
INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

Universe 
MicnSilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1320072 

MACFARLAND, RONALD TREVOR 

EXTRA-HEPATIC GLUTATHIONE CONJUGATION AND THE TOXICITY OF THREE 
HALOGENATED HYDROCARBONS 

' THE UNIVERSITY OF ARIZONA M.S. 1982 

University 
Microfilms 

International 300 N. Zeeb Road. Ann Arbor. MI 48106 





EXTRA-HEPATIC GLUTATHIONE CONJUGATION AND THE TOXICITY OF 

THREE HALOGENATED HYDROCARBONS 

by 

Ronald Trevor MacFarland 

A Thesis Submitted to the Faculty of the 

COMMITTEE ON TOXICOLOGY (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  2  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of re­
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are allowable without· special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his 
judgment the proposed use of the material is in the interests of scholar­
ship. In all other instances, however, permission must be obtained 
from the author. 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Date 



To my parents, 

teachers by example 

iii 



ACKNOWLEDGMENTS 

The author wishes to express his most sincere thanks to Doctors 

I. Glenn Sipes, A. Jay Gandolfi and Dean E. Carter for their assistance 

and guidance during this project. 

Thanks are also extended to Russell White, Doctor Richard M. 

Maiorino and Terrence Gillespie, as well as to Richard C. Lind, Anthony 

Direnzo, John R. MacDonald and Frank H, Plescia for their technical 

assistance and friendly advice. 

Finally, the author wishes to express his gratitude to the 

Arizona Center for Occupational Safety and Health, the Department of 

Anesthesiology, and the Toxicology Program for their financial assistance. 

Sincerest thanks are also extended to Terry Gray for her 

contribution in the preparation of this manuscript. 

iv 



TABLE OF CONTENTS 

Page 

LIST OP ILLUSTRATIONS .#• 'i* •« *• ... .. *; *• r *.. ... i' >• 't- ••• >•• vn 

LIST OF TABLES *. ... ... .. ... ... , ... -. ... ... ... . ... viii 

ABSTRACT «. >.< ... .. .. .» »•; ... .. v ... >. >. >. r.< w ... ... ... .. ... . •» ix 

INTRODUCTION .. , . -. .. ... ... ... „ ,. ., ... ... .. •. ... , . •. 1 

Production, Uses and Occurrences ... . .• 1 
Toxicology >. >.- •* .. 5 
Mutagenicity ... .. .. -. ... . -. . . . 13 
Metabolism ... .• .- •. ... .. .. .. . .. •. -. .• ........ 15 
Statement of the Problem .• . .. •. ... -. •. . . .. •• . . 23 

METHODS ... ... -. ... •. .. ... . >. •.• .• •. ,. ... .• .• .• .. •. . . 25 

Chemicals -. ... •. ... ... .• . ... ... ... •. ... . ... . . ••. •» 25 
Animals .. ... •. *. .. . *. . . ... .* *. •• •• ... ... .. 25 
Preparation of Cellular Fractions .- •, «. . «• .• .• . . . 26 
Transferase Activities in Cytosolic Fractions . . . 27 
In Vitro Metabolism of DBE, DCE, and DBCP . .. .• .. . •. . 28 
Statistics ... .. ... .. .* .. ... .. ... .. ... *. .. .' ... *. ... .. v . 30 

RESULTS ... ... -. .- .* .. ... ... .* ... ..: .. .. ... .' . . ..* •«• •.< ... ... . . ... .. .. 31 

Cytosolic Glutathione S-transferase Activities in 
the Rat and Mouse ... . .• ... .. . . . •. ... •. . • 31 

Optimization of In Vitro Conditions .. .. . . . 33 
Hepatic and Extra-hepatic GSH-dependent Debromination 

of 1,2-dibromoethane and 1,2-dibromo-3-
chloropropane ,. . . .. -. •. ... . . •. . .. .... 36 

Hepatic and Extra-hepatic GSH-dependent Metabolism of 
1,2-dibromoethane and 1,2-dichloroethane as 
indicated by the Formation of ^C-labelled 
Aqueous-Soluble Products .. .. .. . ., ..... . . 44 

Decreased Rate of GSH-Dependent Metabolism of 1,2-
Dibromoethane over Time Using Mouse Liver 
Cytosol . >. .. . .. . .. .. .. -. ..... -. .. .. ... .. *. .. 51 

