in three dogs to whom it was administered iv. in
dimethylsulfoxide (average 61 min; Table 6.1, line 42).

Cobby et al. (1978) reported an apparent volume of distribution in
dogs for DSH of 0.16 1/kg (Table 6.3; line 2) and a total body clearance
of 0.0331 I/min/kg. A relatively similar value for the volume of distribu-
tion (0.201/kg; Table 6.3, line 1) is obtained from the rat data of
Stromme (1965b). Qazi et al. (1988) have published values of
0.290+0.007 and 0.275+0.006 in humans infused with 75 and
150 mg/kg doses of DSH (Table 6.3, lines 7 and 8). The value reported
by Jensen (1984) for dogs was higher (0.44 1/kg; Table 6.3, line 5).

In addition to plasma levels of free DSH, Stromme (1965b) estimated
the levels of protein-bound **S of which 45-83% could be released by
GSH and 32-74% could be identified as DSH. The rate of disappearance
of the protein-bound *$ from plasma was relatively slow, the apparent
half-life for the process being 134 min (Table 6.1, line 15).

6.6.3 Plasma levels of diethyldithiocarbamic acid methyl ester

Cobby et al. (1978), in a set of elegant experiments, infused dogs with
DSH and DSMe and reported that 27% of administered DSH is methyl-
ated to yield DSMe (Table 6.2, line 40). Using less direct methods,
Jensen (1984) found 47% of administered DSH to be metabolized to
DSMe (Table 6.2, line 42). The plasma half-life of DSMe appears to be
substantially longer than that of DSH. Cobby et al. (1978) reported the
plasma half-life of DSMe in dogs to be 49 min (Table 6.1, line 40). Under
parallel circumstances, Jensen (1984) reported a value for the plasma
half-life of DSMe of 57 min in dogs (Table 6.1, line 43). Cobby et al.
(1978) also undertook retrospective kinetic evaluations of the plasma
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DSH data which Prickett and Johnston (1953) had obtained by a rather
non-specific method, and of the plasma **S data obtained by Stromme
following ip. administration of **S-DSH. Both sets of data evidenced
biexponential decay, and this Cobby et al. (1978) interpreted as
representing combined DSH and DSMe values. On this basis, they
computed values of 1.3 and 20 min (Table 6.1, lines 10 and 11) for DSH
and DSMe half-lives, respectively, from the data of Prickett and John-
ston (1953). Likewise, from the data of Strémme (1965b) they com-
puted half-life values for DSH and DSMe of 8 and 76 min, respectively
(Table 6.1, lines 19 and 20).

DSMe is a more lipid-soluble compound than DSH. In keeping with
this, Cobby et al. (1978) found the volume of distribution for DSMe in
dogs (2.5 1/kg; Table 6.3, line 3) to be 15-fold higher than the volume of
distribution for DSH in this species. Surprisingly, Jensen (1984) re-
ported the volume of distribution for DSMe (0.61 I/kg; Table 6.3, line 6)
to be only 1.4-fold higher than that for DSH. Cobby et al. (1978) also
reported total body clearance for DSMe to be 0.0319 I/min/kg.

6.6.4 Excretion of sulfate and the S-glucuronide of
diethyldithiocarbamic acid

The two major urinary metabolites of *S-DSH in rats are DSGa and
sulfate. From the urinary excretion data of Strémme (1965b), the
apparent half-life for DSGa excretion in urine, following i.p. administra-
tion of DSH to rats, is 45 min (Table 6.1, line 13) and 34% of the
administered DSH is excreted in this manner (Table 6.2, line 7). Similar
results were obtained by Gessner, T. and Jakubowski (1972), who
reported 30% of the administered DSH to be excreted as DSGa (Table
6.2, line 12). They also reported 16% of the dose to be excreted as
sulfate (Table 6.2, line 13). Overall, they found 57% of the *S label
administered as *S-DSH to undergo urinary elimination in the first 48 h
post administration (Table 6.2, line 14).

Following i.p. administration of **S-DSMe to rats, on the other hand, a
higher fraction appears to be excreted as sulfate. Thus, Gessner, T. and
Jakubowski (1972), using two doses (27 and 55 mg/kg), reported
62-79% of the DSMe to be excreted as sulfate (Table 6.2, lines 15 and
16). The apparent half-life for the process was 2.7 h (Table 6.1, line 23).
Overall, 70 to 87% of the label administered as 3S-DSMe was found by
Gessner, T. and Jakubowski (1972) to undergo urinary excretion (Table
6.2, lines 17 and 18), a finding since confirmed by Faiman et al. (1983),
who additionally reported 15% of the *S dose to be excreted in feces
(Table 6.2, lines 30 and 31).
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6.6.5 Tissue distribution

The tissue distribution of radioactivity at 5, 10, 20 and 45 min following
administration of **S-DSH (200 mg/kg as Imuthiol by retroorbital i.v.
injection) to mice has been investigated by Guillaumin et al. (1986).
Because of the short half-life of DSH in the mouse (10 min, Table 6.1)
only the activity at the 5 minute time point can be considered to be
primarily due to DSH. Given the immunomodulating properties of DSH,
it is striking that of the 11 tissues examined, the two with the highest
activity were the spleen and the thymus. The activity in these two
tissues was, respectively, 1.8- and 1.3-fold higher than that in the liver
and 6.7- and 4.8-fold higher than in plasma. Over the subsequent
45 min the radioactivity of the plasma declined exponentially with a
half-life of ca 7.4 min; the activities of the spleen and kidney did so in
parallel. The activity in the thymus, the liver, the lymph nodes and the
neocortex, on the other hand, remained constant or increased slightly.
Guillaumin ez al. (1986) extracted the neocortex with pentane and
reported the presence therein of DSMe. No information is available,
however, regarding what portion of the neocortical radioactivity could
be accounted for in this manner, or whether DSMe represented a
significant portion of the radioactivity in the thymus, lymph nodes, or
liver.
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7.1 INTRODUCTION

Diethyldithiocarbamate (DSH) is an avid ligand of heavy metals with
which it forms complexes that have a much higher lipid solubility
than have the heavy metal ions themselves (Chapter 2). The lipid
solubility characteristic of the metals are thereby changed and this
results in their patterns of distribution being altered following DSH
or disulfiram (DSSD) administration. One consistent finding is that the
levels of the metal found in brain are increased. Urinary excretion and
kidney levels, on the other hand, are usually decreased, an advantage,
since many heavy metals are nephrotoxic. Concurrently, an increase
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in the fecal elimination of the heavy metal is usually observed (Fig.
7.1).

The physico-chemical aspects of heavy metal transfer through
membranes and the chelation chemistry of these metals is beyond the
scope of this book; the interested reader is referred to the work of
Williams (1981) for the coverage of the former and to the discussion
of Andersen (1984) relative to cadmium for coverage of the latter.

Whether chelation with DSSD or DSH will result in an increase or a
decrease in the body burden of a heavy metal, or for that matter its
toxicity, depends on many factors. The effect the agents will have on
the excretion rate of the metal is only one of these; another is the
effect of these agents on the absorption of the metal from food. There
is some evidence that systemically administered DSSD or DSH can
increase the efficiency of the latter process. Moreover, the manner in

Figure 7.1 Effect of diethyldithiocarbamate (DSH) on urinary and fecal excre-
tion of heavy metals in rats. Abscissa, amount of heavy metal excreted. Ordinate,
collection period following heavy metal administration. (a) Excretion of 23Pb in
controls (open bars) and DSH-treated (closed bars) rats. Animals were treated
with 28.6nmol **Pb/kg as acetate and 10 min later were administered DSH
(298 mg/kg, ip.). Modified from Oskarssonn (1983). (b) Excretion of 2%Hg in
controls (open bars) and DSH-treated (closed bars) rats. Animals were adminis-
tered DSH (75 mg/kg iv.) both 2h prior and immediately following treatment
with 2*HgCl, (5 pmol/kg iv.). Modified from Aaseth et al. (1981).
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which chelation affects absorption and excretion need not parallel
each other as the dose of DSSD or DSH is increased. For instance,
Sunderman (1964) reported, on the basis of metabolic balance stu-
dies, that a patient with Wilson’s disease, originally in a positive
balance for both copper and nickel, remained so following administra-
tion of low doses of DSH. A negative balance was achieved, however,
when the DSH dose was raised. Such metabolic balance studies are
very seldom undertaken be it in clinical or experimental animal
studies. Yet, conclusions regarding the effect of DSSD or DSH adminis-
tration on the body burdens of a heavy metal cannot be made solely
on the basis of the reported effect of such administration on the
metal’s levels in tissues and excreta.

Whether the effects of the redistribution will result in an increase
or decrease of the heavy metal level in a particular compartment, or
tissue, will depend on the existent concentration gradients. Thus, for
instance, following administration of copper or zinc, dosing with DSH
results in increased brain levels of these elements; yet administered
by itself, DSH can reduce the endogenous brain levels of these metals.

The formation of binary heavy metal-DSH complexes speeds the
passage of the metals through lipoid barriers. The manner in which
this affects toxicity can depend on the stability and inertness of the
chelate. For instance, Pt(DS), is rather stable and inert, while TI(DS)
appears to have low stability and its rapid formation #n situ can lead
to increased toxicity. Although such complexes have high two-phase
extraction constants (section 2.3), yet, even in a system such as
chloroform—-water, the metal is easily and quantitatively displaced by
another with a higher extraction constant. Estimation of the concen-
trations of DS complexes in a biological matrix has seldom been
attempted: Johansson and Stankiewicz (1985) have estimated the
levels of Cu(DS), in plasma following addition of DSSD to plasma or
blood (sections 3.2 and 4.3.2). Given DS complexes have a tendency
to become adsorbed on surfaces such as teflon and glass even after
siliconization (Hiring and Ballschmiter, 1980; de Bruine et al., 1985),
the task will likely prove arduous and complicated. DSH may also
participate in the formation of ternary DS—-metal-protein complexes
(Morpurgo et al., 1983); formation of such complexes would tend to
retard the movements of metals.

Although increases in the brain levels of a heavy metal generally
elicit concern, paradoxically, as in the case of cadmium (section 7.4),
such increases can be correlated with decreased toxicity. For cad-
mium this is presumably due to the fact that, based on LDs, measure-
ments, the toxicity of Cd(DS), is 76-fold lower than that of cadmium
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itself. Accordingly, such concern should be informed by knowledge of
the relative toxicities of the metal itself and that of its complex with
DSH.

The in vivo formation of DSH complexes of heavy metals may be
useful even in instances, as with thallium, where the complex and the
metal have indistinguishable toxicities, if the DSH helps to mobilize
the metal from the tissues and speed its elimination. In such instan-
ces, however, the rate of DSH administration may need to be
modulated to prevent the sudden elevation of the metal complex
concentration to toxic levels. For instance, case reports of treatment
of thallotoxicosis (Bass, 1963) and Wilson disease (Sunderman, 1964)
with iv. DSH indicate that, if rapidly administered to such patients,
DSH can cause acute toxic effects. These are ascribable, presumably,
to the pharmacological action of high concentrations of the complex
formed.

DSSD is known to be metabolized to DSH in vivo. Also, both DSSD
and DSH are considered to form the same complex with some metals
(viz. copper; Sauter et al., 1976). Accordingly, investigators of heavy
metal toxicity and distribution have often assumed them to be equiv-
alent. Where they have been compared, however, the results obtained
have not always been similar. For instance, DSH increases fecal excre-
tion of lead while DSSD administration has the opposite effect (Oskar-
sson, 1987b). A complicating factor is that heavy metal chelation can
also occur following exposure to carbon disulfide, a metabolite of
both DSSD and DSH. Comparative evaluation of the effects of DSSD
and DSH presents problems. Firstly, it is not possible to use the same
vehicle for both and secondly, use of the same route is problematical.
DSSD is most often administered p.o., but administration of DSH in
this manner renders it subject to acid hydrolysis in the stomach with
the formation of carbon disulfide and diethylamine. Conversely, i.p.
administration of DSSD as an aqueous suspension can lead to incom-
plete absorption, while if oil is used as the vehicle it can act as a
depot and retard the absorption.

Finally, it should be kept in mind that it has been found that in
some instances delay in administration of DSH following exposure to
the heavy metal may be beneficial. Possibly, the delay might allow the
metal to react and be trapped by relatively expendable tissue compo-
nents, while early DSH administration might speed passage of the
metal to regions where more vital systems can be affected.

The ensuing sections on the interactions of DSH and DSSD are
arranged in the order of increasing affinity of DSH for the metal, as
defined by the extraction constants given in Table 2.1.
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7.2 THALLIUM

DSH can decrease thallium (Tl) toxicity. Administered to mice in a
365 mg/kg i.p. dose 24 h after a 10-day LDy, dose of Tl, DSH reduces
mortality to 30% (Stavinoha et al., 1959). This protection is probably
due to increased Tl elimination. Daily administration of DSH
(17.6mg/kg/day for 6 days, in feed) increases from 79 to 90%, for
instance, the cumulative amount of Tl eliminated by rats in the 7 days
following its i.p. injection (Schwetz et al., 1967). Also, in humans i.v.
infusion of DSH (20-22 mg/kg) markedly increases the rate of urinary
Tl excretion (Rieders and Cordova, 1965; Nogue et al., 1983).

DSH administration, whether concurrent or subsequent to that of
Tl, causes its brain levels to increase substantially. For instance,
whether administered to rats 24 or 72h after Tl, DSH (22.5 mg/kg
iv.) causes a 2-fold increase in brain TI levels (Rauws et al., 1969;
Kamerbeek et al., 1971); co-administration results in levels which are
5- to 10-fold higher than those seen in controls (Rauws et al., 1969).

In rabbits administered *°'Tl1 and DSH concurrently, the brain *'Tl
level reaches 90% of its maximum within 90 s of administration and
changes very slowly thereafter (de Bruine et al., 1985): the half-life
of brain *'Tl in rabbits can be calculated (from Table 1, p. 83, de
Bruine, 1988) to be 20 h. In humans, administered iv. **'T1 (1 pg)
together with DSH (10 mg), 4.28% of the radionuclide is taken up by
the brain. The process is exceedingly rapid, virtually no further up-
take occurring after the first brain passage and a stable count being
reached in 90 seconds (van Royen et al., 1987; de Bruine, 1988): a
half-life of 250 h can be calculated from the *'Tl levels at various
times thereafter. The ready uptake of TI(DS) into the brain is ex-
plained by its brain-blood partition coefficient which is 18/1 (Lear
and Navarro, 1987). It should be noted, however, that in rabbits
administered *°'T1 and DSH concurrently, the fraction of the injected
radionuclide which is taken up by the brain (1.46-2.47%) is a func-
tion of the DSH dose (de Bruine, 1988). Moreover, the very long
biological half-life of radionuclide #7n situ thereafter, and the ability of
DSH, administered long after T, to cause significant redistribution of
it to the brain, suggests that TI(DS) dissociates readily and that its in
vivo existence is evanescent. Support for this hypothesis comes from
the observation of Kamerbeek et al, (1971) that within 90s of
addition of TI(DS) to liver homogenate, 55% of it was no longer
extractable with methyl isobutyl ketone. Such evanescence might
explain the finding that, in the rat, the 3-week LDs, for TINO; and
TI(DS) are comparable, being 16 and 17 pug/kg, respectively (Rauws et
al., 1969).
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7.2.1 Use in single-photon emission computed tomography

'T1 is a gamma-emitting radionuclide with a half-life of 2 days which
can be used for cerebral blood flow imaging with single-photon
emission computed tomography (SPECT). The ready uptake of
2'TI(DS) by cerebral tissue and the stable count thereafter suggested
that it might be suitable as a radiopharmaceutical for local cerebral
blood flow (LCBF), or regional cerebral blood flow, imaging (van
Royen, 1987). Such imaging can provide clinically valuable informa-
tion for the management of cerebral infarctions, brain tumors, epi-
lepsy and dementia. To determine how accurately brain localization of
'TI(DS) might reflect LCBF, Lear and Navarro (1987) and Lear
(1988) using rats, co-injected **'TI(DS), with other LCBF tracers
([**1]isopropyliodoamphetamine, ['*Cliodoantipyrine and d,1[*™Tc]-
hexamethylpropyleneamine oxime complex), sacrificed the animals
2 h later and, taking advantage of the different decay rates of *°'Tl, '*I,
“C and *®™Tc obtained autoradiographs for the distribution of each
tracer in the same brains. On the basis of quantitative digitalized
analysis of these autoradiographs they concluded that *'TI(DS) dis-
tribution accurately reflects brain perfusion (i.e. LCBF). A study of
SPECT imaging with Tl in acute ischemic stroke indicates the
advantages of this imaging agent lie in its high sensitivity and high
stability: this allows postponement in acute situations, once the
radiopharmaceutical has been administered, of the imaging procedure
since redistribution within the brain takes many hours (de Bruine et
al., 1990).

7.2.2 Treatment of thallotoxicosis

A number of case reports have been published describing DSH ther-
apy of thallotoxicosis. Some have achieved a significant degree of
clinical improvement; in the hands of others, DSH treatment has led
to serious problems. Since no other effective therapy of thallotoxico-
sis is available, these case reports will be examined in some detail.
Bass (1963) administered 25 mg/kg of DSH in 500 ml 5% glucose as a
slow (4 h) iv. infusion to a man with very severe Tl poisoning. The
procedure was repeated four times over a 5-day period. On each
occasion the patient experienced intense joint pains during the infu-
sion and, on two occasions, developed a toxic psychosis. However,
the patient, who was moribund at the beginning of DSH therapy,
improved over the course of it. Sunderman, Jr. (1967) administered
p-o. gelatine capsules containing 375 mg of DSH (7.5 mg/kg) mixed
with 0.6 g sodium bicarbonate (to serve as a gastrointestinal buffer)
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with 200 ml water every 4 h for 3 days to a patient who had ingested
rat poison containing 375 mg Tl sulfate, this course of treatment
being repeated twice. The patient showed definite clinical improve-
ment during the DSH therapy, becoming more lucid, alert and
cooperative. Urinary excretion of Tl increased 3-fold during the first
course of treatment and 2.5-fold during the second. The patient did
not experience any side effects during the DSH therapy. Kamerbeek
et al. (1971) reported that a patient suffering from Tl intoxication
lost consciousness during the infusion of DSH (dose and rate of
infusion not stated) and evidenced progressive deterioration of the
electroencephalogram. Although consciousness was regained a few
hours later, electrographic disturbances persisted for several weeks,
leading Kamerbeek et al. (1971) to state that the use of DSH as an
antidote to thallotoxicosis is contraindicated. Nogué et al. (1983)
administered DSH to a male schizophrenic who had ingested rat
poison containing 750 mg Tl sulfate. Initially 22 mg/kg of DSH was
infused i.v. in 500 ml of 5% dextrose over a 4-h period daily for 3 days.
No adverse effects were observed; urinary Tl levels increased during
the perfusion 4-, 5- and 20-fold on the 3 days of therapy, respectively.
Later, DSH was administered p.o. as a solution of 7.5 mg/kg DSH in
50 ml of water every 6h for 3 days. The patient experienced nausea
and vomiting but no increased Tl excretion was observed. Since DSH
is decomposed readily by acids to diethylamine and carbon disulfide
(section 2.2), the administration of DSH solutions per os would not be
expected to be effective unless steps are taken to protect it from
stomach acids. The lack of effect of p.o. administration observed by
Nogué et al. (1983) and the success of the therapy when adminis-
tered by Sunderman, Jr. (1967) can be understood in this context.
Oral administration of DSSD, which is stable under acid conditions,
has not been evaluated for this condition. Administration of DSH by
the iv. route can also be very effective; whether serious side-effects
are seen may depend on the rate at which TI is mobilized. Since oral
administration of potassium chloride also increases urinary Tl excre-
tion, Papp et al. (1969) have suggested treatment of thallotoxicosis
with a combination of DSH and potassium chloride.

7.3 ZINC

DSH administration leads to a redistribution of administered
radiolabeled zinc (Zn). Thus in mice, administered DSH (113 mg/kg
i.v.) 5min after injection of ®ZnCl, (10 pmol/kg iv.), blood and brain
%Zn levels at 24 h are 2- and 3.5-fold higher, respectively, than those
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of controls administered ®ZnCl, only (Aaseth et al, 1979). In the
same species, administration of DSH (300mg/kg ip.) or DSSD
(300 mg/kg p.0.) 15 min after p.o. dosing with “ZnCl, (30 umol/kg)
raises the ®Zn body burden at 24 h, presumably by increasing Zn
absorption, but has little effect on the rate of its disposition in the
ensuing 13 days (Sorensen and Andersen, 1989). Incorporation of
DSSD in the diet of rats, as 0.1% in feed, for 1 week slightly increases
(by 18%) the level of Zn in the spleen and slightly decreases (by 12%)
that in the kidney; serum levels remain unchanged (Aaseth et al.,
1981). In alcoholics, DSSD therapy (800 mg twice a week for 4
weeks) does not change Zn serum levels which remain the same as
those of controls (Grandjean et al., 1990). No changes in Zn serum or
renal levels are observed upon daily administration of DSH
(113 mg/kg/day for 6 days, ip.) to rats, although hepatic Zn levels,
measured on days 1, 3 and 6, are raised about 70% (Tandon et al.,
1983). In vitro, DSH dramatically increases the uptake of Zn by
erythrocytes (Aaseth et al., 1979).

DSH is found to interact with the Zn of the hippocampal mossy
fiber boutons (Danscher et al., 1975). The Zn therein can be visualiz-
ed histologically by sulfide silver staining and is considered to be
involved in synaptic transmission. Its localization, both in the hip-
pocampus and other areas of the brain, is intravesicular (Pérez-
Clausell and Danscher, 1985). Administration of DSH to rats (50-
1000 mg/kg ip.) prevents sulfide silver staining of the hippocampal
mossy fiber boutons (Danscher et al., 1973). The effect is an immedi-
ate one: 5 min following administration of a 1000 mg/kg dose there is
a loss of staining reactivity in most parts of the telencephalic neuropil.
The maximal effect following this dose is seen at 45—60 min. DSH
administration induces a similar inhibition of sulfide silver staining in
the neuropil of the head of the dorsal horn of the spinal gray matter
(Schroder et al., 1978), the effect being evident within 30 min of DSH
administration but no longer discernible at 2 h.

Little is known regarding the functional role of Zn in the hip-
pocampal mossy fiber boutons. Frederickson et al. (1990) have pro-
posed that chelation of Zn in these structures by DSH results in
impairment of spatial working memory. Using rats which had been
allowed to locate a submerged platform in a water maze, they found
that infusion of DSH, via indwelling bilateral dorsal hippocampal
cannulae, increases the time taken by the animal to locate the plat-
form again. This effect is observed if the DSH is infused 15 min prior
to the water maze test, but not if it is infused 4 h previously. The time
course of the effect correlates with that on the silver sulfide staining



Cadmium 73

of histological sections of the dorsal hippocampus of these animals.
No Zn is evident in sections taken from animals killed 30 min after
the DSH infusion. By 4 h, however, the staining pattern returns to
normal. Additional evidence linking Zn chelation to the impairment of
spatial memory is that the same effect can be induced by infusion of
sodium sulfide which precipitates the Zn, but not by infusion of
calcium edtate, which does not penetrate plasma membranes
(Frederickson et al., 1990). Chelation of the mossy fiber bouton Zn
has also been advanced as the mechanism responsible for the aug-
mentation of kainic acid toxicity (faster seizure onset and increased
severity and higher mortality) by i.p. administration of DSH (Mitchell
et al., 1990). Although dithiazone, another agent that chelates Zn has
similar effects, these workers admit it is an open question as to
whether Zn chelation is the mechanism responsible for the observed
effect.

The changes in staining reactivity of the hippocampal mossy fiber
boutons are correlated with changes in hippocampal Zn content only
at very high DSH doses. Thus, in rats, no changes could be detected
in Zn levels in the hippocampal or other brain regions 30 min, 4 h or
24 h following a 250 mg/kg dose of DSH (Lakomaa et al., 1982). A
23% decrease in hippocampal and a 13% decrease in cortical Zn levels
is observed, however, in this species 1h following 1000 mg/kg i.p.
dose of DSH, though no other area of the brain region is significantly
affected (Szerdahelyi and Kasa, 1987a). The hippocampal Zn levels
remain significantly depressed for 24 h following this dose of DSH,
although the sulfide silver staining in neurophils, which is blocked at
1h, returns to normal after 6h. In contrast, in mice no change in
hippocampal Zn levels could be detected 4 h following a 900 mg/kg
dose of DSH (Haycock et al., 1977).

7.4 CADMIUM

DSH can protect against intoxication with otherwise lethal doses of
cadmium (Cd). The timing of the DSH administration relative to that
of Cd is, however, critical. Thus, DSH given to mice immediately or
less than 1h following systemic administration of Cd, is far less
effective than when it is given 1-5h after it (Table 7.1). Also, treat-
ment with DSH within 15 min of oral dosing with Cd enhances the
toxicity of the latter, whereas administered one or more hours later
it does not have such an effect. The much lower oral toxicity of
Cd (Table 7.1) is due to its low oral availability (1.5%). Administration
of DSH at a time proximal to that of Cd results in more Cd being
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absorbed (Andersen et al., 1988), likely because of the formation of
the Cd chelate, Cd(DS),, in the gastrointestinal tract.

Upon incubation of isolated rat hepatocytes with Cd(DS),, the rate
of Cd uptake is initially (first 4 h) 4 times higher than that observed
upon incubation with CdCl,. Also, a greater proportion of the Cd is
found to be associated with the particulate fraction of the cells
(Hellstrom-Lindahl and Oskarsson, 1989b). An important observation
made by these workers is that Cd(DS), is not pharmacologically inert.
Thus upon incubation with hepatocytes, or their cytosol, Cd(DS),
causes inhibition of glutathione reductase and succinic dehyd-
rogenase similar in magnitude to that seen following incubation with
CdCl,. Yet, these two solutes differ in the extent to which they
inhibit alcohol dehydrogenase. This suggests that the properties of
Cd(DS), are different from those of the Cd cation.

As much as 50% of administered Cd is sequestered in the liver and
kidney. The accumulation ratio, R,, defined as

__per cent of administered Cd present in organ
B (organ weight/body weight) x 100

R

has values for these two organs of around 10 and 8, respectively (Gale
et al., 1982b). The R, for spleen is around 1.2, but 0.5 or less for
other organs. DSH is particularly effective in lowering Cd levels in the
kidneys and the spleen and, to a lesser extent, those in the liver. In
mice and rats previously administered Cd, treatment with DSH lowers
Cd kidney levels by as much as 85% (Cantilena and Klaassen, 1981;
Gale et al., 1983ab,c, 1985a, 1986b; Cikrt et al., 1986b; Andersen et
al., 1988, 1989; Andersen and Nielsen, 1989). Among 18 other non-
dithiocarbamate chelating agents tested, only 2,3-dimercaptopropanol
(BAL) is also able to decrease renal Cd levels (Shinobu et al., 1983a).

In organs with R,>1, Cd is sequestered by metallothionein, a
cysteine-rich low molecular weight protein that avidly binds Cd. Such
binding leads to the half-life of Cd in rodents being 50-250 days.
Administration of either Cd or chelating agents stimulates metallo-
thionein synthesis (Goering et al., 1985), a process that reaches a
maximum 6-12h after Cd administration (the stimulation by chelat-
ing agents occurs because of the resulting increased uptake of dietary
zinc, another metal bound by metallothionein). DSH removes Cd
bound to metallothionein: incubation of partially purified mouse Cd
metallothionein with 1 mM DSH ##n vitro results in removal of 56% of
the Cd in 2h (Gale et al., 1985b).

Although DSH treatment lowers renal Cd levels, it does not increase
urinary Cd excretion (Cantilena and Klaassen, 1981; Gale et al.,
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1982b). Nonetheless, except when administered immediately follow-
ing oral dosing with Cd, it lowers Cd body burdens (Gale et al.,
1983ab,c, 1986b). This is effected by marked increases in fecal Cd
excretion rates. Thus 6-fold (Gale et al., 1982b, 1983a,b,c) and 10-fold
(Klaassen et al., 1984) higher fecal excretion rates are reported in
mice pretreated with Cd 48 h to 6 weeks previously, though in mice
administered DSH immediately following Cd, fecal excretion is not
increased (Cantilena and Klaassen, 1981). Using rats pretreated with
Cd during the preceding 39 days, Cikrt et al. (1986b) found that DSH
does not increase biliary excretion of Cd, and suggested that the
increased fecal elimination of Cd is mediated by transmucosal excre-
tion across the intestinal wall.

The effect of treatment with DSSD on Cd body burdens has been
little studied. Gale et al. (1989a) found that oral administration of
DSSD in doses of 11.3, 106 and 441 mg/kg/day for 4 days to mice
injected with Cd 3 days earlier in each case lowers hepatic Cd levels
(by 16-25%) without altering either renal or brain levels. Adminis-
tered in a 500 mg/kg/day i.p. dose in peanut oil, DSSD, as before,
lowers hepatic Cd levels by 15%, but also reduces body burdens by
10% and increases brain levels 2.5-fold. Under comparable conditions,
a 500 mg/kg i.p. dose of DSH decreases body burdens by 20%, lowers
liver and kidney levels by 29% and 54%, respectively, but increases
brain levels 21-fold.

The ability of DSH to induce organ redistribution of administered
Cd is quite striking. The lowering of the renal Cd burden is usually
accompanied by the depression of Cd levels also in the spleen and
liver. In animals with very high Cd body burdens, however, liver Cd
levels may actually be increased by DSH treatment (Shinobu et al,
1983b). On the other hand, DSH administration results in increases in
Cd levels in the heart, lung, testes and brain (Cantilena and Klaassen,
1981; Gale et al., 1982b, 1985a, 1986b); the latter are increased as
much as 20-fold (Cantilena and Klaassen, 1981).

The mechanism whereby DSH induces marked increases in brain
Cd uptake has been investigated by Cantilena et al. (1982). Using
rats, they showed that, (a) the first pass cerebral extraction of Cd was
increased 10-fold, (b) there was no general alteration in the blood—
brain barrier permeability nor an increase in cerebral blood flow. The
addition of DSH to a solution of CdCl,, they found, increased the
apparent octanol:water partition coefficient for Cd from 0.03 to 11.34,
a 375-fold increase. A similar value (11.5) for the octanol:water parti-
tion coefficient of Cd(DS), was observed by Gale et al. (1983c) who
also reported its octanol:0.1 M Tris buffer pH 7.4, chloroform:water,
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and chloroform:0.1 M Tris buffer pH 7.4 partition coefficients to be
490, 1.4 and 1413, respectively. These increases in lipophilicity due to
complexation, are substantial and explain the higher uptake of Cd into
the brain. Even so, these are well short of the 10°5 value of the
chloroform:water extraction constant for the Cd(DS), complex which
can be calculated from the data in Table 2.1.

