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ABSTRACT 

The identification of chlorinated organic compounds in 

drinking supplies has resulted in an interest in the 

metabolism and toxicity of chlorinated aldehydes- Another 

possible factor in the metabolism of chloroaldehydes is the 

endogenous tripeptide glutathione. The formation of 

glutathione conjugates with chloroaldehydes may increase or 

decrease their rate of reaction with the aldehyde 

dehydrogenase enzyme. 

This study found that the rat liver aldehyde dehydrogenase 

isozymes lost activity with time regardless of storage 

conditions. In vitro assays of enzyme activity confirmed 

substrate specificity for the chloroaldehydes and the 

isozymes. The reaction rate of glutathione depletion by 

monochloroacetaldehyde was the highest of the aldehydes. The 

addition of glutathione to the activity assays resulted in a 

decrease in but few significant changes in the Km values. 

Glutathione concentration was depleted by aldehydes in 

solution. Glutathione effected the metabolism of aldehydes 

by aldehyde dehydrogenase isozymes. 
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INTRODUCTION 

Recent interest in the metabolism and toxicity of 

chlorinated aldehydes has resulted from the identification of 

chlorine containing organic compounds as human toxicants. 

Chlorinated aldehydes have been cited as possible contaminants 

in drinking water that has been disinfected through 

chlorination (Keith et al., 1976; Kleopfer, 1976). There is 

also a possible increase in exposure to chlorinated aldehydes 

with the increase in use of chlorinated ethylenes and ethanes 

as industrial solvents. Chloroaldehydes have been shown to be 

metabolic intermediates of these chemicals which are known to 

be toxic to the liver and to induce carcinogenesis (Bignami et 

al., 1980b). As information is gathered concerning 

chloroaldehydes an increasing awareness of their potential 

risk as carcinogens and mutagens has resulted. 

Chlorinated Aldehydes 

Chemical Properties 

Unfortunately there is a limited amount of information on 

the chemical nature of short chain aliphatic chloroaldehydes 

but a substantial description of aldehyde chemistry is 

available (Figure 1). The carbonyl carbon of the aldehyde 

functional group is an electrophilic center; this carbon is a 
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likely target for nucleophilic attack. In an aqueous 

environment, the aldehyde may undergo a hydration 

reaction. 

Compounds Mol.Wt. 

Monochloroacetaldehyde 78.5 
Dichloroacetaldehyde 112.9 
Trichloroacetaldehyde 147.4 

Table 1. Physical properties 
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Water could act as a nucleophile and attack the carbonyl 

carbon resulting in the formation of a hydrate molecule 

(Figure 2A) . In the presence of an alcohol, a second possible 

reaction is the formation of a hemiacetal in which an addition 

reaction occurs between an alcohol and an aldehyde (Figure 

2B). The carbonyl carbon may also undergo another type of 

nucleophilic attack by a thiol group which would result in the 

formation of a thiohemiacetal (Figure 2C) . A fourth possible 

reaction is the formation of a Schiff base through the binding 

of an amine group to the carbonyl carbon (Figure 2D). 

The addition of a chlorine atom to the a-carbon would result 

in an increase in the electrophilicity of the carbonyl carbon 

through electron induction of the chlorine atom. This would 

show increased susceptibility toward the above reactions. 

This increased activity is quite evident in the hydration 

reaction. It is known that chloroaldehydes exist in an 

hydrated form in aqueous solution and that an increased number 

of chlorine substituents increases the degree of hydration. 

Trichloroacetaldehyde (Chloral) and monochloroacetaldehyde 

(MCL) have approximate hydration levels of 99% and 50% 

respectively (Lawrence et al., 1972), while the hydrated form 

of dichloroacetaldehyde (DCL) is probably between these 

values. However with the addition of one or more chlorine 

atoms the a-carbon will also become an electrophile and it 
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could possibly undergo nucleophilic attack. An example of 

this would be a substitution reaction in which the sulfur atom 

of a thiol group could bind to the a-carbon and displace a 

chloride ion. Due to their instability in acid or basic 

aqueous solutions, it is not surprising that there is little 

known concerning the biochemical nature of chloroaldehydes. 

