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SUMMARY

Chloroethanols are toxic chemicals used in industry and also formed as a result of the metabolism of
several widely used halogenated hydrocarbons. The effect of 2-chloroethanol (CE), 2,2-dichloroethanol
(DCE) and 2,2,2-trichloroethanol (TCE) on rat liver mitochondrial respiration was studied. Rat liver
mitochondria were isolated in a medium consisting of 250 mM sucrose, 10 mM Tris~HCl and 1 mM EDTA
(pH 7.4). Mitochondrial respiration was determined with an oxygen electrode at 30°C and the polaro-
graphic buffer consisted of 250 mM mannitol, 10 mM KCl, 10 mM K,HPO,, 5 mM MgCl,, 0.2 mM EDTA
and 10 mM Tris-HCI (pH 7.4). With succinate as the respiratory substrate and using chloroethanols (150
mM), CE stimulated respiration by 28.2 + 6.5% and DCE by 202.7 + 8.2% while TCE inhibited mito-
chondrial respiration (>95%). The effect of change in the concentration of chloroethanols on mitochondrial
respiration was also studied. CE showed maximum stimulation at 600 mM (97.6%), DCE at 150 mM
(202.6%) and TCE at 30 mM (313.6%). Respiratory stimulation was independent of mitochondrial protein
concentration. Chloroethanols (optimal concentrations for respiratory stimulation with succinate) in-
hibited mitochondrial respiration when glutamate-malate was used as the respiratory substrate. Estimation
of adenosine triphosphate (ATP) showed that chloroethanols inhibited the synthesis of ATP. These results
indicate that chloroethanols stimulate mitochondrial respiration by uncoupling oxidative phosphorylation
and that the uncoupling potency is proportional to the extent of chlorination at the S-position of halo-
ethanol.

INTRODUCTION

Chloroethanols are widely used toxic industrial chemicals and are common conta-
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minants in food products, medical and surgical supplies because ethylene oxide, one
of the precursors of chloroethanol, is frequently used for the fumigation of food
products and sterilization of surgical supplies [1-4]. Chioroethanols are also formed
from the metabolism of chlorinated ethenes and ethanes [5-9]. 2-Chloroethanol (CE)
is a putative intermediate in the metabolism of vinyl chloride and of 1,2-dichlo-
roethene into acetic acid [6,10]. 2,2-Dichloroethanol (DCE) is formed by the metabo-
lism of 1,2- and 1,1-dichloroethene [11,12]). 2,2,2-Trichloroethanol (TCE) is an inter-
mediate of trichloroethene and tetrachlorethene metabolism [13,14]. The metabolism
of several chloroethyl nitrosoureas (a family of anticancer drugs) also results in the
formation of chloroethanols {15-17].

CE causes significant reduction in the activities of several drug-metabolizing en-
zymes and also of glucose-6-phosphatase [18]. CE is mutagenic for Salmonella typhi-
murium inducing mutations of the base-substitution type [19]. This chemical also
inhibits the growth of DNA-polymerase-deficient bacteria, which indicates its ability
to interact with DNA of living cells [19]. CE and DCE cause an increase in the
frequency of haploid sectors and diploid non-disjunctional sectors [20] while TCE has
been shown to induce somatic segregation [21].

CE, when given orally to rats, results in rapid depletion of liver glutathione with a
concomitant formation of S-carboxymethyl glutathione [22]. Acute oral administra-
tion of CE results in a significant decrease in the mitochondrial elongation of fatty
acids [23]. Chloroethanols have been shown to be metabolized to ethylene oxide and
also to form esters of fatty acids [24-27]. Chloroethyl esters of several fatty acids have
been isolated and identified from livers of rats treated with CE [28,29]. High levels of
chloroethyl esters of fatty acids have also been found in foods treated with ethylene
oxide [30]. Recently, the enzymatic formation of chloroethyl esters of different fatty
acids has been demonstrated [31].