Exposure of the brain to heavy metals is known to lead to neur-
otoxicity. Also, the testes are a target organ for Cd toxicity. Accord-
ingly, the increases in the Cd burden of these two tissues which is
brought about by DSH treatment of Cd exposed animals, has led some
to conclude that DSH is contraindicated in Cd intoxication (Cantilena
and Klaassen, 1981). However, using newborn rats, O’Callaghan and
Miller (1986) found that, while DSH increases redistribution of Cd to
the brain, it also prevents Cd-induced neurotoxicity as judged by
three criteria: (a) brain weight, (b) brain histology and (c) striatal
levels of synapsin I, a neuron-specific phosphoprotein. Specifically,
they reported that DSH (100 mg/kg), when co-administered with
3 mg/kg CdCl, on postnatal day 5, increases the total brain levels of
Cd at 24 h by 55-65%. Yet, this dose of DSH blocks the 24% decrease
in brain weight and the necrosis of the neostriatum and corpus
callosum otherwise seen in these animals by postnatal day 22. Like-
wise it blocks the 39% decrease in striatal levels of synapsin I caused
by a 2.75 mg/kg dose of CdCl,, a dose that does not cause any obvious
cytopathology. Also, DSH given 30 min to 5 h after administration of a
toxic dose of CdCl,, is effective in decreasing degenerative changes in
mouse testes (Walker et al., 1984, 1986). The reason that DSH lowers
the toxicity of Cd while raising its organ levels is likely to be that the
toxicity of Cd(DS), is lower than that of CdCl,. Thus, while an ip.
dose of 5mg/kg Cd, administered as CdCl,, is consistently lethal in
mice (Table 7.1), the i.p. LD, for Cd(DS), in this species is 650 mg/kg
(Gale et al., 1981). This suggests a low degree of dissociation of the
complex #n vivo.

The brain accumulation of Cd following Cd(DS), treatment renders it
unacceptable as a therapeutic agent. Accordingly, efforts are being
made to discover alternative dithiocarbamates that capitalize on the
high affinity of this structure for Cd. The goal is to lower Cd body
burdens without causing redistribution of Cd to the brain and, given
the renal toxicity of Cd, without increasing its urinary excretion. The
field is a rather active one, involving the synthesis and in vivo testing of
many novel dithiocarbamates (Cikrt et al., 1984, 1986a; Gale et al.,
1984a,c, 1987, 1988; Jones, S.G. and Jones, 1984; Eybl et al., 1988;
Kiyozumi et al., 1990; Shimada et al., 1990). No mathematical and
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pharmacokinetic model has been developed to date for the absorption,
distribution and fate of Cd in vivo and it is therefore not possible to
discuss the effects of DSH and other dithiocarbamates on the rates of
the various processes involved. Structure activity considerations are,
moreover, rendered difficult because of the use of an ‘immensely broad
range’ (Blaha et al., 1985) of experimental conditions employed in
published reports. These include variations in the Cd and dithiocarba-
mate dose, route, and duration of treatment, as well as in the intervals
between Cd and dithiocarbamate treatment, and between the latter
and sacrifice. One strategy that has been tried is to use mixtures of
dithiocarbamates (Gale et al., 1983d; Blaha et al., 1988). Another is to
design dithiocarbamates with more hydrophilic substituents so that
their complexes with Cd will be less lipid-soluble and thus less able to
cross the blood—brain barrier. Yet another strategy has been to design
dithiocarbamates that will have molecular weight in excess of 350 so as
to increase the Cd chelate’s biliary secretion. One of the more recent
compounds with these properties to be tested, N-(4-methoxybenzyl)-
N-dithiocarboxy-D-glucamine, has the following structure,

CH,OH-(CHOH), -CH, S

N——C//
/ N\

4-CH,0-C4H,-CH, SH

Given in a 1 mmol dose on two consecutive days to mice administered
Cd (1.15mg/kg) 14 days earlier, it lowers whole body, kidney and liver
Cd levels by 56, 40 and 77%, respectively, without altering brain Cd
levels (Singh et al., 1990). It is interesting that upon testing the in vivo
ability of this compound and two of its homologues to mobilize hepatic
Cd deposits in mice, it is found that their efficacy varies in the same
order as their ability to remove Cd from purified murine Cd metallo-
thionein in vitro (Gale et al., 1989b; Jones, MM. et al., 1989).

7.5 LEAD

Administration of DSH and DSSD in close temporal proximity, or
subsequently to that of lead (Pb), appears to render Pb more lipid-
soluble, presumably via the formation of the Pb(DS), complex, and
brings about a redistribution of Pb organ burdens and a shift in the Pb
elimination pattern, increasing fecal and decreasing urinary excretion
(Fig. 7.1). Overall, this results in a modest increase (10%) in Pb
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elimination during the first 72 h post DSH administration (Oskarsson,
1983, 1987b). More chronic treatment with DSH (678 mg/kg i.p. 5
times in an 11 day period) can bring about a greater (ca 30%) increase
in Pb elimination, but doubling the DSH dose has no additional effect
(Gale et al., 1986a). Also, administration of the same dose p.o. de-
creases the effect by one-third.

DSH and DSSD administration results in a rapid lowering of the Pb
burden of some of the tissues where these would otherwise be highest,
thus the kidneys, bone and erythrocytes (Oskarsson, 1983, 1984,
1987b; Danielsson et al., 1984). The levels in liver, another tissue
where Pb accumulation usually occurs, are increased 1.5- to 2-fold
(Oskarsson, 1983, 1984, 1987b; Danielsson et al., 1984). In relative
terms, a very much more dramatic increase is seen in the Pb levels in
the brain, a tissue normally safeguarded from Pb accumulation. In
animals given tracer doses of radiolabeled Pb, at 4, 24 or 72 h following
administration of DSH and DSSD the brain levels of the radionuclide are
consistently much higher (2- to 16-fold) than those in controls (Oskar-
sson, 1983, 1984, 1987b; Danielsson et al., 1984; Oskarsson and Lind,
1985). Elevation of Pb brain levels, vis-a-vis controls, is also observed
following more chronic oral treatment with DSH (Oskarsson and Lind,
1985; Gale et al., 1986a; Weiss et al., 1990), though not following its
chronic i.p. administration (Gale et al., 1986a).

Although there are many similarities between the effects of DSH and
DSSD on the levels of Pb in tissues and the manner in which these
change with time, there are also some major differences. Thus, 4 and
24 h following administration of DSSD (1 mmol/kg p.o), erythrocyte Pb
levels are, respectively, 7- and 14-fold lower than after the same dose of
DSH. Also, while following DSSD, Pb levels in bone decrease between 4
and 24 h, and conversely those in brain increase, the opposite is true
for DSH (Danielsson et al., 1984).

In a very interesting study, Oskarsson and Hellstrom-Lindahl (1988)
have compared the effectiveness of Pb acetate and Pb(DS), with
respect to their inhibition of é-aminolevulinic acid dehydratase (ALAD)
in primary hepatocyte cultures. They found that while the uptake of
Pb(DS), into hepatocytes is 40 times faster than that of the Pb acetate,
the degree of inhibition of ALAD is a function of the cellular Pb
concentration and that the purified enzyme is inhibited equally by
Pb(DS), and Pb acetate. This indicates that the Pb in Pb(DS), is fully
pharmacologically active, at least with respect to ALAD.

The inhibition of ALAD causes 7 vivo a block in heme biosynthesis,
which leads to reduction of the hematocrit and urinary excretion of
6-aminolevulinic acid (ALA), a heme precursor. Administration to rats
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of DSH (100 mg/kg, 2 times per week) for 12 weeks, concurrently with
50 or 500 ppm Pb in the drinking water, results in a significant increase
in urinary ALA excretion (Weiss et al., 1990). Also, exposure of rats
pre- and postnatally (from conception to weaning) to both Pb and
DSSD significantly enhances the Pb-induced lowering of their hemato-
crit and Pb-induced elevation of urinary ALA excretion (Oskarsson,
1989). In contrast, Tandon et al. (1985), using a radically different
dosing schedule, namely pretreatment of rats for 4 weeks with Pb
acetate (10 mg/kg, 6 times per week) followed by administration of
two doses of DSH (68 mg/kg i.p. 8 h apart), observed that the DSH
treatment significantly increases blood ALAD activity 2 days later and
decreases urinary ALA excretion.

Concurrent exposure of rats to Pb and DSSD during pregnancy and
lactation produces, in the offspring, neurophysiological, neurochemical
and behavioral effects (increased home cage exploration and behav-
ioral reactivity) not seen in animals exposed to either Pb or DSSD
alone. The changes occasioned by the concurrent exposure to Pb and
DSSD include increased levels of dopamine and serotonin metabolites
in the caudate nucleus, greatly increased levels of arginine and me-
thionine in the brain (Oskarsson et al., 1986a), and reduced firing rates
of Purkinje neuron (Oskarsson et al., 1986b). On the other hand, the
number of intranuclear inclusion bodies in the renal proximal tubule
cells of these rat dams (characteristic reaction of kidneys to Pb
intoxication) was markedly reduced (Oskarsson and Johansson, 1987).
Additionally, co-administration of DSSD and Pb to the rat dams, for 5
days starting on the day of parturition, decreases the Pb levels in the
milk of the dams, and the Pb body burdens of the suckling pups; this
treatment also decreases Pb levels in maternal erythrocytes, but in-
creases the Pb levels in maternal brain, liver and kidneys (Oskarsson,
1987a).

7.6 NICKEL

Both DSH and DSSD have been shown to possess an ability to antagon-
ize the toxic effects of nickel (Ni) compounds. DSH has been shown to
protect rats against lethal i.p. doses of NiCl, though less effectively than
do p-penicillamine, diglycyl i-histidine-N-methylamide, or  tri-
ethylenetetramine (Horak et al., 1976). Then again, these results were
obtained upon pretreating the animals with DSH 1min prior to
administration of NiCl,, a dosing schedule which, by analogy with
DSH’s antidotal actions relative to Cd intoxication, may not have been
optimal.
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The extractability of Ni from pH 7.4 phosphate buffer into chloro-
form is increased by 10%7 in the presence of a molar excess of DSH, the
Ni partition coefficient for the system chloroform:pH 7.4 phosphate
buffer being increased from 0.0007 to 3566 by the DSH (Jasim and
Tjilve, 1986). As might be expected from the tremendous increase in
the lipophilicity of Ni occasioned by formation of Ni(DS),, DSH causes
marked changes in Ni distribution. At the cellular level, Nieboer et al.
(1984) found that 10-°M DSH increases the uptake of Ni into rabbit
alveolar macrophages 3.5-fold. Menon and Nieboer (1986) found that
DSH promotes cytosolic accumulation of Ni by peripheral mononuc-
leated leukocytes. At the organ level, DSH administration to animals
dosed with Ni causes brain levels of Ni to be consistently elevated
many-fold. Thus, 57-, 85- and 89-fold increases have been reported in
mice by Oskarsson and Tjilve (1980), Jasim and Tjilve (1986) and Jasim
and Tjilve (1984), respectively and a 22-fold increase was reported by
Belliveau et al. (1985) in rats. DSSD administration to Ni-dosed rats
brings about an even greater elevation of Ni brain levels, a 300-fold
increase being reported (Jasim and Tjdlve, 1984).

The effect of DSH administration on the overall rate of elimination of
Ni is a function of dose. In mice administered both NiCl, and DSH
(113 mg/kg iv.), the 24 h Ni levels in all tissues examined are higher
than in controls administered only NiCl,, thus indicating a decrease in
Ni elimination (Jasim and Tjilve, 1986). When the DSH dose is larger
(924 mg/kg), however, the Ni levels in the kidneys are decreased by as
much as 3.7-fold at 4 h (Oskarsson and Tjilve, 1980). Ni balance studies
undertaken in rats exposed to nickel carbonyl showed that DSH
(100 mg/kg) increases significantly excretion of Ni, the fecal excretion
being augmented more than urinary and the overall increase in excre-
tion being about 20% (West and Sunderman, 1958).

Urinary and plasma levels of Ni are increased in all patients treated
with DSSD for Ni dermatitis (Menné et al., 1980). Hopfer et al. (1987)
have reported that this is also true of alcoholics administered DSSD in a
dose of 250 mg/day. In the latter patients, increases in serum and urine
Ni levels were observed to progress from 4- and 8-fold after the first
24 h of therapy to 17- and 39-fold after 4—36 months of therapy. The
possibility that the increased levels may have been due to more
efficient absorption of dietary Ni led Hopfer et al. (1987) to suggest
caution in the administration of DSSD to individuals with occupational
exposures to Ni. While such a concern is appropriate, it remains to be
determined whether the administration of DSSD, in the dose employed,
leads to a positive Ni balance. Ni balance studies were performed by
Sunderman (1964) while treating with DSH a woman suffering from
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severe Wilson’s disease. He found the woman to be in a positive Ni
balance when given DSH in a dose of 10 mg/kg. A negative balance was
achieved when she was given DSH doses of 20 and 30 mg/kg, at which
time she excreted, respectively, 38 and 196 pg Ni daily in excess of her
intake.

7.6.1 Treatment of nickel dermatitis

DSSD is an effective treatment of nickel dermatitis, a condition affect-
ing predominantly females and the most common permanent derma-
tological disability (Menné and Hjorth, 1982). Skin application of a
DSH-containing ointment has been reported to show a capacity to
inactivate patch-test reactions to Ni in Ni-sensitive patients (Samitz and
Pomerantz, 1958). Parenterally administered DSSD is also effective in
the treatment of this condition (Kaaber et al., 1979, 1987; Menné et
al., 1980; Christensen and Kristensen, 1982). In one series of 11
patients, all of whom responded to an oral Ni challenge with a flare-up
of an existing dermatitis, DSSD (100 mg, 3 times per day) therapy
resulted, over the course of 4—5 weeks in considerable improvement in
82% and a complete cure in 64% (Kaaber et al., 1979). In a second
series, 10 of 11 patients showed considerable improvement and 2 were
cured; all relapsed within 16 weeks of cessation of the treatment
(Christensen and Kristensen, 1982). In a third series of 61 patients
reacting positively to Ni patch testing and administered 50400 mg
DSSD per day, 70% were significantly improved and 46% were cured.
Recurrence of the dermatitis occurred in 50% within a month and in
90% within 6 months of cessation of the therapy (Kaaber et al., 1987).
A flare-up of the eczema is often observed at the beginning of the DSSD
therapy and a gradual escalation of the dose is therefore indicated.

An unusually high proportion of the patients treated with DSSD for
nickel contact dermatitis develop hepatic toxicity (Christensen and
Kristensen, 1982; Kaaber et al., 1987; Kristensen, 1981). Thus, hepatitis
developed in 5 (8%) and required hospitalization in 4 of the 61 patients
treated by Kaaber et al. (1987), although in none of the cases were
there any sequelae. Also, 6 additional patients had increased serum
transaminase levels during DSSD therapy. The occurrence of the
hepatitis had no relationship to the dose or duration of DSSD treat-
ment, nor to Ni blood levels. Neither DSSD nor its metabolites, DSH and
carbon disulfide (CS,) will induce hepatic necrosis in otherwise un-
treated animals. The latter two compounds will do so, however, if the
animals have been pretreated with phenobarbital (section 8.2.5). This
may be so because phenobarbital induces hepatic cytochrome P-450
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and so increases the rate of CS, metabolism. The latter involves the
formation of carbonyl sulfide (COS) and atomic sulfur which attacks
the nearest cysteine sulfhydryl on the P-450 cytochrome and causes its
degradation, initially to cytochrome P-420 (section 8.2.7). Thus the
occurrence of liver necrosis may be associated with an increased rate
of destruction of cytochrome P-450.

Individuals suffering from nickel contact dermatitis are likely to have
had significant exposure to the metal. The therapeutic effectiveness of
DSSD in this condition suggests chelation of Ni is taking place. The
formation of the highly lipophilic Ni(DS), complex likely speeds the
passage of both Ni and DSH to the location of the P-450, thereby
leading to higher CS, levels and higher rates of desulfuration. This, in
turn, would lead to higher rate of cytochrome P-420 formation and
cytochrome destruction, thus setting the stage for overt hepatotoxic-
ity. The enzyme primarily responsible for the degradation of the
cytochrome is heme oxygenase. Its levels are increased by administra-
tion of both DSH (Miller et al., 1983) and Ni (Sunderman, Jr. et al.,
1983a). Moreover, DSH and Ni exhibit a marked synergism in this
regard (Sunderman, Jr. et al., 1983b). These high levels of heme
oxygenase may thus signal high rates of cytochrome P-450 destruction.

7.6.2 Prevention of nickel subsulfide tumors

DSH administration reduces the incidence of malignant tumors in-
duced in rats by im. implantation of nickel subsulfide (NisS,), a
compound identified as a potent carcinogen present in metallurgical
dust obtained from refinery flue stacks. Over a period of 6-8 months,
72% of control female rats (N=25) implanted with 10 mg of NiS,
developed tumors, but that incidence was reduced to 12% by weekly
i.p administration of 20mg DSH for the first 6 weeks following
implantation. An analogous, but less dramatic difference in tumor
incidence (84 and 52%, respectively; P=0.03) was seen in male rats
similarly treated (Sunderman, Sr. et al., 1984).

7.6.3 Treatment of nickel carbonyl intoxication

In mice and rats, DSH provides complete protection against acute
exposure to nickel carbonyl [Ni(CO),] administered in concentrations
many times the LDs, value; DSH is more effective in this regard than
D-penicillamine and other chelating agents (West and Sunderman,
1958; Baselt et al., 1977; Mitchell et al., 1978). In mice, 60 min after
exposure to Ni(CO),, be it by inhalation or i.p. injection, the lungs
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become the tissue with the highest Ni burden. Administration of DSH
(766 mg/kg i.p.) 30 min following the exposure to Ni(CO); by these
two routes, lowers the lung levels 93 and 79%, respectively. Forebrain
levels, on the other hand are lowered (by 49%) in the mice adminis-
tered Ni(CO), by inhalation, but raised (5.6-fold) in those administered
it i.p. (Tjilve et al., 1984).

DSH has been used therapeutically in the treatment of individuals
exposed accidentally to Ni(CO), in the atomic energy industry and
other occupational settings. Indeed, DSH has been identified as the
drug of choice for treatment of such intoxication by the Committee on
Medical and Biological Effects of Environmental Pollution (1975) of the
U.S. National Research Council. The clinical employment of DSH for
this condition has been reviewed by Sunderman, Sr. (1971, 1981, 1990).
Based on the treatment, during the course of three decades, of more
than 375 such cases under his supervision, he reports that no deaths
have occurred in those who received DSH therapy within 4 days of
Ni(CO), exposure. Briefly, treatment is initiated if the concentration of
Ni in urine of exposed individuals rises significantly above normal levels
(these are 2.0 + 1.1 pg/dl), i.e. if the levels are > 5.3 ug/dl. The intoxica-
tion is considered mild, moderately severe, and severe if the Ni levels in
an 8 h urine are <10, 10-50 and > 50 pg/dl, respectively. In mild cases,
a total of five capsules, each containing 200 mg DSH plus 200 mg
sodium bicarbonate, are administered every 2 min, the staggered ad-
ministration reducing nausea. Moderately severe intoxication is treated
with the same initial 5 x 200 mg dose, followed by 4 x 200 mg at 4 h,
3x200mg at 8h, 2 x 200 mg at 16 h-{a total of 2.8 g during the first
day), and 0.4 g/day thereafter until urinary Ni levels return to normal.
If the condition is severe or critical, parenteral administration of
29 mg/kg DSH in sodium dihydrogen phosphate buffer is considered.
Treatment may last for 14 days.

Although DSSD also decreases Ni(CO), induced mortality in mice, it
is less effective than DSH as a Ni(CO), antidote (West and Sunderman,
1958).

7.7 COPPER

Of the metal anions for which DSH and DSSD have a high affinity (Table
2.1), copper (Cu) is the physiologically most available. As a conse-
quence, formation of Cu complexes dominates much of the biochemis-
try and pharmacology of these two compounds and reference is made
to the subject repeatedly in this monograph. Added to blood, DSSD is
reduced and converted stoichiometrically to the Cu complex, Cu(DS),
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(section 3.2), which is taken up by the red blood cells (section 3.4).
Thus, the complex is a major metabolite of both DSSD and DSH
(section 5.4). The inhibition by DSH of many enzymes is mediated by
its complexation of the Cu at their active center (section 8.1). In
particular, such complexation is responsible for the inhibition of
dopamine -hydroxylase (section 8.4) and thereby contributes to the
phenomenology of the disulfiram-ethanol reaction (section 10.8).

Co-administration of DSH (100 mg/kg i.p.) with s.c. CuCl, significantly
increases the toxicity of the Cu in mice, lowering the 10-day LDs, from
19.4 to 5.3 mg Cu/kg (Koutensky et al., 1971). The in vitro toxicity of
Cu to red blood cells is also much higher in the presence of DSH. Thus,
though in the absence of DSH, no lysis is observed with 100 pM Cu, in
the presence of 50 uM DSH (by itself also not lytic to red blood cells)
25 uM Cu causes 50% of the cells to lyse (Meshnick et al., 1990).

Clinically, DSSD does not appear to affect Cu’s metabolic balance.
Thus, Ho et al. (1985) found plasma Cu levels of alcoholics receiving
either a 250 or a 500 mg maintenance dose of DSSD (n=14 and 12,
respectively) for six weeks to be unaltered by the therapy. Similarly,
Grandjean et al. (1990) found that the serum Cu levels of 12 alcoholic
patients receiving DSSD therapy (800 mg twice a week) for 4 weeks
did not change from pretreatment levels and did not differ from those
of a group of non-alcoholic controls. Also, a group of 18 alcoholics
treated repeatedly over a long period of time (up to 10 years) with the
same DSSD regimen had serum levels no different from those of a
control group.

In rats, administration of DSSD (50 mg/kg/day p.o. in 2% methyl
cellulose for 3 to 6 weeks) results in a significant increase in Cu levels
of all seven brain areas examined (average increase 45% and 126% at 3
and 6 weeks, respectively). This treatment also leads to a 29% ad 18%
increases at 3 and 6 weeks, respectively, in liver Cu levels and in a 19%
and 22% increases at 3 and 6 weeks, respectively, in erythrocyte Cu
levels (Ho et al., 1985)

The effect of DSH on Cu’s metabolic balance is determined by its
dose. This was documented by Sunderman (1964) while treating a
woman suffering from severe Wilson’s disease, a condition which leads
to excessive accumulation of Cu in brain and liver. The woman
remained in positive Cu balance when given doses of 10 and 20 mg/kg
DSH. A negative balance was achieved, that is her Cu excretion
exceeded its intake, upon administration of 30 mg/kg DSH per day.

In dogs, administered DSH in daily oral doses of 30, 100 and
300 mg/kg, Cu serum levels were elevated at 90 days by 25-50%, as a
function of dose (Sunderman et al., 1967). In rats, a single ip.
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250 mg/kg dose of DSSD has no effect on the Cu levels of different
brain regions 24 h later (Lakomaa et al., 1982), though injection with
this dose 5 times per week for 4 weeks does result in increases of
33-55% in the Cu levels of the cortex, hippocampus and brain stem.

Working with rats, Szerdahelyi and Kasa (1987b) found that adminis-
tration of DSH (1000 mg/kg i.p) 20 min prior to that of Cu acetate
(5 mg/kg i.p.) results in increased hippocampal Cu levels. When exam-
ined 60 and 300 min later, these are, on average, 37% higher than in
animals administered Cu acetate only, and 70% higher than those of
untreated controls. Cu levels in the hypothalamus, parietal cortex and
cerebellum, which are not increased in animals administered Cu
acetate alone, are increased 20-35% if DSH is administered prior to Cu.
Using a modified sulfide silver method, Szerdahelyi and Kasa (1987b)
studied the histochemical location of Cu in the hippocampal region of
both naive and Cu acetate-treated animals. They reported that in naive
animals, glial cells are intensely stained while pyramidal and granule
cells are negative. Following administration of Cu acetate, Cu accumu-
lates also in the neurons. No information is available, however, on the
effects of DSH on the cellular distribution of Cu.

The distribution of administered radiolabeled Cu is altered by DSH.
Brain levels of ¥Cu in mice dosed with *Cu salts are increased by DSH
administration, primarily as a function of DSH dose, thus from about
2-fold by a 25mg/kg dose to as much as 38-fold by 766 mg/kg
(Koutensky et al., 1971; Aaseth et al., 1979; Jasim et al., 1985). The
latter dose also increases two or more fold the *Cu levels in the heart,
lungs, pancreas, testes and adrenals of such animals, although it
decreases by half those in the liver and, if administered within 4 h of
the *Cu, those in the kidney also (Jasim et al., 1985). Brain Cu levels in
rats exposed to 10 mM DSH in their drinking water for 35 days, but not
dosed with Cu, are 75% higher than those of controls (Allain and Krari,
1991). Because of the likely hydrolysis of the DSH by gastric acid to
carbon disulfide and diethylamine (Chapter 2), this effect may not be
due to DSH itself.

In the treatment of a subject with Wilson’s disease, Sunderman
(1964) noted an immediate clinical improvement during iv. therapy
with 20 mg/kg DSH. He reported that, within 5 min of the start of the
infusion, redness of the conjunctiva developed in the proximity of the
Kayser-Fleisher rings (Cu deposits encircling the cornea in Wilson’s
disease). The conjunctival irritation was associated with a local burning
sensation and mild lacrimation which persisted for 15 minutes follow-
ing the end of the injection. After 2 years of DSH treatment, the rings
practically disappeared.
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7.8 MERCURY

DSH lowers the renal mercury (Hg) levels observed following iv. HgCl,
administration, a finding of considerable interest given the well-known
renal toxicity of Hg. Thus in rats administered DSH (75 mg/kg iv.)
immediately following HgCl, (5 pmol/kg iv.) the kidney Hg levels at
24 h are 33% lower than in controls (Aaseth et al., 1981). Likewise in
mice, administration of DSH (225 mg/kg p.o.) at 2 h prior and concur-
rently with HgCl, (750 nmol/kg iv.) lowers the kidney Hg levels at 4 h
by 54% (Danielsson, 1984). For the rats, this decrease in renal Hg levels
coincides with an almost total prevention (>99%) of urinary Hg
excretion (Fig. 7.1). Neither of these effects is seen in rats if the DSH
(60 mg/kg im.) and HECl, administrations are staggered by 90 min
(Kachru and Tandon, 1986), a not too surprising result, given the short
half-life of DSH. Urinary Hg excretion in rats co-administered HgCl, and
DSH is found to rise in the 24—48 h post administration period and to
exceed by 2.5-fold that observed in control animals in the 48- to 72-h
period. The finding that at 72 h renal Hg levels are 2.9 times higher
than those in DSH-free controls (Aaseth et al., 1981) suggests the
phenomena are related. Overall, DSH co-administration causes fecal
excretion to account for a greater proportion of the total Hg excreted
in the first 72h, although DSH decreased somewhat the amount
excreted in this manner in the first 24 h. All these results are consistent
with DSH increasing, through the formation of the Hg(DS), chelate, the
lipophilicity of Hg. Also in keeping with this is the observation that, in
both HgCI,-dosed rats and mice, co-administration of DSH results in a
marked elevation of brain Hg levels measured 4h to 4 days post
administration (Aaseth et al., 1981; Danielsson, 1984).

Uptake of Hg by cultures of isolated hepatocytes incubated with
Hg(DS), in serum-free medium is 3-fold higher than when these are
incubated with mercuric acetate (HgAc). In the presence of serum,
because the tendency for binding to serum proteins is greater for HgAc
than Hg(DS),, the differential is greater yet (Hellstrom-Lindahl and
Oskarsson, 1989a). The uptake of Hg(DS), is even greater than that of
methyl mercury (MeHg). Exposure of the hepatocytes to Hg(DS),
results in the inhibition of glutathione reductase and alcohol dehyd-
rogenase. When the degree of inhibition is expressed in terms of the
intracellular Hg concentration it is evident that glutathione reductase is
less susceptible to inhibition by Hg if it is derived from the uptake of
Hg(DS), rather than that of HgAc (Fig. 7.2). This suggests that Hg(DS),
does not immediately dissociate and that the enzyme is less sensitive to
Hg in the chelated form. (Glutathione reductase is even less suscep-
tible to inhibition by the Hg of MeHg.) No difference exists, however,
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Figure 7.2 Relationship between cellular mercury (Hg) uptake and glutathione
reductase (GSSG-R) inhibition in primary cultures of rat hepatocytes exposed
to mercuric acetate (HgAc; closed circles), mercuric diethyldithiocarbamate
(Hg(DS),; open circles), and methyl mercury (MeHg; squares). Modified with
permission from Hellstrom and Oskarsson (1989a).

between the susceptibility of alcohol dehydrogenase to inhibition by
Hg derived from Hg(DS), and HgAc (Hellstrom-Lindahl and Oskarsson,
1989a).

In mice, DSH co-administration decreases markedly the overall
amount of Hg transferred to the fetus at both 4 and 24 h post
administration (Danielsson, 1984). Concurrently, at 4 h it changes the
distribution ratio for Hg between maternal erythrocytes and plasma
from 1.6 to 4.8. This suggests that the decreased fetal Hg level results
from the Hg in blood of DSH-treated animals being much less free to
diffuse across the placenta.