Occurrence 

One possible source of human exposure to chloroaldehydes 

is due to the disinfection of drinking water through 

chlorination treatment. Chloroaldehydes have been identified 

as by-products of a reaction between the chlorine gas used in 

the treatment and organic material contaminating the water 

(Trehy et al., 1981; Flaten, 1992). Trehy and Bieber (1981) 

proposed that the formation of chlorinated aldehydes could be 

possible through the chlorination of water containing amino 

acids. The failure to detect these compounds is possibly due 

to their high solubility in water and their instability to the 

acid or base treatment during the analysis of drinking water. 

The analysis of drinking water has resulted in the 

detection of some chloroaldehydes. Chloral was found in the 

drinking water of several U.S. cities including Seattle, 

Philadelphia and New York (Keith et al., 1981). It was 

indicated that chloral was a by-product of the chlorination 
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treatment, as opposed to an industrial contaminant, due to its 

presence in the drinking water of New York and Seattle. These 

two cities are supplied with water from upland reservoirs that 

were found to be uncontaminated. There was further 

speculation that the presence of chloral in water supplies 

could be more widespread then has been indicated. This is 

possibly due to chloral often being missed in the analysis of 

drinking water. The compound is not sufficiently isolated and 

concentrated by the inert gas stripping technique used prior 

to gas chromatography or gas chromatography with mass 

spectrometry (Kleopfer, 1981). This technique is designed for 

the analysis of volatile organics and is the method most often 

used in the analysis of drinking water. 

This results in the possibility that the less substituted 

chlorinated aldehydes will also exist in water since the 

degree of substitution depends upon the amount of chlorination 

used and a minimum of chlorination is generally used to reduce 

the concurrent formation of halomethanes. The chlorination of 

water containing humic material resulted in the production of 

nonvolatile chlorinated organics (Miller et al., 1983). There 

is also the possibility of chloroaldehyde contamination of 

drinking water by the release of effluents from the 

chlorination of kraft pulp in upland water supplies (Kringstad 

et al., 1981; Rannug et al., 1981). 
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A second source of human exposure to chloroaldehydes 

comes from the use of halogenated ethylenes and ethanes. The 

chemicals: vinyl chloride (VC), vinylidene chloride (VDC) and 

trichloroethylene (TCE) (Figure 1) have been extensively used 

as industrial solvents and in the manufacturing of plastics. 

They are also known carcinogens and mutagens. 

Chloral is a known intermediate in the metabolism of 

1, 2, 3-trichloroethylene and possibly perchloroethylene (PCE) . 

These chemicals have been used extensively as industrial 

solvents and are known water pollutants. TCE and PCE are 

members of a class of compounds called peroxisome 

proliferators (Williams et al., 1986). These compounds have 

been shown to induce liver tumors in mice, and are highly 

toxic to the kidney of both mice and rats. The metabolism of 

TCE has been extensively studied and possible metabolic 

pathways have been proposed (Figure 3) (Bruckner et al., 

1989) . 

The metabolism of 1,2-dichloroethylene also known as 

vinylidene chloride, which is used in the manufacturing of 

saran-type plastics, results in the production of DCL through 

oxidation by microsomal cytochrome P450 (Liebler et al., 

1983). Initially, it was believed that an epoxide 

intermediate metabolite was formed from halogenated ethylenes 

and that the major metabolite from the microsomal oxidation 
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was chloroethylene and dichloroethylene oxides. Eventually, 

it was determined that epoxides were not obligate 

intermediates of the halogenated ethylenes but that the oxides 

were produced along with the chloroaldehydes (Figure 4) 

(Liebler et al., 1985; Miller et al., 1982). 

DICCIILOROACETYL 
CHLORIDE 

EPOXIDE 
0 

CHLORAL TCA 

Figure 3. Proposed Metabolism of Trichloroethylene (TCE). 
One possible pathway adapted from Bruckner et 
al., 1989. 
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MCL is a known metabolite of chloroethylene, vinyl chloride, 

which is used extensively in industry to make polyvinyl 

chloride (Figure 5) (Guengerich et al., 1979). MCL is also a 

possible metabolite of 1,2-dichloroethane (Guengerich et at., 

1980). Vinyl chloride was determined to be a human carcinogen 

after individuals responsible for the cleaning of 

polymerization vessels of polyvinyl chloride, developed 

angiosarcomas of the liver. Due to the possible contamination 

of water supplies by chloroaldehydes and the potential risk of 

exposure to humans, a greater understanding of their 

toxicology is required. 

Metabolism 

At present there is very little known concerning the 

metabolism of MCL and DCL. Chloral has been the most 

extensively investigated chlorinated aldehyde due to the use 

of the hydrated form as a sedative-hypnotic in the past. 