DISCUSSION ... •. .. .. ... . ., -r •• •. .. . . ••• . . - » , . 53 

CONCLUSIONS . .. . .. ..... ... •. . . 65 

v 



vi 

TABLE OF CONTENTS—Continued 

Page 

APPENDIX A: LINEARITY OF IN VITRO METABOLISM WITH TIME AND 
PROTEIN CONCENTRATION .. .. .. . , . .. •. •. 67 

REFERENCES •. .• .. .. „ , ,• •. * *.• •. . . . .• .• •• . *• - 74 



LIST OF ILLUSTRATIONS 

Figure • Page 

!•. Proposed metabolism of 1,2-dibromoetbane (DBE) •» •. 22 

2. GSH-dependent debromination of DBCP by rat liver cytosol 
with time * ... •. .. . . >• . * • -* •> >• < •. • • •• •> • 34 

3. In vitro GSH-dependent metabolism of DBE by rat liver 
cytosol, as a function of protein concentration ••• ••• •. •.• 35 

4. The effect of protein and GSH concentration on the 
in vitro GSH-dependent metabolism of DBE using rat liver 
cytosol •.• -r .< - . ... >. ••• ... ... <> 37 

5. GSH-dependent metabolism of DBE and DBCP using rat and 
mouse liver cytosols . . >. ... •• .. . . •. .... 38 

6. GSH-dependent metabolism of DBE by hepatic and extra-
hepatic cytosols of the rat and mouse •.• .. .• . •. ••• •. 39 

lt GSH-dependent metabolism of DBCP by hepatic and extra-
hepatic cytosols of the rat and mouse ............ AO 

8>, Hepatic GSH-dependent metabolism of DBE and DCE using rat 
and mouse cytosols •• ••• ••• •. • •• ••• •> -• •• . ••• •• ••• «• •• ••• 45 

9.- Thin-layer chromatographic separation of extracted 
aqueous layers from in vitro incubations -• ••• . •• . . 47 

14 
10.. GSH-dependent metabolism of C-DBE by hepatic and 

extra-hepatic cytosols of the rat and mouse -. ,• .. . •. . . 48 

14 
11. GSH-dependent metabolism of C-DCE by hepatic and extra-

h e p a t i c  c y t o s o l s  o f  t h e  r a t  a n d  m o u s e  . .  • .  .  .  .  . . . .  .  4 9  

12. GSH-dependent debromination of DBE using mouse liver 
cytosol '• « '*• '# r. '* '• ... t '»• *• . ... * . •• 52 

vii 



LIST OF TABLES 

Table Page 

1. Glutathione S-transferase activities in rat and mouse 
cytosolic fractions 32 

2: Hepatic and extra-hepatic metabolism of l,2-dibromo-3-
chloropropane expressed as percentages of activities 
determined using l-chloro-2,4-dinitrobenzene •. ... . . . . 42 

3.. Hepatic and extra-hepatic metabolism of 1,2-dibromoethane 
expressed as percentages of activities determined 
u s i n g  l - c h l o r o - 2 , 4 - d i n i t r o b e n z e n e  • • •  . •  - .  - » •  • •  • .  . . . .  4 3  

Hepatic and extra-hepatic metabolism of 1,2-dichloro-
ethane expressed as percentages of activities determined 
using l-chloro-2,4-dinitrobenzene . . .• . .. .. . . . . 50 