Changes in Hg distribution, occasioned by the co-administration of
DSSD (1 mmol/kg) to mice with HgCl,, parallel, in most respects,
those seen following DSH co-administration. Such differences as are
observed suggest that DSSD may possess some advantages over DSH.
Thus, the increase in brain Hg levels observed at 4 and 24 h is much
lower following DSSD co-administration (1.3- and 1.9-fold, respect-
ively; P>0.05) than that following DSH (7.1 and 7.2, respectively;
P< 0.05), while the renal Hg levels and those in the fetus were
similar to those observed in animals co-administered DSH (Danielsson,
1984).
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7.8.1 Methyl mercury

MeHg is considered not to undergo significant degradation in vivo to
inorganic mercury and the effect of DSH on its disposition therefore
needs to be considered separately. Administration of DSH (25 mg/rat,
~ 125 mg/kg s.c.) to rats, first concurrently with MeHg chloride
(1 mg/kg iv.) and then twice daily for 8 days, results in a 59% decrease
in urinary and a 24% decrease in fecal excretion of Hg over the 8-day
period, relative to that in controls (Norseth, 1974). In DSH-treated
animals, as compared with controls, the kidney Hg levels are signifi-
cantly lower at both 24 h and 8 days post MeHg administration (by 61
and 29%, respectively), while those in the brain were increased (6.4-
and 2.0-fold, respectively), as are those in the liver (1.5- and 1.7-fold,
respectively). The levels in the erythrocytes, on the other hand, are not
significantly different at either time point. In rats pretreated with
MeHg, i.p. DSH administration causes a rapid decrease in biliary Hg
excretion which is evident within 10 min or less and lasts from 15 min
to 2h depending on dose (Norseth, 1974). DSSD has a similar effect
(Gale et al., 1984b). When administered to mice 3, 4 and 5 days fol-
lowing MeHg pretreatment, DSH (225 mg/kg i.p.) is without effect on
the elimination of MeHg.

7.9 PLATINUM

Much of the current interest in the interaction of DSH with platinum
(Pt) results from the ability of DSH to prevent the development of the
late nephrotoxicity induced by the administration of cisplatin [cis
dichlorodiammineplatinum(Il)], a clinically important cancer chemo-
therapeutic drug of the following structure:

Cl NH,

N
Cl/ \NH

Nephrotoxicity is a limiting factor in the therapeutic utilization of
cisplatin (Walker and Gale, 1981) and DSH’s ability to counter it has
therapeutic importance (Chapter 15). Since DSH is effective in preven-
ting cisplatin nephrotoxicity when it is administered 1-3 h after it, it is
referred to as a cisplatin rescue agent. In a parallel manner, exposure of
cultures of LLC-PK,, a porcine kidney cell line, to DSH (1 mM) for 1 h
immediately following a 1-h incubation with cisplatin (0.2 mM) pre-

3
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vents the development of the 72-h toxicity otherwise induced by the
cisplatin (Montine and Borch, 1988). Although exposure to DSH does
not change the Pt content of these cells, following such exposure
about 40% of the Pt present in the cells is in the form of Pt(DS),. This
stable adduct of Pt with DSH, first described by Fackler et al. (1968),
absorbs strongly in the UV with wavelength maxima at 254 and 347 nm
(Bannister, SJ. et al., 1979). Though freely soluble in chloroform, it is
nearly insoluble in water. Its toxicity is low: BDF, mice administered i.p.
a suspension of Pt(DS), in carboxymethylcellulose in doses of 10, 25,
50, and 100 mg/kg all survive 30 days (Borch, private communication).
By way of comparison, the 15-day LD, for cisplatin administered i.p. to
mice is 8.5 mg/kg (section 15.2.1). Also, unlike cisplatin, Pt(DS), is not
nephrotoxic: mice administered the adduct have normal day 5 blood—
urea—nitrogen levels, the elevation of which is a measure of neph-
rotoxicity. Additionally, no renal damage is observed when the kidneys
of these animals are examined histologically on day 5 (Borch, private
communication).

The information regarding the in vivo effect of DSH on the excre-
tion and tissue levels of Pt in cisplatin pretreated animals is fragmen-
tary. Administered to rats soon (1h) after cisplatin (7.5 mg/kg), DSH
(2.9 mmol/kg) reduces the renal Pt burden at 75 days by 27% relative
to DSH-naive controls (Jones, M.M. et al., 1986). Administered to rats
24 h after cisplatin (8 mg/kg), DSH (1 mmol/kg) increases the Sh
renal Pt burden 43% relatively to DSH-naive controls, though it does
not alter hepatic Pt burdens and increases the biliary Pt excretion rate
so that at 2-3 h it is 70-fold greater than in controls (Basinger et al.,
1989). The apparent ability of DSH to mobilize tissue Pt notwithstand-
ing, repeated DSH administration (at 1 min, 1 h and 3 h post cisplatin)
does not result in transfer of any Pt to the brain; 48 hrs after dosing
with cisplatin the Pt levels in this organ remain undetectable.

The Pt of cisplatin displaces the Hg of Hg(DS),, albeit very slowly
(Borch, private communication), indicating that the extraction con-
stant for the reaction of Pt with DSH to form the Pt(DS), complex is
larger than the parallel one for the formation of Hg(DS),. Since the
latter extraction constant is the second highest among all the metals
investigated, being exceeded only by that for palladium (Table 2.1), it is
clear that the affinity of DSH for Pt is very high indeed. DSH displaces
glutathione from the polymeric Pt—glutathione complex [Pt(GS),.3H,0]
by a reaction with a second-order rate similar to that for its displace-
ment of Pt from cisplatin (Dedon and Borch, 1987). An analogous
removal by DSH of Pt from it complexes with intracellular target
molecules is considered to be the mechanism whereby DSH reverses
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cisplatin nephrotoxicity. Bodenner et al. (1986b) used y-glutamyl-
transpeptidase (GGTP), a renal enzyme which contains a sulfhydryl
group essential for enzymatic activity, as a model of such a target. They
reported that cisplatin inhibits, over the period of several hours, both
the purified enzyme and its activity in rat kidney brush border
preparations in a time-dependent fashion and that 1 and 10 mM DSH
reversed the inhibition, the higher DSH concentration doing so more
rapidly. Another model substance which has been used to explore the
interactions between Pt, DSH and proteins has been a purified o,-
macroglobulin, a plasma protein which consists of four identical
subunits. Each subunit can be joined to one other by sulfur bonds so
that a single band, corresponding to the half molecule, is observed with
denaturing polyacrylamide gel electrophoresis under non-reducing
conditions. Cisplatin readily cross-links the non-covalently associated
subunits, so that a single band, corresponding to the whole molecule, is
observed upon electrophoresis. DSH, even in a 10 uM concentration,
substantially reverses the cisplatin effect. Nearly all the Pt cross-links
are eliminated by 1 mM DSH, although 3.6 mM DSH has no detectable
effect on the S—S intersubunit bonds themselves (Gonias et al., 1984).
In parallel with these structural effects, >90% of a,-macroglobulin’s
trypsin binding activity is lost upon incubation with 1 mM cisplatin for
6 h. Subsequent incubation for 6 h with 1 mM DSH restores the activity
fully.

GGTP is one of several renal proximal tubule enzymes which have
one or more sulfhydryl groups essential for activity. Since at 4 and 24 h
following administration of a 7.5 mg/kg dose of cisplatin, there is no
in vivo inhibition of this enzyme, it is considered not to be the in vivo
target of cisplatin nephrotoxicity. This is also true of the ATPases of the
renal proximal tubule membrane, that is, the Na*/K*- and Mg**-
adenosine-5'-triphosphatases. Although 24 h after the 7.5 mg/kg dose
of cisplatin, both alkaline phosphatase and leucine aminopeptidase,
two other enzymes in this tissue, are significantly inhibited (by 39 and
10%, respectively), in vivo DSH treatment does not prevent their
inhibition (Dedon and Borch, 1987).

DSH does not reverse or inhibit the tumoricidal action of cisplatin
(section 15.2.5). This latter action is considered to be mediated by
cisplatin’s formation of bifunctional adducts with DNA. Incubation of
Pt—DNA adducts, such that the Pt:DNA ratio is <0.05, with 10 mM DSH
for 10 h results in removal of less than 1% of the Pt (Bodenner et al.,
1986a). To explore the role of DSH further, these workers studied the
reaction of DSH with Pt—-DNA complexes. They found that while the
cisplatin—guanosine monoadduct, Pt(NH;),(guanosine)(OH,)**, and
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two isomeric cisplatin—adenosine bisadducts, Pt(NH;), (adenosine)>*,
react quite rapidly with DSH, the cisplatin—guanosine bisadduct,
Pt(NH;),(guanosine); %, is quite unreactive towards DSH. The primary
cytotoxic action of cisplatin is known to be the cross-linking of
guanine bases of the same or opposite strands of DNA. DSH, if present,
can prevent this from occurring, but once the bisguanine bridges are
formed, DSH addition does not reverse the process.

Using the LLC-PK,; porcine kidney-derived cell line, Montine and
Borch (1988) found that incubation for 60 min with cisplatin results in
dose-dependent inhibition of DNA, RNA and protein synthesis as well
as a subsequent (72 h) loss of viability. Incubation with DSH for 60 min
fails to reverse the inhibition of RNA synthesis but both the inhibition
of protein synthesis and the effect on viability are reversed, a DSH
concentration of >300 pM being necessary to achieve either. More-
over the dose modification factor (DMF) of 1.6 was observed for both
actions of DSH. On the basis of these results, it is concluded that
inhibition of protein synthesis is the critical nephrotoxic event induced
by cisplatin and reversed by DSH (Montine and Borch, 1988).

7.10 POLONIUM

Administration of DSH (200 mg/kg iv.) to rats daily for 10 days
following dosing with 0.075 mCi/kg polonium (Po) reduces Po body
burdens at 11 days by 32% relative to DSH-naive controls. The DSH
treatment increases the day 11 brain Po levels 5-fold, but decreases the
Po levels in liver, spleen and lymph nodes (chief locations of Po
accumulation in control animals) 4- to 5-fold. It also increases the mean
survival time of the animals from 15 to 32 days (Krivchenkova and
Safronov, 1964).
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8.1 INTRODUCTION

Much of the early biochemical work on the effects of dithiocarbamates
and thiuram disulfides followed the introduction of agents of this class
as agricultural pesticides and fungicides in the 1930s and 1940s (Thorn
and Ludwig, 1962). The discovery in 1948 of the clinical interaction
between disulfiram (DSSD) and ethanol further stimulated interest in
these agents. The early studies explored these compounds as inhibitors
of growth, respiration and carbohydrate metabolism, and as biocidal
agents. Investigation of their effects on isolated enzymes soon revealed
that their inhibitory activity was due to their ability to complex the
metals of metalloenzymes, or, alternatively, to react with enzyme
sulfhydryl groups. Also, it was noted that sulfhydryl-containing en-
dogenous compounds, such as glutathione (GSH) and cysteine, could
often partially reverse the inhibition (Thorn and Ludwig, 1962).

Early work on the inhibition of enzymes by DSSD or diethyldithiocar-
bamate (DSH) has been reviewed (James, 1953; Hunter and Lowry,
1956; Ludwig and Thorn, 1960; Thorn and Ludwig, 1962). In addition
to aldehyde dehydrogenase, the mammalian enzymes considered in
these reviews included alcohol dehydrogenase, aldehyde oxidase, alka-
line phosphatase, amine oxidase, amylase, choline dehydrogenase,
glutamic dehydrogenase, p-glyceraldehyde-3-phosphate dehydrogen-
ase, monoamine oxidase, succinic dehydrogenase, tryptophan pyr-
rolase, and xanthine oxidase.

It should be borne in mind that DSSD and DSH differ in their
properties and mode of action. DSSD inhibits chiefly by reacting with
thiol groups of proteins, thereby producing mixed disulfides and
releasing DSH as a byproduct of the reaction; the inactivated enzyme
may, but need not have the DS moiety bound to it covalently, as the
reactions given by equations (8.1) and (8.2) illustrate.

Enzyme-SH + DS-SD — Enzyme—-S—-SD + DSH (8.1)
S-SD S

Enzyme/ —»Enzyme/ | + DSH 8.2)
N SH N S

The latter reaction (8.2) may occur if a second, suitably positioned
vicinal thiol group is present on the enzyme. Such a sequence of
reactions occurs with E;, the cytosolic aldehyde dehydrogenase (sec-
tion 9.3.1).

DSH acts chiefly as a metal ion chelator and a thiol, which can inhibit
enzyme action by complexing metals in the active center, or by
scavenging free radicals that may be necessary for a reaction. It is a
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particularly potent metal chelating agent for copper (section 2.3). If
present in molar excess, it is capable of extracting copper from
enzymes and other proteins (ceruloplasmin: Morell and Scheinberg,
1958; galactose oxidase: Amaral et al., 1966; superoxide dismutase:
Cocco et al., 1981a; Cu-substituted carbonic anhydrase: Morpurgo et
al. 1983). Typically the resulting apoenzymes are inactive. On the
other hand, its ability to remove zinc from proteins is much more
circumscribed, probably because of its lower affinity for the metal
(section 2.3). Thus, no matter how large the excess of DSH, it will not
remove the zinc associated with the Cu-Zn superoxide dismutase
(Cocco et al., 1981b) or with carbonic anhydrase (Morpurgo et al.,
1983). The latter case is of interest since DSH does inhibit the enzyme
and zinc is the only metal associated with it (section 8.1.2). DSH binds
reversibly to the catalytic zinc of horse liver alcohol dehydrogenase
(Syvertsen and McKinley-McKee, 1984) and, when present in large
excess, causes a selective loss of zinc from the enzyme (Drum et al.,
19692, b; Drum and Vallee, 1970).

DSSD and DSH inhibit iz vitro many enzymes in addition to those
mentioned above (sections 8.1.1-8.1.3). Administration of these agents
also causes the inhibition of a number of enzymes or enzyme systems
in vivo. The inhibition of aldehyde dehydrogenase forms the basis for
the clinical use of DSSD; it has been the object of much investigation,
discussed in Chapter 9. Other instances in which iz vivo inhibition
contributes significantly to the pharmacological actions of these agents
are covered in separate sections of this chapter. One of these is the
inhibition of the cytochrome P-450 associated monooxygenases and
other xenobiotic metabolizing enzymes of the endoplasmic reticulum
(section 8.2); it is viewed as the potential basis for drug interactions.
Another is the inhibition of dopamine f-hydroxylase (section 8.3)
which plays a role in the disulfiram—ethanol reaction. Superoxide
dismutase inhibition (section 8.4) is of considerable interest as this
enzyme constitutes the organism’s first line of defense against the toxic
superoxide anion radical to which all aerobes are exposed. Finally,
glutathione peroxidase (section 8.5) and catalase (section 8.6) are two
other enzymes involved in defense against reactive oxygen species
whose inhibition by DSH has been investigated.

8.1.1 General aspects of enzyme inhibition by disulfiram

The reaction of DSSD with protein sulfhydryl groups to form mixed
disulfides and DSH (equation 8.1) was first proposed by Strdnme
(1963a) with respect to the in vitro inhibition of bovine brain and
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yeast hexokinases (K; 20 and 80 pM, respectively). Enzymes which have
been thus inactivated can be regenerated by the use of a reducing thiol.
Stromme used cysteamine. Others have used cysteine, glutathione,
dithiothreitol and 2-mercaptoethanol.

The disulfide exchange reaction between DSSD and a protein thiol
takes place because the leaving group, DSH, is a stronger acid than the
protein thiol (for review see Kitson, 1988).

How many sulfhydryl groups in a protein will react with DSSD can
depend on structural constraints. Thus, porcine kidney p-amino acid
oxidase (EC 1.4.3.3) has 12 sulthydryl groups per mole, 6 to 8 of which
react readily with sulfhydryl reagents. It is inhibited iz vitro by DSSD
with which it reacts to give the expected DSH product (Neims et al.,
1966b). The inhibition observed is a linear function of the amount of
DSSD added, complete inhibition being seen when 6-8 mole equival-
ents of DSSD are added. Exposure to **S-labelled DSSD results, as
predicted, in the liberation of 6-8 mole equivalents of **S-DSH. For all
12 sulfthydryl groups to react with DSSD, however, it is necessary to
use a denaturing agent, following which the remaining protein sulfhyd-
ryls become accessible to interaction with DSSD.

An elegant demonstration of the formation of mixed disulfides in the
in vivo inactivation of enzymes is the ability of 10 mM dithiothreitol to
regenerate, when incubated with microsomes from DSSD-treated rats,
the 7 a-hydroxylase inactivated by iz vivo DSSD treatment (Andersson
and Bostrgm, 1984). This enzyme is a specific cytochrome P-450-
dependent hydroxylase (section 8.3.4) which in vitro is ca 50%
inhibited by 1 uM DSSD (Andersson and Bostmdm, 1984; their Fig. 1).
Considering that following its iz vivo administration DSSD is present
in undetectable or submicromolar concentrations in blood (Johansson,
1988), it would appear that enzyme inactivation by formation of the
mixed disulfide either requires local resynthesis of DSSD from DSH, or
the possible formation of a mixed disulfide from the co-oxidation of
DSH with an endogenous thiol.

Among the enzymes most sensitive to #n vitro inhibition by DSSD is
E,, the cytosolic, or Class 1, aldehyde dehydrogenase which can be
instantaneously inhibited in a stoichiometric reaction with 14 pM
DSSD. Because of the importance of aldehyde dehydrogenases to the
pharmacological activity of DSSD iz vivo, the inhibition of these
enzymes by DSSD and its metabolites are discussed at length is Chapter
9. By contrast, the in vivo effects of DSSD on alcohol dehydrogenase
(ADH) are considered to be negligible, although DSSD pretreatment
does lead to an inhibition of iz vivo ethanol elimination. This effect,
however, is occasioned by an accumulation of acetaldehyde and the
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effect it has on ethanol metabolism (section 10.7). In vitro the ADH
can be inhibited by DSSD. Thus, the K; values for mouse and rat liver
ADH are 43 and 150 uM, respectively (Sharkawi, 1980). Such concen-
trations of DSSD are not achievable, however, in vivo. In the case of
horse liver ADH, Carper et al. (1987) observed a slowly developing
inhibition in the presence of 0.6-4.6 uM DSSD, so that after 48 h of
incubation a plateau of about 50% inhibition was reached. However,
the inhibition was totally prevented by addition of a thiol, such as
dithiothreitol. Considering the slowness of the reaction and its easy
reversibility by thiols, a significant inhibition of ADH iz vivo is unlikely.

Several other enzymes have been reported to be inhibited by DSSD.
Thus, Nousiainen and Torrénen (1984) found that in rats DSSD inhibits
a microsomal carboxyesterase both in vivo and in vitro (ca 50% by
100 uM). Glucose-6-phosphate dehydrogenase has been reported by
Marselos et al. (1976) to be inhibited following chronic administration
of either DSSD or DSH to rats. Cha et al. (1982) could not confirm this
effect of DSSD when administered in feed to mice, but found that daily
injections of DSSD (100 mg/kg in corn oil for 7 days) did reduce the
activity of this enzyme significantly. Choo and Riendeau (1987) found
DSSD to be an in vitro inhibitor of 5-lipoxygenase with an IC,,,
determined in the soluble fraction of rat polymorphonuclear leukocyte
sonicate, of 0.53+0.11 pM (the corresponding figure for DSH was
2—4 puM). Finally, Leo et al. (1989) have reported a rat cytosolic retinal
dehydrogenase (EC 1.2.1.36) to be inhibited in vitro by 20-50 uM
DSSD, concentrations not achievable in vivo.

It must be borne in mind that iz vivo DSSD administration can cause
not only DSSD-mediated enzyme inhibition, but also effects mediated
by metabolites of this drug.

8.1.2 General aspects of enzyme inhibition by diethyldithiocarbamate

Although DSH chelates copper (Cu) avidly, often only a fraction of the
enzyme-associated Cu can be removed. Thus, even 10 mM DSH re-
moves only one of the two Cu atoms associated with bovine serum
amine oxidase, though following exposure to this DSH concentration,
the residual Cu is in a DSH-bound form (Morpurgo et al., 1987a). Also,
DSH removes 2 of 8 Cu ions of green zucchini ascorbate oxidase with
significant inhibition (Morpurgo et al., 1987b, 1988), but less than 10%
of the 4 Cu ions of the Japanese lacquer tree Rbus vernicifera laccase
(Morpurgo et al., 1987b).

DSH also chelates zinc (Zn), but much less avidly. Accordingly, while
enzymes having Zn at their active site are inhibited by DSH, as a rule
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the Zn is not extracted from the enzyme even if a large excess of DSH
is used. A good example of these relationships is the behavior of the
native, Zn-containing carbonic anhydrase (EC 4.2.1.1) and its cobalt
(Co) and Cu analogues (Morpurgo et al.,1983). The native bovine
carbonic anhydrase contains one Zn(II) per molecule. Although the
enzyme is inhibited by DSH (K; 1.7 mM), no Zn is lost even when the
enzyme is dialyzed against 10 mM DSH for 24 h. It can be reactivated
by simply dialyzing it against DSH-free medium. The Co enzyme,
formed by exposure of the apoenzyme to subequivalents of CoCl,, is
also active. It is inhibited by DSH, with loss of Co, at DSH concen-
trations one order of magnitude lower than the Zn enzyme. Finally, the
Cu enzyme, formed by exposure of the apoenzyme to CuCl, (it is
inactive), loses its Cu quite readily when exposed to DSH.

A second example is that of the CuZn superoxide dismutase, in
which Cu has a catalytic role and Zn a structural one. Exposure of the
enzyme to DSH results in inhibition and loss of the Cu, but no Zn can
be extracted. If, using other chelators, the Zn is removed and sub-
stituted by Co, a modified but nonetheless active CuCo superoxide
dismutase is obtained. Upon exposure of this enzyme to DSH, both Cu
and Co are removed (Cocco et al., 1981b).

Horse liver alcohol dehydrogenase constitutes an exception to the
above rule, in that millimolar concentrations of DSH do cause a
selective loss of Zn (Drum et al., 1969a, b; Drum and Vallee, 1970).
Interestingly, however, if exposed to the inhibitor prior to the addition
of substrate, it is more readily inhibited by DSSD than DSH, apparently
by the reaction of DSSD with one of the enzyme’s thiol groups, the
extent of inhibition being dependent on the length of exposure
(Carper et al., 1987).

In millimolar concentrations, DSH can inhibit many metalloenzymes.
Such concentrations of DSH occur in animals when high doses of DSH
are administered. For instance, Fisher rats injected with 100 mg/kg of
DSH by iv. bolus had peak DSH plasma levels greater than 530 pg/ml
(that is >3 mM; Borch, private communication, re: Dissertation by P.
Dedon). Similarly, Bodenner et al. (1986b) reported peak plasma DSH
levels of 1.17 mM in rats administered 250 mg/kg DSH iv., and peak
levels of 0.58 mM following s.c. administration of the same dose. High
doses of DSH (75-150 mg/kg) have been administered by iv. infusion
to humans receiving cisplatin or carboplatin for cancer therapy (Qazi
et al., 1988; Rothenberg et al., 1988) and peak plasma levels of
0.4-1.0 mM DSH were noted. High doses of DSH are also used during
treatment of heavy metal poisoning in humans. Under such circumstan-
ces DSH plasma levels in the millimolar range can be expected.
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Accordingly, effects on many enzymes susceptible to such concen-
trations of DSH should be expected.

By contrast, only micromolar concentrations of DSH arise during
DSSD therapy of alcoholism. Thus treatment with a 250 mg p.o. dose
of DSSD gives rise to peak DSH plasma levels of 0.77—-1.14 pM (Faiman
et al., 1984). Johansson (1989a) recorded ca 0.3 pM DSH in the plasma
of patients receiving a 400 mg p.o. dose of DSSD. Such concentrations
of DSH may cause significant inhibition of only the most sensitive
enzymes, with K, values in the micromolar range.

8.1.3 Copper enzymes inhibited by diethyldithiocarbamate in vitro

In addition to the copper-containing enzymes whose inhibition by DSH
was discussed in section 8.1.2, another group of enzymes which are
inhibited by DSH #n vitro are the copper-containing tyrosinases (EC
1.14.18.1), also called phenol oxidases (for review see Schmidt, 1988).
Many of these enzymes possess both a tyrosinase and a dopa oxidase
function; DSH inhibits these functions differentially. An example of this
is the inhibition of the murine and hamster melanoma enzyme. The
DSH K, for the dopa oxidase function is 80—-100 uM (Lerner et al., 1950;
Pomerantz, 1963); DSH is less effective in inhibiting the tyrosine
hydroxylase function of this enzyme (Pomerantz, 1966; Laskin and
Piccini, 1986). Other tyrosinases which have been reported to be
inhibited by DSH are listed below; the functions inhibited and their K;
values are given where available: (a) a rat intestinal tyrosinase enzyme
(Schmidt, 1979); (b) a bovine uveal dopa oxidase, K; 18.8 uM
(Nakazawa et al., 1985); (c) a detergent-activated tyrosinase from
Xenopus laevis (dopa oxidase, K; 30 uM; tyrosine hydroxylase, K;
50 uM: Wittenberg and Triplett, 1985); (d) tyrosinases from streptomy-
ces and mushrooms (dopa oxidase, K; 0.34 and 3.0 uM; tyrosine
hydroxylase, K; 6.2 and 4.1 pM, respectively: Yoshimoto et al., 1985);
and (e) a potato phenol oxidase (Van Driessche et al., 1984).

Diamine oxidases (EC 1.4.3.6) constitute yet another group of
copper-containing enzymes inhibited by DSH in vitro. These include
the diamine oxidases of: (a) the human placenta (100% inhibited by
50 uM; Bardsley et al., 1974); (b) porcine kidney (100% inhibited by
dialysis against 50 pM; Mondovi et al., 1967); and (c) lentil seedlings
(Rinaldi et al., 1984). Also reported to be inhibited by DSH én vitro are
(a) a monoamine oxidase (EC 1.4.3.4) from the human placenta (40%
inhibition by 50 uM; Bardsley et al., 1974); (b) the calmodulin-depend-
ent phosphatase of rat brain (Ruiz de Elvira et al., 1987); and (c) the
copper-containing peptidylglycine alpha amidating monooxygenase of
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pituitary cells, which is involved in the terminal amidation of pituitary
peptide hormones (Mains et al., 19806).

Finally, early reports had suggested that cytochrome oxidase, an
important copper-containing enzyme, is partially inhibited at high DSH
concentrations. The findings of Griffiths and Wharton (1961) that the
purified enzyme is 20% inhibited by 1 mM DSH, are problematical since
the assay used by these authors involved cytochrome ¢, which is
known to be readily reduced by DSH (Stromme, 1963a). More recently,
Gallagher and Reeve (1976) have reported that an 18 h dialysis against
5—-10 mM DSH results in a 50-55% inhibition of the enzyme. However,
exposure of a biological system (Chinese hamster cells) to 3 mM DSH
for 90 min does not result in any inhibition of the enzyme (Marklund
and Westman, 1980).

8.2 INHIBITION OF DRUG METABOLIZING ENZYMES

8.2.1 Introduction

Many drugs and other xenobiotics are metabolized oxidatively by a
family of membrane-bound iron-containing hemoproteins located in
the endoplasmic reticulum of cells, most prominently those of liver (for
review see Black and Coon, 1989). Since in the reduced state these
hemoproteins bind carbon monoxide to give a unique 450 nm peak in
the Soret region of the spectrum, they are referred to generically as
cytochromes P-450 (P-450). The reactions catalyzed by these enzymes
involve the insertion of an atom of oxygen into the substrate, typically
to give more polar metabolites,

RH + O,+ NADPH + H* -ROH + H,0 + NADP* 83)

They are, therefore, called monooxygenases. Some substrates (viz.
ethers such as p-nitroanisole, substituted amines such as ethylmor-
phine) yield unstable intermediates and the process becomes one of
dealkylation. In the case of demethylations, an unstable oxygenated
metabolite is formed which, after biotransformation, yields formalde-
hyde as the byproduct, ie. the leaving group is oxygenated. The
requirement of the P-450 enzymes for both oxidative and reducing
equivalents gave rise to their earlier appellation of mixed function
oxidases. These enzymes monooxygenate endogenous lipids, including
steroid hormones and various cholesterol derivatives, with a high
degree of specificity (for review see Waxman, 1988). In the metabolism
of xenobiotic compounds they have overlapping site specificities.
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Both DSSD and DSH are potent and clinically important in vivo
inhibitors of the metabolism of many xenobiotics (section 8.2.2). In
instances where the xenobiotic is a carcinogen, this can result in the
modulation of its action (for review see Fiala, 1981, Bertram, 1988).
Pretreatment of experimental animals, primarily rats, with DSSD results
in impairment of hepatic metabolism of a wide range of substrates of the
P-450 monooxygenases (all those tested to date) and a decrease in
hepatic P-450 content (section 8.2.3). Analogous phenomena are ob-
served following systemic pretreatment with DSH, the primary DSSD
metabolite. These phenomena are also seen following oral DSH adminis-
tration, but under these conditions their course is much more rapid,
resembling that seen following administration of carbon disulfide (CS,),
itself a DSH metabolite (section 8.2.4). This raises the possibility that
one or two common entities may mediate the impairment of the P-450
monooxygenases by these three agents. In this context, one needs to be
mindful of the potential reversibility of the reduction of DSSD to DSH.
One should also recognize that dithiocarbamates can be formed iz vivo
by the reaction of CS, with endogenous amines and amino acids.

Pretreatment of animals with DSSD and DSH results in some degrada-
tion of cytochrome P-450. Although the impairment of the various
monooxygenase activities by DSSD, DSH and CS, is usually accom-
panied by a decrease in P-450 levels, typically the latter is not com-
mensurate with the former. In part this dichotomy is due to the
method used to measure P-450 levels, in part it could be due to these
agents acting on the various P-450 cytochromes selectively (section
8.2.5). Assays performed on homogenized endoplasmic reticulum
(microsomes) indicate DSSD is also a very effective iz vitro inhibitor of
the monooxygenase system (section 8.2.6). DSH is a much less potent
in vitro inhibitor of the monooxygenase system than DSSD and their
actions differ in a number of respects. In the presence of NADPH,
however, DSH behaves very similarly to CS, with the formation of
cytochrome P-420 and the binding of one of its sulfur atoms to the
microsomal protein, probably at Cys, at the active center of the
cytochrome (section 8.2.7).

