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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 
1989). 
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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 



12 

? 
R—C—H + H20 •« *• R—C—H (HYDRATE) 

OH 

'R o o 
II I 

B. R—C—H + ROH *• R—C—H 
I 

OH 

(HEMIACETAL) 

O Oil 

C. R—C—II + RSH *• R—C—II (TIIIOHEMIACETAL) 

I 
S 
I 
R 

O 

D. R—C—II + RNH, R—C—II + IItO (SCHIFF BASE) 

i 
k 

Figure 2. Nucleophilic Attack of Carbonyl Carbon nay result 
in the formation of an Hydrate (A) , Hemiacetal 
(B) , Thiohemiacetal (C), and Schiff Base (D). 



13 

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. 



17 

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 
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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 



25 

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 



31 

o 

IIS—ENZ + NAD4- us—ENZ 

nad+ r—c—ii on nadf 
i i i 

r—c—s—ef -enz 

k 

o 
ii 

r—c—on 
h-£> 

nadu 
i 

iis—enz 

o nadu 
ii i 

r—c—s—enz 

iis—enz 

+ 

nadh 

T 
h® 

oh nadu 
i i 

r—c—s—enz 
® 

a 

®oh nadh 
ii i 

r—c—s—enz 

Figure 7. Catalytic Mechanism of Aldehyde Dehydrogenase. 
Adapted form Pietruszko, 1990. 



32 

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 
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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 



39 

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 
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gavage (Forkert et al., 1991). An in vitro experiment 

exposing rat hepatocytes to trichloroethylene resulted in no 

appreciable reduction in cellular GSH levels (Miller et al., 

1983). Liebler et al. (1985) examined the formation of 

glutathione conjugates with reactive metabolites of vinylidene 

chloride through in vitro incubation of GSH with the 

compounds. Their results indicated that 2,2-

dichloroacetaldehyde and 2-chloroacetic acid failed to readily 

conjugate with GSH. 
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STATEMENT OF PROBLEM 

The toxicological significance of chlorinated 

acetaldehydes has been well established. This significance 

was first noted because of their role as reactive 

intermediates of known or suspected carcinogens. A recent 

increase in the concern over chloroaldehydes has occurred due 

to their possible existence in chlorinated drinking water 

which has been associated with increased cancer rates. 

The toxicity and disposition of these compounds should 

depend on the rate and route of metabolism. Chloroaldehydes 

have been shown to be substrates for the enzyme aldehyde 

dehydrogenase. This is one possible route by which the 

chlorinated aldehydes ̂ ay be metabolized. A second possible 

route of metabolism is through the conjugation with 

glutathione. These two metabolic pathways may react 

independently of one another or possibly effect each others 

activity. 

The specific aim of the research presented in this paper 

was to examine what effect glutathione would have on the 

metabolism of chlorinated aldehydes by the enzyme aldehyde 

dehydrogenase. 
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MATERIAL AND METHODS 

Materials 

Chemicals 

Propionaldehyde and monochloroacetaldehyde were purchased 

from Aldrich Chemical Company, Inc., Milwaukee, WI. 

Dichloroacetaldehyde was synthesized from chloral hydrate 

through selective reduction according to the procedure of 

Swietoslawski and Silowiecki (1976). The structure and purity 

of the final solution was determined through NMR analysis. 

Mercaptoethanol was purchased from Eastman Kodak Co., 

Rochester, NY. The chelex resin and chemicals used in the gel 

electrophoresis were purchased from Bio-Rad Laboratories, 

Richmond, CA. The DEAE cellulose, reduced glutathione, and 

all other chemicals were purchased from Sigma Chemical Co., 

St. Louis, MO and were of the highest purity available. 

Animals 

Male Sprague-Dawley rats (250-4 50 g) housed 2-4 per cage 

were obtained through Sasco, Inc., Omaha, NE. All animals 

were provided food and water ad libitum prior to sacrifice. 

The light cycle maintained in the animal room was 12hrs on and 

12hrs off. 
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Preparation of Solutions 

Distilled-deionized water was utilized in making all of 

the solutions. The water was passed through a chelating ion 

exchange resin column to eliminate contamination by metal 

ions. The 10 mM and 50 mM sodium phosphate buffer solutions 

were made from 500 mM monobasic and dibasic sodium phosphate 

solutions. 0.1 M sodium hydroxide was added until a pH of 7.4 

was acheived. 2-mercaptoethanol was added to a concentration 

of 2 mM. Prior to use, all solutions were purged with 

nitrogen gas to remove air. 

Assays and Procedures 

Preparation of Subcellular Fractions 

Hepatic cytosolic and mitochondrial fractions were 

prepared by methods described by Koivula and Koivusalo (1975) 

with some modifications taken from procedures used by Lame and 

Segall (1986). Three to six livers were pooled for the 

purification of the enzymes. The livers were removed 

immediately after decapitation of the rat and placed in ice-

cold 0.25 M sucrose solution made up in 10 mM sodium phosphate 

buffer, pH 7.4, containing 2 mM mercaptoethanol. The livers 

were then minced and homogenized in a Potter-Elvehjem type 

homogenizer to make a 20% w/v homogenate. All procedures from 

this point on were performed at 4°C. This homogenate was then 
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centrifuged for 5 minutes at 700 g in a Beckman J-21C 

preparative centrifuge. The resultant pellet was discarded 

and the supernatant was then centrifuged at 4500 g for 10 

minutes. The supernatant from this centrifugation was then 

centrifuged at 12,000 g for 15 minutes and the resultant 

supernant was spun at 106,000 g for 60 minutes. A Beckman L8 

preparative ultracentrifuge was used for the final 

centrifugation. The pellets from the 12,000 and 106,000 g 

spins were discarded. The resulting supernatant was used for 

further cytosolic studies following the suctioning off of the 

lipoprotein layer. 