An early study suggested that CE acts as an uncoupler of oxidative phosphoryla-
tion [32]. Therefore, the purpose of the present study was to compare the effects of
CE, DCE and TCE on the stimulation of mitochondrial respiration and also to derive
a structure-activity relationship.

MATERIALS AND METHODS

Chemicals

2-Chloroethanol, 2,2-dichloroethanol, 2,2,2-trichloroethanol (purity ~99%) were
purchased from Aldrich Chemical Co. (Milwaukee, WI). ADP, ATP, antimycin A,
oligomycin and bovine serum albumin were obtained from Sigma Chemical Co. (St.
Louis, MO). The solvents used were of the high-performance liquid chromatography
(HPLC) grade. All other reagents were of the highest quality commercially available.

Preparation of mitochondria
Rat liver mitochondria were prepared from 2-month-old male Sprague-Dawley
rats (Harlan, Indianapolis, IN) using a slight modification of the method described by
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Asimakis and Aprille [33]. Briefly, 5 g of liver tissue were placed in ice-cold 250 mM
sucrose, | mM EDTA and 10 mM Tris-HCI buffer (pH 7.4). The tissue was minced,
suspended in an amount of fresh sucrose~-EDTA-Tris equal to 5 ml/g wet wt. and
homogenized using 5-6 up/down strokes of a motor-driven, tight-fitting Teflon
pestle. The homogenate was centrifuged at 600 x g for S min and then the 600 x g
supernatant was centrifuged at 8000 x g for 10 min. The 8000 x g pellet was washed
once with sucrose-EDTA-Tris buffer and suspended in sucrose-Tris to about 10-12
mg protein/ml. Protein was estimated by the Lowry method using crystalline bovine
serum albumin, fraction V as a standard [34].

Polarographic measurement of respiration

The rates of oxygen utilization were measured polarographically using a Clark
oxygen electrode in a 1.8 ml water-jacketed chamber maintained at 30°C [33]. The
respiratory medium consisted of 250 mM mannitol, 10 mM KCl, 10 mM KH,PO,, 5
mM MgCl,, 0.2 mM EDTA and 10 mM Tris-HCI (pH 7.4); 50 ul of respiratory
substrate (300 mM succinate or 150 mM glutamate + 150 mM L-malate) was added
to the respiratory medium followed by mitochondrial suspension. Test chemicals CE,
DCE and TCE were added to determine the effect on respiratory rates; 5 ul of ro-
tenone (1 ug/ml) was also added when succinate was used as the respiratory substrate.

Measurement of adenosine triphosphate (ATP)

ATP formation was estimated by high-performance liquid chromatography
(HPLC). HPLC was performed on a Beckman Model 160 liquid chromatograph
connected to an Ultrasphere ODS column. 30 mM KH,PQO,, 15 mM tetrabutyl hy-
drogen ammonium sulfate and 19% acetonitrile (all at pH 6.75) at a flow rate of 1
ml/min was used as the mobile phase [35]. The eluant was monitored at 254 nm. The
sample was prepared by adding ice-cold perchloric acid (1 N) to an aliquot of the
mitochondrial reaction mixture. After thorough mixing, the sample was centrifuged
at 8000 x g for 10 min. The pH of the 8000 x g supernatant was adjusted between 7.1
and 7.3 with ice-cold KOH and after letting it stand in ice for 15 min, again cen-
trifuged at 8000 x g for 10 min. The supernatant was filtered through a 0.2-um filter
and subjected to HPLC. Quantification was carried out by comparing the elution
profiles of standards versus samples.

RESULTS

Figure 1 shows the effect of chloroethanols on mitochondrial respiration using
succinate as the respiratory substrate. When CE, DCE and TCE were tested at 150
mM concentration, CE stimulated mitochondrial respiration by 28.2 + 6.5% and
DCE by 202.7 + 8.2% whereas TCE at this concentration inhibited oxygen consump-
tion (>95%). Ethanol at this concentration did not stimulate mitochondrial respira-
tion.