DSSD and DSH appear to have enhancing effects on some con-
jugations, notably the enzymes of the glucuronic acid and glutathione
pathways, but these effects remain less well explored (sections 8.2.9
and 8.5). The effect of chronic DSSD treatment on intestinal mono-
oxygenase activity, although also much less studied than its effects on
the hepatic activity, are of interest in that the effect is biphasic, an
initial reduction in activity being replaced by its stimulation (section
8.2.9).
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8.2.2 In vivo inhibition in humans

Clinically administration of therapeutic doses of DSSD has been found
to inhibit the hepatic endoplasmic reticulum enzyme-mediated metab-
olism of other therapeutically employed drugs virtually every time it
has been investigated (Table 8.1). Additionally, administration of DSSD
has been found to inhibit endogenous metabolism mediated by this
system. Thus, DSSD therapy leads to increased serum cholesterol levels
(Major and Goyer, 1978), an effect attributable, in some part, to its
inhibition of cholesterol 7a-hydroxylase, a specific P-450 enzyme
(Andersson and Bostgm, 1984; Waxman, 1986). Also, administration of
DSSD causes a decrease in the urinary excretion of p-glucaric acid
(Freundt, 1978). The excretion of this end-product of the p-glucuronic
acid pathway is considered an indirect measure, in humans and guinea
pigs, of endoplasmic reticulum enzyme function and is quantitatively
correlated with hepatic P-450 content (Hunter et al., 1974). Although
the ability of DSH to inhibit drug metabolism in humans has not been
investigated, its administration also leads to a significant reduction in
p-glucaric acid excretion (Larseille et al., 1982).

In humans, the inhibition of drug metabolism caused by DSSD
develops rapidly, and is observed within 4 hours of its administration
(Olesen, 1966). It persists, or intensifies, upon repeated administration
(Table 8.1) without any evidence of subsequent induction of the P-450
system. Moreover, it is prolonged. A single dose, for instance, causes a
6-day-long depression of p-glucaric acid elimination (Freundt, 1978).
Likewise, 10 days after a course of DSSD, antipyrine (aminophenazone)
metabolism continues to be significantly depressed in the majority of
subjects (Vesell et al., 1971). On the other hand, the degree to which
monooxygenation is inhibited by a given dose of DSSD shows extensive
interindividual variation (Vesell et al., 1971, 1975; Beyeler et al., 1985,
1987). Functionally, this is also true of the inhibition of aldehyde
dehydrogenase (ALDH) by DSSD (Beyeler et al., 1985, 1987; Brewer,
1984). A high correlation (r=0.88; P<0.01) is observed between the
inhibition of these two enzyme activities in individual subjects. The
correlation has been ascribed by Beyeler et al. (1985) to the effect of
DSSD on each enzyme activity being related to the functional capacity
of the liver.

In patients stabilized on a drug, DSSD-mediated inhibition of the
drug’s metabolism can lead to its accumulation and result in unex-
pected yet typical overdose reactions. Phenytoin is one drug for which
such a sequence of events has been observed. Epileptic patients
previously stabilized on it develop dizziness, ataxia and nystagmus after
1-5 weeks on DSSD (Kigrboe, 1966; Dry and Pradalier, 1973; Loiseau
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et al., 1975). Phenytoin levels are elevated in such patients (Table 8.1).
Even after discontinuation of DSSD therapy, these levels may continue
to rise further for a day or two; eventually, as the phenytoin levels fall,
the clinical condition resolves (Olesen, 1966; Loiseau et al., 1975).
Warfarin is another drug, the levels of which rise during DSSD therapy
in previously stabilized patients. The rise is accompanied by an enhan-
cement of the drug’s anticoagulation action (prolongation of one-stage
prothrombin time) and an increase in toxic effects such as hematuria
and gross bleeding (Rothstein, 1968, 1972b; O'Reilly, 1971, 1973). By
reducing the warfarin dose, however, it is possible to successfully
stabilize patients on a warfarin—DSSD combination with no ill effects
(Rothstein, 1968, 1972b).

DSSD therapy leads to inhibition of caffeine metabolism (Beach et
al., 1986) as well as the metabolism of both chlordiazepoxide and
diazepam, two frequently prescribed antianxiety drugs (MacLeod et
al., 1978; Sellers et al. 1980). Both these agents have active meta-
bolites and their metabolism may also be inhibited. Recovering alcohol-
ics have a particularly high coffee and hence caffeine consumption
(Doucette and Willoughby, 1980; Mozdzierz et al., 1981). The DSSD-
engendered inhibition of the elimination of the latter renders such
individuals at risk for caffeine-induced symptoms of increased irritabil-
ity, anxiety and insomnia. Chlordiazepoxide and diazepam are fre-
quently used concurrently with DSSD in the treatment of recovering
alcoholics (Baekeland et al., 1975; Baekeland and Lundwann, 1977).
The appearance of symptoms of anxiety and irritability would make the
prescription of these antianxiety agents all the more likely. On occa-
sion the combination of disulfiram therapy with chlordiazepoxide has
been specifically advocated on the basis that the latter would act as
both a reinforcer and blocking drug (Liebson and Faillace, 1971).
Elevation of chlordiazepoxide or diazepam body burdens (and of those
of their active metabolites) will result, however, in symptoms of central
nervous system depression (lethargy, dizziness, etc.). Such symptoms
are associated with DSSD therapy in patients receiving chlordiazepox-
ide; they ameliorate upon DSSD dose reduction or discontinuation
(Whittington and Grey, 1969). However, the occurrence of such
symptoms is not intrinsic to DSSD therapy. For patients requiring
concurrent antianxiety medication, oxazepam, lorazepam, or alpra-
zolam are better choices. Oxazepam and lorazepam are primarily
metabolized by glucuronidation and their elimination is not impaired
by DSSD treatment (Table 8.1). Rather, DSSD was found to enhance the
elimination of lorazepam in the majority of the, admittedly small,
sample of patients studied (Sellers et al., 1980). With regard to
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alprazolam, its half-life and clearance have been reported to be unaf-
efected by DSSD therapy (Diquet et al., 1990), a somewhat surprising
finding given that it is metabolized via hydroxylation and that another
inhibitor of drug metabolism, cimetidine, does prolong its elimination
(Greenblatt et al., 1983).

When DSSD administration is combined with that of cimetidine,
another agent which inhibits drug metabolism iz vivo, the resulting
inhibition of drug metabolism is additive (Loft et al., 1986).

8.2.3 In vivo inhibition of hepatic monooxygenases by disulfiram
in experimental animals

The experimental animal used most frequently in investigation of the
effect of DSSD on hepatic drug metabolism has been the rat. No
systematic in vivo study has been performed of the inhibition of
hepatic monooxygenase activity as a function of the dose of DSSD.
Moreover, in determining monooxygenase activity a variety of substra-
tes are used as probes and while the resulting estimates are frequently
similar, they reflect the activities of different clusters of P-450
isozymes, are thereby distinct, and can be significantly different.

The dose used most commonly in rat studies of the impairment of
drug metabolism by DSSD is 1g/kg, p.o. Doubling the dose fails to
enhance the effect further. Thus 24 h after 1 and 2 g/kg p.o. doses of
DSSD no differences are observed (Stripp et al., 1969) in the degree of
inhibition of ethylmorphine N-deethylation (39 and 37%, respectively)
or the extent by which P-450 levels are depressed (24 and 26%,
respectively). On the other hand, 400 mg/kg of DSSD is the lowest oral
dose reported to cause a significant impairment of P-450 activity after a
single administration; it causes a 33% decrease in aniline hydroxylase
activity (Zemaitis and Green, 1976b). However, chronic administration
of as little as 100 mg/kg/day will result in a 25% impairment of aniline
hydroxylase after 2 days and a 46% impairment after 5 days (Zemaitis
and Green, 1976b). The route of administration and vehicle are also
important. A single 100 mg/kg dose of DSSD causes a one-third de-
crease in monooxygenase activity (benzo|a]pyrene hydroxylase) at
24 h, if it is administered i.p. in oil (Grafstrom and Green, 1980). Yet a
200 mg/kg dose administered by the same route, but either in aqueous
suspension or in dimethylsulfoxide, is without effect on aminopyrine
demethylation 24 and 48 h later (Willson et al., 1979).

Parenthetically it should be added that p.o. administration of
200 mg/kg of DSSD to rats result in the inhibition 24 h later of the
microsomal carboxylesterase in liver, plasma carboxylesterase and
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plasma cholinesterase by 29%, 21% and 27%, respectively, and that
raising the dose to 1000 mg/kg increases the inhibition to 38%, 45%
and 53%, respectively (Zeimatis and Green, 1976a).

The onset of the DSSD effects in rats is slow. No impairment is
detected in the first 8 h post administration of 1 g/kg, whether adminis-
tered orally (Honjo and Netter, 1969), i.p. in an aqueous suspension
(Stripp et al., 1969), or i.p. in oil (Hunter and Neal, 1975). Impairment
is significant at 12h (ethylmorphine N-deethylation; Stripp et al.,
1969), 15h (aminopyrine N-demethylation; Honjo and Netter, 1969;
Netter et al., 1970), and 18 h (hexobarbital metabolism: Nilsson and
Wahlstrgm, 1989). It reaches its maximum at 24 h and remains signifi-
cant for 72 h (Stripp et al., 1969).

The impairment of monooxygenase activities by DSSD administration
in the rat is not uniform. Some activities are more resistant than others.
Thus, while aniline hydroxylase activity is 32% impaired (P<0.05) 24 h
following the administration of DSSD in a 400 mg/kg/day dose, no
impairment of ethylmorphine N-deethylation activity is observed at that
point in time. Though after 2 days of treatment, the ethylmorphine
N-deethylation activity is decreased by 50% (P<0.05), by then the
aniline hydroxylase activity is decreased by 61% (P<0.05). As the daily
DSSD administration is continued for 12 days, the impairment of the
monooxygenase activity remains unabated (Zemaitis and Green, 1976b).

The DSSD-induced impairment of monooxygenase activity in rats is
usually accompanied by a depression of P-450 levels, although the
latter is virtually always more modest than the former (Stripp et al.,
1969; Hunter and Neal, 1975; Lang et al., 1976, Zemaitis and Green,
1976b; Grafstrom and Green, 1980; Cha et al., 1983). There is,
moreover, a degree of correspondence in the time course of these
phenomena (Stripp et al., 1969).

In mice administered DSSD, the effects on monooxygenase activity
are observed sooner than in rats. Four hours following a 500 mg/kg p.o.
dose of DSSD, monooxygenase activity (benzo[a|pyrene hydroxylase,
2-acetylaminofluorene N-hydroxylase and aldrin monooxygenase) is
impaired in both C57BL/6 and DBA/2 mice, on average, by 66%
(Roberfroid et al., 1983). Also, the in vivo halflife of antipyrine is
lengthened by 60-70%.

8.2.4 In vivo inhibition of hepatic monooxygenases by
diethyldithiocarbamate and carbon disulfide

Because DSH is unstable in acidic media, such as gastric juice, decom-
posing therein to CS, and diethylamine, consideration of the effects of
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DSH on monooxygenase function following its oral administration are
best deferred until after discussion of the effects observed following its
systemic administration.

The most widely employed systemic dose of DSH in studies of its
effects on the hepatic drug metabolizing system of rats is 750 mg/kg
i.p., though administration of a dose as small as 200 mg/kg results, for
instance, in a significant (27%) reduction 24 h later in hepatic ethyl-
morphine N-deethylation activity (Stripp et al., 1969). Neither the 200
nor a 250 mg/kg dose have any effect, however, on hepatic P-450 levels
24 h post administration, though higher doses do (Fig. 8.1a).

The time course of the effects of systemically administered DSH on
the hepatic monooxygenase system is somewhat more rapid than that
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Figure 8.1 Effects of intraperitoneal administration of diethyldithiocarbamate
(DSH) on hepatic microsomal cytochrome P-450 in the rat. (a) Dose-response
relationships for the effects of diethyldithiocarbamate on microsomal cytochrome
P-450 and microsomal heme at 24 h. (b) Time course of the effects of 750 mg/kg
DSH. *Significantly different from control, P<0.05. Redrawn with permission from
Miller et al. (1983).
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seen following DSSD administration. Thus, by 6 h after a 1 g/kg i.p. dose
of DSH, both the benzamphetamine N-demethylase activity and the
P-450 levels are depressed significantly (Hunter and Neal, 1975). The
P-450 levels reach their nadir at 24 h (Fig. 8.1b) and are still significant-
ly depressed at 36 h. By 48 h, however, they are indistinguishable from
controls (Miller et al., 1983; Hunter and Neal, 1975).

Contrary to what might be expected, following oral administration of
DSH the onset of the P-450 lowering effect is faster and its duration is
shorter than following i.p. administration (Fig. 8.2) In particular, the
rapidity of onset, which exceeds that seen following i.p. administration
several-fold, is very similar to that seen following CS, administration,
regardless by which route (Fig. 8.3). So too are the time course and
relative extent of the inhibition of both aniline hydroxylase and
aminopyrine N-demethylase activities occasioned by the oral adminis-
tration of 200 mg/kg DSH and 30 mg/kg CS,, respectively (Figs 8.2 and
8.3). This similarity could be explained by a gastric hydrolysis of part of
the administered DSH to CS,. Finally, it should be noted that the dose-
dependence relationship for CS, spans a wider range (from 3 to
500 mg/kg) than is true for the other agents considered.

8.2.5 In vivo effects on P-450 cytochromes

The impairment of the various monooxygenase activities by DSSD
pretreatment is usually accompanied by a decrease in P-450 levels,
however the magnitude of the latter is typically smaller than that of the
former. That is to say, DSSD administration results in a greater func-
tional impairment of P-450 than is apparent from the reduction in
P-450 levels, as determined spectrophotometrically following reaction
of the cytochrome with carbon monoxide.

Flavoprotein Cytochrome 0,
NADPH Reductase (0x) P-450 (red) RH,
NADP* Reductase (red) P-450 (ox) ROH +H,O

The P-450 monooxygenase complex has two primary functional com-
ponents: a flavoprotein enzyme and a cytochrome. The reduced
cytochrome reacts with the substrate and oxygen becoming oxidized
in the process. The flavoprotein acts as a reductase of the oxidized
cytochrome. To determine their respective levels it is usual to measure
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the Soret spectrum of the carbon monoxide adduct of the cytochrome
and to measure the activity of the reductase in an assay which employs
exogenous cytochrome c as an electron acceptor. When measured in
this manner, the activity is referred to as NADPH cytochrome c¢
reductase. DSSD pretreatment (200 mg/kg i.p., 24 h prior) was ob-
served by Stripp et al. (1969) to decrease this activity only slightly (by
17%). The activity of the reductase can also be measured using the
membrane-bound P-450 cytochrome (i.e. the microsomal fraction:
Gigon et al., 1968). If measured in this manner, the activity is referred
to as NADPH cytochrome P-450 reductase. Following the same DSSD
pretreatment (200 mg/kg i.p., 24 h prior) this latter activity is markedly
diminished (66%). Since the enzyme used in both assays is the same
flavoprotein, the lower activity recorded when cytochrome P-450 is
employed indicates that the ability of the cytochrome to act as an
electron acceptor has been impaired by the DSSD pretreatment. This
provides a functional explanation for the observed parallel lowering of
the monooxygenase function (by 55%), as measured with ethyl mor-
phine as substrate. Moreover, the extent of the impairment of cyto-
chrome P-450 to act as an electron acceptor is greater than the 49%
decrease in the binding of P-450 with carbon monoxide to give the
Soret spectrum used to measure P-450 levels (Stripp et al., 1969),
suggesting that the functional impairment does not prevent the
cytochrome from forming an adduct with carbon monoxide to give a
Soret spectrum. The same phenomenon has been observed by Stripp et
al. (1969) at 48 h after an i.p. 200 mg/kg dose of DSSD and by Zemaitis
and Green (1976b) 24 h after p.o. administration of 400 mg/kg/day
DSSD for 2 days.

The depression of P-450 levels by these agents suggests destruction
of the cytochrome. Although normally hepatic P-450 heme turnover is
quite rapid, administration of DSH (750 mg/kg) accelerates it, reducing
the half-life of the fast phase of heme loss from 6 to 3h (Miller et al.,
1983). Within 2 h of the administration of this dose of DSH, the levels
of hepatic heme oxygenase, the enzyme responsible for the rate-
limiting step in P-450 catabolism, are increased 3-fold. By 8 h, the levels
are 7-fold higher than those of controls, though they return to control
values 24h after DSH administration. The levels of hepatic o-
aminolevulinic acid synthetase, the enzyme responsible for the rate-
limiting step in P-450 synthesis, also rise, but less rapidly and for longer.
Thus, by 8h after administration they are elevated by 55% and they
remain elevated at 24 h (Miller et al., 1983).

The hepatic monooxygenase system comprises multiple P-450 iso-
forms of overlapping site specificities. Biotransformations catalyzed by
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specific isoforms can result in the formation of different metabolites.
Some of the isoforms can be preferentially induced by pretreatment
with xenobiotics (for review see Ioannides and Parke, 1987). In the rat,
P-450b and P-450e are induced by pretreatment with phenobarbital
(PB), and P-450c by pretreatment with 3-methylcholanthrene (MC).

Hunter and Neal (1975) compared the ability of DSSD, DSH and CS,
to depress monooxygenase activity (benzamphetamine N-demethyla-
tion) and P-450 levels at 6 and 48 h post administration in normal and
PB or MC pretreated rats. Although there were some variations in the
degree to which DSSD, DSH and CS, reduced monooxygenase activity
and P-450 levels in the three groups, no clear meaningful pattern
emerged, suggesting that these agents impair multiple P-450 isoforms.

In PB pretreated animals, though not otherwise, CS, induces hepatic
necrosis (for review see Beauchamp et al., 1983), as does DSH, but not
DSSD (Hunter and Neal, 1975). The latter dichotomy could be due to
the formation of hepatotoxic concentrations of the same or similar
metabolites from CS, and DSH, but not DSSD. It might be noted,
parenthetically, that ethanol pretreatment also sensitizes rats to CS,
induced hepatotoxicity (Snyderwine et al., 1988).

8.2.6 In vitro inhibition by disulfiram

When added to rat hepatic microsomes, isolated from either normal
or PB-induced animals, DSSD is a potent inhibitor of P-450 reactions.
Thus, it gives K; values of 0.2-1.2x 10~°M for the competitive inhi-
bition of the dealkylation of p-nitroanisole (Honjo and Netter,
1969), ethylmorphine (Zemaitis and Green, 1976b, 1979) and p-
nitrophenetol (Jgrgensen and Johansen, 1983). Also, as an inhibitor of
benzo[a]pyrene hydroxylase, another monooxygenase activity, it ranks
among the top five of 34 known and potential inhibitors of P-450
metabolism (Stohs and Wu, 1982). Further, it binds to P-450, producing
a type I spectrum (Zemaitis and Green, 1976b; Masuda and Nakamura,
1989), a property common to a large group of substrates metabolized
by P-450. This suggests that it inhibits the metabolism of the other
substrates by competing for binding sites on P-450. Incubation of DSSD
in the admittedly high concentration of 1.0 x 10~ *M, impairs the
subsequent activity of several microsomal enzymes (aniline hy-
droxylase, p-nitroanisole O-demethylase and glucose-6-phosphatase)
regardless of whether or not NADPH is present during the incubation
(Masuda, 1988). This again suggests that DSSD does not have to
undergo a P-450-mediated activation to act as an inhibitor at this
concentration.
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One isoform of the cytochrome, P-450,,,, the enzyme that catalyzes
the 7a-hydroxylation of cholesterol, is exquisitely sensitive to inhibition
by DSSD. Exposure of either rat microsomes (Waxman, 1986) or of the
enzyme purified to homogeneity (Ogishima et al., 1987) to 4 x 10~°M
DSSD causes extensive inactivation. Subsequent exposure of the micro-
somes to 10 mM 2-mercaptoethylamine for 4 min fully reactivates the
enzyme (Waxman, 1986). In vivo, chronic daily dosing of rats with
DSSD leads to a partial inactivation of the cytochrome. However, in
vitro the inactivation of the thus inhibited enzyme is substantially
reversed (85%) by 10 mM dithiothreitol (Andersson and Bostrdm, 1984).
These observations suggest that DSSD blocks a highly reactive thiol
group near the active center of the enzyme, presumably by the
formation, at least initially, of a mixed disulfide. Nor is this manner of
inhibition unique to P-450,.,, since the activity of other microsomal
steroid hydroxylases, partially blocked by 10 uM DSSD, is also reac-
tivated by treatment with 2-mercaptoethylamine (Waxman, 1986). It is
noteworthy that when DSSD is added to fresh microsomal membranes,
it is reduced to DSH and that when DSSD is formed by such membranes
in the presence of NADPH, a large portion of it becomes bound to the
membranes, from which it can be displaced by GSH (Masuda, 1988). On
the other hand, unlike CS,, DSSD is not immediately effective in
perfused liver preparations in impairing monooxygenase activity (p-
nitroanisole O-demethylation: Masuda et al., 1988).

8.2.7 In vitro inhibition by diethyldithiocarbamate and carbon disulfide

In many particulars the actions of DSH on P-450 differ from those of
DSSD. Firstly, DSH inhibits competitively the metabolism of some of the
same P-450 substrates as DSSD, but is considerably less potent, its K;
value ranging from 1.3 to 1.8 x 10~ *M (Honjo and Netter, 1969; Zemai-
tis and Green, 1976b). Secondly, it forms no binding spectrum with
P-450 (Honjo and Netter, 1969; Zemaitis and Green, 1976b; Masuda and
Nakamura, 1989). Thirdly, though incubation with 10~>M DSH for
15-30 min depresses P-450 levels and impairs microsomal enzyme
activity, it does so only if NADPH is present during the incubation
(Hunter and Neal, 1975; Zemaitis and Green, 1979; Miller et al., 1983;
Masuda, 1988). Although these are incubation conditions that result in
the formation of DSSD from DSH (Masuda, 1988; Masuda and
Nakamura, 1989; see Chapter 6), the effects of DSH on the P-450
system bear many more similarities to those of CS, than those of DSSD.

Like DSH, CS, brings about a decrease in P-450 (De Matteis and
Seawright, 1973) and an impairment of monooxygenase activity
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(Obrebska et al., 1980) when incubated with liver microsomes in the
presence of NADPH, but not in its absence. Also, upon incubation with
microsomes in the presence of NADPH, both DSH (Miller et al., 1983)
and CS, (De Matteis and Seawright, 1973) bring about marked increases
in the levels of cytochrome P-420 (P-420), a degradation product of
P-450. The appearance of P-420 is also a consequence of in vivo CS,
administration (Fig. 8.3). The significance of this stems from the fact that
the unusual 450 nm Soret region spectrum band characteristic of P-450
is due to a thiolate sulfur atom ligated to the heme iron in the fifth or
proximate coordination site. A specific cysteine residue of the cytoch-
rome (Cysge in the sequence numbering convention of rabbit P-450
isozyme 2) is considered to provide this thiolate ligand (for review see
Black and Coon, 1989). The appearance of a 420 band indicates that this
sulfhydryl is no longer ligated to the heme iron. The transient nature of
this increase (Fig. 8.3) suggests that the formation of P-420 following CS,
exposure is an intermediate step in the CS,-induced degradation of
P-450. Incubation of microsomes with NADPH and CS, leads to forma-
tion of carbonyl sulfide (COS). If CS, labeled with *S or '“C is used, 50%
of the *$ label, but none of the “C label, becomes bound to P-450 (De
Matteis and Seawright, 1973; De Matteis, 1974; Dalvi et al., 1974). Upon
incubation of these labelled microsomes with cyanide, S is released in
the form of thiocyanate (SCN™). This indicates that the S is attached to
the P-450 as the terminal sulfur of a hydrosulfide (R-S-S-H) (Catignani
and Neal, 1975). This would be formed by the reaction of atomic sulfur
with a protein cysteine residue. The mechanism involved appears to be
a P-450 catalyzed desulfuration reaction that leads to the release of
atomic sulfur in singlet form. This is highly electrophilic and attacks the
nearest cysteine sulfhydryl, namely that at Cysse The *S label also
becomes bound to the microsomes upon their incubation with *S-
labeled DSH in the presence of NADPH (Miller et al., 1983). This
indicates that DSH, CS, or some other metabolite derived from DSH
undergoes oxidative desulfuration. GSH inhibits the binding of the **S
label of DSH to microsomes; it also inhibits the DSH-induced conversion
of P-450 to P-420 (Miller et al., 1983). Interpretation of these actions of
GSH is difficult. On one hand, by providing alternate binding sites, GSH
could act to protect the microsomal membrane. On the other hand, GSH
would reduce any DSSD formed from DSH back to it.

Differences exist between the effects of DSH and CS,. Thus the latter
does not bring about any changes in heme oxygenase, UDP-glucuronyl
transferase activity, or glucose-6-phosphatase activity (Masuda et al.,
1986); nor does it affect microsomal carboxyesterase (Nakayama and
Masuda, 1985).
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8.2.8 Inhibition by diethyldithiocarbamic acid methyl ester

Available information indicates that the DSH metabolite, diethyl-
dithiocarbamic acid methyl ester (DSMe), is a more potent inhibitor of
drug metabolism than DSH. Traiger et al. (1984, 1985) have investigated
the effects of these two agents on the metabolism of aminopyrine and
a-naphthylisothiocyanate. The hyperbilirubinemia and cholestasis pro-
duced by the latter agent in rats and mice is considered to be due to the
formation of toxic metabolites via the hepatic monooxygenase system.
Specifically, a-naphthylisothiocyanate is thought to be desulfurated by
the hepatic monooxygenase system to a-naphthylisocyanate with the
formation of atomic sulfur, which is extremely reactive. Pretreatment of
rats with DSSD, DSH or DSMe inhibits, in each case, the development of
the hyperbilirubinemia which otherwise follows a-naphthylisothiocyan-
ate administration (Traiger et al., 1984). The dose—response relation-
ships for this effect of DSH and DSMe indicate the latter to be 3 times
more potent than DSH. Both DSMe and DSH inhibit the NADPH-
dependent metabolism of a-naphthylisothiocyanate and aminopyrine by
rat hepatic microsomes in vitro, but DSMe is much more potent than
DSH (Traiger et al., 1985). The inhibition of the NADPH-dependent
metabolism of a-naphthylisothiocyanate by DSMe is a competitive one
(K;:0.18 mM). DSMe also decreases, in vivo, the excretion of ¥*S-labeled
inorganic sulfate following administration of *S-a-naphthylisothiocyan-
ate (Traiger et al., 1984). The competitive nature of this effect is
suggested by the fact that DSMe itself is metabolized to inorganic sulfate
(section 5.8) and gives rise to a desulfurated metabolite, diethyl-
monothiocarbamate (DmSMe), in vivo (section 5.9).

8.2.9 In vivo effects on enzymes of the glucuronic acid pathway

Chronic administration of DSSD or DSH increase the activity of UDP
glucuronosyltransferases (EC 2.4.1.17) and have been reported to
produce significant effects on several of the other enzymes of the
glucuronic acid pathway. In rats, oral administration of 300 mg/kg/day
DSSD or DSH for 4 days increases (by 2.5- and 1.6-fold, respectively) the
activity of hepatic UDP-glucuronosyltransferases when this is assayed
24 h after the last dose using p-nitrophenol as a substrate (Marselos et
al., 1976). In mice, incorporation of DSSD as a 0.6% w/w additive in the
diet for 14 days is found to increase UDP-glucuronosyltransferase
activity. This is so whether the activity is assayed with p-nitrophenol,
4-methylumbelliferone, or 4-hydroxybiphenyl (Ford and Benson, 1988).
Finally, it should be recalled (section 8.2.2) that the elimination of
lorazepam, a drug metabolized primarily by glucuronidation, is in-
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creased by DSSD pretreatment in the majority of patients studied
(Sellers et al., 1980).

Marselos et al. (1976) reported other enzymes of the glucu-
ronic acid pathway also to be significantly affected by the chronic
treatment with DSSD or DSH. Thus, these workers observed stimulation
of UDP-glucose dehydrogenase (2.3- and 1.7-fold, respectively), UDP-
glucuronic acid pyrophosphatase (1.7- and 1.6-fold, respectively), and
L-gluconate dehydrogenase (1.4-fold for DSSD only). On the other hand,
they found decreases in the activities of glucose-6-phosphate dehyd-
rogenase, B-glucuronidase (by 84 and 62%, respectively), and b-
glucuronolactone dehydrogenase (by 84% for DSH only).

8.2.10 Kffects on extrahepatic drug metabolizing enzymes

The microsomal benzo[a]pyrene hydroxylase of the small intestine
is inhibited by DSSD in vitro, but with only one-tenth of the potency
seen in liver microsomes (Grafstrom and Green, 1980; Grafstrom and
Holmberg, 1980; Stohs and Wu, 1982). The activity is also inhibited by
DSH, but with a 50-fold lower potency than that of DSSD (Grafstrém and
Green, 1980; Grafstrom and Holmberg, 1980). The inhibitory effect of
0.1 mM DSSD, on the other hand, is much enhanced if it is preincubated
with the homogenate. If, additionally, the incubation occurs in the
presence of NADPH, the hydroxylase activity is completely abolished
(Grafstrom and Green, 1980).

In contrast to what is observed with respect to the liver, in vivo pre-
treatment with DSSD has biphasic effects on the intestinal benzo-
[a]lpyrene hydroxylase activity. Acute administration of 100 mg/kg p.o.
in oil results in a 75% inhibition of the activity 24 h later, without any
concomitant change in intestinal P-450 levels. Moreover, whereas
chronic daily administration of 100 or 200 mg/kg DSSD in this manner
for 5 days leads to a marked fall in hepatic hydroxylase activity, that of
the small intestine is increased by 31 and 65%, respectively. At the same
time, intestinal P-450 levels are also much increased and the
Soret spectrum of the cytochrome has an absorption maximum at
450 nm, rather than one at 448 nm as observed following MC induc-
tion (Grafstrom and Green, 1980). This stimulation persists upon
continuation of the 100mg/kg/day DSSD treatment for 30 days
(Grafstrom and Holmberg, 1980).

8.2.11 Summary

Several possibilities emerge as potential mechanisms for the inhibition
and impairment of hepatic endoplasmic reticulum enzymes by DSSD
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and DSH, but they need not be mutually exclusive. CS, is a metabolite
of both agents. Accordingly, its oxidative desulfuration, with the
formation of singlet atomic sulfur and attack by the latter on the
cysteine residue normally ligating the heme iron, could mediate both
the DSSD- and DSH-engendered enzyme inactivation. The identifica-
tion of COS, the product of such a desulfuration, in the blood of
alcoholics dosed with DSSD (Johansson, 1989b) is consistent with this
hypothesis. On the other hand, P-450 can oxidize DSH to DSSD and
thus the inhibition could be mediated through the actions of the
latter. Theoretically, these compounds could also undergo oxidative
desulfuration, but formation of the expected products of such reac-
tions has not been observed. However, the DSH metabolite, diethyl-
monothiocarbamic acid methyl ester (DmSMe), has been identified as
an ¢n vivo metabolite of DSSD (Johansson, 1989a). It would be the
product of the oxidative desulfuration of diethyldithiocarbamic acid
methyl ester (DSMe), a known metabolite of DSSD (Gessner, T. and
Jakubowski, 1972). Accordingly, this raises the possibility that DSMe
might mediate, in part at least, the DSSD- and DSH-induced inactiva-
tion of P-450. Then again, DSSD could also inhibit P-450 by formation
of a mixed disulfide with a critically located cysteine residue. The
latter appears to be the mechanism whereby DSSD inhibits P-450¢;,,
a P-450 isoform, since the enzyme can be regenerated by the use of a
disulfide reducing agent.