However, the metabolism of the monochloro and dichloro 

aldehydes can only be speculated on by analogy with 

acetaldehyde or as metabolites from parent compounds. 

Acetaldehyde is the oxidative product of ethanol by alcohol 

dehydrogenase (ADH) this is one possible pathway by which 

ethanol is metabolized. It is then further oxidized to acetic 

acid by aldehyde dehydrogenase (ALDH). It is possible for MCL 
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and DCL to be oxidized to chloroacids by ALDH or even reduced 

to their respective alcohols by ADH (Tipton, 1985; Dunn, 

1985) . Previous work done has shown the viability of MCL and 

DCL as substrates for the enzyme ALDH (Siew et al., 1976; 

Sharpe, 1991) . It was determined by Sharpe that MCL was very 

active, while DCL was far less active as a substrate for rat 

liver ALDHs. 

There is also the possibility that the alpha carbon of 

the chloroaldehydes may be utilized in their metabolism 

(Davidson et al., 1982) which would be similar to the 

metabolism of chloroform (trichloromethane). It was shown that 

administration of chloroform resulted in the depletion of 

hepatic reduced glutathione (GSH). The a-carbon of the 

chloroaldehydes may come under nucleophilic attack by the 

cysteine thiol group of the endogenous tripeptide GSH 

resulting in a glutathione (GS)-conjugate. Research done on 

the conjugation of GSH with haloalkenes and the metabolites of 

the haloalkenes has provided information on this possible 

route of metabolism for MCL and DCL (Dallas et al., 1991; 

Davidson et al., 1991). 

Early work done on the toxicity of VDC suggested that 

cellular thiols exerted a protective effect against VDC 

intoxication and served to detoxify VDC metabolites (Reynolds 

et al., 1980). Later studies confirmed those findings and 
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demonstrated the formation of glutathione conjugates by-

reactive metabolites of VDC (Figure 4) (Liebler et al., 1985; 

Forkert et al., 1991). These conjugates were then further 

metabolized along the mercapturic pathway and excreted in the 

urine. 

Toxicology 

Regardless of the lack in information on the metabolism 

of chloroaldehydes there is a reasonable amount of information 

on their toxicology. MCL along with its possible precursor 

chloroethanol and possible metabolite chloroacetate (MCA), 

have been investigated for their toxicological properties 

(Lawrence et al., 1972; Johnson, 1967; Daniel et al., 1991; 

Bryant et al., 1992). No information was found concerning the 

toxicity of DCL but there are reports on the toxicity of its 

possible metabolite dichloroacetate (DCA) (Cicmanec et al., 

1991) . Studies have also been done concerning the 

nephrotoxicity of halogenated alkenes (Lock, 1988; Dekant et 

al., 1989) which are possible parent compounds of chlorinated 

aldehydes. 

Two studies specifically examined MCL toxicity. The 

first finding was that MCL was highly irritating to the skin 

and to the eye (Lawrence et al., 1972). MCL was also 

reported to cause corrosive destruction and degradation of 
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lipids and membrane structure, causing intense irritation of 

the eyes, mucous membrane, respiratory tract and skin (USDHHS, 

1978) . The LDS0 for MCL in male Sprague-Dawley rats was found 

to be 6.02 mg/kg with intraperitoneal administration and 75.07 

mg/kg after oral dosing (Lawrence et al., 1972). The same 

investigators conducted a chronic exposure test in which male 

rats were administered MCL intraperitoneally for 30 

consecutive days. Doses of 0. 3 and 0. 6 times the LD50 resulted 

in a mortality rate of 25 and 66.7 percent respectively. A 

subacute dose study was also conducted in which a series of 

doses ranging from 0.32 to 3.2 mg/kg were administered 

intraperitoneally on a dosing schedule of three times per week 

for twelve weeks. This provided a subacute LDS0 value of 3 

mg/kg. Significant pathological changes were found in the 

lungs of animals receiving high doses of MCL. These changes 

included focal, chronic bronchopneumonia and certain changes 

of respiratory epithelium suggestive of a premalignant 

condition. 

Toxicity studies on chloroethanol indicated that the 

alcohol itself was not the toxic compound but rather its very 

reactive metabolites MCL or MCA (Johnson, 1967). This was 

indicated by a significant decrease in hepatic GSH content 

following chloroethanol administration which was inhibited by 

concomitant administration of ethanol. MCL was not isolated 
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from liver homogenates following chloroethanol oral 

administration. The major metabolite identified through paper 

chromatography was S-carboxymethyl-glutathione. 