The pellet resulting from the 4500 g centrifugation was 

resuspended in sucrose solution and centrifuged at 4500 g, 

this step was repeated twice. The resulting pellet contained 

the mitochondria. The pellet was resuspended in 10 mM sodium 

phosphate buffer with 2 mM mercaptoethanol, pH 7.4 (10 mM 

buffer) to a ratio of 2 mL buffer per gram of liver. The 

mitochondrial suspension was then kept at 0°C for 30 minutes 

with stirring for approximately 3 0 seconds every 5 minutes. 

Sodium deoxycholate (100 mg/mL) was then added to the 

suspension in 20 /il, aliquots per 1 mL of mitochondrial 

suspension with constant stirring. This solution was then 

maintained at 0°C for 30 minutes with stirring for 3 0 seconds 

every 5 minutes. The mitochondrial suspension was then 
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centrifuged at 106,000 g for 60 minutes. The supernatant from 

this centrifugation was then used for the mitochondrial 

studies. 

Purification of Isozymes by Column Chromatography 

Prior to purification by column chromatography, the 

cytosolic and mitochondrial samples were subjected to ammonium 

sulfate precipitation (Koivula and Koivusalo, 1975; and Seiw 

et al, 1976) . The cytosolic proteins were precipitated by the 

addition of ammonium sulfate to make a 3 0% to 80% saturated 

solution. The mitochondrial preparation was subjected to both 

a 30% to 55% and a 55% to 80% saturation. The 30% to 50% 

precipitate contained enriched mitochondrial ALDH low Km 

isozyme. The 55% to 80% precipitate contained enriched 

mitochondrial ALDH high Km isozyme. The precipitates were 

resuspended in 10 mM buffer and dialyzed overnight in a 

Spectra/Por #1 cellulose dialysis tubing against 40-100 

volumes of the same buffer with one buffer change after 

approximately 6 hours. 

The dialyzed solutions were applied to DEAE cellulose 

columns treated with the 10 mM buffer. A 2.5 x 8 centimeter 

column was used for the mitochondrial ALDH low Km dialysate 

and a 2.5 x 40 centimeter column for the cytosolic dialysate. 

The mitochondrial ALDH high dialysate required no further 
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purification. The samples were applied to the columns and 

initially eluted with the 10 mM buffer, approximately 500 mL 

for the cytosolic column and 45 mL for the mitochondrial 

column. The columns were then eluted with a 50 mM sodium 

phosphate buffer containing 2 mM mercaptoethanol, pH 7.4 (50 

mM buffer), approximately 500 mL for the cytosolic column and 

80 mL for the mitochondrial column. The high K and low K m m 

cytosolic isozymes were eluted with the 10 mM and 50 mM 

buffers, respectively. The low mitochondrial isozyme 

eluted off with the 50 mM buffer. Each 10 mL fraction 

collected was assayed for ALDH activity. The fractions with 

the greatest amount of activity were analyzed for protein 

content using a modified Lowry method (Hartree, 1972). The 

isozyme samples were stored in amber vials under nitrogen gas 

at -40.0°c (Schreiner et al., 1987). The low Km mitochondrial 

isozyme was used immediately because its activity degraded 

with storage. 

Electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

was performed using a discontinuous gel system consisting of 

two contiguous, but distinct gels. A 4% T stacking gel and 

7.5% separating gel were utilized. The SDS-PAGE separation 

was performed according to the procedure established by 
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Laemmli (1970). The gels were cast and ran using a Bio-Rad 

Mini-Protean II Dual Slab Cell system. Samples were added to 

a sample buffer containing: 0.5 M Tris-Cl, pH 6.8, 10% SDS, 

10% Glycerol and 0.5% Bromophenol Blue. A 5% 2-

mercaptoethanol concentration was used in the sample buffer to 

inhibit the formation of disulfide bonds. The samples were 

incubated for four minutes in a 95 °C water bath. The 

electrophoresis separation used 200 V for 45 minutes. The 

gels were stained using solution of 0.1% Coomassie Brilliant 

Blue, 40% methanol and 10% acetic acid. The gels were stained 

for 2 hours then placed in a destaining solution over night. 

Enzyme Activity Assays 

The activity of the ALDH isozymes was measured according 

to the procedures of Tottmar et al. (1973) with some 

modifications from Hjelle and Petersen (1983). The reaction 

was monitored by following the reduction of NAD+ to NADH 

spectrophotometrically at 340 nm using a Beckman DU-7 

spectrophotometer. The cuvette chamber temperature was 

maintained at a constant 20.0°C by a Cole-Parmer polystat 

refrigerated circulator. The reaction mixture was made up in 

50 mM buffer at pH 7.4 and contained 1 mM NAD+, and 2 mM 

pyrazole (an alcohol dehydrogenase inhibitor) . The final 
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reaction concentrations within the cuvette for the NAD+ and 

pyrazole were 1.6 mM and 0.8 mM respectively. The substrates 

were prepared in an aqueous solution. The reactions were 

initiated by the addition of the isozyme to the cuvette (Guru 

et al., 1990). The reaction was monitored for 15 minutes. 

Ellman's Assay: Determination of Reduced Glutathione 

The following reagents were prepared for the 

determination of nonprotein sulfhydryl containing compounds as 

described by Sedlak and Lindsay (1968) with modifications. 

Solutions of 0.05 M Tris-HCl buffer, pH 7.4 and 0.2 M Tris-HCl 

buffer, pH 8.9 were made from Trizma base and disodium EDTA 

dihydrate with the addition of HC1 until the desired pH was 

reached. The Ellman's reagent was prepared by dissolving 39.6 

mg of 5,5' dithiobisnitrobenzoic acid (DTNB) in 10 mL of 

methanol. Aqueous solutions of GSH were prepared in varying 

concentrations. 