The effect of change in the concentrations of chloroethanols on mitochondrial
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Fig. 1. Effect of 2-chloroethanol (CE), 2,2-dichloroethanol (DCE) or 2,2,2-trichloroethanol (TCE) on
mitochondrial respiration. Chloroethanols were used at 150 mM concentration and succinate at 300 mM.
Conditions and buffer used for polarographic measurements are given in the text.

TABLEI

EFFECT OF CHANGE IN THE CONCENTRATION OF CHLOROETHANOLS ON MITOCHON-
DRIAL RESPIRATION

Concentration {rmM) Ratio (b/a) % Stimulation

2-Chloroethanol

150 1.282 28.2
300 1.658 65.8
450 1.926 92.6
600 1.976 97.6
1500 0.199 -79.1
2,2-Dichloroethanci
37.5 1.430 43.0
75 2.831 183.1
150 3.026 202.6
225 1.427 42.7
300 0.348 —65.2
600 0.168 -83.2
2,2, 2-Trichloroethanol
15 2.356 135.6
30 4.134 313.6
60 2419 141.9
90 0414 -58.6
120 0.133 -86.7

b = rate of respiration after the addition of the chemical; a = rate of respiration before the addition of the
chemical
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TABLE II

EFFECT OF CHANGE IN PROTEIN (MITOCHONDRIAL) CONCENTRATION ON STIMULA-
TION OF RESPIRATION

Stimulant % Stimulation
Protein (mg)
1 2 3 4 5
CE 77 74 33 33 46
DCE 209 139 164 129 131
TCE 241 270 261 226 214

The concentrations of chloroethanols which showed maximum stimulation were used. CE = 2-chloroetha-
nol; DCE = 2,2-dichloroethanol; TCE = 2,2,2-trichloroethanol.

respiration was studied (Table I). The concentrations used were: CE, 150-1500 mM;
DCE, 37.5-600 mM and TCE 15-120 mM. CE showed maximum stimulation at 600
mM (97.6%), DCE at 150 mM (202.6%) and TCE at 30 mM (313.6%). As is apparent
from Table 1, TCE shows an inhibitory effect on mitochondrial respiration at 90 mM
or higher concentration, whereas at 30 mM it shows maximum stimulation among the
chloroethanols studied. Mitochondria seem to tolerate higher concentrations of DCE
or CE. Table 1I shows the effect of change in the concentration of mitochondrial
protein on the stimulation of respiration using the concentrations which showed
maximum stimulation. Respiratory stimulation appeared to be independent of mito-
chondrial protein concentration. When antimycin was added before the addition of
chloroethanols (using the concentrations of chloroethanols which had shown maxi-
mum stimulation) there was no stimulation of respiration or increase in oxygen con-
sumption.

Chloroethanols (optimal concentrations for respiratory stimulation with succinate)
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Fig. 2. Effect of 2-chloroethanol (CE), 2,2-dichloroethanol (DCE) and 2,2,2-trichloroethanol (TCE) on the

respiratory stimulation using glutamate-malate as the respiratory substrate. The concentrations of chlo-

roethanols which showed maximum respiratory stimulation with succinate as the respiratory substrate
were used.
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Fig. 3. Effect of trichloroethanol (TCE) on oxygen utilization after the addition of oligomycin to stop state
3 respiration, Addition of TCE (30 mM) stimulated oxygen consumption but did not stimulate more ATP
formation.

inhibited mitochondrial respiration when glutamate-malate was used as the respi-
ratory substrate (Fig. 2). The percent inhibitions were 10.0 £ 1.6, 81.3 £ 2.0 and 73.0
+ 1.0 for CE, DCE and TCE, respectively. Addition of chloroethanols inhibited the
formation of ATP. For ATP determination, chloroethanol was added first, followed
by the addition of ADP and the percent of ATP formed was 39.35, 34.48 and 23.78
with CE, DCE and TCE respectively, relative to control (100%) at concentrations
which showed maximum respiratory stimulation with succinate as the respiratory
substrate. In a separate experiment, first ADP was added, then oligomycin was added
to block state 3 respiration, followed by the addition of chloroethanol. As shown in
Figure 3, the addition of TCE after the addition of oligomycin stimulated oxygen
consumption, but this stimulation did not result in the increase of ATP synthesis.
These results indicate that chloroethanols stimulate mitochondrial respiration by un-
coupling oxidative phosphorylation and that the uncoupling potency is proportional
to the extent of chlorination.