In the past few years there have been significant 

investigations concerning the toxicity of MCA and DCA, 

potential metabolites of MCL and DCL. MCA, widely used as a 

herbicide and in the synthesis of various chemicals, was 

rapidly absorbed through skin and caused death after systemic 

exposure (Bhat et al., 1991). Toxicity studies conducted on 

rats have provided an LD50 of approximately 100 mg/kg after 

oral dosing (Daniel et al., 1991; Bryant et al., 1992). 

Extensor paralysis of the limbs and convulsions were observed 

in dogs exposed to the herbicide (Cicmanec, 1991). Daniel et 

al. (1991) noted both the liver and kidney as target organs of 

MCA. Liver lesions were found along with renal nephropathy in 

the rats that received the higher doses. 

DCA has been used as a therapeutic agent for the 

treatment of several metabolic disorders. Two adverse effects 

that have been associated with DCA exposure are vasodilation 

and inhibition of nerve impulse transmission in sympathetic 

ganglia (Bhat et al., 1991). Hepatic vacuolar change and 

chronic hepatitis were reported in dogs treated with DCA 

(Cicmanec et al., 1991). Liver injury was also mentioned by 

Bhat et al. (1991) in which morphological changes were 



24 

predominantly localized in the portal triad. Bhat's group also 

determined an LDS0 for DCA of 80.5 mM using oral 

administration. 

In the last few years several reviews have been published 

which describe the transport of the haloalkenes and their 

conjugates through the body (Lock, 1989; Nagelderke et al., 

1991). The bioactivation of these chemicals does not occur 

via cytochrome P-450 but rather through glutathione 

conjugation (Figure 6) (Lock, 1988). The first step in the 

metabolism of haloalkenes is a reaction with the cysteine 

thiol group of GSH, resulting in a glutathione (GS)-conjugate. 

The GS-conjugate is subsequently secreted from the liver and 

eventually hydrolysed to a cysteinyl-S-conjugate. 

Studies done on the nephrotoxicity of cysteine S-conjugates 

such as S-(l, 2-dichlorovinyl) -L-cysteine indicate that 

cysteine conjugates derived via glutathione conjugation may be 

involved in the nephrotoxicity of certain haloalkenes 

(Nagelkerke et al., 1991). 

Mutagenicity and Carcinogenicity 

Both MCL and DCL have been found to be mutagenic in one 

or more strains of Salmonella typhimurium (Lofroth, 1978? 

Bruce et al., 1979; Bignami, et al., 1980 a, b). Bignami et 

al. (1980b) found that chloroaldehydes showed activity in a 
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forward and back mutation system in S. coelicolor and in two 

forward mutation systems in Aspergillus nidulans. 

The mutagenic activity of the metabolites of vinyl chloride 

were assessed with the Ames TA 1535 test and MCL was found to 

be approximately 400 times less potent than its sister 

metabolite chloroethylene oxide (Perrard, 1985). MCL was 

identified in spent chlorination liquor from kraft pulp. The 

spent liquor was found to respond positively when tested 

according to the Ames test (Kringstad et al., 1981). Other 

workers report the mutagenic and carcinogenic effects of 

effluents from chlorine bleaching of pulp and chlorination of 

drinking water (Rannug et al., 1981; Flaten, 1992). 

No recent data concerning the carcinogenicity of MCL and 

DCL were found in the literature. However, research 

concerning the carcinogenicity of MCA, DCA and vinyl chloride 

have been conducted. Two studies on the chronic exposure of 

MCA to rats and mice resulted in one finding of liver lesions 

in rats but no mention of any significant carcinogenic 

histology (Daniel et al., 1991; Bryant et al., 1992). A 

recent study on the carcinogenicity of DCA reported a 

significant positive dose-related trend in the age-adjusted 

prevalence of liver tumors (Deangelo et al., 1991). This 60 

week study of mice receiving 0.05, 0.5, and 5 g/L in their 

drinking water showed a ninety percent prevalance of liver 
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neoplasia in the mice receiving the highest dose of DCA. 

Increased liver weight relative to body weight were found for 

all doses. 