A 1.0 mL aliquot of reaction solution, which consisted of 

1.5 mM GSH and 0.5 mM aldehyde, was added to 2.0 mL of the 0.2 

M Tris-HCl buffer in a glass test tube and gently mixed. 100 

ML of the Ellman's reagent was then added and the tube was 

inverted to mix the solution. After the addition of the DTNB 

solution the absorbance (412 nm) for the sample was read. 
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Experimental Protocols 

Optimal Storage Condition for ALDH Isozymes 

After purification of isozymes by column chromatography 

aliquots of the mitochondrial low were stored under various 

conditions. The specific activity of the aliquots were 

compared to the original activity of the isozyme prior to 

storage. The isozyme was stored under nitrogen gas and at the 

following temperatures 4.0°C, 0.0°C and -40.0°C. Different 

chemical mixtures were combined with the isozyme and stored 

under nitrogen gas at -40.0°C. The chemical mixtures 

included: 0.2 mg/mL bovine albumin serum, 50% v/v 

dimethylsulfoxide, 50% v/v polyethyleneglycol, 50% v/v 

glycerol and 50 mM GSH. A correction for the volume 

differences was made by doubling the conversion factor in 

determining the specific activity. An aliquot of the isozyme 

was also lyophilized prior to storage at -40.0°C. 

The samples were purged of air with nitrogen gas then stored 

for one week and their specific activity measured. 

Conjugation of GSH with Aldehydes 

GSH and aldehydes were combined in a 50 mM buffer 

solution minus the 2 mM mercaptoethanol. The depletion of GSH 

as monitored over 60 minutes using the Ellman's assay. Equal 

volumes of 1.5 mM GSH and 0.5 mM aldehyde substrate were 
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combined and mixed. The reaction samples were made up in 

triplicate. An aliquot from each fraction was taken at each 

time point 5, 10, 15, 30, and 60 minutes and its reduced GSH 

level determined. A similar experiment was performed 

incubating the GSH and each aldehyde (PROP, MCL, DCL) in pH 

7.4 water. Aliquots of these solutions were taken and tested 

for free chloride ion by the addition of 1.0 N silver nitrate 

solution. Solutions of the aldehydes alone in water were also 

analyzed to determine if the chloride ion would dissociate 

spontaneously. 

Oxidation of Aldehydes by ALDH Isozymes 

The isozyme sample was maintained on ice while the 

reaction mixture and aldehyde solutions were at room 

temperature. The stock solution of monochloroacetaldehyde was 

distilled using a microdistillation apparatus. This was 

necessary to eliminate impurities in the solution and to 

increase its concentration. Its concentration was determined 

gravimetrically by weighing the dried sample prior to 

dissolving it in water. First, 400 fih of reaction mixture was 

pipetted into the set of cuvettes for the analysis. Next, 50 

Ml of an aldehyde was pipetted into the cuvette. The 

concentration of the aldehyde solutions ranged from 0.05 mM to 

5 mM. Lastly, 50 jzL of the isozyme was placed in the cuvette 
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and the cuvette was covered with parafilm and inverted to mix 

the contents. It was then placed in the spectrophotometer and 

the time course was started. The solution volumes resulted in 

a final reaction volume of 0.5 mL with a 1 cm light path. A 

blank for each analysis was made up of reaction mixture and 

isozyme solution. The reaction velocity for each sample was 

determined in triplicate. 

Oxidation of Aldehydes by ALDH with GSH 

The same isozyme activity assay was used as in the 

initial experiment with an aliquot of GSH solution added to 

the reaction solution. A 50 /^L aliquot of 50 mM GSH was added 

to the cuvette, resulting in a final concentration of 5 mM, 

prior to the addition of the isozyme. The volume of the 

reaction solution was maintained at 0.5 mL by reducing the 

volume of the reaction mixture to 350 nL. 

Two similar subexperiments were conducted. The same 

experiment was repeated with the aldehyde substrate 

concentration remaining constant at 1.0 mM. In one procedure, 

the concentration of GSH in the reaction solution was 

increased or decreased. In a second subexperiment, the 

aldehyde substrate and GSH were allowed to incubate for 15 

minutes prior to the addition of the isozyme. 
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Statistics 

The Student t-Test was used to determine significance 

between values. Significance was determined at p < 0.05. 
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RESULTS 

Gel Electrophoresis 

The cytosolic matrix prior to column chromatography along 

with the four post-column chromatography isozyme samples were 

subjected to SDS discontinuous gel electrophoresis (Figure 

11) . The cytosolic matrix pre-column chromatography (Lane B) 

sample showed numerous major bands the length of the lane. 

Lanes C and D, cytosolic high and low samples respectively, 

have one major band in common while Lane D has four other 

major bands above this area. Lanes E and A are the 

mitochondrial high and low K,,, samples respectively. Lane E 

showed many major bands with the thickest located two thirds 

down the lane. Lane A demonstrated the highest degree of 

purity with one major band area made up of four thin bands. 

Lanes D and E are similar in that they both exhibit at least 

five major bands. However, the bands fail to demonstrate any 

correspondence with the exception of the largest of the bands 

two thirds down each column. 

Optimal Storage condition for ALDH Isozymes 

Previous work done with ALDH isozymes indicated a 
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SDS—PAGE Separation of Isozyme Samples. Post-
column chromatography isozyme samples plus a 
pre-column chromatography cytosolic sample 
were subjected to discontinuous gel 
electrophoresis. Mitochondrial low Km sample 
(Lane A) , Crude cytosolic sample (Lane B) , 
Cytosolic high sample (Lane C) , Cytosolic 
low sample (Lane D), Mitochondrial high 
sample (Lane E) . 
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decrease in stability of the isozymes over time and a decrease 

in enzymatic activity (Sharpe, 1991) . This instability 

required that the assays be done as soon as the isozyme was 

purified. There was also the possibility that the isozyme 

activity may change with in a few hours between the time of 

the initial assays and the final assays due to the degradation 

of the isozyme. To determine if the stability of the isozymes 

could be increased with storage conditions, samples of the 

mitochondrial low isozyme, the most unstable isozyme, were 

stored for one week under varying conditions. Figure 12 

illustrates the change in activity of stored isozyme samples 

as compared to the initial isozyme specific activity which was 

measured immediately after purification. 