viii 



ABSTRACT 

. In contrast to many of the other short-chain halogenated hydro­

carbons, the toxicology of the compounds 1,2-dibromoethane (DBE), 

1,2-dibromo-3-chloropropane (DBCP), and 1,2-dichloroethane (DCE) has 

been characterized by a predominantly extra-hepatic response... Strong 

evidence indicates that a direct, enzymatically-mediated conjugation 

with glutathione may be at least partially responsible for the toxicity 

associated with exposure to 1,2-dibromoethane~ . In this study, the 

in vitro GSH-dependent cytosolic metabolism of DBE, DBCP and DCE was 

assessed, using cytosolic fractions prepared from the liver, kidney, 

testes and stomach tissues of Sprague-Dawley rats and Swiss Webster 

mice.. DBCP was the most rapidly metabolized by the rat, in all tissues 

examined, followed in descending order by DBE and DCE. In the mouse, 

however, DBE was the most readily metabolized of the three compounds, 

followed by DBCP and DCE.. In every case, hepatic rates of metabolism 

exceeded those of the extra-hepatic tissues tested .• 

ix 



INTRODUCTION 

• l,2-Dibromo-3-chloropropane (DBCP), 1,2-dibromoethane (DBE, 

ethylene dibromide, EDB) and 1,2-dichloroethane (DCE, ethylene di-

chloride, EDC) represent three members of the class of short-chain 

halogenated hydrocarbons which have been the subject of an extensive 

amount of toxicological investigation in recent years-. An effort in this 

area is clearly warranted, as all three of these compounds have been 

heavily produced and utilized in a number of industrial, agricultural and 

consumer settings. The likelihood of their environmental dispersion is 

heightened by their manner of use—often in large quantities as pesti­

cides or solvents, and by the relatively high volatility and 

lipophilicity of these and other members of this class. 

Finally, recent studies based on the suggestion of these 

compounds as the causative agents in numerous pathological conditions, 

indicate that they may undergo a novel scheme of metabolic bioactivation 

to their potentially toxic forms.- This latter aspect, concerning the 

metabolism of DBCP, DBE and DCE, make these compounds unique among their 

class. 

Production, Uses and Occurrence 

l,2-Dibromo-3-chloropropane is an amber to brown oily liquid at 

room temperature, with a molecular weight of 236.3, a boiling point of 

196°C, and a vapor pressure of 0.8 mm Hg at 21°C. Used almost 

exclusively for agricultural purposes as a nematocide, DBCP has been 

1 
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marketed in a variety of forms, including emulsified concentrates, 

granular preparations, and as a component in fertilizer mixtures. Its 

lack of toxicity to mature plants combined with a long residence life in 

soil, make it a highly effective soil fumigant (IARC, 1979). 

Commercial production of DBCP began in the United States in 

1955 using the same process as is currently used, in which bromine is 

added to allyl chloride. The compound was registered for use as a 

nematocide in 1964, and is currently produced in several European 

countries and Japan, as well as in the U.S. An estimated 5.4 million kg 

of DBCP were used in the United States in 1972, with approximately 59% 

of this total being applied in the Pacific coast states (OSHA, 1978). 

Use of DBCP has, however, been sharply curtailed since 1977 when an 

order was issued by the EPA, suspending use of the compound on 19 food 

crops in which it was believed residues might occur in edible portions 

(OSHA, 1978). The current Occupational Safety and Health Administration 

(OSHA) standard for occupational exposure to gaseous DBCP is 1 part per 

billion (8 hr time weighted average) (IARC, 1979). 

1,2-Dibromoethane has largely superceded DBCP as the major soil 

fumigant in current use in the United States, with an estimated 5 million 

pounds being employed for this purpose annually (Fishbein, 1980). Its 

extensive use in the fumigation of produce, as part of the Medfly 

quarantine program, has further expanded DBE's role as a pesticide 

(Walsh, 1982). 

Both DBE and its chlorinated analog, 1,2-dichloroethane, are 

heavy, colorless liquids with boiling ranges of 131-132 and 83-84 °C, 
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respectively. DBE and DCE have respective vapor pressures of 8,5 and 

66 mm Hg at 20°C, making them somewhat more volatile than DBCP (Rannug, 

1980). 

Despite its current importance as a pesticide, only about 10% of 

all DBE produced is used in this capacity (Walsh, 1982). DBE's principle 

use is as a lead scavenger in anti-knock blends, a component of leaded 

gasolines. 

Commercial production of DBE involves the exothermic reaction of 

ethylene and bromine, representing the single largest use of the latter 

in the world, DBE production in the United States in 1975 was estimated 

at 125 million kg. The present federal OSHA standard for occupational 

exposure to DBE is 20 ppm. The California branch of OSHA (Cal OSHA) has 

adopted a new standard of 130 parts per billion, in response to concerns 

posed relating to the compound's use in the Hedfly quarantine program 

(Walsh, 1982). 