8.3 INHIBITION OF DOPAMINE B-HYDROXYLASE

The biosynthesis of norepinephrine (NE) from tyrosine is a three-step
process (Fig. 84) of which the last step is catalyzed by dopamine
B-hydroxylase (DBH) [3,4-dihydroxyphenylethylamine, ascorbate: oxy-
gen oxidoreductase (f-hydroxylating), EC 1.14.2.1]. This enzyme is
present in catecholamine-containing vesicles of the sympathetic nerv-
ous system, brain, and adrenal medulla and is released therefrom
together with the catecholamines. It is a copper-containing mixed-
function oxidase in that it employs atmospheric oxygen, the reaction it
catalyzes being

dopamine + O, + ascorbate — L-norepinephrine +
dehydroascorbate + H,O (84)

Although the rate-limiting step in the biosynthesis of NE is the
hydroxylation of tyrosine (Udenfriend et al., 1966), the f-hydroxylation
of dopamine (DA) becomes the rate-limiting step if DBH is sufficiently
inhibited.
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Figure 8.4 Biosynthetic pathway for dopamine and norepinephrine from
tyrosine.

8.3.1 In vivo inhibition: animal studies

In 1964 Goldstein, M. et al. reported that when rats are administered
DSSD (400 mg/kg i.p.) in a divided dose at 2 and Oh prior to an
injection of *H-DA, their heart levels of *H-NE 2 h later are 6-fold lower
and their heart levels of *H-DA are 5-fold higher than those of DSSD
naive controls. These results and analogous ones from the spleen,
suggest that DSSD inhibits the hydroxylation of the injected DA.
Musacchio et al. (1964) and Thoenen et al. (1965, 1967) further
characterized the effects of DSSD pretreatment on tissue cat-
echolamines. Using rats, Musacchio et al. observed that DSSD pretreat-
ment (400 mg/kg ip. at 18 and 1h prior to sacrifice) reduces the
endogenous NE content of the 100 000 g particulate fraction of heart
homogenates, that is the fraction containing the catecholamine nerve-
ending vesicles, by 50%, but that it does not reduce the #n vivo uptake
of *H-NE into these vesicles. Using cats, Thoenen et al. found that
following DSSD pretreatment (2—4 x 400 mg/kg p.o. in the 48 h prior)
there is a marked decrease in the NE output of the spleen when it is
sympathetically stimulated. Moreover, in DSSD-pretreated animals, the
ratio of NE to DA in the venous effluent of the spleen following such
stimulation is the same as that found in the tissue. Thus the inhibition
by DSSD of the f-hydroxylation of DA results in much of the excess DA
being retained in the nerve-ending vesicle from which, like NE, it is
released by nerve stimulation.

In addition to DA, DBH B-hydroxylates tyramine, m-tyramine, octo-
pamine, m-octopamine and the a-methyl analogs of DA and tyramine.
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Figure 8.5 Effect of disulfiram (DSSD) on the activity of dopamine f-hydroxylase
(DBH) and tissue norepinephirne (NE) and dopamine (DA) levels. (a) Inhibition of
heart DBH activity by DSSD in the rat. DSSD was administered ip. (in saline
containing 05% Tween 80 and 1% carboxymethylcellulose) 1h prior to dosing
with 3H-tyramine. The hearts were removed 60 min later and the content of the
B-hydroxylated derivative, *H-octopamine determined. Redrawn from Musacchio et
al. (1966a). (b) Composite for the time course of inhibition of the rat heart DBH
activity by DSSD and diethyldithiocarbamate (DSH) administered ip. (The
400 mg/kg DSSD data set was redrawn from Musacchio et al (1966a) except for
the 1h point obtained by extrapolation from (a). The 125 mg/kg DSSD data are
from Symchowicz et al. (1966). The 125 mg/kg DSH data set was redrawn from
Lippman and Lloyd (1969). (c¢) Composite for the time course of the effect of DSSD
and DSH on the levels of catecholamines in rat heart and brain. DSSD and DSH were
administered in 400 mg/kg i.p. and 500 mg/kg s.c. doses, respectively. (The heart
and brain NE post-DSSD data are from Musacchio et al. (1966a). The brain NE
post-DSH data are from Carlsson et al. (1966). The brain DA data are from
Goldstein, M. and Nakajima (1967).)
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Figure 8.5 cont.

All of these substrates have been used in the #n vivo study of DBH
inhibition by DSSD. Pretreatment of rats with DSSD (400 mg/kg i.p.)
1 hr prior to the administration of any of these substrates in a labeled
form results in the heart levels of their respective f-hydroxylated
metabolites at 60 min being very markedly depressed relative to the
levels observed in DSSD-naive controls. The degree of DBH inhibition
which can be calculated from these experiments ranges from 79% for
a-methyldopamine to 98% for m-tyramine (Musacchio et al., 1964,
1966a). The degree of DSSD-induced inhibition is dose-dependent (Fig.
8.5a) and it reaches a maximum at 1-2h post administration (Fig.
8.5b). Following administration of DSH, the onset of the inhibition is
similarly rapid (Fig. 8.5b) though it wanes more quickly. The time
course of the DSSD-induced lowering of endogenous NE levels in the
rat heart follows a course similar to that of the DBH inhibition (Fig.
8.5c). DSH administration has also been shown to lower NE levels in
the ileum of rats and rabbits (Collins, 1965; Carlsson et al., 1966). A
200 mg/kg s.c. dose results in a significant effect in the first 6 h. A
500 mg/kg s.c. dose produces a maximal effect: it lowers ileum NE to
about 40% of control and raises DA levels about 2-fold.

Additional information as to whether the effects of DSSD on
endogenous in vivo NE levels are solely due to DBH inhibition,
derives from studies of the effects of DSSD pretreatment on the
actions of tyramine. This sympathomimetic agent liberates NE from
its storage sites and thereby causes a pressor effect. Neither is affected
by DSSD pretreatment (Musacchio et al., 1966b; Bhagat et al., 1966).
The NE storage sites take up circulating NE and in animals in whom
reserpine treatment has depleted these stores to the point that
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tyramine is ineffective, infusion of NE restores the response to
tyramine. DSSD pretreatment does not prevent NE uptake from the
circulation or restoration by this means of the tyramine response in
reserpinized animals. The tyramine response can also be restored in
normal animals by infusion of DA which is taken up into the NE storage
sites and hydroxylated there into NE. This process requires the
participation of DBH and is blocked by DSSD pretreatment.

In rats, brain levels of NE also fall following administration of DSSD or
DSH (Fig. 8.5¢). Oral DSSD (1 g/kg at 18 and 3 h prior) also brings about
areduction (45%) in rat brain NE levels (Jonsson et al., 1967). Similarly,
in mice DSSD (200 mg/kg i.p.: Moore, 1969) and DSH (200 mg/kg i.p.:
Moore, 1969; 400 mg/kg i.p.: Johnson et al., 1970; 250 mg/kg i.p.: Maj
and Vetulani, 1969, 1970) cause significant falls in brain NE levels. To
determine whether such CNS effects can be ascribed to DBH inhibi-
tion, Goldstein, M. and Nakajima (1966, 1967) used DOPA which,
unlike the above-mentioned substrates of DBH, can cross the blood—
brain barrier. Administration of DOPA to rats whose brain NE levels had
been depleted with reserpine leads, in controls, to a restoration of
these levels in a two-step process (Fig. 8.4). In rats pretreated with
DSSD (400 mg/kg i.p.), however, DOPA administration fails to restore
the brain NE levels, indicating that DSSD causes inhibition of DBH in
the CNS. Although the rise in brain DA levels following acute adminis-
tration of DSSD or DSH is small (Fig. 8.5¢) and not increased significant-
ly by monoamineoxidase inhibition (Carlsson et al., 1967), it can be
significant (Johnson et al., 1970; Maj and Vetulani, 1970) be it in rats or
mice. Moreover, following chronic DSH administration (300 mg/kg/day
i.p. for a week) the rise in brain DA levels can be quite marked (79%)
when measured 24 h after the last dose of DSH (Mazumder et al.,
1985). Spinal cord DA levels appear to be more sensitive to DSH
administration. Thus at 2 h following an acute 250 mg/kg i.p. dose of
DSH spinal cord DA levels are 2.5-fold higher than in controls (Storm et
al., 1984). Similarly, mediobasal hypothalamus DA levels are also more
sensitive, being elevated by 79% at 3h post administration of a
550 mg/kg dose of DSH (Blaustein et al., 1986).

The effect of DSSD treatment on #n vivo DBH has been studied by
Major et al. (1982), who found that chronic treatment does result in
lowered DBH levels in monkeys. An alternative way of assessing DBH
function in wvivo is to administer DA *H- (or T-) labelled in the
B-position and to measure the titrated water (THO) formed (section
8.3.2). Using this approach Hoeldtke and Stetson (1980) found a
significant decrease in THO formation following pretreatment with
20 mg/kg of DSSD i.p.
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8.3.2 In vivo inhibition: clinical studies

Inhibition of DBH would be expected, a priori, to result in lower NE
levels in body fluids. Indeed, DSSD therapy (500 mg/day) has been
reported to lower NE levels in urine (Rogers et al., 1979) and cerebro-
spinal fluid (Major et al., 1979a). Blood NE levels, on the other hand,
are found to rise significantly following treatment with this dose of
DSSD (Lake et al., 1977, 1980), the rise being correlated with increases
in standing and supine blood pressure, though no increases in blood
pressure are observed following treatment with the lower, 250 mg/day
dose (Lake et al., 1977; Major et al., 1977a). In humans, efforts to show
DSSD treatment-induced changes in DBH levels, be it in plasma (Lake et
al., 1980) or cerebrospinal fluid (Lake et al., 1977), have not been
successful. This could be due to the fact that the inhibition of DBH by
DSH is reversible (section 8.3.2) and that the ex vivo DBH assay
involves significant dilution.

An alternative method for the estimation of 7z vivo inhibition of
DBH is the administration of DA *H-labelled in the S-position. Upon
hydroxylation of this position by DBH, water containing an atom of *H
(THO) is released (Hoeldtke and Kaufman, 1978). Applying this
methodology to humans, Hoeldtke and Stetson (1980) also determined
the concurrent excretion of the individual *H-catecholamines and their
‘H-metabolites. They found that administration of DSSD for 4 days in a
dose of 5.5 mg/kg/day (equivalent to 385 mg/70 kg/day) reduces the
rate of THO formation by 35% and the ratio of total *H-NE/*H-DA
metabolites by 45%. Some of the catecholamine metabolites are formed
by the action of ALDH. Hoeldtke and Stetson (1980) found that the
levels of these metabolites are lower following DSSD therapy, an
indication that in this dose DSSD causes an inhibition of ALDH at the
sites where catecholamines are metabolized (section 9.6.1).

8.3.3 In vitro inhibition

DSH is a non-competitive DBH inhibitor for both substrate and ascor-
bate; it has a K; of 0.5—1 uM (Green, 1964; Goldstein, M. et al., 1965;
Johnson et al., 1969; Hidaka et al., 1973). In the presence of ascorbate,
DSSD is immediately reduced to DSH and prompt DBH inhibition
results (Goldstein, M. et al., 1964, 1965). DBH is a Cu enzyme
containing 2 pmoles of Cu per pmole of enzyme and the mechanism of
the inhibition is that DSH, a potent chelator of Cu (section 7.7),
chelates the enzyme’s Cu and thereby blocks it. The inhibition can be
overcome by addition of Cu** ions (Friedman, S. and Kaufman, 1965) or
by prolonged dialysis (Goldstein, M. et al., 1965).
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8.3.4 In vivo effect on tyrosine

Acutely, DSH administration leads, in rats, to an elevation in brain
tyrosine levels (Goodchild, 1969; Magos and Jarvis, 1970; Bloom et al.,
1977; Flood et al., 1986); though DSH does not inhibit tyrosine
hydroxylase (Nagatsu et al., 1964), the accumulation of NE precursors
may do so. Chronic administration of DSH (400 mg/kg/day ip. for 3
days) to rats results in a delayed and presumably compensatory
activation of tyrosine hydroxylase (Heubusch and DiStefano, 1978).

8.4 INHIBITION OF SUPEROXIDE DISMUTASE

8.4.1 Introduction

Superoxide dismutases (SOD) are a ubiquitous and important group
of enzymes that catalyze the first step in the reduction of the harmful
superoxide anion radical, O3~ (Fridovich, 1983, 1989; Byczkowski and
Gessner, 1988). This reactive oxygen species (ROS) forms during
normal reduction of oxygen in respiring cells, or in the course of
various one-electron oxidations triggered by irritants or invading
organisms. Four different SOD metalloenzymes have been identified
to date. Two of these are copper-zinc-containing enzymes, namely:
(1) a cytosolic copper—-zinc-containing superoxide dismutase (CuZn-
SOD) which is found in the cytosol and the mitochondrial inter-
membrane space of eukaryotic cells and (2) an extracellular copper—
zinc-containing superoxide dismutase (EC-SOD) which is an immu-
nologically distinct mammalian CuZn metalloenzyme found in plasma
and, more generally, in extracellular fluid (Bannister et al., 1987).
A third enzyme, whose location in mammals is exclusively in the
matrix of the mitochondria, is a manganese-containing superoxide
dismutase (Mn-SOD); it is also present in plants. Finally, aerobic
prokaryotes and some plants possess an iron superoxide dismutase
(Fe-SOD).

As knowledge regarding the various SOD enzymes has increased, so
analytical methods have progressed to allow determination of their
individual activities (Ohman and Marklund, 1986; Bannister and Cala-
brese, 1987). Earlier, cyanide was used to distinguish between the
CuZn metalloenzymes, which it inhibits, and Mn-SOD, which it does
not. Using cyanide it has been found that in most human tissues the
levels of the CuZn metalloenzymes exceed those of Mn-SOD, ranging
from 1.25-fold higher levels in liver to 10-fold higher levels in lung
(Marklund, 1980). As detailed below, both of the CuZn metalloenzymes
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are inhibited by DSH. Mn-SOD, on the other hand, is unaffected by
3 mM DSH. This is true of the pure bovine heart enzyme, and of the
Mn-SOD activity in cell culture and in human liver homogenates
(Marklund and Westman, 1980; Westman and Marklund, 1980).

8.4.2 In vivo effects

Administration to experimental animals of an appropriate amount of
DSH results in inhibition of SOD activity in all tissues examined, thus
blood (mouse: Heikkila et al., 1976; rat: Miura et al., 1978), brain
(mouse: Heikkila et al., 1976, rat: Puglia and Loeb, 1984), liver (mouse:
Heikkila et al., 1976), lung (rat: Frank et al., 1978; Deneke et al., 1979;
Forman et al., 1980) and heart (rat: Guarnieri et al., 1981). The
inhibition reaches a maximum after 1-2h (Fig. 8.6; also Puglia and
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Figure 8.6 Effect of diethyldithiocarbamate (DSH) and disulfiram (DSSD) admin-
istration on pulmonary copper-zinc superoxide dismutase (CuZn-SOD) activity in
rats. Redrawn from Heikkila et al (1976).



128 DSSD and DSH as enzyme inhibitors

Loeb, 1985) and wanes thereafter (Heikkila et al., 1976; Forman et al.,
1980) at a rate of 1-2%/h. The degree of inhibition of SOD activity is
dose-dependent (Heikkila et al., 1976; Puglia and Loeb, 1985). A
200 mg/kg dose of DSH results in a 40% inhibition (P<0.001) of
lung CuZn-containing SOD activity at 1h (Puglia and Loeb, 1985)
and an 18% inhibition (P<0.05) of total lung SOD activity at 4 h
(Deneke et al., 1979). Following a 1200 mg/kg dose of DSH, cardiac
CuZn-SOD activity is 81% inhibited at 2h (Guarnieri et al., 1981).
Finally, 3 h following a 1500 mg/kg DSH dose, total SOD activity is 48,
71 and 86% inhibited in brain, liver, and blood, respectively (Heikkila et
al., 1976).

DSSD administration also leads to inhibition of CuZn-containing
SODs. Thus, 4 h following a 200 mg/kg i.p. dose of DSSD in an aqueous
suspension, a 31% inhibition (P<0.01) of lung CuZn-containing SOD
activity is seen in rats (Forman et al., 1980). The inhibition develops
more slowly than following a 200 mg/kg dose of DSH (Fig. 8.6). The
slow onset may be in part due to the very low water solubility of DSSD
nd its impaired absorption following i.p. administration (Moore, 1969).
Slow and incomplete absorption may also be the reason for the low
degree of inhibition (8%; P<0.05) of total liver SOD activity observed
by Heikkila et al. (1976) following i.p. administration of two doses of
600 mg/kg DSSD in aqueous suspension to mice. Ohman and Marklund
(1986) investigated whether DSSD therapy (250 mg/day) of alcoholics
had any effect on the levels of EC-SOD activity in plasma. Though
patients on DSSD had, on average, levels of EC-SOD activity 17% lower
than control patients, the finding was not a statistically significant one
(P=0.22).

Age increases the susceptibility of animals to DSH-induced inactiva-
tion of hepatic CuZn-SOD (Radoji¢iC et al., 1987). Thus at 3 h follow-
ing administration, a 1000 mg/kg dose of DSH produces 51% inhibition
in 3-month-old rats, but a 76% inhibition in 30-month-old animals; the
difference is significant (£<0.05). In the young, but not the old rats,
this DSH dose increases significantly (P<0.05) protein synthesis, as
evidenced by the incorporation of labeled amino acids into liver
cytosolic proteins. Pretreatment with cycloheximide, a protein syn-
thesis inhibitor which has no effect on CuZn-SOD activity in otherwise
untreated animals, increases the DSH-induced inactivation of CuZn-
SOD in young rats to 80%, but does not alter the extent of its
inactivation in old rats (75%). This suggests that the recovery of
CuZn-SOD activity is brought about by synthesis of fresh enzyme and
that aged animals have a much lower capacity in this regard than do
young ones.
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8.4.3 Mechanism

Studies of the in vitro interaction of DSH with CuZn-SOD (Heikkila et
al., 1976; Misra, 1979; Cocco et al., 1981ab) indicate that DSH reacts
with the two protein-bound Cu atoms to form a Cu-diethyldithiocarba-
mate chelate which then interacts with the protein part of the enzyme
and is tightly held. The process involves a two-step increase in
absorbance at 450 nm. Both steps follow first-order kinetics. The faster
of the steps accounts for about 85% of total absorbance and parallels
the loss of enzymic activity (Cocco et al., 1981a). The Cu-diethyl-
dithiocarbamate complex cannot be extracted by organic solvents
(Heikkila et al., 1976; Misra, 1979, Cocco et al., 1981a) or separated
from the enzyme by gel filtration (Misra, 1979; Cocco et al., 1981a). It
can be displaced, however, by high speed centrifugation (39 000 g for
20 min; Cocco et al., 1981a). This latter property is similar to that of
ceruloplasmin from which Morell and Scheinberg (1958) were also
able to displace the Cu complex of DSH by centrifugation. The enzyme
can be fully reactivated by exposure to a stoichiometric quantity of Cu
(Cocco et al., 1981b). Also, following exposure to Cu, the Cu-diethyl-
dithiocarbamate complex becomes extractable with organic solvents
(Heikkila et al., 1976). No Zn is lost from the enzyme, even after
incubation with a 100:1 excess of DSH. This is not due to lack of
accessibility, since the unnatural CuCo-SOD enzyme, formed by re-
placement of the Zn in the native enzyme with Co, loses its Co upon
exposure to a 10:1 excess of DSH (Cocco et al., 1981b). Exposure of
DSH-inactivated CuZn-SOD to 10 pM cysteine, 2-mercaptopropionyl-
glycine, or reduced glutathione results in partial reactivation of the
enzyme (Hoshino et al., 1985). The potency of these agents decreases
in the order in which they are listed.

An analysis of the time course of the reaction of DSH with the bovine
erythrocyte CuZn-SOD at pH 7.4 and 25°C, led Cocco et al. (1981a) to
conclude that the rate of enzyme inhibition is first order with respect
to the molarity of the DSH raised to the power of 1.5, as well as with
respect to time (), that is:

E,=E, e Hosu">t (85)

where E and E, stand for enzyme activity at zero time and after a
period ¢of incubation with DSH. The value of & reported by Cocco et
al. (1981a) was 220+ 30 min 'M~'* . The resulting relationship be-
tween the DSH concentration and the time required for 50% inactiva-
tion (Tsex) of bovine CuZn-SOD can be calculated and is shown in Fig.
8.7. Bartkowiak et al. (1983), who also used bovine erythrocyte
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CuZn-SOD at a pH of 7.4, reported a value for & of 2514+37 min"'M~"°
(the value for aged erythrocyte CuZn-SOD was 25% higher). On the
other hand, Marklund (1984), working with human erythrocyte
CuZn-SOD exposed to 0.5mM DSH at pH 7.4 and 37°C, reported a
Tsox Of 40 min, which indicates a value of 2 of 1550 min—'M~'% . This
suggests that the human CuZn-SOD is more sensitive to DSH in-
activation than is the bovine one. Moreover, Marklund (1984) found
all three human EC-SOD isozymes (A, B and C) to be even more
sensitive. Exposed to 0.1 mM DSH under analogous conditions, the
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T50% |
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DSH concentration

Figure 8.7 Projected times required for 50% inactivation of copper—zinc
superoxide dismutases (CuZn-SODs) as a function of the molar concentration of
diethyldithiocarbamate (DSH). The projection is based on the premise that the
kinetics established by Cocco Hempel et al. (1989) since they had no counterpart
in the opposing structure as a result of the non-aligned N-and C-termini or due to
gaps introduced in optimizing the alignment.
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latter enzymes yielded Tsox values of around 12 min. Should the same
reaction order apply, this would correspond to a value of & of
57 750 min~'M~'°. The resulting differences in projected Tsox values
are illustrated in Fig. 8.7.

8.4.4 Effects in cell culture

In cell culture, inhibition of CuZn-SOD is observed following exposure
of the cells to 1-10 mM concentrations of DSH, though the degree of
inhibition and attendant toxicity reported by different workers shows
significant variation (Table 8.2).

This variation may reflect, in part, differences in sensitivity of
the CuZn-SOD to DSH in different organisms. Another factor that
may be partly responsible for the differences in observed toxicity is
the chelation by DSH of the Cu in the cell culture medium with
the formation of the lipophilic Cu(DS). and the resultant redistribu-
tion of the Cu from the medium to the cells. Evidence for the latter
is supplied by Trombetta et al. (private communication) who noted
a 5-fold increase in the Cu content of rat cerebral cortical astro-
cytes 4 h following a 60 min exposure to 235 uM DSH. Once inhibited
by DSH, the CuZn-SOD activity of cells is regenerated slowly, 50%
of the activity being regained in about 7h (Westman and Marklund,
1980).

An unusual and interesting CuZn-SOD-mediated effect of DSH is that
on Plasmodia. Scheibel et al. (1979) reported that DSSD and DSH
inhibit the in vitro growth of the human malarial parasite Plasmodia
JSalciparum in concentrations as low as 1 pg/ml. Fairfield et al. (1983)
later demonstrated, by infecting mice and rats with Plasmodia bur-
ghei, a murine malaria parasite, that the parasite lacks any native SOD,
incorporating instead substantial amounts of host CuZn-SOD. Although
P. falciparum contains some native Mn-SOD, it also mainly depends on
human CuZn-SOD it incorporates (Ranz and Meshnick, 1989). When
DSH-inactivated CuZn-SOD is added to P. falciparum cultures in
human blood cells, the cultures are cleared of parasites. Since DSH-
treated bovine serum albumin is without effect, the antimalarial activity
is attributable to the inactivated enzyme. This suggests that the
parasite, while able to recognize and incorporate host CuZn-SOD,
cannot distinguish the active enzyme from the DSH-inactivated form.
The antimalarial activity cannot be reversed by excess Cu or Zn
(Meshnick et al., 1986). Subsequently, Meshnick et al. (1990) have
reported that the toxicity of DSH to P. falciparum cultures in vitro is
markedly potentiated by Cu.
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84.5 Summary

For any significant inhibition to accrue in vivo, the peak molarity of
administered DSH has to be sufficiently high so that the Tsox value for
the inhibition of the enzyme does not exceed the in vivo half-life of
the DSH. The values for the latter tend to be, however, quite short
(Table 6.1).

The high sensitivity of the human EC-SOD to DSH inactivation
focuses particular attention on its C isozyme (EC-SOD C). It has a high
affinity for endothelial cell-surface-sulfated glycosaminoglycans (Karls-
son and Marklund, 1988b) and becomes bound to them without, for
the major part, losing enzymic activity (Adachi and Marklund, 1989). In
vitro, endothelial cells bind EC-SOD C avidly so that, at maximum
binding, a considerable portion of the endothelial cell surface is
covered with EC-SOD C molecules. The resulting cell-surface SOD
activity exceeds the intracellular activity several-fold (Karlsson and
Marklund, 1989). In vivo, 90% of iv. administered EC-SOD C rapidly
binds to the surface of vascular endothelial cells and disappears from
the circulation within 5-10 min. It can be fully released back into
plasma by heparin, the half-life of the heparin-releasable enzyme being
about 10 h (Karlsson and Marklund, 1987, 1988a). Most of the EC-SOD
in the body is extravascular and almost all of it is bound; the lungs and
the heart are the two tissues showing the most sustained uptake of
administered EC-SOD C (Karlsson and Marklund, 1989).

8.5 INACTIVATION OF GLUTATHIONE PEROXIDASE

Both administration of DSH and exposure to it under aerobic condi-
tions #n vitro can lead to inhibition of glutathione peroxidase (GSHPx)
(EC 1.11.1.9). The selenium-containing GSHPx (Se-GSHPx) which, in
conjunction with GSH, acts as a biological antioxidant, is pivotal in
preventing hepatic peroxidation (for review see Flohe, 1982). This is so
because the enzyme is a cytosolic one that has a very low Ky for H;O,
(in the pM range) and a very high velocity, whereas catalase has a K, in
the mM range and is sequestered in peroxisomes (Simmons and Jamall,
1988). Further, Se-GSHPx plays an important role in safeguarding
tissues against ROS damage by protecting CuZn-SOD from H,O, which
inactivates it (Blum and Fridovich, 1985).

Besides Se-GSHPX, liver and other tissues also contain Se-independent
GSHPx activity. The latter derives from some of the numerous gluta-
thione- $-transferase (GST) isozymes (Mannervik, 1985; Arthur et al.,
1987), which are active, as is Se-GSHPx, towards organic hydroperoxides,
but unlike Se-GSHPX, are not active towards H,O, (Prohaska and Ganther,
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1977). Accordingly, when the assay is based solely on activity towards
cumene hydroperoxide, it is appropriate to refer to ‘total GSHPx'.

Administration of a large DSH dose (1.2 g/kg) results in progressive
inactivation of mouse lung and liver GSHPx during the first 6.5 h, at which
time the activity is reduced to 30 and 70% of control levels, respectively.
The activity returns to control levels after 24 h (Goldstein et al., 1979).
Although moderate doses of DSH (250 and 500 mg/kg) have no
significant effect on Se-GSHPx activity, a 1000 mg/kg dose does cause a
24% inhibition of activity in the rat brain 2 h post administration (Puglia
and Loeb, 1984). In vitro, an analogous inactivation is observed under a
variety of circumstances. Thus, incubation of rat liver homogenate with
1x107°M DSH for 6.5h causes a 68% inactivation of total GSHPx
(Goldstein et al., 1979); 30 min exposure of human fibroblast cultures to
concentrations higher than 1x 107°M results in a dose-dependent
inactivation of GSHPx (Michiels and Remacle, 1988); and a 1-h exposure
of rat cerebral cortical astrocytes to 2.35 x 10~ *M DSH results at 4 and
24 hin a 38 and 27% inactivation of Se-GSHPXx, respectively (Trombetta et
al., private communication).

Three lines of evidence indicate that the observed inactivation of
GSHPx by DSH is not a direct effect. Firstly, purified GSHPx (from bovine
erythrocytes) is not discernibly affected by incubation at 25°C and pH 7.8
with 1x 1072M DSH, a concentration which brings about complete
inactivation of the cytosolic CuZn-SOD (Blum and Fridovich, 1985).
Secondly, in biological systems the inactivation has a requirement for
oxygen. Thus, in liver homogenates no inactivation is observed under
anaerobic conditions (Goldstein et al., 1979). Also, exposure of
nematodes to 5 x 10~*M DSH results in loss of 50% of the GSHPx activity,
but only if the organisms are subsequently exposed to 3 atm oxygen
(Blum and Fridovich, 1983). Thirdly, even under aerobic conditions no
inactivation of GSHPXx is observed in liver homogenates incubated with
DSH if SOD is added (Goldstein et al., 1979). Conversely, addition to such
homogenates of dihydrofumaric acid, a O3~ generator, enhances the
inactivation. The DSH/O,-induced inactivation is therefore considered to
be mediated by the DSH inhibition of CuZn-SOD and the resultant
increase in O3~. GSHPx reacts with H,O, to yield an inactive form of the
enzyme. Although this inactive form can be reactivated by GSH, its
reaction with O3 leads to an irreversible inactivation (Blum and
Fridovich, 1985). In the presence of tissue homogenates, DSH itself can
simulate GSHPX, being oxidized by hydrogen peroxide to DSSD. The
latter, in turn, oxidizes GSH to GSSG with regeneration of DSH. Hydrogen
peroxide reduction thereby becomes coupled to the hexose monophos-
phate pathway of glucose metabolism (Kumar et al., 1986).
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In vitro, the glutathione-S$-transferase activity of some of the GST
isozymes is non-competitively inhibited by 0.01 mM DSH (Dierickx,
1984). No information is available, however, regarding the effect of DSH
on the GSHPx activity of these isozymes.