There were no obvious effects due to temperature. 

Additives did not improve the stability and PEG and GLY 

significantly reduced stability. The lyophilized sample 

showed a significant increase in activity. However, once the 

sample was reconstituted, the protein concentration was not 

reanalyzed. The exact volume of the sample prior to 

lyophilization was uncertain. This did not allow for an 

accurate specific activity measurement. 

Depletion of Glutathione by Aldehydes 

This experiment was designed to investigate the 
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SPECIFIC ACTIVITY ASSAYS 
AFTER DIFFERENTIAL STORAGE CONDITIONS 

74% 73% 
68% 

114% * 

-70/ / /O 
T 

OR!G 4.0 0.0 -40 BSA DMSO PEG OLYC LYOP GSH 

STORAGE CONDITIONS 

Figure 12. Optimal Storage condition for ALDH Isozymes. 
Samples of the mitochondrial low isozyme was 
stored under varying conditions. Data 
represent mean ± s.d. and * indicates 
statistically different from control. 

possibility of a nucleophilic attack by the sulfhydryl group 

of glutathione on the electrophilic carbons of the aldehydes. 

This reaction was monitored by measuring a decrease in free 



58 

sulfhydral groups as determined by using the Ellman1s assay. 

Free sulfhydrals decreased in the reaction mixture over a 60 

min time period when aldehydes were present (Figure 13). 
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Figure 13. Depletion of Glutathione by Aldehydes. An in 
vitro study of the depletion of reduced 
glutathione through a reaction with aldehydes. 
Data represent mean ± s.d. 
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A solution of 3.0 mM (0.922 mg/mL) GSH was mixed with a 2.0 mM 

aldehyde solution in equal volumes. This resulted in final 

concentrations of 1.5 mM (0.461 mg/mL) for the GSH and 1.0 mM 

for the aldehydes. After 60 minutes the GSH concentration in 

the samples had decreased to 0.324 mg/mL for the GSH control, 

0.227 mg/mL, 0.173 mg/mL, 0.267 mg/mL and 0.297 mg/mL for 

PROP, MCL, DCL, TCL respectively. The decrease in free thiol 

groups should be proportional to the conjugation of GSH to 

aldehydes. The GSH control decreased slightly over time. 

Chloral resulted in the smallest amount of free sulfhydral 

depletion with DCL causing a larger decrease, approximately 

10% and 15% respectively. Propionaldehyde produced a 33% 

decrease and MCL resulted in a 50% decrease in free 

sulfhydrals at the 60 min time point. Reaction rates were 

calculated for the 60 minute time point and are presented in 

Table 2. 

Aldehyde Reaction Rate (nmol/min/ma) 

Control .002 
.028 
. 034 
. 023 
. 019 

PROP 
MCL 
DCL 
TCL 

Table 2 Reaction rates for the depletion of reduced 
glutathione by aldehydes. 

In addition to the monitoring of free sulfhydral depletion, 
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the same volumes and concentrations of GSH and aldehydes 

(PROP, MCL, DCL) were mixed together in chelexed double 

deionized water brought to a pH of 7.4 with 1.0 N NaOH. A 

solution of 1.0 N silver nitrate was added to each reaction 

mixture. If silver chloride, a white precipitate, was formed 

this would indicate the release of chloride ion from the MCL 

or DCL. Controls of just the aldehydes in water were checked 

along with the reaction mixtures. The only reaction mixture 

to result in the formation of a white precipitate was the GSH-

MCL solution. 

Effect of GSH on Isozyme Specific Activity 

Specific Activity Assays 

The specific activity of the ALDH isozymes for the 

different aldehydes was determined at varying concentrations. 

This same procedure was duplicated with the addition of GSH to 

the reaction mixture. The substrates used for this experiment 

were propionaldehyde, MCL and DCL. The objective of this 

experiment was to see if GSH mixed with the aldehydes would 

affect their oxidation by ALDH. Figures 14a and 14b show the 

GSH effect on high Km and low cytosolic isozymes. 

Propionaldehyde was the best substrate for the high Km isozyme 

while MCL and DCL demonstrated minimal activity (Figure 14A). 

However for the low isozyme, MCL was the most reactive 



<u 
> 

1 .4 

1 . 2  

1.0 

0.8 

0.6 

0.4 

0.2 

SPECIFIC ACTIVITY ASSAY 
Cytosolic — ALDH High Km 

61 

A A PROP 

• • PROP+GSH 

i" 

0.0 

t 

• • DCL 

• O DCL+GSH 

a 

- i f f "  

• • MCL A 

• • MCL+GSH 

..I 

..# * 

«s 

0.0 1.0 2.0 3.0 4.0 

Substrate (mM) 

5.0 

Qj 
> 

16.0 

14.0 

12.0 

10.0 

8.0 

6.0 

4.0 

2 . 0 -

SPECIFIC ACTIVITY ASSAY 
Cytosolic — ALDH Low Km 

0; 

A A PROP 

• • PROP+GSH 

• 

f.--' 

.  • ;  
is*®" 

• • DCL 

• • DCL+GSH 

• 

T • 
i 

• • MCL I 

• • MCL+GSH 

0.0 1.0 2.0 3.0 4.0 

Substrate (mM) 

5.0 

Figure 14. specific Activity Assays for Cytosolic 
Isozymes. Plots of reaction velocity as a 
function of the substrate concentration for 
the purified cytosolic isozymes. Data 
represent mean ± s.d. and * indicates 
statistical difference. 
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(Figure 14B). Propionaldehyde was slightly more active than 

the DCL. In all cases, the addition of GSH to the reaction 

mixture resulted in a decrease in the specific activity of 

each aldehyde concentration. A significant difference 

was found for the PROP and PROP+GSH 5.0 mM specific activities 

with the high isozyme. The difference between the MCL and 

MCL+GSH along with PROP and PROP+GSH were determined to be 

significant for the cytosolic low isozyme. 