Aldehyde Dehydrogenase (EC 1.2.1.3) 

Aldehyde dehydrogenase catalyzes the irreversible 

conversion of aldehydes to acids with nicotinamide adenine 

dinucleotide (NAD+) as the coenzyme. The substrates 

constitute a wide range of aldehydes including straight-chain 

and branched aliphatics and 2-halogenated aldehydes 

(Pietruszko, 1990). Its normal substrates include aldehyde 

metabolites of biogenic amines and products of lipid 

peroxidation. ALDH is responsible for the metabolism of 

ethanol-derived acetaldehyde to acetic acid. In mammalian 

organisms, ALDH occurs primarily in the liver and is found in 

lower concentrations in other organs, such as the brain and 

lung. The conversion of aldehydes to their respective acids 

by ALDH is an irreversible reaction. The enzyme exists as 

isozymes which are specific to different subcellular locales 

and are also differentiated by their Km values for specific 

substrates. 

Classification 

ALDH enzymes exist in multiple molecular forms which 
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differ in their physical and/or their functional properties 

(Weiner, 1979). On the basis of subcellular distribution 

three categories of isozymes are known: cytoplasmic, 

mitochondrial and microsomal. Irrespective of their 

subcellular localization, ALDH isozymes have been divided into 

two broad classes on the basis of their K values with short-m 

chain aliphatic aldehydes: isozymes with micromolar values and 

isozymes with millimolar values for the same compound (Tottmar 

et al., 1973). These two classes are usually referred to as 

"low Km" or "high KJ1 isozymes. Both classes are widely 

distributed and occur in all mammalian species (Pietruszko, 

1983) , and can occur within the same subcellular compartment. 

Both classes of isozymes have been purified from the hepatic 

cytosol and mitochondrial matrix of rats (Koivula et al., 

1975; Siew et al., 1976; Tottmar et al., 1973; Shah et al., 

1991). 

The rat microsomal ALDH is membrane bound and requires 

detergents for solubilization. It has a wide substrate 

specificity encompassing saturated, unsaturated, aromatic, and 

acid aldehydes (Pietruszko, 1991) . A comparison of V^/K^ 

values show a decided preference for the long chain saturated 

aliphatic aldehydes. 

The microsomal isozyme along with a third mitochondrial 

ALDH isozyme have a dual nucleotide specificity in that NADP 
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was equal or better than NAD as a coenzyme (Shah, 1991; 

Pietruszko, 1991). These forms of ALDH have been classified 

by the Enzyme Commission as aldehyde dehydrogenases (EC 

1.2.1.5). 

Recent years have also seen the purification of inducible 

liver ALDH isozymes. The isozymes are inducible by 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), phenobarbital and 

acetylaminofluorene; all known carcinogens. The isozymes are 

only inducible in the cytosol and are not detectable in 

untreated normal liver. The TCDD inducible isozyme shows a 

substrate specificity for aromatic aldehydes. ALDH isozymes 

with similar properties have also been reported to be 

inducible in human hepatocytes (Pietruszko, 1991). 

Molecular Properties 

The molecular weight of the highly purified tetrameric 

rat liver ALDHs have been reported to range from 220,000 to 

260,000 and were made up of identical monomers with an 

approximate molecular weight range of 54,000 to 65,000 

(Lindahl et al., 1984; Senior et al., 1988; Pietruszko, 1990). 

One exception in the rat is the low Km mitochondrial isozyme 

which was reported to have a molecular weight of 67,000 by 

Weiner (1972). However, Lindahl et al. (1984) reported the 

isolation and purification of a low Km mitochondrial isozyme 
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with a molecular weight of 170,000 but subsequent 

purifications by other researchers have failed to find this 

isozyme (Senior et al., 1988). 

The ALDH enzyme from 13 different mammalian sources has 

undergone complete or partial sequencing. Comparison of the 

available sequences indicate that they vary in length from 452 

residues to 520 with a common core region of approximately 430 

amino acids (Lindahl et al., 1990). 

Activity 

The ALDHs catalyze irreversible dehydrogenation of 

aldehydes. It is postulated that the carbonyl carbon of the 

aldehyde is attacked by the enzyme nucleophile resulting in 

the formation of a hemiacetal. Upon removal of the hydride to 

NAD, an acyl intermediate results which then undergoes 

hydrolysis to form the acid product (Figure 7) (Pietruszko, 

1990) . In recent years, the ALDHs have also been shown to 

catalyze the hydrolysis of esters (Duncan, 1985; Senior et 

al., 1989; Tsai et al., 1990). It is believed that the active 

site for these two reactions are the same and they consist of 

cysteine residues (Pietruszko, 1990). The enzyme is a 

tetramer and as such by analogy with other dehydrogenases was 

expected to contain four active sites per molecule or one 

active site per subunit. It is, however, becoming apparent 
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Figure 7. Catalytic Mechanism of Aldehyde Dehydrogenase. 
Adapted form Pietruszko, 1990. 
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with continued research that the enzyme probably contains 

only two active sites per tetramer (Weiner et al., 1985). 