Like DBCP and DBE, 1,2-dichloroethane has been used in a limited 

capacity as a pesticide. The major use of this compound, however, is as 

an intermediate in the production of vinyl chloride, and a number of 

other organic compounds including 1,1,1-trichloroethane, trichloro-

ethylene, perchloroethylene and vinylidene chloride. Other uses for 

DCE include its application as a solvent for textile cleaning and metal 

degreasing, as a component in paint and finish removers, as a dispersant 

for nylon, rayon and plastics, and as a lead scavenger in the formula­

tions of leaded fuels (Fishbein, 1980). This latter application 

probably represents the single largest dispersive use of DCE. 
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Synthesized through the chlorination or oxychlorination of 

ethylene, DCE is the most heavily "produced of the three compounds being 

considered in this thesis (Rannug, 1980).. Commercial production began 

in 1922, but did not escalate until around I960, paralleling the increase 

in the use of plastics. With a current estimated production of approx­

imately 11 billion pounds annually, DCE is the largest volume synthetic 

organic chemical manufactured in the United States (Gold, 1980). The 

National Institute for Occupational Safety and Health (NIOSH) estimates 

as to the number of workers potentially exposed annually to DCE run as 

high as 1.6 million (NIOSH, 1976). The current OSHA standard for 

exposure to DCE in ambient air is 50 ppm. Because of its high 

volatility, most exposure to DCE is likely to occur via the inhalation 

route. 

Although their major uses vary somewhat, exposure to relatively 

high levels of DBCP, DBE or DCE is most likely to involve some type of 

occupational setting, whether it be industrial or agricultural in nature. 

At the same time, however, the patterns of use of these 3 compounds 

combined with their physical and chemical characteristics may permit 

their environmental dispersion. Thus, those at risk may be divided into 

two groups, the general population, and a smaller subgroup potentially 

exposed to much higher levels in the workplace. 

In the case of DBCP, the high exposure subgroup would be 

represented by both the worker in the manufacturing plants, and the 

farmer engaged in the application of the material. Distribution of much 

lower levels to the general population could occur through the presence 
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of residual DBCP on the produce grown in treated soil (Newsome et al., 

1977). The United States Environmental Protection Agency (EPA) has 

estimated human dietary exposure to DBCP in the range of 2.2 x 10 mg/ 

kg/day (OSHA, 1978). A study examining the presence of DBCP in fumigated 

soil demonstrated the retention of some of the compound 40 weeks post-

treatment (Newsome et al., 1977). 

Similar potential routes for environmental dispersion can be 

postulated for both DBE and DCE, such as exposure related to the use of 

self-serve gasoline stations. DCE has also been shown to be present in 

the drinking water supplies of several major cities, in the parts per 

billion range (Simons et al., 1975). 

Toxicology 

As previously stated, the commerical use of DBCP has sharply 

declined in the past several years, as a direct result of a 1977 EPA 

action suspending the use of DBCP-containing pesticides on most food 

crops. This order closely followed a NIOSH health hazard evaluation at 

the Oxidental Chemical Company plant in Lathrop, California, when it 

was learned that a number of workers had shown abnormally low sperm 

counts (NIOSH, 1978). 

Evidence for effects of DBCP on male reproductivity existed 

prior to the Oxidental Chemical investigation, and have since been 

elucidated more clearly in a variety of species. Torkelson, Sadek and 

Rowe (1961) reported the results of two independent toxicologic 

investigations on DBCP in which the compound was administered to a 

number of species via several major routes of exposure. Oral LD50s 
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ranged from 410 and 300 rag/kg in the mouse and rat, respectively, to as 

low as 60 mg/kg in the chicks Single exposures of male rats to DBCP 

vapors produced irritation to the eyes and respiratory passages at 

concentrations of 60 ppm or higher. Slight to moderate depression of 

the central nervous system, as evidenced by sluggishness and ataxia, 

and kidney effects were noted in some animals exposed to concentrations 

as low as 50 ppm. An of 368 ppm for a 1 hour exposure was 

suggested. 

Chronic inhalation studies (7 hrs/day, 5 days/week) in male rats 

produced gross lesions in the lung, intestinal mucosa, kidneys and testes 

when DBCP was administered at 20 ppm. In similar experiments using rats, 

guinea pigs, and rabbits at levels of DBCP in the 12 ppm range, the same 

authors describe degenerative changes in the testes as the most striking 

feature present in all species at the time of autopsy. In the rat, 

these changes were characterized by degeneration of the seminiferous 

tubules and an increase in the number of Sertoli cells. Centrilobular 

congestion and dilation of the sinusoids of the liver were noted, as 

was a cloudy swelling of the epithelial lining of the proximal convoluted 

tubule in the kidney. 