Figures 15a and 15b illustrate the activity of the 

aldehydes in relation to the mitochondrial isozymes. As with 

the cytosolic high propionaldehyde was the more reactive 

aldehyde (Figure 15a). MCL has approximately 1/3 the activity 

of the propionaldehyde and DCL showed very little activity. 

The addition of GSH to the aldehyde-mitochondrial high Km 

reaction mixture resulted in a considerably greater reduction 

in activity than was found with the cytosolic high Km 

reactions. The PROP+GSH activity at all substrate 

concentrations demonstrated a significant decrease from the 

PROP activity. Both MCL and DCL showed slight decreases in 

activity with the addition of GSH of which none were 

significant. Figure 15b illustrates the activities of the 

aldehydes with mitochondrial low Km isozyme. MCL had a four 

fold higher activity than the propionaldehyde. DCL again 

showed very little metabolism with the isozyme. This ALDH 



ctl 
E 
\ c 

E 
\ 
o 
E 
c 

u 
o 
<d 
> 

1 4 -

1 2 -

id

s' 

6-

4 • 

9 . 

SPECIFIC ACTIVITY ASSAY 
Mitocnondrial - ALDH High Km 

63 

4 4 PR0P • •DCL • •MCL Al 
• •PROP+GSH p • DCL+GSH • • MCL+GSH \ 

I' 

i 

•i. 
1 ::::r= ==* 

0.0 1.0 2.0 3.0 4.0 

Substrate (mM) 

5.0 

240 

SPECIFIC ACTIVITY ASSAY 
Mitochondrial — ALDH Low Km 

ct> 
E 

o 
E 

o 
4) 
> 

A A. PROP 

?00 -f • •PROP+GSH 

150-

120 
,• i-

so 

40--

0 nee m • 

• • DCL 

• • DCL+GSH 

* 
• 

• • A -

••MCL 

• • MCL+GSH 

B! 

0.0 1.0 2.0 3.0 4.0 

Substrate (mM) 

5.0 

Figure 15. Specific Activity Assays for Mitochondrial 
Isozymes. Plots of reaction velocity as a 
funtion of substrate concentration for 
purified mitochondrial isozymes. Data 
represent mean ± s.d. and * indicates 
statistical difference. 



64 

isozyme demonstrated the greatest amount of activity for all 

three aldehydes when compared to the other isozymes. The 

addition of GSH reduced the activity of the aldehydes but not 

to the extent as seen with the mitochondrial high 1^, isozyme. 

However, all points were significantly different for PROP and 

PROP+GSH along with the higher substrate concentration points 

for MCL and MCL+GSH. 

Lineweaver-Burk Plots 

Lineweaver-Burk plots (Figures 16A, 16B and 17A, 17B) 

were constructed using the specific activity data from all 

four ALDH isozymes. The and values for each plot are 

reported in Table 3. The values obtained for PROP and 

PROP+GSH were consistent in their changes for all four 

isozymes. The values for the PROP+GSH activity were 

significantly higher than the PROP activity and the values 

for the PROP+GSH were lower than the PROP, mixture. The V max 

values for DCL and MCL were higher than the values of the GSH 

mixtures. However, the Km values for DCL were slightly higher 

or unchanged when compared to the values of the corresponding 

GSH mixtures for each isozyme. The MCL Km values for the 

cytosolic isozymes were higher than for the MCL-GSH activity 

while the Km values for the MCL-GSH were slightly higher than 

the MCL values for the mitochondrial isozymes. 
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I. Cytosolic - ALDH High Isozyme 
Substrate V[|uu <nmol/min/mq̂  K, (nfln 

Propionaldehyde .901 .68 
Propionaldehyde + GSH .650* .81 
Dichloroacetaldehyde .184 .93 
Dichloroacetaldehyde + GSH .132 .88 
Monochloroacetaldehyde .150 1.86 
Monochloroacetaldehyde + GSH .137 1.82 

II. Cytosolic - ALDH Low Isozyme 
Propionaldehyde 2.73 .07 
Propionaldehyde + GSH 1.66 * .10 
Dichloroacetaldehyde 1.67 .30 
Dichloroacetaldehyde + GSH 1.32 .28 
Monochloroacetaldehyde 11.9 .15 
Monochloroacetaldehyde + GSH 7.81 .14 

III. Mitochondrial - ALDH High Isozyme 
Propionaldehyde 9.98 .96 
Propionaldehyde + GSH 4.12* 1.23 
Dichloroacetaldehyde .410 2.46 
Dichloroacetaldehyde + GSH .260 1.63 
Monochloroacetaldehyde 1.50 .22 
Monochloroacetaldehyde + GSH 1.00 .32 

IV. Mitochondrial - ALDH Low K,,, Isozyme 
Propionaldehyde 50.0 .05 
Propionaldehyde + GSH 22.7* .23 
Dichloroacetaldehyde .901 .73 
Dichloroacetaldehyde + GSH .820 .67 
Monochloroacetaldehyde 166.67 .05 
Monochloroacetaldehyde + GSH 142.86 .06 

Table 3. and Values. These values were determined 
from the Lineweaver-Burk plot data. * indicates 
significant difference. 
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Inhibition of specific Activity Assays 

Specific activity assays were conducted in which the 

concentration of GSH was altered and the aldehyde 

concentration remained constant. Figures 18A and 18B 

illustrate the results for the cytosolic isozymes. Increasing 

the concentration of GSH in the reaction mixture significantly 

decreased the specific activity of the aldehydes as compared 

to the activity of the aldehyde without GSH. The 10.0 mM GSH 

concentration had a much stronger inhibitory response with the 

cytosolic high in that the activity was decreased by at 

least 26%. The 10.0 mM GSH concentration resulted only in a 

38% decrease for propionaldehyde activity with the cytosolic 

low Km. DCL and MCL showed greater inhibition in their 

activity from the GSH addition with the cytosolic high Km. 