In vivo in mice, on the other hand, the hepatic glutathione-
S-transferase activity is increased 4- to 6-fold by inclusion of DSSD in their
diet (1% of feed for 14 days) if measured using 1-chloro-2,4-dinitroben-
zene, 1,2-dichloro-4-nitrobenzene, or p-nitrobenzylchloride, but not at
all when using 1,2-epoxy-3-(p-nitrophenoxy)propane as the substrate
(Cha et al., 1983). This suggests DSSD administration results in increased
levels of the - and 7-, but not the a-class GSTs. Administration to mice of
either DSSD or DSH in feed (0.5% for 14 days) also increases the
glutathione- S-transferase activity, as assayed with 1-chloro-24-dinit-
robenzene and 1,2-dichloro-4-nitrobenzene as substrates, in the intes-
tine (4-fold), in the forestomach (2-fold) and to a lesser extent
(< 1.5-fold) in the lung, liver and kidneys (Benson and Barretto, 1985). In
rats, administration of DSSD in feed (2 g/kg for 4 weeks) increases 2-fold
hepatic microsomal glutathione-S$-transferase activity, as assayed with
1-chloro-2,4-dinitrobenzene (Bertram et al., 1985). In rats, administra-
tion of DSSD in feed (2 g/kg for 4 weeks) increases 2-fold hepatic
microsomal glutathione-S-transferase activity, as assayed with 1-chloro-
24-dinitrobenzene (Bertram et al., 1985).

8.6 EFFECT ON CATALASE

Catalase is an important enzyme in the organism’s armory against ROS.
The effects of DSH on this enzyme are quite marginal. Administered to
mice in a 1.2 g/kg i.p. dose, DSH has no significant or consistent effect
on lung and liver catalase (Goldstein et al., 1979) and though in rats,
a significant (P<0.05) decrease in blood catalase activity is seen 2h
following a 1.5 g/kg i.p. dose (Miura et al., 1978), the inhibition is
quite small (17%). Chronic administration of 1 mmol/kg/day for 5 days
leads to a modest (20%) but significant (P<0.01) decrease in hepatic
mitochondrial fraction catalase (Khandelwal et al., 1987). In vitro,
exposure of catalase in blood lysates to 3 mM DSH leads to a 50%
inhibition which develops slowly over a 90 min period (Miura et al.,
1978). At very high DSH concentrations (ca 150 mM) more extensive
inhibition of the enzyme has been reported (Michiels and Remacle,
1988). Since O3 inhibits catalase (Kono and Fridovich, 1982), the
observed inhibition may be secondary, as in the case of GSHPx, to
the increase in O3~ levels brought about by the DSH-induced inactiva-
tion of SOD.
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9.1 INTRODUCTION

The first two steps in the metabolism of ethanol to acetate via
acetaldehyde are predominantly catalyzed by alcohol dehydrogenase
and aldehyde dehydrogenase (ALDH), respectively. The efficiency of
the enzymes involved in acetaldehyde disposition in humans is such
that, during ethanol metabolism, blood acetaldehyde levels normally
remain in the 1-2 pM range (section 10.4). Higher blood acetaldehyde
levels are observed, however, during the disulfiram—ethanol reaction
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(DER), a condition induced by the ingestion of ethanol in individuals
pretreated with disulfiram (DSSD). This led early to the surmise that
the administration of DSSD results in an inhibition of acetaldehyde
metabolism, and that the resulting raised acetaldehyde levels are
responsible for the phenomenology of the DER (section 10.5). More-
over, because the DER is so intensely unpleasant, DSSD has been
adopted as an aversely protective agent in the treatment of alcoholism
(Chapter 11). This, in turn, has focused intense research interest on the
enzymes involved in acetaldehyde metabolism and the mechanism of
their inhibition.

Both the investigation and discussion of the mechanism of DSSD-
induced inhibition have been complicated by the multiplicity of mam-
malian enzymes that, at least iz vitro, are able to oxidize acetaldehyde.
Principally these are the NAD*-dependent aldehyde dehydrogenases,
although some other enzymes, for instance, aldehyde oxidase, also
possess this property.

9.1.1 Multiplicity and terminology of aldehyde dehydrogenase isozymes

The techniques of gel electrophoresis and isoelectric focusing reveal
the presence of at least four ALDH activity bands in human liver
extracts (Harada et al., 1980) and greater numbers still in those of
other tissues (Aarnio and Koivula, 1986; Ryzlak and Pietruszko, 1989).
Since, to assure visualization of the ALDH activity, it is usual to expose
the gel to relatively high concentrations of an aldehyde (most often
acetaldehyde) in the development of the gel, the affinity towards the
aldehyde of some of the enzymes thus detected can be quite low
(millimolar K, values). Thus, for instance, of the four human hepatic
ALDH isozymes initially reported, two have micromolar K, values for
acetaldehyde (30—48 and 1-3 pM at pH 7.0 for E, and E,, respectively;
Pietruszko, 1983), while the K, values for the other two are in the
millimolar range (3.3 and 50mM at pH 7.0 for E; and E,, respec-
tively; Pietruszko, 1983; MacKerell et al., 1986; Forte-McRobbie and
Pietruszko, 1986). Since the LD, for acetaldehyde is in the
300—-500 mg/kg range and thus millimolar acetaldehyde concentrations
are lethal, the above-mentioned E; and E isozymes cannot have any
role in acetaldehyde metabolism 7 vivo.

With time and improved techniques more activity bands of human
hepatic ALDH have been discerned and ALDH enzymes purified. One
such isozyme, whose two components have K, values of 40-50 uM at
pH 7.0 and which is distinct from the E; isozyme mentioned above, has
also been given, somewhat confusingly, the appellation E; (Kurys et al.,
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1989). It is relatively insensitive to DSSD, undergoing a 10% loss of
activity with respect to propionaldehyde in the presence of saturating
(40 pM) concentrations of DSSD. The E; appellation has been used yet
again with respect to ALDH isozymes found in the human stomach (Yin
et al., 1988). No information is available regarding the effects of DSSD
on this latter isozyme.

In general terms, all enzymes that oxidize aldehyde with NAD* or
NADP™ as a co-factor are, formally, aldehyde dehydrogenases. However,
many of these enzymes possess a much greater activity towards a
specific endogenous aldehyde than they do towards the aldehydic
substrates used experimentally. When such an endogenous substrate is
identified, the enzyme is then seen as a specific aldehyde dehyd-
rogenase. For example, E; has been identified as glutamic y-semial-
dehyde dehydrogenase, or more precisely, 1-pyrroline-5-carboxylate
dehydrogenase (EC 1.5.1.12) by Forte-McRobbie and Pietruszko
(1986). It is said to be totally insensitive to DSSD (Pietruszko et al.,
1987).

E, and E, have been sequenced (Hempel et al., 1984, 1985; Hsu et
al., 1985) and, accordingly, there is no ambiguity regarding their
identity, even though the non-specific aldehyde dehydrogenase (EC
1.2.1.3) designation continues to be applied to them. In the literature
these isozymes have been referred to in the past by a number of
different terms (Table 9.1). For ALDH isozymes which have neither
been sequenced nor given a specific aldehyde dehydrogenase designa-
tion, such numerative non-specific aldehyde dehydrogenase appel-
lations remain, but are ultimately trivial and transient.

E, is a mitochondrial enzyme while E, is a cytosolic one (it is often
referred to as cytoplasmic). E, has been isolated from human eryth-
rocytes (Inoue et al., 1979; Agarwal et al., 1989) and brain (Ryzlak and
Pietruszko, 1987, 1989) as well as the liver. The brain mitochondrial
enzyme has many similarities to the hepatic E, enzyme and might be

Table 9.1 Terminology of Class 1 and 2 human aldehyde dehydrogenases®.
Correspondences between the several coexisting systems of nomenclature
used in the literature.

Class 1 Class 2 Reference

E, E, Creenfield and Pietruszko (1977)
ALDH I ALDH 1 Harada et al. (1980)

ALDH, ALDH, Impraim et al. (1982)

? Mammalian Aldehyde Dehydrogenase Nomenclature (1988).
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identical to it (Ryzlak and Pietruszko, 1987, 1989). Although it has been
separated into isozymes E2(a) and E2(b), the separate identity of these
remains to be confirmed.

NAD™*-dependent ALDH enzymes analogous to E, and E, have been
isolated from the livers of such other large mammals as the horse, ox,
sheep and dog (Table 9.2) and a mitochondrial enzyme analogous to E,
has been isolated from rat liver (Farrés et al., 1989). The complete
primary structures of the horse mitochondrial and cytosolic enzymes
(referred to as F2 and F1, respectively) have been determined (von
Bahr-Lindstrom et al., 1984; Johansson, J. et al., 1988). Like the human
E, and E, enzymes, F1 and F2 are each 500 amino acid residues long.
Although in both humans and horses the mitochondrial and cytosolic
enzymes are clearly homologous (i.e. similar in structure and ancestral
origin), both homotopic pairs (that is those having the same subcellular
localization) are much more highly conserved. Thus, the E, and F2
enzymes share 96.5% identity and E, and F1 have 96.5% identity, while
the two human enzymes, E, and E,, share 83.2% identity and the two
horse enzymes share 82.6% identity (Fig. 9.1). The rat mitochondrial
ALDH is also 500 amino acid residues long and has a 96% identity with
human E, (Farrés et al., 1989).

On the basis of these structural interrelationships, a new nomencla-
ture of the mammalian aldehyde dehydrogenases has been adopted
(Nomenclature of Mammalian Aldehyde Dehydrogenases, 1988),
whereby constitutive cytosolic ALDHs such as the human E, and the
horse F1 enzyme fall into Class 1 ALDHs, while constitutive mitochon-
drial ALDHSs such as the human E,, the horse F2 and the mitochondrial
rat enzyme are considered Class 2 ALDHs. The finding that the prim-
ary structure of a rat hepatoma cell ALDH (Jones, D.E. et al., 1988)
and that a rat liver cytosolic ALDH induced by 2,3,78-tetrachloro-
dibenzo-p-dioxin (TCDD) are identical (Hempel et al., 1989), but only
distantly related (27-30% identity) to Class 1 and 2 ALDHs, has led to
the agreement to consider such inducible enzymes as Class 3 ALDHSs.

ALDH activities in animal tissues are frequently identified by refer-
ence to their subcellular localization (cytosolic and mitochondrial) and
their affinity for acetaldehyde (low- and high-K,,). The latter classifica-
tion can be confusing, due to the existence of several conventions
regarding what is considered the dividing line between low- and
high-K;,. One convention accords the low-K,, designation to the seem-
ingly ubiquitous Class 2 mitochondrial enzymes with a K,, in the single
digit pM range (e.g. E,), and relegates ALDHs with higher K, (viz. E,)
to the high-K,, category (cf. Harada et al., 1982). Another convention
considers K, values in the uM range to be low and those in the mM
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Class 3, rat

308/429

311/429

human
159/500

Class 2

172/500

F2
horse

Figure 9.1 Relationship between the hepatic human and equine Class 1 and 2
aldehyde dehydrogenases (ALDHs) and the inducible rat Class 3 ALDH. Each of the
five apices represents a different ALDH enzyme as indicated. The length of the line
connecting any two apices is roughly proportional to the percentage of amino acid
residues by which the two enzymes differ. More precisely, the number of such
differences per number of aligned residues is written as a fraction along the
connecting line. (Modified from Hempel et al, 1989).

range to be high (cf. Pietruszko, 1983). Yet another convention derives
from the work of Tottmar et al. (1973), who found that, in rat liver
homogenates exposed to saturating NAD* concentrations, 5 mM acet-
aldehyde was required for maximum ALDH activity, but that 30-50%
of the ALDH activity persisted as the acetaldehyde concentration was
lowered to 10 uM. They also noted that the subcellular distribution of
these dual forms of ALDH activity was not uniform. It has therefore
become usual to determine ALDH activity, be it in homogenates or
subcellular fractions, at two acetaldehyde concentrations and to report
that observed in the presence of 15-70 uM acetaldehyde as the low-K,,
activity (for review see Forte-McRobbie and Pietruszko, 1985). The
difference between the latter values and those obtained in the pres-
ence of 5mM acetaldehyde are reported as the high-K, activity. To
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obviate confusion, the terms low- and high-K,, ALDH activities are used
in this monograph only as defined by this last convention.

Tissue distribution studies of ALDH with K, in the pM range show
that the highest concentrations of these enzymes occur in the liver
(Deitrich, 1966). In human liver, in particular, the ALDH content
comprises more than 1% of total protein (Pietruszko, 1983), but is
extremely variable (Forte-McRobbie and Pietruszko, 1985).

9.1.2 Genetic polymorphism of E,

A substantial body of research performed in animals indicates that the
mitochondria are the primary site of acetaldehyde metabolism (Parrilla
et al., 1974; Weiner, 1987). On the basis of this localization, it follows
that the enzymes involved are the Class 2 ALDHs. Confirmation that
this is also true of humans comes from investigation of the genetic
polymorphism of the E, enzyme.

In 1979 Goedde et al. reported E, to be missing in 50% of the Japanese
liver specimens they examined. Similar findings were made with respect
to Chinese liver specimens by Teng (1981). The presence of both E; and
E, in hair root follicles (Harada et al., 1982) has rendered possible the
investigation of the genetic polymorphism of ALDH in humans. It has
been found that one-third to a half of Orientals of Mongoloid origin
(Japanese, Chinese, Vietnamese, etc.) and South American Indians are de-
ficient in the normal E,, though none of the Caucasians or Africans exam-
ined show such a deficiency (for review see Bosron and Li, 1986; Goedde
et al., 1986; Agarwal and Goedde, 1989; Goedde and Agarwal, 1990).
Moreover, the atypical or ‘Oriental’ E, has very little (Ferencz-Biro and
Pietruszko, 1984) or no acetaldehyde dehydrogenase activity (Yoshida et
al., 1984, 1985; Yoshida and Davé, 1985). Individuals who are deficient in
the normal E, exhibit high acetaldehyde levels in blood following inges-
tion of ethanol (range up to 125 uM following a 0.4 g/kg ethanol load)
and experience an ethanol sensitivity, the symptomatology of which
parallels, in many respects, that of the DER (Mizoi et al., 1983, 1988). Not
surprisingly, such individuals tend to show a natural aversion to alcoholic
beverages and are seldom found among the ranks of the alcoholic.

The correlation between the E, deficiency and high blood acetal-
dehyde levels following ethanol ingestion lends strong support to the
conclusion that iz vivo acetaldehyde is metabolized primarily by E,. At
the same time, in 20% of E,-deficient subjects, the blood acetaldehyde
level peaks, following ingestion of 0.4 g/kg ethanol, at less than 20 pM,
suggesting the involvement of other ALDH isozymes in the in vivo
removal of the acetaldehyde (Mizoi et al., 1988).
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9.2 PHENOMENOLOGY OF THE INHIBITION BY DISULFIRAM

9.2.1 In vivo inhibition

Much of the information regarding the #n vivo inhibition of ALDH
comes from work in rats. The subcellular distribution of ALDH activity
in rodent (rabbit, rat, mouse) liver differs from that in larger mammals.
In rodent liver, the activity is primarily located in the mitochondria and
microsomes, almost exclusively so in the rat (Lindahl and Evces,
1984c), whilst in the livers of all non-rodent species investigated it is
primarily found in the mitochondria and cytosol (Fig. 9.2). Administra-
tion of DSSD to rats causes considerable inhibition of the mitochondrial
low-K,, ALDH activity of their liver, but has relatively little effect on the
microsomal high-K;, ALDH activity therein (Fig. 9.2a). There is much
less of a difference in the subcellular distribution of low-K, and
high-K,, ALDH activity in the liver of the dog. Also, the inhibition of
ALDH activity that results from pretreatment of the animals with DSSD
is much more evenly distributed (Fig. 9.2c). The subcellular distribu-
tion of low-K;, and high-K;, ALDH activity in human liver is not unlike
that seen in dog liver (Fig. 9.2b), though the effect of DSSD administra-
tion on these activities has yet to be investigated.

The differences in the responses of the low-K,, and high-K;, ALDH
activity to DSSD administration in the rat are underscored by both
dose—effect and time-course studies. Thus, whereas 24 h after adminis-
tration the mitochondrial low-K, ALDH activity is increasingly in-
hibited as the DSSD dose is increased from 150 to 600 mg/kg, the
high-K,, ALDH activity, be it in the mitochondria, the microsomes, or
the whole homogenate, remains unaffected (Marchner and Tottmar,
1978). Likewise, though the low-K, ALDH activity in whole
homogenate and mitochondria is maximally inhibited at 24—48 h fol-
lowing administration of DSSD (Fig 9.3a and b, respectively), the
high-K,, ALDH remains unaffected at all times (Marchner and Tottmar,
1978; Brien et al., 1985).

At first glance these findings appear to contradict the earlier ones of
Deitrich and Erwin (1971) who reported that, following DSSD admin-
stration (300 mg/kg DSSD, p.o.) to rats, the ALDH activity of both the
mitochondrial fraction of liver homogenate and that of its microsome-
and cytosol-containing 10 000 gx 10 min supernatant were inhibited.
However, they determined ALDH activity using 0.33 mM indole-3-
acetaldehyde (IAL) as the substrate and it has since been suggested that
different forms of ALDH are involved in the metabolism of acetal-
dehyde and IAL (Tottmar and Hellstrom, 1983). Accordingly, it is



146  Inhibition of aldehyde dehydrogenase

Figure 9.2 Schematic comparison of the subcellular distribution of low-K;, and
high-K;, aldehyde dehydrogenase (ALDH) activity in three species and the effects
thereon of in vivo pretreatment with disulfiram (DSSD). Horizontal scale: cellular
fractions obtained by differential centrifugation of homogenate; the width of each
fraction is proportional to protein content of the fraction. M, mitochondrial; L,
light-mitochondrial; P, microsomal; S, cytosolic. ALDH activity in cell fractions from
control subjects: sum of shaded plus open bars. ALDH in cell fractions from
subjects administered DSSD: open bars (in instance where activity greater than in
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possible that the supernatant ALDH isozyme whose activity towards
IAL was inhibited by DSSD administration is one that shows no activity
when acetaldehyde is the substrate. Also at variance with the
findings described in the preceding paragraph are those of Johansson et
al. (1989), who reported that the high-K,, but not the low-K,, ALDH
activity of liver homogenate was significantly (P<0.01) decreased by
pretreatment of animals with DSSD and ethanol.

Mouse hepatic low-K,, ALDH activity is 27% inhibited 24 h after the
ip. administration of 300 mg/kg DSSD. It returns to control values
within 4 days. In contrast, the blood ALDH activity of these animals,
assayed with IAL, is 81% inhibited at 24 h and does not return to
control values for 21 days (Tottmar and Hellstrom, 1983)

The in vivo inhibition of ALDH that is occasioned by administra-
tion of DSSD appears to be irreversible. In rats, for instance, the
observed slow spontaneous recovery appears to involve de novo
enzyme synthesis, since it is completely blocked by the protein
synthesis inhibitor, cycloheximide (Deitrich and Erwin, 1971). Al-
though dithiothreitol and 2-mercaptoethanol can reverse in vitro
DSSD-induced inhibition of ALDH, the inhibition of hepatic ALDH
induced by in vivo DSSD administration cannot be reversed ex vivo
by dithiothreitol (Deitrich hand Erwin, 1971), nor can similarly
induced in vivo inhibition of human erythrocyte ALDH be reversed
ex vivo with 2-mercaptoethanol (Hellstrom and Tottmar, 1983;
Towell et al., 1983a). On the other hand, Weiner and Ardelt
(1984) noted a significant ex vivo effect of 0.01 M mercaptoethanol
if added, before homogenization, to the brains of rats dosed with
100 mg/kg DSSD 16h earlier. Whereas in the absence of any
mercaptoethanol, the ALDH activity of mitochondria was significantly

controls: dashed outline). Low-K,, ALDH activity was determined in the presence
of 15—50 pM acetaldehyde; high-K,, ALDH activity was determined as the differ-
ence between the low-K;, ALDH activity and the total ALDH activity determined in
the presence of 5 mM acetaldehyde. (a) Subcellular distribution of ALDH activity in
the rat. DSSD (300 mg/kg p.o.) was administered 24 h prior. [ALDH activity data
from Tottmar and Marchner (1976); subcellular protein distribution data from
Tottmar et al. (1973); ALDH activity expressed in nmol of NADH formed/min/mg
protein.] (b) Subcellular distribution of ALDH activity in humans. [Redrawn from
Henehan et al. (1985); ALDH activity is expressed in terms of relative specific
activity.] (c) Subcellular distribution of ALDH activity in the dog. DSSD was
administered 100 mg/kg for 2 days followed by 40 mg/kg for 3 days. [ALDH activity
data from Sanny et al. (1988); subcellular protein distribution shown (Sunny,
private communication) is that observed in control animals; it changed following
DSSD treatment; ALDH activity expressed in umol of NADH formed/min/g liver.]
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Figure 9.3 Time course of the effect of in vivo administration of disulfiram
(DSSD) and some of its metabolites on hepatic aldehyde dehydrogenase (ALDH)
activity in rats. (a) Effect of DSSD (300 mg/kgp.0.) on the low-K, ALDH
activity (determined in the presence of 25 pM acetaldehyde) and the high-K,
ALDH activity (difference between the former and that determined in the
presence of 5 mM acetaldehyde) of whole homogenate. Redrawn from Marchner
and Tottmar (1978). (b) Effect of DSSD (75 mg/kgi.p.), diethyldithio-
carbamate (DSH: 114 mg/kgip.) and the methyl ester of diethyldithiocarba-
mic acid (DSMe: 41.2mg/kg i.p.) on the lowkK,, mitochondrial ALDH activity
(determined in the presence of 50 uM acetaldehyde). Redrawn from Yourick
and Faiman (1989).

inhibited, and that of the cytoplasm was not, when mercapto-
ethanol was used the reverse result was obtained: the cytoplasmic
ALDH activity was significantly inhibited, while the mitochondrial
activity was not.
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9.2.2 In vitro inhibition

Paradoxically, Class 2 ALDHs, the enzymes considered to be primarily
responsible for the metabolism of acetaldehyde formed from ethanol in
vivo (section 9.2.2), are quite resistant to in vitro DSSD inhibition,
being only partially inhibited by saturated (40-50 pM) aqueous sol-
utions of DSSD. By contrast, Class 1 ALDHs are very sensitive to in vitro
inhibition by 3 uM DSSD or less (Table 9.2).

When first purified, human liver ALDH was found to be rather
insensitive to DSSD inhibition #n wvitro. Thus, Kraemer and Deitrich
(1968) reported only a 50% inhibition by 100 puM DSSD (in propylene
glycol) and Blair and Bodley (1969) a 35% inhibition at 40 uM. Subse-
quently, the characterization of separate hepatic mitochondrial and
cytoplasmic ALDH isozymes revealed that the sheep (Kitson, 1975;
Dickinson and Berrieman, 1979; Kitson, 1982), horse (Eckfeldt et al.,
1976) and ox (Sugimoto et al., 1976) cytoplasmic isozymes are
exquisitely sensitive to DSSD, being inhibited by stoichiometric quanti-
ties of DSSD (Table 9.2). The mitochondrial isozyme from each of
these species, on the other hand, is rather insensitive, showing an
inhibition of 25-50% at saturating DSSD concentrations (40—-50 uM).
The same is also true of the human E, and E, isozymes purified to
apparent homogeneity (Greenfield and Pietruszko, 1977). Such obser-
vations have led to the surmise that the iz vivo inhibition of Class 2
ALDHs must be due to some metabolite of DSSD. Efforts to identify
such a metabolite continue.

Human brain non-specific ALDH isozyme inhibition by DSSD pres-
ents a more complex situation. The E1 human brain enzyme is, like the
hepatic E,, readily inhibited by DSSD. However, two brain enzymes,
E2(a) and E2(b), have been purified (Ryzlak and Pietruszko, 1987,
1989). In many particulars they are very similar to the hepatic E,
enzyme (Table 9.3), but one, the E2(a) enzyme, is readily inactivated by
DSSD, while the other is insensitive to it.

9.3 MECHANISM OF THE INHIBITION

9.3.1 Class 1 aldehyde dehydrogenases

Kitson (1978) reported that most of the activity of the Class 1 ALDH
from sheep liver was abolished by two or less molecules of DSSD per
ALDH tetramer, this inhibition being reversed by 2-mercaptoethanol
(Kitson, 1975). A similar stoichiometry was observed by Vallari and
Pietruszko (1982, 1983) for E,, the Class 1 human liver ALDH. Specifi-
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cally they found that, following a 20-h incubation with two equivalents
of DSSD, the enzyme was completely inactivated, though in the course
of 4—6 min in the presence of NAD and substrate (propionaldehyde) a
slight reversal of the inhibition occurred. They also found upon
incubation of the enzyme with 2 mole equivalents of symmetrically
labelled “C-DSSD, that no incorporation of the label occurred and the
radioactivity was recovered in the form of DSH. Yet the dialyzed,
label-free enzyme remained fully inhibited and was found to have
sustained a loss of four -SH groups per enzyme tetramer. Moreover, the
inhibition was reversed by 2-mercaptoethanol. They concluded that
DSSD inhibits the enzyme by oxidizing vicinal -SH groups to disulfides.
They proposed this to occur by a two-step process. The first step
involves the production of a mixed disulfide by a disulfide exchange
reaction between DSSD and a protein sulfhydryl, this resulting in the
attachment of a DS residue to the protein (equation 8.1). The second
step is another disulfide exchange reaction. It involves a vicinal
sulfhydryl group and results in the formation of an internal disulfide
and the release of DSH (equation 8.2). Using the sheep Class 1 ALDH
and “C-DSSD, Kitson (1983) found it possible to separate the two
steps. The first step was rapid and accounted for the observed inhibi-
tion. The second step occurred slowly and resulted in enzyme that was
still inactive, but no longer labelled with the DS moiety. Even if the
sheep Class 1 ALDH is rigorously purified so that it contains less than
0.5% of the Class 2 ALDH, it cannot be inhibited by more than 98%; it
retains 2% of the original activity even in the presence of a large excess
of DSSD (Dickinson et al., 1981), a finding that remains unexplained.
In addition to functioning as dehydrogenases, ALDHs can also func-
tion as esterases, hydrolyzing, for instance, p-nitrophenol acetate (Feld-
man and Weiner, 1972). Both activities of the sheep Class 1 ALDH are
equally inhibited by DSSD. Yet, whereas substrate for the dehyd-
rogenase activity does not protect the enzyme against DSSD inactiva-
tion, that for the esterase does (Kitson, 1982). Kitson (1987) has
reported a high degree of correlation between the DSSD-induced
decrease in the pre-steady-state burst in NADH formation and the
degree of inhibition brought about by DSSD in both the dehydrogenase
and esterase activities of this enzyme. This high degree of correlation
indicates that, with respect to this enzyme, DSSD is an active-site-
directed reagent. With the elucidation of the enzyme’s primary struc-
ture, the identification of the site of action of DSSD becomes a
possibility. The finding that iodoacetamide, another sulfhydryl modify-
ing reagent, alkylates the Cys-302 residue of the human Class 1 ALDH
(Hempel et al., 1982, 1984, 1985), and that this alkylation not only
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causes inactivation of the enzyme, but is prevented by both the
substrate (Hempel and Pietruszko, 1981) and DSSD (Hempel et al.,
1982), implicates Cys-302 as the DSSD-reactive cysteine residue
(Hempel et al., 1985; von Bahr-LindstrOm et al., 1985; Hempel and
Jornvall, 1986). It is of interest, therefore, that Cys-302 is very highly
conserved, being the only cysteine residue retained in all ALDHs whose
structure has been elucidated to date (Hempel et al., 1989).

9.3.2 Class 2 aldehyde dehydrogenases

Class 2 ALDHs are resistant to ¢z vitro inhibition by DSSD (Table 9.2)
and high DSSD concentrations (100 pM) are required for greater than
80% inactivation (Sanny and Weiner, 1987). At the same time, the
number of active sites on the enzyme, as determined by the magnitude
of the pre-steady-state burst in NADH formation, does not decrease
upon exposure to DSSD until about 75% of the enzyme’s activity is lost,
indicating that unlike its action with respect to Class 1 ALDHs (Kitson,
1987), the action of DSSD on Class 2 ALDHs is not that of an
active-site-directed reagent (Sanny and Weiner, 1987).

Though resistant to inhibition by DSSD, Class 2 ALDHs are highly
susceptible to inhibition by mixed disulfides formed from DSSD by
disulfide exchange reactions with other thiols. This was first observed for
the mixed disulfide of DSH and 2-mercaptoethanol, which, in a 10 pM
concentration, caused a 65% inhibition of the sheep Class 2 ALDH
(Kitson, 1975). Later, E,, the human Class 2 ALDH, was found to be
exquisitely sensitive to stoichiometric amounts of N,N-diethylthiocar-
bamyl-S-methyl disulfide (DSSMe; Fig. 5.1), the mixed disulfide of
methanethiol (MeSH) and DSH (MacKerell et al., 1985). The inhibition is
totally reversible by 2-mercaptoethanol. Also, as with E, and DSSD, the
inhibition is reversed to a small extent by continued exposure to
substrate (Pietruszko and MacKerell, 1986). The second-order rate
constant for the inhibition of E, by mixed disulfides of DSH and increasing
chainlength homologues of MeSH suggests that steric hinderance is
responsible for the resistance of this enzyme to inhibition by DSSD in
vitro (MacKerell et al., 1985). Formation of DSSMe from DSSD and MeSH
in vivo, although not demonstrated to date, could explain the in vivo
inhibition of Class 2 ALDHs by DSSD. Such a synthesis could take place,
either via a disulfide exchange reaction or oxidatively by reaction of
MeSH with DSH. MeSH is a known product of endogenous catabolism,
the blood levels of this entity becoming elevated following liver injury.
Indeed, in cirrhotics, micromolar concentrations of MeSH are observed
following a protein load (Kromhout et al., 1980).
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9.3.3 Action of the mixed disulfides of diethyldithiocarbamate

DSSMe and the other mixed disulfides of DSH that have been found to
be E, inhibitors (section 9.3.2) are also effective inhibitors of the
human Class 1 ALDH (MacKerell et al., 1985). Also, DSSMe is just as
effective an inhibitor of the sheep Class 1 ALDH as is DSSD itself
(Kitson and Loomes, 1985). Kitson (1988) argues that, because DSH is a
stronger acid than MeSH, the disulfide would label the protein with the
-SMe group and that because MeSH is such a weak acid, that formation
of the internal protein disulfide would not occur (Kitson and Loomes,
1984).