DISCUSSION

Because of the presence of chloroethanols as contaminants in food products, medi-
cal and surgical supplies, studies related to the toxicity of these haloethanols are of
great interest and importance. The ability of halogen to cause effective perturbation
of the configuration of the hydrophobic groups in a protein has been suggested [36].
In recent years, the effect of chemicals on the respiratory activity of mitochondria has
been determined in order to assess their cytotoxicity [37,38]. Ebina and Nagai have
shown that CE stimulated state 4 respiration and released oligomycin inhibition of
state 3 respiration [32]. This study was however done at a single concentration of CE
(0.79 vol%) and using only one respiratory substrate. In our present study, we have
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assessed the effect of increase in the number of chlorine atoms at the S-position of
chloroethanol on the respiratory stimulation of rat liver mitochondria at different
concentrations and using succinate as well as glutamate-malate as the respiratory
substrate. The respiratory stimulation was found to be dose-dependent. Only 30 mM
concentration of TCE was required for maximum respiratory stimulation, in contrast
to 150 mM for DCE and 600 mM for CE. The maximum respiratory stimulation was
313% for TCE, whereas for DCE it was 202% and for CE 97% (Table I) when
succinate was used as the respiratory substrate. However, chloroethanols (optimal
concentrations for respiratory stimulation with succinate) inhibited mitochondrial
respiration when glutamate-malate was used as the respiratory substrate. These
results indicate that chloroethanols stimulate oxygen consumption in the case of
NAD-linked substrates whereas they inhibit oxygen consumption for FAD-linked
substrates. Change in the protein concentration did not show any appreciable effect
on the stimulation of respiration (Table II). Stimulation of respiration and inhibition
of ATP formation by these chloroethanols provides a direct indication that these
chloroethanols stimulate mitochondrial respiration by uncoupling oxidative phos-
phorylation and that the uncoupling potency is proportional to the extent of chlorina-
tion. It has been suggested that uncouplinig by haloethanols may occur because of
perturbation of the structure of the inner membrane of mitochondria, which results in
leakage of protons from the outside to the inside [32]. Since most of the ATP neces-
sary for cellular functions is produced by mitochondrial oxidative phosphorylation,
impairment of the oxidative phosphorylation potential of mitochondria may result in
deleterious effects on cellular activities. However, the effect of chloroethanols on the
uncoupling of oxidative phosphorylation using isolated mitochondria needs to be
compared with in vivo studies in rats in order to evaluate the efficacy of the present
observations.

ACKNOWLEDGEMENTS

This research was supported by grant ES 04815 awarded by the National Institute
of Environmental Health Sciences and by grant OH 02149 awarded by the National
Institute for Occupational Safety and Health of the Center for Disease Control. The
skillful technical assistance of Karen Inners-McBride is highly appreciated.

REFERENCES

1 Windholz, M.G. (Ed.) (1976) The Merck Index, 9th ed. Merck, Rahway, NJ, p. 499.

2 Wesely, F., Rourke, B. and Darbishire, O. (1965) The formation of toxic persistent chlorohydrins in
food stuffs by fumigation with ethylene oxide. J. Food Sci. 30, 1037-1042.

3 Richardson, H. and Smee, L. (1975) Freight container fumigation and wood penetration by ethylene
oxide mixture against quarantinable termites and other insects. Pest Control 43, 22-24.

4 Cunliffe, A.C. and Wesley, F. (1967) Hazards from plastics sterilized by ethylene oxide. Br. Med. J. 2,
575-576.

5 Huberman, E., Bartsch, H. and Sachs, L. (1975) Mutation induction in Chinese hamster V79 cells by



210

two vinyl chloride metabolites, chloroethylene oxide and 2-chloroacetaldehyde. Int. J. Cancer 16, 639
644.