The results of the mitochondrial isozymes were 

considerably different than those of the cytosolic isozymes 

(Figures 19A, 19B). The inhibition of propionaldehyde was 

very similar for both isozymes. The addition of GSH resulted 

in significant decreases in the aldehyde's activity. DCL 

exhibited significant decreases in activity in both isozymes 

with the addition of GSH. However, GSH did not appear to have 

as strong an inhibitory effect on DCL with mitochondrial low 

Kra isozyme as it did with the high isozyme. MCL differed 

from the other two aldehydes in its inhibition by GSH with 
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Figure 18. Inhibition of Specific Activity by Glutathione 
for Cytosolic Isozymes. The specific activity 
for reaction mixtures containing 
concentrations of 1.0 mM, 5.0 mM and 10.0 mM 
glutathione were compared to the specific 
activity for the reaction mixture without 
glutathione. Data represent mean ± s.d. and * 
indicates significant difference. 
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both isozymes. The 1.0 mM GSH concentration resulted in an 

insignificant decrease in MCL activity with both isozymes. 

The 5.0 and 10.0 mM GSH concentrations resulted in significant 

but minimal decreases with both isozymes. 

Figure 20 illustrates the results obtained by increasing 
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Figure 20. Inhibition of specific Activity with a 
Glutathione-Aldehyde Incubation Period. The 
specific activity of reaction mixtures with 
1.0 mM and 10.0 mM glutathione, with and 
without an incubation period were compared. 
Data represent mean ± s.d. and * indicates a 
significance difference. 
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the incubation period for the aldehydes and GSH prior to 

initiation of the enzyme reaction by the addition of 

mitochondrial low isozyme. The 15 min incubation period 

resulted in a significant decrease in the activity for the 

propionaldehyde and 1.0 mM GSH. However, there were no 

significant changes experienced by the MCL and DCL substrates 

with 1.0 mM GSH concentration due to increasing the incubation 

period. The decreases in activity with a 15 min incubation 

period using 10.0 mM GSH was insignificant for the 

propionaldehyde and DCL activities, however, the MCL 

experienced a significant decrease in activity by increasing 

the incubation period. 
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DISCUSSION 

Introduction 

The metabolism and toxicity of chlorinated aldehydes has 

received increased interest in recent years because they have 

been identified in drinking water, and as metabolites of 

toxicants and/or carcinogens. Rat liver ALDH isozymes 

demonstrated substrate specificity for chlorinated aldehydes 

with MCL showing the greatest activity with the low 

isozymes. GSH was shown to be depleted in solution by the 

presence of aldehydes. The production of free chloride ions 

in the reaction mixture indicated that the GSH was binding to 

the a-carbon of the chloroaldehydes. It was also determined 

that GSH had effects on the metabolism of aldehydes by ALDH 

isozymes. The Vmx fort activities was decreased but only the 

activity of propionaldehyde showed consistent significant 

increases in the Km values. Data presented in this paper 

indicates that the aldehyde dehydrogenase isozymes are labile 

regardless of storage conditions. The activity of the 

isozymes is greatly influenced by the presence of metal ions 

and free oxygen in the enzyme solutions. 

Effect of Storage Conditions on ALDH Activity 

In an effort to ensure consistent and reliable results 

with this enzyme, an initial study was conducted to determine 
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which storage condition would best maintain the isozymes' 

activity and thereby decrease the variability in the data. 

As was pointed out by Schreiner and Freundt (1987), the 

occurrence of free oxygen and metal ions in the solutions used 

in ALDH analyses tend to decrease the activity of the enzyme. 

To avoid the inhibition of enzyme activity by metal ions all 

solutions were made from double deionized water that was 

passed through a chelex resin column. Prior to use the 

solutions were purged with nitrogen gas to remove the free 

oxygen. The isozyme samples were stored in amber vials and 

under nitrogen gas. It has been concluded that ALDH isozymes 

possess at least two thiol groups in close vicinity which 

might be essential for their activity (Pietruszko, 1990). 

These two thiol groupsi are possibly able to oxidize easily to 

an intramolecular disulfide, that can be reduced again with 

similar readiness. Schreiner and Freundt (1987) found that 

the enzyme could be reactivated by the addition of reduced 

thiol reagents. They also determined that the activity of the 

enzyme was increased by the addition of NAD+ to the storage 

solution. Data presented in this paper showed that the 

addition of GSH to the isozyme storage solution resulted in no 

maintenance in isozyme activity. This may be due to the use 

of 2-mercaptoethanol in the storage buffer which would of 

already inhibited the formation of intracellular disulfide 
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bonds. 

The loss of activity has been a problem that has plagued 

biochemists ever since they started purifying enzymes. The 

general reason is that enzymes are often sensitive protein 

molecules which when released from their natural protective 

environment are subjected to a variety of stresses they may 

not be able to resist. The intercellular environment consists 

of many soluble proteins in high concentrations. The high 

protein concentration results in a low intercellular oxygen 

tension which will limit the oxidation of protein residues. 