The ALDHs have been shown to demonstrate substrate 

specificity (Dickinson, 1989; Shah et al., 1991; Siew et al., 

1976; Sharpe, 1991). Sharpe determined the viability of MCL 

and DCL for the rat liver cytosolic and mitochondrial 

isozymes. She found that MCL was significantly more active 

than DCL for all four isozymes. MCL was also more active than 

the propionaldehyde for the low km isozymes but the reverse 

was true for the high isozymes. One of the best known 

substrates for ALDHs and possibly one of the most researched 

is ethanol. However, the ALDHs dehydrogenate many endogenous 

forms of aldehydes to their respective acids. Substrates for 

ALDH can come from cholesterol metabolism, fructose metabolism 

and the metabolism of dehydrocorticosteroids (Weiner, 1972). 

One of the most discussed non-acetaldehyde substrates for ALDH 

are the aldehydes derived from biogenic amines such as 

dopamine and serotonin. At present, however, the aldehyde 

products of lipid peroxidation are being strongly investigated 

as substrates for ALDH (Lindahl et al., 1991; Mitchell et al., 

1989) . 
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Glutathione 

Molecular and Physical Properties 

Glutathione is a tripeptide with the structure of L-

gamma-glutamyl-L-cysteinylglycine which contains a free 

sulfhydryl group (Figure 8) . It cycles between a reduced form 

GSH and an oxidized form (GSSG) in which two tripeptides are 

linked by a 

Figure 8. Structure of Reduced Glutathione (Stryer, 1989). 

disulfide bond. The ratio of GSH to GSSG in most cells is 

greater than 500 (Reed, 1990) . Glutathione has a molecular 

weight of 307.3 and has four pKa values: pK.,1 2.12, pK2' 3.53 

for the carboxyl groups, pK3' 8.66 for the sulfhydryl group 

GLUTATHIONE (GSII) 

gamma-GLUTAMYLCYSTEINYLGLYONE 
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and pKA' 9.12 for the amine group (Merck, 1983). The thiol 

group of the cysteine residue acts as an active nucleophile 

which contributes to the major activities of glutathione. 

Occurrence 

The first step in the synthesis of glutathione is the 

formation of a peptide linkage between the gamma-carboxyl 

group of glutamate and the amino group of cysteine. This 

reaction is catalyzed by gamma-glutamylcysteine synthetase. 

Formation of this peptide bond requires activation of the 

gamma-carboxyl group, which is achieved by ATP. The resulting 

acylphosphate intermediate is then attacked by the amino group 

of cysteine. This reaction is inhibited by glutathione 

through a feedback mechanism (Stryer, 1988). In the second 

step, which is catalyzed by glutathione synthetase, ATP 

activates the carboxyl group of cysteine to enable it to 

condense with the amino group of glycine. 

GSH is a very ubiquitous compound in plant and animal 

tissues. It is typically present in high concentrations 

ranging from 0.1 to 10.0 Mm and is thus both the most 

prevalent cellular thiol and the most abundant low molecular 

weight peptide (Merck, 1983; Meister, 1988). In many cells, 

GSH accounts for more than 90% of the total nonprotein sulfur. 

The greatest concentration of glutathione is found in the 
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liver, in both the mitochondrial and the cytosolic 

compartments (Meredith et al., 1982). It has been estimated 

that the range in concentration of GSH within the liver 

mitochondria is 5 mM to 8 mM and that it is approximately 1.3 

times greater in concentration than the cytosolic GSH 

concentration (Meister, 1988; Meredith et al., 1982). Taking 

into account its ubiquitous nature and levels of 

concentration, it is not surprising that GSH is an essential 

compound in numerous metabolic systems. 