Additional information regarding the mechanism of Class 1 ALDH
inhibition by DSSD and the mixed disulfides of DSH comes from the
observations of Kitson (1979) that 2,2'-dithiodipyridine (PSSP), a pro-
tein thiol modifying agent, rapidly activates ALDH and protects it
against DSSD (Kitson, 1979). As the reaction with PSSP proceeds,
2-thiopyridone (PSH) is liberated, the amount of PSH release soon
exceeding, however, that predicted by equation (8.1), indicating that in
this instance also the reaction represented by equation (8.2) follows
(Kitson and Loomes, 1985). The release of PSH from the PSSP-activated
enzyme (¢, of 3 h at 25°C: Kitson and Loomes, 1984) is accompanied
by a loss of all its activity (Kitson, 1982). However, this secondary
release of PSH does not occur if the enzyme has been pretreated with

S-S-D
O
V SH \
SH

(inactive)

NG

(activated)

Figure 9.4 Scheme showing how disulfiram (DSSD) and 2,2'-dithiodipyridine
(PSSP) could oxidize different cysteine thiols at different sites (sites A and B) and
yet result in the formation of the same internal disulfide. Modified from Kitson and
Loomes (1984).
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DSSD. The most parsimonious explanation for these phenomena postu-
lates (Kitson and Loomes, 1984; Kitson, 1988) that the cysteine residue
with which PSSP first reacts to activate the enzyme (site B) is different
from that with which DSSD first reacts (site A), but that the internal
disulfide that is eventually formed involves both of these residues (Fig.
9.4). The protection that activation by PSSP affords the enzyme against
DSSD, but not against DSSMe (Kitson, 1988), is seen as being an
indication that the presence of a SP residue at site B provides steric
protection of site A from the bulkier DSSD. Reaction of the enzyme
with the mixed 2-thiopyridyl methyl disulfide (PSSMe), which is ac-
companied by release of PSH and is viewed as resulting in the labelling
of the site B with an -SMe residue, induces some activation of the
enzyme, but, being less bulky, does not protect it from inhibition by
either DSSD or DSSMe (Kitson and Loomes, 1985).

9.4 ROLE OF DISULFIRAM METABOLITES

9.4.1 Diethyldithiocarbamic acid, carbon disulfide and diethylamine

The metabolite first formed from DSSD is DSH (section 5.1). Its
administration to rats results in an inhibition of the low-K, ALDH
activity of hepatic mitochondria (Deitrich and Erwin, 1971; Yourick
and Faiman, 1989; Hart et al., 1990). The peak inhibition is observed
8h after the administration of DSH (114 mg/kgi.p.). Because each
molecule of DSSD can form two of DSH, it is usual when comparing the
potency of these agents to allow for this equivalence. In this context, it
is found that the ALDH inhibition induced by DSH administration
develops more slowly than that observed after administration of a thus
equivalent amount of DSSD. At 2h post administration, the ALDH
activity is 48% less inhibited in rats treated with DSH than those
receiving DSSD (Fig. 9.3). Likewise, the blood acetaldehyde levels
caused in these animals by administration of ethanol (1 g/kg i.p.) 2h
after the DSH pretreatment are only 50% as high as those observed
when ethanol is administered 2h following DSSD pretreatment
(Yourick and Faiman, 1989). By 8 h post administration, however, both
the ALDH inhibition and the acetaldehyde blood levels seen following
ethanol administration are the same regardless of which agent is used.

Whether such an equivalence extends to all doses of the two agents
is another matter. Deitrich and Erwin (1971), who determined the
ALDH activity at 40 h post administration using 330 uM 3-indoleacetal-
dehyde, reported that the dose-response curves for the inhibition of
the ALDH activity by DSH and DSSD were superimposable. On the
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other hand, Hart ez al. (1990), who determined the ALDH activity at
8h post administration using 50 pM acetaldehyde, reported the dose—
response curve for DSH to be considerably less steep than that for
DSSD, so that, even if one allows for the above-mentioned equivalence
factor, low doses of DSH would appear to have greater activity than
equivalent ones of DSSD. However, in another publication from the
same laboratory (Yourick and Faiman, 1989), it is stated that a
5-10 mg/kg i.p. dose of DSSD induces a 10% inhibition of the low K,
ALDH activity. If this is so, then even at such low doses the activity of
the two agents would be comparable.

In vitro, DSH has not proved to be an effective inhibitor of ALDH.
Because DSH is a potent chelator (Chapter 7), early reports that ALDH
was a Zn-containing enzyme (Schwarcz and Stoppani, 1960) lead to the
inference that it inhibited ALDH by chelation of its Zn (Stoppani et al.,
1966; Li and Vallee, 1969). Subsequently, atomic absorption analysis of
the E, enzyme failed to demonstrate the presence of Zn and, as a
consequence, the correlation reported earlier by Stoppani et al.
(1966), between the potency of various Zn chelators (including DSH)
and their inhibition of ALDH, is viewed as spurious (Sidhu and Blair,
1975). In any event, the DSH-induced inhibition of ALDH reported by
Stoppani et al. (1966) was marginal at best (12% at 0.33 mM DSH).
More specifically, 0.5 mM DSH does not inhibit the sheep Class 2 ALDH
(Kitson, 1975) nor does 1 mM DSH inhibit the human one (Harada et
al., 1982). Exposure of the sheep Class 1 ALDH to 0.1 mM DSH, on the
other hand, has been reported to cause a significant inhibition, which
increases on standing. The observed inhibition is probably due, how-
ever, to the oxidation of a trace amount of DSH to DSSD and can be
largely prevented by 10 uM dithiothreitol, an antioxidant (Kitson,
1982).

Carbon disulfide (CS,) and diethylamine (Et,NH) are two in vivo
metabolites of DSH (section 5.6). E, and E, are not inhibited by up to
10mM CS,. E, is also not inhibited by 10 mM Et,NH and while this
agent does inhibit E,, the K; for the inhibition is 0.1 mM (Blair and
Bodley, 1969; Harada et al., 1982).

9.4.2 Diethyldithiocarbamic acid methyl ester

The methyl ester of diethyldithiocarbamic acid (DSMe) is a metabolite
of DSSD (Gessner, T. and Jakubowski, 1972; Cobby et al., 1977a;
Faiman et al., 1977; Johansson et al., 1989). Its administration induces
in rats a marked (up to 90%) and dose-related inhibition of low-K,,
ALDH activity (measured using a 50 uM concentration of acetaldehyde)
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which is as long lasting as that observed following administration of
DSSD (Yourick and Faiman, 1987). Moreover, following administration
of DSMe, the onset of the ALDH inhibition is significantly faster than
that seen following administration of either DSSD or DSH (Yourick and
Faiman, 1989). Already half an hour following administration of DSMe
(41.2mg/kg ip.) the low-K, mitochondrial ALDH activity is 50%
inhibited and peak inhibition is observed at 2h. Administration of
ethanol (1 g/kg) at that time results in blood acetaldehyde levels which
are twice as high as those seen when animals pretreated with an
equimolar dose of DSSD are used (Yourick and Faiman, 1989).

There is some indication that DSMe may play a role in clinically
relevant ALDH inhibition. Thus, in an experiment with groups of
human volunteers treated for a 2-week period with various doses of
DSSD and challenged with ethanol (0.15 g/kg) DER reactions occurred
only in those groups that had mean plasma DSMe levels greater than
80nM 2h after DSSD administration (Johansson and Stankiewicz,
1989).

In a second study, Johansson et al. (1991) determined, at 2-week
intervals, the blood DSMe level and the reaction to an ethanol chal-
lenge of 52 non-alcoholic individuals given DSSD daily on a schedule
whereby it was incrementally increased by 100 mg every 14 days
(section 11.6.2). The results of this study also indicate some relation-
ship between blood DSMe levels and the occurrence of a DER. Thus,
after 2 weeks on a 100 mg DSSD dose, the median blood DSMe level of
the group (n=21) that experienced a DER when challenged with
ethanol following this treatment was 68 pM. On the other hand, the
median blood DSMe level of a second group (7=27) which, when
challenged with ethanol following treatment with 100 mg of DSSD, did
not experience a DER was 15 puM. Upon raising the DSSD dose to
200 mg for two weeks, the median blood DSMe increased to 92 uM and
all the subjects experienced a DER when challenged with ethanol. In a
third group that required 2 weeks of treatment with 300 mg before
developing a DER (n=4), the blood DSMe levels were undetectable
after 2 weeks at 100 mg, and the median value after 2 weeks at 200 mg
DSSD was 40 uM. After 2 weeks at 300 mg DSSD, however, the median
DSMe level rose to 108 uM. The median blood acetaldehyde levels
observed in these subjects following the ethanol challenges exhibited a
similar pattern.

In 1987, Yourick and Faiman suggested that DSMe is ‘the active
chemical species’ responsible for the alcohol-sensitizing properties of
DSSD. Since 1 mM DSMe had been previously found not to have any
effect in vitro on either Class 1 or Class 2 ALDHs (Kitson, 1976), its
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identification as ‘active chemical species’ has proved controversial
(Kitson, 1989). Since Yourick and Faiman (1987) confirm the earlier
finding that DSMe is ‘a poor #z vitro inhibitor of low Km ALDH even at
concentrations of 1 mM’, the problem may be a semantic one. DSMe
inhibits the low-K,, ALDH when incubated with liver homogenates in
an air atmosphere, but fails to do so if incubated in a nitrogen
atmosphere (Johansson et al., 1989), suggesting that it is metabolized
to the entity responsible for inhibition of the ALDH. The failure to
detect any *S-CS, in the expired air following administration of
#S-DSMe to either rats (Faiman et al., 1983) or dogs (Jensen, 1984)
indicates that DSMe does not give rise to DSH, since CS, is a well-
established and readily detectable metabolite of these compounds
(section 5.6). This strongly suggests that DSMe is a more proximal
precursor of the entity responsible for ALDH inhibition than either
DSSD or DSH.

9.4.3 Diethylmonothiocarbamic acid methyl ester

DSMe is further metabolized to diethylmonothiocarbamic acid methyl
ester (DmSMe), the monothio analogue of DSMe (Johansson, 1989a;
Johansson et al., 1989). Administration of DmSMe to rats (18.6 mg/kg
i.p.) results in a very rapid onset of inhibition of the hepatic mitochon-
drial low-K,, ALDH activity, peak (70%) inhibition being observed half
an hour after administration (Hart et al., 1990). The peak level of
inhibition is similar to that achieved with a dose of DSMe twice as large
and the dose—-response relationship for 7z vivo inhibition of the low-K,,
ALDH activity suggests that DmSMe is a more potent inhibitor than
DSMe (Hart et al., 1990). On the other hand, in groups of human
volunteers treated for a 2-week period with various doses of DSSD and
challenged with ethanol (0.15g/kg) no correlation was observed
between the occurrence of DER reactions and the group mean plasma
DmSMe levels 2 hours after DSSD administration (Johansson and
Stankiewicz, 1989).

In vitro DmSMe causes a slow, progressive, but marginal inhibition of
a partially purified preparation of bovine Class 2 ALDH. After a 24-h
period of exposure to 2.76 mM DmSMe, only 26% of the ALDH activity
is blocked (Johansson, 1989c). No inhibition is observed of the hepatic
mitochondrial low-K,, ALDH activity following a 60-min incubation of
mitochondria with 0.1 mM DmSMe, although following a 60 min incu-
bation with 1 mM DmSMe, significant inhibition (ca 25%) is observed
(Hart et al., 1990). On the other hand, incubation of 28 uyM DmSMe
with rat liver homogenates for 60 min potently inhibits the low-K,
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ALDH (Johansson et al., 1989). Based on this evidence it appears that
DmSMe is also a precursor of the entity responsible for ALDH inhibition.
*See page 42 for Note added in press.

9.5 INHIBITION OF ALDEHYDE DEHYDROGENASES IN BLOOD

9.5.1 Human erythrocyte aldehyde dehydrogenase

ALDH activity is found in human blood cells; Pietruszko and Vallari
(1978) reported the presence of four isozymes in the cellular fraction
of human blood, two of these having the same mobility as hepatic E,
and E,. The two major isozymes did not correspond, however, to any
previously described.

The erythrocyte ALDH activity is readily inhibited by DSSD (62% by
1uM and 99% by 5uM) and has an apparent acetaldehyde K, of
0.43 mM in intact cells and 0.69 mM in their lysate (Inoue et al., 1978).
Purified to homogeneity, it has an acetaldehyde K, of 17 uM at pH 74,
is rapidly and non-competitively inhibited by DSSD, and is regenerated
by 2-mercaptoethanol (Inoue et al., 1979). In all these particulars it is
similar to E,;, and, like E,, its binding to NADH is increased by
magnesium (Rawles ez al., 1987). Based on analysis of peptides ob-
tained by a tryptic digest of the enzyme purified to homogeneity, the
enzyme appears to be identical to E, (Agarwal et al., 1989).

In patients receiving DSSD (250 mg/day), total loss of erythrocyte
ALDH activity occurs in the first 36-120 h of therapy; the decline in
activity seems to follow a zero-order rate characteristic for each patient
(Towell et al., 1983a). The enzyme is very sensitive to iz vivo inhibition
by DSSD. For instance, following daily administration of just 1 mg of DSSD
for 14 days it is significantly (P<0.001) though only slightly (8%)
inhibited (Johansson et al., 1991). Yet, even total inhibition of eryth-
rocyte ALDH does not assure therapeutic effectiveness. Towell et al.
(1983a), for instance, could not detect any ALDH activity in two patients
who claimed that, though they were taking 250 mg DSSD per day, they
could drink without adverse effects. Johansson and Stankiewicz (1989)
suggest that erythrocyte ALDH is completely inhibited within 35 days of
initiation of therapy, if the dosage is sufficient to result in measurable
levels of DmSMe, a metabolite of DSSD, but that otherwise it may not be
totally inhibited for 120 days. However, in a later study, in which
individuals maintained on 100 to 300 mg of DSSD were challenged with
ethanol, the median values for the inhibition of erythrocyte ALDH (range
95-98%) in groups that responded with a DER and those that did not
were found to be all very similar (Johansson et al., 1991).
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A characteristic of the depression of erythrocyte ALDH by DSSD
therapy is that it lasts in excess of 2 months after its termination (Towell
et al., 1983b) and long after dissipation of the pharmacological effects
that can result in a DER (section 11.6.1). The prolonged inhibition of
erythrocyte ALDH has been confirmed by Tottmar and Hellstrom (1983)
and by Helander et al. (1988) who found that, in patients who had been
administered 200 mg/day for a month or 400 mg every other day for 2
weeks and in whom the erythrocyte ALDH was 90% inhibited at the end
of this period, it took 60—70 days following discontinuation of therapy for
the ALDH level to return to normal. Erythrocytes, being enucleated cells,
lack the machinery needed to resynthesize the irreversibly inhibited
ALDH. Hence the effect of DSSD can be expected to be long lasting, i.e.
until the cells are substantially replaced.

The erythrocyte ALDH inhibition that follows iz vivo DSSD therapy
cannot be reversed ex vivo with 2-mercaptoethanol (Tottmar and
Hellstrom, 1983; Towell et al., 1983a). That this agent is able to
reverse, either totally or in large part, the in vitro DSSD-induced loss of
activity of a number of cytoplasmic ALDHs is well documented (Eck-
feldt et al., 1976; Kitson, 1978; Inoue et al., 1979; Vallari and Piet-
ruszko, 1982, 1983; Tottmar and Hellstrom, 1983; Towell et al. 1983a;
Rawles et al., 1987). These observations have led to the suggestion that
the in vivo and in vitro mechanisms of inhibition differ and have been
viewed as raising doubts as to whether the in vitro studies are
pertinent to the effects observed in vivo (Tottmar and Hellstrom,
1983; Towell et al., 1983a; Johansson et al., 1989; Johansson and
Stankiewicz, 1989). The first question that arises in this respect is
whether reversibility is time-limited. Vallari and Pietruszko, who reac-
tivated the enzyme with 2-mercaptoethanol 12 min after inhibiting it
with DSSD [Kitson (1978) did so after 4 min], state that the ALDH
activity is not recovered with 2-mercaptoethanol (or with 1,4-dithioth-
reitol) after prolonged dialysis (details not given) of the modified
enzyme in the absence of the reducing agent (Vallari and Pietruszko,
1982, 1983). On the other hand, Towell et al. (1983a) reported being
able to reverse with 2-mercaptoethanol the inhibition of ALDH activity
of both erythrocytes and their lysates even after these had been
incubated with DSSD at 37 °C for 24 h. A second question, and one that
has not been raised, is whether the inactivated ALDH is retained by the
erythrocytes. In the hepatocyte, DSSD-induced inactivation of cytoch-
rome P-450 is followed by a fall in the cytochrome content of the cell
(section 8.3.5). Thus, before ascribing the inability of reducing agents
to reactivate the ALDH to a different mechanism of inhibition, it would
be well to determine if there is any enzyme there to be reactivated.
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Although Class 1 ALDH, the ALDH type present in erythrocytes, is
readily inhibited by DSSD, it is not inhibited by DSH (Kitson, 1982). In
keeping with this, when 100 pM DSH is incubated with either whole
blood or erythrocyte hemolyzate, no inhibition of the erythrocyte
ALDH is observed (Johansson, 1990a). If, however, this same concen-
tration of DSH is incubated for 5 min with washed erythrocytes in the
presence of EDTA, a 78% inhibition of the erythrocyte ALDH results
(Helander and Johansson, 1989). This suggests that under the latter
conditions DSH is metabolized to an active inhibitor of the enzyme.
This could be DSSD, since in this system a 10 uM concentration of
DSSD causes an 84% inhibition of the enzyme. In erythrocytes, oxy-
hemoglobin and methemoglobin can oxidize DSH to DSSD, though no
accumulation of DSSD occurs in DSH-exposed erythrocytes under
normal conditions since these cells have an efficient, glucose-depend-
ent, GSH generating system and GSH readily reduces DSSD to DSH
(section 5.3). In washed erythrocytes, however, the GSH generating
system would be expected to fail for lack of glucose, and DSSD
accumulation could occur. Moreover, the observed inhibition of eryth-
rocyte ALDH under these circumstances is unlikely to be due to the
formation of DmSMe, since the latter is without effect when added to
the washed erythrocytes so as to give a 100 pM concentration (Helan-
der and Johansson, 1989).

9.5.2 Human leukocyte aldehyde dehydrogenase

In addition to erythrocytes, ALDH activity is also found in leukocytes
and platelets (Helander and Tottmar, 1986, 1987ab; Helander et al.,
1988). Because erythrocytes outnumber leukocytes in the blood by a
large factor, in excess of 99% of blood ALDH activity derives from
erythrocytes. Nonetheless, the leukocytes ALDH activity is 17 times
higher, per cell.

Exposure of leukocytes to the mitogen, phytohemagglutinin, in-
creases their ALDH activity 3-fold. Unlike the erythrocyte and platelet
ALDH activities, which are 85% inhibited by 1 uM DSSD, the leukocyte
activity is rather resistant to inhibition by even 50 uM DSSD (Helander
and Tottmar, 1988). In this respect the leukocyte activity is similar to
that of the hepatic mitochondrial enzyme E,. It should be noted that
incubation of washed leukocytes with 100 uM DSH also fails to result in
inhibition of the leukocyte ALDH activity (Helander and Johansson,
1989), although parallel incubation of washed erythrocytes does result
in the inhibition of the erythrocyte ALDH (section 9.5.1). The differ-
ence may be due to the inhibition of the erythrocyte enzyme, under
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these circumstances, being caused by the oxidation of DSH to DSSD.
Leukocytes may be less able to carry out this reaction; in any event the
leukocyte ALDH is insensitive to the product of the reaction, DSSD.

By contrast with the extensive and long-lasting inactivation of
erythrocyte ALDH by DSSD therapy, leukocyte ALDH appears to be
inhibited less and for a shorter period of time by such treatment. Thus,
in patients receiving 200400 mg daily, the leukocyte ALDH activity is
40-60% inhibited within 2—3 days and remains unaltered at this level of
inhibition during continued treatment and for a couple of days after
termination of therapy, after which it reverts to control values after
about a week (Helander et al., 1988; Helander and Carlsson, 1990). In
these same patients, erythrocyte ALDH is inhibited to a much greater
extent (95%), and continues to remain depressed after termination of
the therapy, so that a week later it is still 90% inhibited. Accordingly,
the inhibition of the leukocyte ALDH provides a much better indica-
tion of recent dosing history with DSSD and might, therefore, be useful
in checking compliance with DSSD therapy.

In interpreting the findings of the group responsible for much of the
work of blood ALDH inhibition (Helander, Hellstrom and Tottmar),
cognizance must be taken of their use of IAL, 3,4-dihydroxyphenylacetal-
dehyde (DOPAL) and 5-hydroxyindoleacetaldehyde (5-HIAL), as substra-
tes in the assay of ALDH activity, rather than the usually employed
acetaldehyde or propionaldehyde. The many-fold greater affinity of blood
ALDH for these substrates than for acetaldehyde (Helander and Tottmar,
1986) increases markedly the sensitivity of the assay. It complicates,
however, the interpretation of the results, since the observed ALDH-
inhibitory effects of DSSD are, in part, a function of the substrate
employed. For instance, a 5-min incubation of partially purified human
blood ALDH with 5 uM DSSD results in an almost complete inhibition of
acetaldehyde ALDH, but only in a 70-85% inhibition of IAL and DOPAL
ALDH activities (Helander and Tottmar, 1986). Conversely, whole blood
ALDH activity, following either iz vivo administration of DSSD or én vitro
exposure to 5 uM DSSD for 1-5 min, is significantly less inhibited when
assayed using acetaldehyde than when IAL is employed as a substrate
(Tottmar and Hellstrom, 1983). Such differences have led Tottmar and
Hellstrom (1983) to conclude that different forms of ALDH are involved
in the acetaldehyde and IAL assays. Interestingly, this contrasts with the
observation that administration of DSSD to rats results in a similar degree
of inhibition of the brain low-K,, ALDH activity whether acetaldehyde or
DOPAL are used to assay it, leading to the conclusion that the same
enzyme is involved in the oxidation of both substrates (Pettersson and
Tottmar, 1982).
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9.6 INHIBITION OF METABOLISM OF ENDOGENOUS ALDEHYDES

9.6.1 Biogenic monamine-derived aldehydes

The action of monoamineoxidase on three important endogenous
neurotransmitter monoamines, dopamine (DA), norepinephrine (NE)
and 5-hydroxytryptamine (5-HT), results in the formation of the
corresponding aldehydes. DSSD administration-induced changes in the
metabolite pattern of these monoamines indicates that the oxidation of
the aldehydes derived from them, an ALDH catalyzed reaction, is
inhibited. Such an inhibition was demonstrated in the caudate nucleus
of the conscious rat by Berger and Weiner (1977) and Weiner et al.
(1978) using push—pull perfusion with *C-DA. DSSD pretreatment,
these workers found, increases the ratio of neutral to acidic DA
metabolites, i.e. the ratio of DOPAL plus 3,4-dihydroxyphenylethanol
(DOPET) to 3,4-dihydroxyphenylacetic acid (DOPAC) plus HVA. Perfu-
sion of another subcortical nucleus, the nucleus accumbens, yields
similar results, though DSSD pretreatment had little effect on the ratio
of these metabolites in other brain areas (Weiner et al., 1978). DSSD
administration, it should be noted, has no effect on the activity of
aldehyde reductase (Hellstrom and Tottmar, 1982b).

DSSD-induced changes in the pattern of catecholamine metabolites
are complicated by the inhibition of dopamine f-hydroxylase (DBH)
which hydroxylates DA to NE (Fig. 9.5 and section 8.2). For instance,
Hoeldtke and Stetson (1980) observed that in individuals pretreated
with DSSD (5.5 mg/kg/day for 4 days) and administered *H-DA, the
excretion of *H-NE is reduced by 26%, but the excretion of *H-
methoxy-4-hydroxymandelic acid (VMA), the acidic end-metabolite of
3,4-dihydroxymandelicaldehyde (DHMAL), is reduced by 75%, or 3-fold
more. This disparity is not surprising, given that the pathway for the
formation of VMA involves both of the enzymes inhibited by DSSD
whereas only DBH participates in the synthesis of NE. Because of the
inhibition of ALDH, more of the *H-DHMAL that is formed is reduced to
*H-methoxy-4-hydroxyphenylglycol (MHPG), and, as a result, the net
excretion of this metabolite is increased by 20%.

Because of the DSSD-induced inhibition of DBH, the fraction of the
administered *H-DA that is metabolized to DOPAL via mono-
amineoxidase (MAO) is increased and accordingly, in spite of the
inhibition of ALDH, the excretion of VMA, the acidic end-metabolite of
DOPAL, is not significantly altered. At the same time, however, a 12-fold
increase in the excretion of *H-DOPET indicates how much larger a
proportion of the DOPAL is metabolized via the reductive pathway in
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the DSSD-pretreated individual. These results dovetail with those
obtained at an earlier date by Major et al. (1977b), who found that
DSSD therapy actually reduced the levels of HVA in cerebrospinal fluid.

Inhibition of ALDH would be expected to also decrease the forma-
tion of 5-hydroxyindoleacetic acid (5-HIAA) from 5-HIAL, itself the
product of the oxidation of 5-HT by the action of MAO (Fig. 9.5). The
matter is complicated, however, by the fact that the serotonergic
system exhibits a reciprocity to the norepinephrinergic one so that
depletion of NE levels leads to the elevation of 5-HT ones and vice
versa. Because of the decrease in NE levels brought about by DSSD, this
could lead to increases in 5-HIAA levels. Indeed, under some dosing
circumstances, DSSD administration to experimental animals leads to
significant increases in 5-HIAA levels (Johnson et al., 1972; Minegishi et
al., 1979), as well as those of 5-HT itself (Fukumori et al., 1979;
Marchand et al., 1990). Clinically, however, DSSD therapy has not been
found to lead to an elevation of 5-HIAA cerebrospinal fluid levels (Major
et al., 1977b).

There exists an alternate pathway for the metabolism of 5-HIAL,
namely its reduction to 5-hydroxytryptophol (5-HTOL). Both the
increased formation of 5-HT and the inhibition of the oxidation of
5-HIAL would be expected to increase the levels of 5-HIAL and
5-HTOL. Beck et al. (1986) have in fact found that in rats receiving a
diet containing 2 g DSSD per kg of diet for 7 days, 5-HTOL levels (free
and conjugated) are significantly elevated (1.6- and 2.1-fold, respective-
ly) in the two brain regions examined (diencephalon and pons
medulla). Minigishi et al. (1979) have suggested that an increase in
5-HIAL is responsible for the depressive properties of DSSD and its
ability to prolong the duration of hexobarbital-induced anesthesia. The
latter postulate has been challenged, however, on the basis that DSSD
pretreatment does not increase the sensitivity of rat brain to hexobar-
bital (Nilsson et al., 1987, Nilsson and Whalstrém, 1989).

9.6.2 Substrates of specific aldehyde dehydrogenases

DSSD, besides inhibiting in vitro Class 1 ALDHs, has been found to
inhibit a number of purified so-called specific ALDHs which, though
possessing low affinity for acetaldehyde, have high affinities for specific
products of intermediary metabolism. Among these are the glyceral-
dehyde-3-phosphate (G3P) dehydrogenase isozymes and the succinic
semialdehyde (SSA) dehydrogenase of human brain (Table 9.3). Al-
though DSSD is a potent inhibitor of rat brain SSA dehydrogenase in
vitro, the enzyme is not inhibited iz vivo 2 and 24 h after administra-
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tion of a 150 mg/kg dose of DSSD (Hellstrom and Tottmar, 1982b).
Another specific ALDH that is inhibited by DSSD is glutamic y-semial-
dehyde dehydrogenase, or more exactly, 1-pyrroline-5-carboxylate
(P5C) dehydrogenase which has been purified from human placenta
(Farrés et al., 1988). It has properties which are practically identical to.
those of the PSC dehydrogenase (the ‘E; ALDH’) purified from human
liver (Forte-McRobbie and Pietruszko, 1986).

Given the low affinity of these dehydrogenases for acetaldehyde,
their inhibition would be without consequence on the 7 vivo metab-
olism of acetaldehyde. However, their iz vivo inhibition could have
consequence on the relevant pathway of intermediary metabolism.

The inhibition of the G3P and SSA dehydrogenases is reversed by
2-mercaptoethanol. For the E85 and E9.0 isozymes of G3P dehyd-
rogenase, the inhibition is also reversed by 33 uM cysteine and GSH
(Table 9.3). Considering that intracellular GSH concentrations can be
in the millimolar range (0.5-10 mM, see Meister and Anderson, 1983)
the inhibition of these latter two isozymes might also be reversible in
vivo.

Aldehydes formed in the oxidative deamination of monoaminergic
neurotransmitters constitute an important category of neural tissue
aldehyde substrates. A substantial body of data has accumulated which
documents the inhibitory effects of DSSD administration on the metab-
olism of these aldehydes in vivo (for review see Weiner and Ardelt,
1984). Purification of the various ALDHs has permitted in vitro
investigation of their affinity for these substrates. Both DOPAL and
5-HIAL, the aldehydes derived from dopamine (or norepinephrine) and
serotonin, respectively, have affinities as high or higher than for
acetaldehyde for hepatic E, and E, (MacKerell et al., 1986) and brain
E2(a) and E2(b) enzymes (Ryzlak and Pietruszko, 1989). On the other
hand, both G3P dehydrogenase and SSA dehydrogenase are inactive
towards DOPAL (Ryzlak and Pietruszko, 1989). Also, when mixtures of
acetaldehyde and DOPAL or 5-HIAL are incubated with E,, and to a
lesser extent with E,, the rate of oxidation of the monoamine-derived
aldehydes is much inhibited (MacKerell et al., 1986). These findings
have led Ryzlak and Pietruszko (1989) to suggest that the aldehydes
derived from biogenic amines may be the physiological substrates for
the non-specific ALDHs.

Acetaldehyde itself can also be considered an endogenous substrate
in that microbial fermentation in the gastrointestinal tract does result
in the formation of some ethanol which is absorbed and metabolized in
the liver. However, even after 7 days of DSSD feeding, rat blood levels
of acetaldehyde remain below the detection limit, if the assay method
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used involves first precipitation and removal of the blood proteins. If
instead the blood is simply hemolyzed prior to head space chromatog-
raphy, feeding DSSD does result in a significant elevation in some
protein-bound form of acetaldehyde that is liberated by the heating
that the assay involves (Eriksson, 1985).