Also, a wide variety of reducing compounds are present within 

a cell, such as glutathione, to maintain a high reducing 

potential. To maintain an enzyme's activity once it is 

removed from the protective intercellular environment certain 

additives have been used in enzyme storage buffers 

(Deutscher, 1990) . A few of the more widely used additives are 

glycerol, polyethyleneglycol, and bovine serum albumin. 

Regardless of the temperature of storage and the 

compounds added to the isozyme samples in these experiments, 

there was no significant maintenance in activity of the 

isozyme. However, the possibility of lyophilizing the samples 

may prove very promising for long term storage of this enzyme. 

All assays conducted on the mitochondrial low isozyme were 

conducted the same day following purification. The other 
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isozymes demonstrated greater stability and were stored at -

40.0°C which proved adequate for short term storage. 

Glutathione Conjugation with Chloroaldehydes 

In an effort to determine if GSH had any effect on the 

metabolism of chloroaldehydes by ALDH it was first necessary 

to ascertain if GSH's free sulfhydryl group would 

spontaneously react and bind with the chlorinated aldehydes in 

solution. Intuitively, it seems quite possible that the 

nucleophilic thiol group would attack one of the two 

electrophilic carbons. TCL and DCL resulted in small 

depletions of free sulfhydryls with the trichloroacetaldehyde 

providing the smallest decrease. MCL resulted in the largest 

amount of depletion and propionaldehyde resulted in a smaller 

amount. It is possible to conclude from these results that 

GSH will react with the chlorinated aldehydes. However, there 

are two possible electrophilic centers at which the attack may 

take place. The carbonyl carbon with its planer pi bond 

retains a positive charge due to the induction of the 

electrons by the oxygen atom. The possibility that the thiol 

group would attack this carbon is evident by propionaldehydes 

depletion of free sulfhydryls. There is also reports of 

glutathione forming GS-conjugates with DCL through 

nucleophilic attack of the carbonyl carbon (Leibler et al., 
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1985). 

Johnson's work in 1966 demonstrated a reduction in GSH 

concentration in an incubation medium containing chloroethanol 

and liver enzymes providing that NAD+ and pyruvate were also 

present. The production of free chloride ion was also found 

to occur in the same mixture. This same result was shown to 

occur with the addition of silver nitrate to the GSH-MCL 

reaction mixture indicating that the thiol will attack the 

chlorinated carbon displacing the chloride ion. The MCL 

demonstrated a greater depletion of free sulfhydryls than 

propionaldehyde. There may be two possible reasons for this 

result. First, the addition of a chlorine atom to the 

aldehyde's a-carbon would result in a second electrophilic 

carbon for the aldehyde molecule. This could result in the 

thiol group of one GSH molecule binding to the a-carbon and 

another thiol group from a second GSH molecule binding to the 

carbonyl carbon. This would result in two GSH molecules 

binding to the same aldehyde molecule and doubling the 

depletion of free thiols. A second and more likely 

possibility, is that, due to chlorine having a higher 

electronegativity than oxygen the a-carbon would be a stronger 

electrophile than the carbonyl carbon. This higher 

electrophilicity of the chlorinated carbon should provide it 

with greater reactivity and result in a more rapid depletion 
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of sulfhydryls by MCL than is accomplished by the carbonyl 

carbon of propionaldehyde. 

In the case of trichloroacetaldehyde and DCL an increase 

in the number of chlorine atoms resulted in a smaller free 

thiol depletion. One possible reason for this is an increase 

in the number chlorine atoms attached to the carbon may 

increase its electronegativity but their size may cause some 

form of steric inhibition. This would result in a decrease of 

the thiol group binding to the a-carbon. A second possibility 

is that with an increase in chlorination there is also an 

increase in the hydration level between the aldehydes and 

their respective hydrated forms. With the equilibrium 

favoring the hydrated form, the binding of the thiol group 

could be decreased. Unfortunately, no reports on the rate of 

reaction for the hydration equilibrium were located to compare 

to the rate of reaction of the GSH conjugation reaction. 

Isozyme Activity with Chloroaldehydes 

Previous research conducted in the area of ALDH substrate 

specificity and kinetics, with the exception of Sharpe's work 

(1991), offers little information concerning chlorinated 

aldehydes as substrates at a physiological pH. Just in the 

area of ALDH kinetics, a certain amount of confusion has 

resulted due to the reporting of and Km values in an 
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inconsistent manner (Lindahl, 1990). Often times, the values 

were reported in relation to a control substrate such as 

propionaldehyde or acetaldehyde (Koivula et al., 1975) or the 

reporting units varied from nanomoles to micromoles. However, 

a more significant problem has been the reporting of these 

values without indicating at what pH the enzyme reaction 

occurred. It was determined that the pH of the reaction 

mixture would significantly alter the activity of the enzyme 

(Guru et al., 1990) . The higher the pH the greater the enzyme 

activity. This should be expected in that an environment of 

low hydrogen ion concentration would allow for an increase in 

removal of the hydrogen ion from the enzyme-aldehyde complex. 

The rate of NADH formation, which is directly 

proportional to the ioxidation of the aldehydes by ALDH, 

determined in this research correlates well with those results 

determined by Sharpe (1991). Data presented by Sharpe 

showed that the activity of MCL and PROP were equal at low 

concentrations with an apparent inhibition at higher 

concentration. These results were not reproduced in the data 

presented in this paper. This may be due to differences in 

the treatment of the isozymes during purification and storage 

along with differences in the length of the time course used 

to determine the specific activity. Isozymes were separated 

using solutions that were free of metal ions and had been 
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purged of free oxygen followed by storage of 2 mL aliquots in 

amber vials. This would allow for an increase in activity and 

an increase in stability over a longer time period. Sharpe 

measured enzyme activity over a 20 to 30 minute time period 

then using the most linear segment of the reaction plot 

calculated the activity for that substrate. Results reported 

in this paper are from activity assays over a 15 minute time 

period. 