Activity 

Due to glutathione's unique properties it is able to 

perform many diverse functions. GSH protects cells from the 

toxic effects of reactive oxygen compounds and is an important 

component of the system that uses reduced pyridine nucleotide 

to provide the cell with its reducing properties (Hu et al., 

1992) . GSH also serves as a storage and transport form of 

cysteine moieties. Once GSH is synthesized intracellularly, 

it is exported from the cell. Gamma-glutamyl transpeptidase, 

an enzyme located on the extracellular surface of some cells, 

initiates the breakdown of GSH. Export of GSH functions in 

interorgan and intraorgan transfer of cysteine moieties 

(Meister, 1988). 

Other functions of glutathione include catalysis and 



36 

metabolism. It participates in reactions involving the 

synthesis of proteins and nucleic acids and in those that 

detoxify free radicals and peroxides. There is one function 

in particular that is of greater concern and that is the 

ability of GSH to form conjugates with a variety of compounds 

of endogenous and exogenous origin. 

Conjugation 

Glutathione reacts with a very large number and variety 

of foreign compounds to form GS-conjugates (Meister et al., 

1983) . The thiol group of the cysteine residue will act as 

a nucleophile and attack electrophilic centers. As stated 

earlier in this paper, one possible route of metabolism for 

chloroaldehydes or their precursors and metabolites is through 

conjugation with GSH. Figure 9 illustrates four possible 

conjugations reactions. The interaction of foreign compounds 

with GSH may be spontaneous orcatalyzed by GSH S-transferases. 

GS-conjugates are typically converted to mercapturic acids by 

a series of reactions initiated by gamma-glutamyl 

transpeptidase in which the gamma-glutamyl moiety of the 

conjugate is transferred to an acceptor. This results in the 

formation of a cysteinylglycine conjugate which is converted 

by the action of dipeptidase to the corresponding cysteinyl 

conjugate. This final conjugate is N-acetylated to form a 
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mercapturic acid. The mercapturic acid may be further 

metabolized or excreted (Nagelkerke et al., 1991). 

The nucleophilic attack of short chain chlorinated 

aldehydes has received very little investigation. However, 

there has been research concerning the activity of GSH and the 

metabolic precursors of the chloroaldehydes. One area of 

related research is the effect of ethanol on GSH 

concentrations in the liver. In an in vitro study by Estrela 

et al. (1979), ethanol induced a decrease in reduced 

glutathione concentration in isolated hepatocytes. When 

pyrazole was added to the incubation media the ethanol-induced 

depletion was inhibited. The researchers went on to show that 

the actual cause of the GSH depletion was due to the ethanol-

alcohol dehydrogenase product, acetaldehyde. Estrela et al. 

(1991) went on to suggest that when acetaldehyde is formed in 

the hepatocytes, an equilibrium is established between the 

aldehyde, GSH and the GS-aldehyde adduct formed by the 

reaction. Estrela and coworkers further suggested that GSH 

concentration may return to physiological values when free 

acetaldehyde is removed by the action of aldehyde 

dehydrogenase. In a study conducted on the metabolism of 

chloroethanol, it was suggested that the toxicity of 

chloroethanol was due to its conversion to MCL or MCA 

(Johnson, 1966). In the study, chloroethanol was given orally 
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to rats, liver GSH level was rapidly depleted and S-

carboxymethyl-glutathione was formed. In subsequent studies 

by the researchers, radiolabled chloroethanol 36C1 was mixed 

with stoichiometric amounts of GSH resulting in increasing 

concentrations of free chloride ion with increased 

concentrations of GSH. It was concluded that chloroethanol 

was converted to S-carboxymethyl-glutathione by rat liver in 

vivo and in vitro. However, the Johnson study was 

inconclusive as to whether the glutathione adduct was formed 

prior to the conversion of the chloroaldehyde to a chloroacid 

and no reaction rates were examined. 

The activity of acrolein and the glutathione-acrolein 

adduct with ALDH was examined by Mitchell and Peterson (1989). 

Acrolein, a know inhibitor of ALDH, reacted with GSH and a 

glutathione-acrolein adduct was formed with the fi-carbon 

(Figure 10) . This adduct was found to be viable for oxidation 

by ALDH. This indicated that glutathione conjugates of 

aldehydes could act as substrates for ALDH. 

Other studies have been conducted in the area of GSH 

conjugation with halogenated alkenes, such as vinylidene 

chloride and trichloroethylene, and their metabolites (Forkert 

et al., 1991; Liebler et al., 1985; Miller et al., 1983). 

Reduced liver GSH levels and centrilobular necrosis were 

reported in mice exposed to 1,1-dichloroethylene by oral 