6 Yliner, S. (1971) Metabolism of 1,2-dichloroethane-*C in the mouse. Acta Pharmacol. Toxicol. 30,
257-265.

7 Guengerich, F.P., Crawford, W.P,, Domoradzki, J.Y., MacDonald, T.L. and Watanabe, P.G. (1980) In
vitro activation of 1,2-dichloroethane by microsomal and cytosolic enzymes. Toxicol. Appl. Pharmacol.
55, 303-317.

8 McCali, S.N., Jurgens, P. and Ivanetich, K.M. (1983) Hepatic microsomal metabolism of the dichloro-
ethanes. Biochem, Pharmacol. 32, 207-213.

9 Norpoth, K., Heger, M., Muller, G., Mohtashamipur, E., Kemena, A. and Witting, C. (1986) Investiga-
tions on metabolism, genotoxic effects and carcinogenicity of 2,2’-dichloroethylene. J. Cancer Res. Clin.
Oncol. 112, 125-130.

10 Hefner, R.E., Watanabe, P.G. and Gehring, P.G. (1975) Preliminary studies on the fate of vinyl chloride
monomer in rats, Ann. NY Acad. Sci. 246, 135-148,

11 Fest, C. and Schmidt, K.J. (1973) The Chemistry of Organophosphorus Pesticides. Springer-Verlag
Berlin, p. 138.

12 Lee, C.C., Bhandari, J.C., Winston, J.M., House, W.B,, Dixon, R.L. and Woods, 1.S. (1978) Carcinoge-
nicity of vinyl chloride and vinylidene chloride. J. Toxicol. Environ. Health 4, 15-30.

13 Dekant, W., Metzler, M. and Henschler, D. (1984) Novel metabolites of trichloroethylene through
dechlorination reactions in rats, mice and humans. Biochem. Pharmacol. 33, 2021-2027.

14 Monster, A.C. (1986) Biological monitoring of chlorinated hydrocarbon solvents. J. Occup. Med. 28,
583-588.

15 Madelmont, J.C., Moreau, M.F., Godenech, D., Duprat, J., Plagne, R. and Meyniel, G. (1982) Main
metabolites of  1-(2-chloroethyl)-3-{1’-(5"-p-nitrobenzoyl-2’,3’-isopropylidene)-a 8-p-ribofuranosyl]-1-
nitrosourea and 1-(2-chloroethyl)-3-(2',3’,4’-tri-O-acetyl-a,B,b-ribopyranosyl)-1-nitrosourea in rats.
Drug Metab. Disposit. 10, 622666,

16 Godeneche, D., Moreau, M.F., Madlemont, J.C., Duprat, J. and Plagne, R. (1982) Disposition and
metabolism of 1-(2-chloroethyl)-3-(2',3",4"-tri-O-acetylribopyranosyl)-1-nitrosourea in rats. Cancer
Res. 43, 525-529.

17 Reed, D.J., May, H.E., Boose, R.B., Gregory, K.M. and Beilstein, M.A. (1975) 2-Chloroethanol forma-
tion as evidence for 2-chloroethyl alkylating intermediate during chemical degradation of 1-(2-
chloroethyl)-3-(trans-4-methyl cyclohexyl)-1-nitrosourea. Cancer Res. 35, 568-576.

18 Feuer, G., Balazs, T., Farkus, R. and Hyas, M.S. (1977) Effect of 2-chloroethanol on hepatic micro-
somal enzymes in the rat. J. Toxicol. Environ. Health 3, 569-576.

19 Rosenkranz, H.S. and Wlodkowski, T.J. (1974) Mutagenicity of ethylene chlorohydrin. A degra-
dation product present in food stuffs exposed to ethylene oxide. J. Agr. Food. Chem. 22, 407~
409.