The results from the SDS-PAGE separation indicate that 

the isozyme samples were not purified to homogeneity. This 

could result in cross contamination of the isozyme samples. 

There would be little effect on the results for a low 

isozyme due to contamination by a high isozyme. An example 

of this would be if ia sample of the mitochondrial low 

isozyme was contaminated by the mitochondrial high Km isozyme. 

The activity of the low Km isozyme is many times greater than 

that of the high isozyme and contamination would have no 

significant effect. However, if there was contamination of a 

high isozyme sample by a low isozyme there would be a 

considerable increase in what would appear to be the high 

isozyme activity. 

From the SDS-PAGE results it is possible that there may 

be some contamination of the cytosolic low Km isozyme by the 

mitochondrial low Km isozyme. There does not appear to be any 
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other corresponding bands in the other samples that would 

indicate contamination. 

Inhibition of Enzyme Activity by GSH 

The addition of GSH to the reaction mixture did result in 

altering the specific activity of the isozymes with each 

substrate. The specific activity of propionaldehyde with all 

four isozymes was consistently decreased. The V was 

decreased while the for each isozyme and propionaldehyde 

was increased. The manner in which these values are altered 

by the addition of GSH indicates possible non-competitive 

inhibition. These results are similar to those obtained for 

acetaldehyde by Estrela et al.(1991). A GSH conjugate is 

formed through the binding of the carbonyl carbon with the 

thiol thus preventing the aldehyde form being acted on by the 

ALDH. MCL did experience decreases in its V , however, 

the values did not increase as seen with the 

propionaldehyde. The values for the mitochondrial isozymes 

increased slightly and the values for the cytosolic isozymes 

decreased but none of the changes were significant which may 

indicate some form of competitive inhibition. DCL also 

experienced decreases in its with all four isozymes due to 

addition of GSH to the reaction mixture, but the values for 

DCL and the four isozymes were not all significantly 
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decreased. This could indicate the possibility of the GS-

conjugate, formed from the thiol attacking the alpha carbon of 

DCL, being more reactive then the DCL molecule. Once one of 

the chlorine atoms is removed from the alpha carbon the 

activity of the carbonyl carbon may acquire the chemical 

activity demonstrated by MCL. From the conjugation studies, 

it would appear that the conjugation reaction between GSH and 

the alpha carbon is very slow. However, this reaction could 

be increased by the presence of other cellular enzymes such as 

GSH-S-transferase. 

Activity and Increased Concentrations of GSH 

The experiments in which different concentrations of GSH 

were added to the reaation mixture provided some interesting 

results. As the concentration of GSH was increased the 

specific activity of all three substrates decreased. This was 

to be expected for the propionaldehyde. The DCL's specific 

activity experienced greater inhibition with the high 

isozymes than with the low isozymes. The increase in GSH 

concentration also resulted in decreased activity with the 

cytosolic isozymes but not to such an extent with the 

mitochondrial isozymes. The 1.0 Mm GSH concentration did not 

decrease the activity significantly with the mitochondrial 

isozymes. The 5.0 Mm and 10.0 mM did result in significant 
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decreases but not to the extent experienced with the cytosolic 

isozymes. However, if the incubation time for the MCL and the 

GSH was increased, a decrease in activity was experienced with 

the higher concentration of GSH but not so for 

propionaldehyde and DCL. The increased incubation period in 

the case of MCL may allow for the GSH not only to bind to the 

alpha carbon of the molecule but to the carbonyl carbon 

thereby decreasing the activity. The increased incubation 

period has little effect on DCL in that it has a very low 

activity with the isozyme. The inhibition of propionaldehyde 

by the high concentration of GSH would not be increased with 

longer incubation period due to the aldehyde being saturated 

by the GSH. 

Reaction Rate of GSH-Aldehyde Activity 

The reaction rate of the GSH binding with the 

chloroaldehydes was calculated from the results obtained in 

the free sulfhydryl depletion study. The isozyme reaction 

rates determined for the chloroaldehydes were hundreds to 

thousands of times faster than the reaction rates for the 

binding of GSH to chloroaldehydes. This would indicate that 

the detoxification of chloroaldehydes through direct chemical 

reaction with GSH has minimal, if any, influence on the 

metabolism of chloroaldehydes by ALDH isozymes. It is unknown 
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however what effect endogenous enzymes, such as glutathione 

transferase, would have on these reactions. It would also 

imply that the conjugation of GSH with chloroaldehydes has 

minimal effect on the conversion of aldehydes to acids by ALDH 

isozymes. This concept is substantiated by the in vitro and 

in vivo studies of chloroethanol, VC and VDC. Analysis of 

metabolites did not find GS-aldehyde conjugates but did report 

the occurrence of glutathione conjugates of the respective 

acids (Johnson, 1966; Dekant, et al., 1989; Nagelkerke, et 

al., 1991). 
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Future Research 

A priority for the continued research in this area will 

be to synthesize alpha carbon GS-conjugates of the MCL and DCL 

to use in specific activity assays. This would provide 

definitive evidence whether the conjugates increase 

chloroaldehyde metabolism or if GSH conjugation provides a 

separate pathway of metabolism. A second objective would be 

to characterize the metabolites of the individual chlorinated 

aldehydes. This information would also greatly benefit the 

determination of their metabolism. The use of isolated 

hepatocytes may greatly improve the assay information in that 

the concentration of ALDHs varies within the portal triad. 

One last item to exam would be the activity of the 

chloroaldehydes and alcohol dehydrogenase. This enzyme could 

conceivably reduce the aldehydes to their respective alcohols. 
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