In a more recent study by Kluwe (1981a), the acute toxicity and 

effect of route of administration on DBCP toxicity were examined. In a 

dose-response experiment, the authors found the kidney to be susceptible 

to toxicity at lower doses (40 mg/kg) than produced significant damage 

to the testes or liver. This disparity between the kidney and other 

tissues was accentuated when a subcutaneous route of administration was 

used.. 
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Histological evaluation of the kidneys of F-344 rats adminis­

tered a single dose of 100 mg/kg DBCP revealed degenerative changes in 

the proximal convoluted tubule at 1 day post-treatment (Kluwe, 1981b)-. 

These morphologic changes were preceded by a prominant polyuria, 

glucosuria and proteinuria, with a decrease in urine specific gravity, 

all in accord with the suggestion of the proximal convoluted tubule as 

the primary site of DBCP-induced toxicity in the kidney. Considerable 

tubular regeneration was observed 10 days post-treatment, however kidneys 

examined from rats sacrificed at 30 days contained large areas of 

fibrotic tissue. The authors suggest DBCP-induced degenerative changes 

to the kidney may be cumulative, as a single dose of 120 mg/kg produced 

quantitatively similar changes as A consecutive daily treatments of 

40 mg/kg (Kluwe, 1981b). 

Testicular and hepatotoxicity were apparent at somewhat higher 

doses of DBCP, the former being characterized by focal seminiferous 

tubular degeneration, with desquamation of germinal cells at all stages 

of maturation, Epididymal cells also exhibited degenerative changes, 

with sloughing off into the tubular lumen. Both the seminiferous tubular 

and epididymal changes could account for the reduced sperm counts 

observed in humans (Potashnik, 1979),. 

DBCP treatment produced small, transient increases in serum GPT 

and LDH levels, followed by morphological changes in the liver char­

acterized by mild periportal swelling. The histological changes in the 

liver were reversible, with essentially normal morphology returning 

within 3 days post-treatment. Higher doses produced centrilobular 
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necrosis with some vacuolated cells, and increased liver to body weight 

ratios (Kluwe, 1981a)., 

Suggestion of DBCP's role as a possible carcinogen began with a 

report by Olson et al, (1973) on the induction of stomach tumors in rats 

and mice following chronic oral administration of DBCP and DBE. Gastric 

tumors described as squamous cell carcinomas were observed in rats 

receiving DBE as early as 10 weeks. DBCP produced similar tumors in 

rats, first observed at AO weeks-. In addition, DBCP produced prominent 

mammary tumors in female rats, but not mice, as early as 14 weeks. 

Gastric tumors eventually metastasized throughout the abdominal cavity 

(Ward and Haberman, 1974; Olson et al., 1973).. Reported incidences of 

stomach tumors at the 62 week termination point of the study were greater 

than 90 and 70% in DBE-treated rats and mice, respectively, and in 

excess of 60 and 90% in DBCP-treated rats and mice, respectively (Powers 

et al., 1975). 

The carcinogenic potentials of DBCP and DBE when administered 

via the inhalation route were assessed in a lifetime study using rats 

and mice exposed to DBCP in the 1-24 ppm range, and DBE in the 1-75 ppm 

range (Reznik, Stinson and Ward, 1980)'. Histomorphological alterations 

produced by both compounds were dose-related, and occurred predominant^' 

in the upper respiratory tract in both species. Necrosis and atrophy 

of the olfactory epithelium was noted as early as 13 weeks in both 

species. Squamous cell metaplasia, hyperplasia, and cytomegaly of the 

respiratory nasal turbinals, as well as of the larynx, trachea, bronchii 

and bronchioles was observed in both species.. The authors also noted 
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severe toxic alterations in the trachea, lung, kidney, liver and testes 

of test animals, with tumors occasionally being found in all of these 

tissues except the testes (Reznik et al., 1980)-. 

• In a recent inhalation study attempting to delineate the time 

course of development of these changes, F-344 rats were exposed to con­

centrations of DBE in the 0-40 ppm range for a period of 13 weeks 

(Nitschke et al-.-, 1981), Rats exposed to 40 ppm DBE showed decreased 

body weight gain throughout the 13 week exposure, with increases in 

kidney and liver weights noted after 6 and 13 weeks of treatment. 