20 Crebelli, R., Conti, G., Conti, L. and Carere, A. (1984) Induction of somatic segragation by halo-
genated aliphatic hydrocarbons in Aspergillus nidulans. Mutat. Res. 138, 33-38.

21 Crebelli, R., Conti, G., Conti, L. and Carere, A. (1985) Mutagenicity of trichloroethylene, trichlo-
roethanol and chloral hydrate in Aspergillus nidulans. Mutat. Res. 155, 105-111.

22 Johnson, M.K. (1967) Metabolism of chloroethanol in the rat. Biochem. Pharmacol. 16, 185-199.

23 Andrews, J.E., Courtner, K.D. and Donaldson, W.E. (1983) The effects of ethylene chlorohydrin on
fatty acid synthesis. J. Environ. Sci. Health 18, 351-367.

24 Jones, A.R. and Wells, G. (1981) The comparative metabolism of 2-bromoethanol and ethylene oxide
in the rat. Xenobiotica 11, 763-770.

25 Heikes, D.L. and Griffith, K.R. (1979) Identification of 2-chloroethyl palmitate and 2-chloroethyl
linoleate in French dressing. Bull. Environ. Contam. Toxicol. 21, 98-101.

26 Heikes, D.L. and Griffith, K.R. (1979) Mass spectrometric identification and gas-liquid chromato-
graphic determination of 2-chloroethyl esters of fatty acids in spices and foods. J. Assoc. Off. Anal.
Chem. 62, 786-791.



27

28

29

30

3

frotvg

32

33

34

35

36

37

38

211

Yurawecz, M.P. (1987) 2-Chloroethyl fatty acid esters as indicators of 2-chloroethanol in black walnuts,
seasoninig mixes and spices. J. Assoc. Off. Anal. Chem. 70, 1011-1013.

Kaphalia, B.S. and Ansari, G.A.S. (1987) 2-Chloroethyl! stearate: an in vivo fatty acid conjugate of
2-chloroethanol. Bull. Environ. Contam. Toxicol. 39, 835-842.

Kaphalia, B.S. and Ansari, G.A.S. (1989) Hepatic fatty acid conjugation of 2-chloroethanol and 2-
bromoethanol in rats. J. Biochem. Toxicol. 4, 183-188.

Gartrell, M.J., Craun, J.C., Podrebarac, D.S. and Gunderson, E.L. (1986) Pesticides, selected elements,
and other chemicals in adult total diet samples. J. Assoc. Off. Anal. Chem. 69, 146-161.

Bhat, H.K. and Ansari, G.A.S. (1990) Cholesterol ester hydrolase mediated conjugation of halo-
ethanols with fatty acids. Chem. Res. Toxicol. 3, 311-317.

Ebina, S. and Nagai, Y. (1980) 2-Halogeno-ethanols as an uncoupler of oxidative phosphorylation in
rat liver mitochondria. Experientia 36, 537-539.

Asimakis, G.K. and Aprille, J.R. (1980) In vitro alteration of the size of the liver mitochondrial nu-
cleotide pool: correlation with respiratory functions. Arch. Biochem. Biophys. 203, 307-316.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951} Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193, 265-275.

Asimakis, G.K., Wilson, D.E. and Conti, V.R. (1985) Release of AMP and adenosine from rat heart
mitochondria. Life Sci. 37, 2373-2380.

Ebina, S., Kobayashi, T. and Nagai, Y. (1979) Inhibition of a-chymotrypsin by 2-halogenoethanols;
comparison with 2-methyl-ethanols and urea. Experientia, 35, 1011-1012.

Blondin, G.A., Knobeloch, L.M., Read, HW. and Harkin, J.M. (1987) Mammalian mitochondria as
in vitro monitors of water quality. Bull. Environ. Contam. Toxicol. 38, 467-474.

Knobeloch, L.M., Blondin, G.A. and Harkin, J.M. (1990) Use of submitochondrial particles for predic-
tion of chemical toxicity in man. Bull. Environ. Contam. Toxicol. 44, 661-668.