9.7 ALDEHYDE AND XANTHINE OXIDASES

Aldehyde oxidase (EC 1.2.3.2) a molybdenum-containing cytosolic
metalloflavoprotein (for review see Beedham, 1987), is strikingly simi-
lar to xanthine oxidase. It catalyzes the hydroxylation of many
xenobiotics, the oxygen atom incorporated in the substrate being
derived from water, rather than from molecular oxygen as is the case
with the P-450 monooxygenases. As its name implies, in vitro it also
oxidizes aliphatic aldehydes, including acetaldehyde (Jones, D.G.,
1967). Its affinity for acetaldehyde is, however, quite low as evidenced
by a K, for this substrate of 100 mM (Palmer, 1962). Xanthine oxidase,
which also can oxidize acetaldehyde in vitro, has a similar K, for it. An
early report that aldehyde oxidase is inhibited in wvitro by DSSD
(Kjeldgaard, 1949) involved a misappellation (Graham, 1951). In any
event, because of their low affinity for acetaldehyde, these enzymes
would be expected to have no role in its iz vivo disposition.
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10.1 INTRODUCTION

The disulfiram—ethanol reaction (DER) is the name given to a syndrome
experienced by individuals who, following treatment with disulfiram
(DSSD), ingest ethanol. The DER is decidedly unpleasant. Accordingly,
ever since the discovery of this syndrome, efforts have been made to

167
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utilize DSSD in aversive therapies of alcoholism, though the early
therapeutic strategies employed differed markedly from the current
ones (section 10.2). Partly as a result of this, a great deal has been
learned regarding the pharmacological phenomena and toxicities char-
acteristic of the human DER (section 10.3).

From the earliest times, it has been evident that acetaldehyde
accumulation plays some role in the phenomenology of the syndrome.
The inadequacy of the original assay methods for acetaldehyde (section
10.4) impeded, until recently, evaluation of the ‘acetaldehyde hypoth-
esis’ that the DER is primarily due to an impairment of aldehyde
metabolism (section 10.5) secondary to an inhibition of aldehyde
dehydrogenase (Chapter 9).

Obtaining information relevant to the human DER from animal
studies is problematic because ethanol administration following DSSD
pretreatment does not cause, in the species most often employed, a
syndrome fully parallel to the DER and the dose that is required to
elicit pharmacological effects is rather large (section 10.6). In recogni-
tion of this, the term DER is used in this monograph (though not in
the literature) solely with reference to the syndrome observed in
humans. One complicating factor in studies of the DER is that pretreat-
ment with DSSD lowers the rate of disposition of subsequently admin-
istered ethanol, a phenomenon which is mediated by the increased
acetaldehyde levels (section 10.7) _

The acetaldehyde hypothesis cannot, by itself, account for the fall in
systolic blood pressure seen during the DER. It can account for that
fall, however, if it is coupled to the dopamine f-hydroxylase hypothesis
(section 10.8). The latter was developed when it was found that DSSD
administration can result in inhibition of dopamine pf-hydroxylase
(section 8.2). Studies of the cardiovascular actions of acetaldehyde in
animals and of the effect of DSSD pretreatment on sympathetic func-
tion and catecholamine metabolism support the latter hypothesis
(section 10.8).

Finally, because the DER is a potentially serious medical condition,
methods that can be used for controlling or counteracting it are
discussed (section 10.9).

10.2 DISCOVERY AND THERAPEUTIC APPLICATION

The occurrence of a toxic interaction between a tetraalkylthiuram
disulfide and ethanol was first reported by Williams (1937). He noted
that consumption of as little as 6 oz of beer caused, among workers
exposed to tetramethylthiuram di- and monosulfide, flushing of the
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face and hands, a rapid pulse, palpitations, and a fall in blood pressure.
The consequent total abstinence practiced by these workers led
Williams to suggest that the substance might be effective in the
treatment of alcoholism.

In 1945 in Copenhagen, Jacobsen and Hald, while investigating the
potential of DSSD (tetraethylthiuram disulfide) as a vermicidal agent,
each ingested several tablets of the agent and, neither a teetotaler, soon
discovered to their surprise, the DER (Jacobsen, 1987; Appendix A).
Following further exploration, the Danish investigators published their
findings, namely that, in individuals treated with this agent, ingestion of
ethanol caused a ‘formidable’ reaction (Hald and Jacobsen, 1948a; Hald
et al., 1948). Moreover, the reaction, though evidently unpleasant,
seemed innocuous. Mindful of the potential usefulness of such an agent
in the treatment of alcoholism, these workers undertook a series of
studies that characterized the reaction. They concluded, initially on the
basis of Hald’s olfactory perception upon entering a room where
Jacobsen was experiencing a DER (Jacobsen, 1987; Appendix A), that
the reaction was caused by an iz vivo accumulation of acetaldehyde
formed during ethanol metabolism and that this was mediated by an
inhibition of its enzymatic oxidation (Hald and Jacobsen, 1948a, b; Hald
et al., 1948, 1949ab; Asmussen et al., 1948a; Larsen, 1948; Jacobsen, E.
and Martensen-Larsen, 1949; Jacobsen, E. and Larsen, 1949; Hald and
Larsen, 1949).

The treatment paradigm introduced by the Danish group was based
on the concept of aversion conditioning. The physician was to instruct
the patient to drink alcohol while on DSSD; the resulting DER experi-
ence was expected to induce in the patient an aversion to alcoholic
beverages. The occurrence of violent DER episodes thus occasioned
was viewed as therapeutically beneficial (Martensen-Larsen, 1948).
Soon, reports of the severity of DER reactions in some individuals led
to the recommendation that patients with myocardial disease, cirrhosis
of the liver, nephritis, epilepsy and assorted other conditions be
excluded from DSSD therapy (Glud, 1949). Later, the treatment para-
digm itself was amended: the DER was to be induced only during
‘conditioning’ or ‘experience sessions’, with a physician and nurse in
attendance and equipment for emergency treatment and putative
antidotes available. Also, the patient was to be kept under close
observation for the subsequent 24 h (Brown and Knoblock, 1951; Shaw,
1951). Nonetheless, instances continued to be reported of DERs even
more ‘formidable’ than the original authors had observed (Ferguson,
1949). Severe impairment of cardiovascular function lasting several
hours, episodes of apnea (Bell and Smith, 1949), syncope and coma
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(Hine et al., 1950; Child et al., 1951), convulsions (Shaw, 1951) and
instances of a fatal outcome (Jones, R.O., 1949; Steckler and Harris,
1951; Shaw, 1951) were reported.

By 1952, the accumulation of reports of severe or fatal DERs led to
a revision of the 1948 view that the reaction was ‘unpleasant but
innocuous’ (Jacobsen, E., 1952). As a result, therapeutic emphasis
shifted from use of DSSD to induce aversive conditioning to its use
primarily as a ‘sobering crutch. Based on the premise that ‘the
effectiveness of disulfiram as deterrent to drinking lies in creating
fear of a reaction, not in the development of actual aversion to
alcoholic beverages’, the dose was to be adjusted to ‘the smallest
amount which will cause a slight flushing, slight increase of pulse rate’,
and ‘a mild dyspnea of 15-20 minutes duration following ingestion of
a single trial dose of alcohol’ (Council on Pharmacy and Chemistry,
1952).

A chance discovery (Jacobsen 1987; Appendix A) led to production
of microcrystalline disulfiram (Hald et al., 1953) which proved to be
much more effective; a 250 mg maintenance dose proved fully ad-
equate (Martensen-Larsen, 1950). An effervescent formulation of DSSD
(Dumex dispargettes®) which includes a wetting agent was introduced
in Denmark in 1959 (E. Petersen, private communication) but remain
unavailable in Australia, the United Kingdom and the United States
(section 1.1). The bioavailability of the effervescent formulation has
been found to be almost 3-fold greater than that of the non-efferves-
cent tablets available in the United Kingdom (Andersen, 1991). Prima
Jaciae this is likely to be also true of the non-effervescent tablets
marketed in the U.S. and Australia.

In the United States, doses have been reduced to 0.25-0.5 g daily
(Armstrong, 1957). A survey of the literature in 1972 by Rothstein
failed to uncover any reports of subsequent deaths occasioned by the
DER. Moreover, Rothstein (1972a) related that Ayerst, the then U.S.
manufacturer of DSSD (currently Wyeth-Ayerst), also did not know of
any deaths attributable to this reaction. The American Medical
Association treatment paradigm described above (Council on Pharmacy
and Chemistry, 1952) has endured to the present. The test elicitation
of the DER has been very largely, though not entirely (Sauter et al.,
1977), abandoned except in the research setting (Brewer, 1984;
Beyeler et al., 1985, 1987; Christensen et al., 1991; Johansson et
al., 1991). A challenge with ethanol doses small enough to occasion
only a mild DER has been advanced by Brewer (1984) as a method
of ensuring that the DSSD dose prescribed is a pharmacologically
effective one.
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10.3 PHARMACOLOGICAL CHARACTERISTICS

10.3.1 General phenomenology

The clinical phenomenology of the DER has been the subject of only a
handful of studies since the reports of the Danish group in 194849
(Hald and Jacobsen, 1948a,b; Jacobsen, E. and Martensen-Larsen, 1949).
The initial reports focused, to a large degree, on subjective and
cutaneous phenomena. The earliest manifestations of the DER to be
noted were a facial flush accompanied by a sensation of heat, a rise in
skin temperature, conjunctival injection, and a scarlet visage (Hald et
al., 1948). Administration of as little as 16 g of ethanol 36 h following

Table 10.1 Onset time and incidence of signs and symptoms of the disulfiram—ethanol
reaction

Hine et al. (1952) Raby (1953a) Marconi et al. (1967)
Onset Incidence Onset Incidence Incidence (%)
(min) (%) (min) (%) DSSD  Placebo
Sensation of heat 54+2 90 52 30
Acetaldehyde odor 124+7 60 5+5 100
Face flushing 7+4 94 8+5 100
Conjunctival injection 10+4 89 61 17
Palpitations 13+6 55 65 13
Throbbing 14+7 31
Cough 21+20 21
Dyspnea 12+6 53 24+28 26 65 22
Universal flush 27+13 39 96 43
Headache 35+34 34 48 30
Sleepiness 32417 56 41+ 21 21 26 13
Abdominal pain 42429 10
Hyperaesthesia 42425 39
Pallor 68+28 74
Profuse perspiration 70+40 15
Malaise 32+17 33 76+60 49
Nausea 76+64 51
Paraesthesia 924108 15 4 9
Twitches 108 +72 15
Sleep 125479 46
Vomiting 121+73 44
Vomit and blood 283+144 10

Dosing information: the number of subjects (n), the dose of disulfiram (DSSD) and the challenge dose
of ethanol (EtOH) were as follows. Hine et al. (1952): n, 44; DSSD, 1g on days 1 and 2, 0.75 g on days
3 and 4, 0.5 g on day 5; EtOH, 0.5 g/kg. Raby (1953): n, 37; DSSD, 0.5-7 g over 3 days (mean 2.55 g);
EtOH, variable, but generally 50 ml. Marconi et al. (1961): n, 23; DSSD, 0.5 g/day; EtOH, 0.25-0.5 g/kg.
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pretreatment with 1.5 g of DSSD was found to elevate facial skin tempe-
rature by 4-5°C for 90 min or more (Hald and Jacobsen, 1948a,b; Hald
et al., 1948). A smell of acetaldehyde on the breath, palpitations, and a
throbbing sensation in the neck and head area (the latter frequently
developing into a headache) were the other early manifestations noted.
Other symptoms, including hyperesthesia, paresthesia, nausea and
vomiting sometimes followed. An ordering of these phenomena was
first attempted by Bowman et al. (1951) and Child et al. (1951), but
the most detailed tabulation is to be found in the studies of Hine et al.
(1952) and Raby (1953a). The percentage incidence and mean onset
times calculated from the latter tabulations are presented in Table 10.1.
Expectancy can play a substantial role in eliciting some of these
symptoms, since knowledge of the DER has become common among
the lay population. The magnitude of the expectancy effect was
explored by Marconi et al. (1961) who, having led all their subjects to
believe they had been pretreated with DSSD (half had in fact received
placebo), noted the relative frequency with which effects previously
associated with the DER followed the consumption of ethanol by
DSSD-pretreated and DSSD-naive subjects (Table 10.1).

10.3.2 Respiratory effects

A particularly dramatic symptom of the DER, and one singularly
distressing to patients, is dyspnea (Hald and Jacobsen, 1948b). It is
frequently preceded by a dry, loud, barking cough (Raby, 1953a). As
observed by Asmussen et al. (1948a), however, ventilation is in fact
increased. These workers found that, 30 min after administration of
ethanol to DSSD-pretreated individuals, the minute volume increased
by 41%, the arteriovenous oxygen difference decreased 23%, and the
alveolar pCO, fell by 18%. Both Raby (1954b) and Sauter et al. (1977)
confirmed that a rise in ventilation is characteristic of the DER (Table
10.2) and that it is accompanied by a significant fall in blood pCO, (23%
at 30 min: Sauter et al., 1977), a rise in blood pO, (23% at 20 min:
Sauter et al., 1977), and a fall in blood pH (arterial to 7.51 + 0.04: Raby,
1954c; central venous to 7.46 at 20 min: Sauter et al., 1977).

10.3.3 Effects on cardiovascular function

Initially, little importance was attached to the cardiovascular changes
associated with the DER. In the early publications by the Copenhagen
group, ‘moderate amounts’ of ethanol (30—60 ml of gin) were described
as eliciting either no, or only a slight and non-significant change in
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blood pressure (Hald et al., 1948; Hald and Jacobsen, 1948b). It was
noted, however, that 30-60 min after larger quantities of ethanol
(40-50 g or more) a ‘considerable fall in blood pressure can be seen,
e.g., to 65 mm Hg systolic, while the diastolic pressure may fall to zero’
(Hald et al., 1948). With the surfacing of the impairment of cardiovas-
cular function as a major contributory factor of severe, life-threatening
and fatal DER episodes, the cardiovascular effects of the DER became
the subject of both clinical and laboratory studies. Earlier, Asmussen et
al. (1948a) had suggested that the DER-induced cutaneous vasodila-
tion is a manifestation of a more general vasodilation. They speculated
that it, in turn, could be the cause of the 48% increase in cardiac output
they observed in subjects experiencing the DER. However, having
failed to note any effects on blood pressure, they concluded the
increase in cardiac output could be easily explained by the concomi-
tant hyperventilation. Subsequent clinical investigations have
documented marked decreases in both systolic and diastolic pressure
during the DER. The magnitude and peak times of these changes, as
obtained from tables or graphs of published data, are presented in
Table 10.2; their course has been reported by Beyeler et al. (1985,
1987). In a fraction of the patients experiencing the DER, the blood
pressure changes are dramatic; thus, Hine et al. (1952) reported
pressures of 80/40 mm Hg or less in 6 of 31 patients. Raby (1953a)
noted a lowering of systolic pressure by 70 mm Hg or more in 7 of 37
patients and Beyeler et al. (1987) observed systolic pressure to fall to
70 mm Hg or less in 4 of 16 patients. From the analysis by Beyeler
et al. (1987) it appears that the blood pressure fall is due, proximally,
to a severe reduction in peripheral vascular resistance (to a median of
46% of control) which is only partially compensated by an increase in
cardiac output (average increase 1.6-fold; range 1.0- to 2.4-fold; n=11).

10.3.4 Electrocardiographic changes during the reaction

A flattening of the T wave is one of the manifestations of the DER. Child
et al. (1951) reported it to occur in 78% of 80 DSSD-pretreated
patients administered just 8 ml of ethanol (a tachycardia was observed
in 80% of this group). Raby (1953b) observed a flattening of the T wave
in 95% of 37 subjects experiencing a DER; in 50% of them a depression
of the S-T segment was also seen. On average, these changes became
maximal 45 min after ethanol administration and their median duration
was 113 min. Raby (1952) also observed a fall in arterial blood potass-
ium (mean 3.0 mg%, n=10). He noted that the electrocardiographic
changes and the fall in blood potassium appeared to be correlated to
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each other and to the intensity of the DER. Levy et al. (1967) also
noted an association between abnormal electrocardiograms and
hypotensive episodes during the DER, while Sauter et al. (1977) found
that a fall in plasma potassium is one of the longer lasting events
associated with the DER. Low potassium levels are known to depress
the T wave, to decrease cardiac conduction and, thereby, also contrac-
tility.

10.3.5 High dose adverse effects: cardiovascular collapse

The possibility that the DER might occasion cardiovascular collapse
elicits considerable concern, particularly so because in the early days
of DSSD therapy a number of fatalities were associated with it. From
the case reports of Jones, R.O. (1949), Shaw (1951), Steckler and Harris
(1951), and Becker and Sugarman (1952) it is evident that deaths
subsequent to the cardiovascular collapse occurred in individuals
receiving doses of DSSD in excess of 1g/day and that they occurred
with some delay (Table 10.3). Typically death was characterized by
apnea which occurred while the patient was asleep. Additionally, the
cardiovascular collapse was often preceded by vomiting or clinically
significant nausea. Lowering of the dose of DSSD, first to 0.5 and later
to 0.25 g/day, appear to have led to a reduction in the incidence of
DERs complicated by cardiovascular collapse; there have been no
further reports of fatal outcome associated with this complication
(Rothstein, 1972a). Nonetheless, because of the concern raised by the
possibility of the occurrence of such phenomena, their insidious
course, and the continued absence of an animal model, these four
prototypical case reports are summarized below.

Table 10.3 Fatal cardiovascular collapse consequent upon the disulfiram—
ethanol reaction

Dose
Disulfiram Ethanol®  Time of
Report ® ® death
Jones (1949) 5.25in 5 days 12 155 min
Shaw (1951) 5.25 in 4 days 12 260 min
Steckler and Harris (1951) 4.5 in 3 days 6 36h
Becker and Sugarman (1952) 5.0 in 3 days 12 270 min

? Approximate, see text.
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Jones, R.O. (1949) reported on a 29-year-old male administered 5.25¢g
of DSSD over 5 days who was then challenged with 1 oz of rum. He had
an intense reaction. About 70—-80 min following ingestion of the rum,
he vomited. After this he felt better, and by 135 min had fallen asleep.
Ten minutes later the patient had stopped breathing, was pulseless,
cyanotic and could not be revived.

Shaw (1951) reported on a 48-year-old male administered 5.25 g of
DSSD over 4 days and challenged with 1 oz of whiskey. Twenty minutes
later his blood pressure dropped to 60/40 and his pulse, which had risen
to 140, fell to 60. Emergency measures restored his blood pressure to
normal and there was no evidence of his being in danger. Two hours later
he went into shock, however, and could not be revived.

Steckler and Harris (1951) reported on a 49-year-old female dosed
with 1.5 g of DSSD per day for 3 days and then given 45 ml of wine.
Shortly thereafter, the patient felt nauseous and her blood pressure fell
to 40/0. The patient recovered and slept. Next morning she felt
nauseous, was given atropine, and felt better. While asleep the follow-
ing night she was found to be apneic and pulseless.

Becker and Sugarman (1952) reported on a 49-year-old male patient
given 5g of DSSD over 3 days and challenged with 1 0z of whiskey.
Fifteen minutes later the patient felt nauseous. This was followed 5 min
later by pallor and then by a drop in blood pressure to 86/50. Following
emergency measures, the patient’s blood pressure recovered and the
patient fell asleep. Four and a half hours after the initiation of the DER the
patient turned on his back, became pale and dyspneic and ceased
breathing.

The effect of DER on blood pressure in patients who received 4 g of
DSSD over a 5-day period (1 g on days 1 and 2, 0.75 g on days 3 and 4,
0.5 g on day 5) was investigated by Hine et al. (1952). They reported
that blood pressure dropped to shock levels (80/40) in 6 of 31 patients
challenged with the equivalent of 16 g ethanol/70 kg, but in none of
the 20 patients challenged with half that dose. They also noted that five
of the patients receiving the higher dose, but none of those receiving
the lower dose, vomited. No information is available, however, as to
whether there was any correlation between vomiting, or nausea, and
the fall of blood pressure to shock level. However, Peachey et al.
(1981a), while investigating the analogous calcium carbimide—ethanol
reaction, noted a correspondence between the occurrence of car-
diovascular collapse and preceding vomiting or nausea. They have
suggested that the precipitating factor in the development of the
collapse is an enhanced vagal tone induced by a vo.aiting- or nausea-
precipitated reflex. Their reversal of the collapse in one individual by
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intravenous administration of atropine, confirms previous statements
regarding the effect of atropine in reversing severe hypotensive epi-
sodes during the DER, and lends support to the proposed mechanism.

If nausea or vomiting occur in individuals given high doses of DSSD,
they tend to do so early in the course of the DER. When associated
with such gastrointestinal symptomatology, precipitous falls in blood
pressure appear to predispose the patient to later potentially fatal
events even if, in the interim, blood pressure is restored to normal
values. (See sections 10.5.1 and 10.9 for a discussion of the antidotal
use of 4-methylpyrazole in the treatment of the DER.)

10.4 BLOOD ACETALDEHYDE DETERMINATION

The acetaldehyde assay methods available to the early investigators of
the DER were rather non-specific. Although this was apparent to some
of the investigators concerned (Hald and Jacobsen, 1948a), it nonethe-
less led to the perception that acetaldehyde was a normal and not
insignificant component of human blood.

Application of a head-space gas-chromatographic (GLC) method
(Duritz and Truitt, 1964) to the assay resolved the problem of non-
specificity, but led to the unmasking of another and more intractable
problem: the non-enzymatic formation of acetaldehyde from ethanol by
blood in vitro (Truitt, 1970; Eriksson et al., 1977). As methodologies for
the measurement of acetaldehyde have improved, however, the acetal-
dehyde levels reported as present in blood following ethanol ingestion by
non-Orientals have continued to decline (Eriksson et al., 1982; Eriksson,
1983; Suokas et al., 1985; Adachi et al., 1990). Investigators using the
GLC method (Peachey et al., 1983; Beyeler et al., 1985, 1987), while
confirming that ethanol ingestion leads to the appearance of significant
blood acetaldehyde levels in individuals pretreated with DSSD, found that
in controls ethanol ingestion fails to raise blood acetaldehyde above the
limit of detection of the method (ca 1 pM). Similar results are obtained in
rats (Eriksson, 1985). Using a new high-pressure liquid-chromatographic
(HPLC) method for acetaldehyde (Peterson and Polizzi, 1987) sensitive
in the picamole range, Peterson et al. (1988) have reported that,
following ingestion by human volunteers of a 0.3 g/kg dose of ethanol,
the mean peak plasma acetaldehyde level is 31 nmol/g protein (ca
2.7 uM). It remains to be seen whether this is confirmed by others, but
even this level is smaller by one to two orders of magnitude than those
reported (section 10.5.1) for control subjects by the early investigators of
the DER reaction who used non-chromatographic methods (Hald and
Jacobsen, 1948a; Hine et al., 1952; Raby, 1954a; Sauter et al. 1977).
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10.5 THE ACETALDEHYDE HYPOTHESIS

The hypothesis that the DER is a manifestation of acetaldehyde toxicity
resulting from its accumulation as a consequence of the DSSD-induced
inhibition of its oxidation, originated with the Copenhagen Group
(Hald and Jacobsen, 1948a, b; Hald et al., 1949b). The hypothesis was
based on their observations (a) that the excretion of acetaldehyde in
breath during the DER could be demonstrated by trapping it in a
sodium bisulfite solution and isolation of its 24-dinitrophenylhyd-
razone, (b) that the occurrence of the DER was temporally correlated
with high blood acetaldehyde, (c) that intravenous infusion of acetal-
dehyde to human volunteers replicates many of the symptoms of the
DER, namely: tachycardia, increased respiratory minute volume,
lowered alveolar p CO, and facial vasodilation (Asmussen et al., 1948b),
and (d) that DSSD pretreatment inhibited acetaldehyde metabolism
(Hald et al., 1949b; Kjeldgaard, 1949). Basically, this hypothesis has
stood the test of time, although in the interim it was buffeted by
apparent inconsistencies.

At the time the acetaldehyde hypothesis was formulated, the nature
and significance of the effects of the DER on cardiovascular function
and blood pressure were not appreciated. Accordingly when Asmussen
et al. (1948b) studied the effects of acetaldehyde infusion in humans,
relatively little attention was paid to its cardiovascular effects, other
than to note the marked vasodilation of the face and the increase in
pulse rate induced by the infusion. The severe muscular pains of the
arm and shoulder that accompany acetaldehyde infusion (Asmussen et
al., 1948b) prevented later investigators from extending these clinical
studies (Raby, 1955 cited by Perman, 1962a). Subsequently, when the
clinical nature and importance of the cardiovascular concomitants of
the DER became evident, investigation of whether these effects could
be encompassed by the acetaldehyde hypothesis was hindered by the
absence of an animal model in which the DER would elicit the
cardiovascular changes seen clinically. Accordingly, the question of
whether the acetaldehyde hypothesis can explain the cardiovascular
concomitants of the DER has mostly lain dormant. As will be described
in this chapter, it is now evident that, to a large extent, it can.

10.5.1 Critical evaluation of the acetaldehyde hypothesis

The strength of correlation between the elevation in blood acetal-
dehyde levels and the intensity of the DER constitutes the first
criterion by which the correctness of the acetaldehyde hypothesis can
be judged. The marked variation in the blood acetaldehyde values
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originally reported as observed during the DER (Table 10.4) rendered
the hypothesis difficult to accept. In addition, a number of clinical
investigators struggled with the paradox that blood acetaldehyde levels
comparable to that seen during the DER could be induced (or so it
seemed), without eliciting any DER-like symptoms, by giving sizable
doses of ethanol to DSSD-naive individuals (Hine et al., 1952; Raby,
1954a, 1956; Sauter et al. 1977). Hine et al. (1952), noting the close
temporal correspondence between increases in blood acetaldehyde
levels during the DER and its acute clinical manifestations, came to
support the acetaldehyde hypothesis nonetheless. Others, however,
could not reconcile the hypothesis to these paradoxical observations
without invoking additional factors. Thus Raby (1956) suggested the
presence of acetaldehyde in a ‘non-active state, while Sauter et al.
(1977) suggested that DSSD, or its metabolites, induced a predisposi-
tion to acetaldehyde in the organism.

Based on the current consensus that blood acetaldehyde levels
during normal ethanol metabolism are at or below the limit of detec-
tion of the earlier analytical methods (section 10.4), the working
assumption can be made that in the earlier studies (Hald and Jacobsen,
1948a; Hine et al., 1952; Raby, 1954a; Sauter et al., 1977) the blood
acetaldehyde levels reported as observed following administration of
ethanol to DSSD-free controls, represent assay blanks. Accordingly,
these have been subtracted in Table 10.4 from the levels observed in
the DSSD-pretreated subjects. The resulting ‘corrected’ mean acetal-
dehyde blood levels associated with the DER fall consistently into a
relatively narrow range (2.0-5.1 pg/ml). It is of interest to observe, in
this context, that Raby’s (1953a) olfactory sense served him better than
his assay method, for he noted that, though the administration of a
sufficient quantity of ethanol could elevate the ‘acetaldehyde’ concen-
tration (as per assay) in DSSD-naive subjects to levels comparable to
those registered in subjects experiencing the DER, only on the breath
of the latter was the odor of acetaldehyde detectable. Finally, a
statistically significant correlation between the peak plasma acetal-
dehyde levels and the maximal drop in diastolic blood pressure
(r=0.83) was observed by Beyeler et al. (1985). They found the
correlation to be particularly high for individuals over 40 years of age
(r=0.94).

A second criterion, by which the correctness of the acetaldehyde
hypothesis can be judged, is the strength of the temporal correlations
between the elevation in blood acetaldehyde levels and the occurrence
of DER symptoms and signs. Sauter et al. (1977) reported significant
correlations between mean blood acetaldehyde levels at nine different
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time points and diastolic blood pressure (r=0.948), systolic blood
pressure (r=0.618), pH (r=0.711), pCO, (r=0.780), and plasma
potassium (r=0.744). Peachey et al. (1983), using lower DSSD doses,
also reported significant temporal correlations between blood acetal-
dehyde levels and skin temperature (7 range 0.56-0.82), as well as heart
rate (r range 0.67-0.94), for each of their six subjects. Four of the
subjects also evidenced a significant correlation between blood acetal-
dehyde and pulse pressure (r range 0.68-0.91). Though Hine et al.
(1952) did not perform any statistical analysis, they too reported that
‘most of the subjective and objective signs and symptoms reach a peak
at the same time as the acetaldehyde levels’. Finally, although Beyeler et
al. (1985, 1987) also did not calculate temporal correlations, their data,
as shown in Fig. 10.1a, strongly suggest these are significant.

A third criterion is the degree to which the phenomenology of the
DER can be mimicked in DSSD-naive individuals by generating sizable
blood acetaldehyde levels. As mentioned before, acetaldehyde infusion
has been found not to be a practical way in which this can be
investigated. About one quarter to one half of the Oriental populations,
however, have a deficiency in E,, the low-K,, aldehyde dehydrogenase
(ALDH) (section 9.1.2). Following ethanol ingestion, such individuals
develop significant blood acetaldehyde levels (Mizoi et al., 1979, 1988).
This is accompanied by facial flushing, palpitations, dizziness, headache,
nausea and vomiting, sleep, tachycardia, and a drop in diastolic blood
pressure (Mizoi et al., 1983, 1988). The intensity of the tachycardia is
significantly correlated (r=0.86) to the acetaldehyde blood levels
(Inoue et al., 1985). Reference to Tables 10.1 and 10.2_reveals all of
these are phenomena a'so associated with the DER. Mizoi et al. (1983,
1988) observed, however, no drop in syttolic blood pressure in their
subjects, although the DER is associated with a significant drop in
systolic blood pressure (Table 10.2, Fig.J 10.1). Therefore, the corre-
spondence, though high, is not complete.

A fourth criterion is the degree to which lowering blood acetal-
dehyde levels during the course of the DER terminates it. Infusion of an
inhibitor of alcohol dehydrogenase, 4-methylpyrazole, does lower
blood acetaldehyde under these circumstances. To date, no systematic
study of the effect of 4-methylpyrazole on the DER has been per-
formed, but a case report has been published of its use in an emerg-
ency situ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>