Histopathological effects were limited to the anterior sections of the 

nasal turbinals, and were observed at as early as 6 weeks in the rats 

receiving 40 ppm DBE, After 13 weeks, rats in this group exhibited 

multifocal to diffuse hyperplasia, and some individual cell necrosis in 

the respiratory epithelium. Following an 88 day recovery period, how­

ever, a reversal of these changes were observed in all but one rat. The 

authors speculate-, however, that had exposure been continued, the 

observed histopathological changes could easily have progressed to neo­

plasia (Nitschke et al., 1981). 

Besides the observed similarities in their chronic toxicity when 

administered both orally and by the inhalation route, DBCP and DBE 

exhibit similar patterns of acute and sub-chronic toxicity. Like 

DBCP, DBE toxicity is predominantly extra-hepatic in nature, in striking 

contrast to most of the other short-chain halogenated hydrocarbons such 

as carbon tetrachloride (Recknagel, 1967).. 

Acute human exposure to DBE is reported to cause irritation of 

mucous membranes, nausea, vomiting and drowsiness (St. George, 1937)-. 
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Rats receiving DBE vapors at concentrations of 3000 ppm showed adverse 

effects within a 7 hr period, including pulmonary edema and hemorrhage, 

accompanied by inflammatory and early degenerative changes in the kidney 

(Rowe et al., 1952)..- The lack of hepatotoxicity of DBE was demonstrated 

by Plescia (1981) in rats and mice.. Doses required to produce an 

observable hepatotoxic response with significantly elevated serum GPT 

levels resulted in a high mortality rate in both species. The oral LD,-0 

values for DBE in male and female rats, and female mice are 146, 117 

and 420 mg/kg, respectively (Rowe et al., 1952). 

Like DBCP, DBE has been linked with production of pronounced 

toxicity to the male reproductive system in a number of species (Amir, 

1973j Edwards, Jackson and Jones, 1970), In one study, DBE was admin­

istered to calves orally, over a 14 month period, and was shown to 

produce a decrease in sperm density of the semen (Amir, 1973). Sperm 

were abnormal in morphology and exhibited decreased motility. When 

administered by the inhalation route in concentrations ranging from 

0-89 ppm for 7 hr/day, 5 days/week over a 10 week period, DBE produced 

a variety of toxic effects in rats, generally involving the male 

reproductive system (Short et al-., 1979). Male and female rats in the 

two higher dose groups (39 and 89 ppm) showed reduced body weight gain, 

and consumed less food compared to controls. At the 10 week termination 

point of the study, average testes weights for the high dose groups were 

0.5 gm, versus an average weight of approximately 3.5 gms in the control 

and lower dose groups. Rats receiving 89 ppm DBE showed serum testos­

terone levels of about 50% those of unaffected rats. Mating studies 
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revealed an inability of these high dose rats to impregnate normal 

females. Histopathological examination showed atrophy of the testes, 

epididymis and seminal vesicles. Females exposed to 89 ppm DBE had 

disrupted estrus cycles, this effect being readily reversible, however, 

with many subsequently producing normal litters.-

The question of whether or not a male anti-fertility effect of 

DBE may be occurring in humans was addressed in an epidemiological study 

commissioned by several major producers of the compound (Wong, Utidjian 

and Karlen, 1978)-. Examining the inferred fertility of married men at 

several DBE production facilities, the study revealed a significantly 

low observed to expected birth ratio at one such plant, prompting the 

authors to suggest the real existence of an anti-fertility effect in 

humans * 

Tissue distribution studies in mice using 14C-DBE administered 

intraperitoneally indicated that the compound is readily removed from 

the circulation within 1 hour, with appreciable portions of the radio­

active dose being found in the small intestine, liver, kidney and fat. 

Only about 5% of the dose had been excreted in the bile at 2.5 hours 

1 / 
(Edwards et al-.-, 1970). C-DBE administered to rats by the oral route 

showed a similar pattern of distribution (Short et al-, f 1979). Plescia 

(1981) demonstrated a high degree of covalent binding in the stomach 

of rats following oral administration of ^"'V-DBE,- The author makes the 

suggestion that a high level of biotransformation may severely limit 

the amount of parent compound subsequently available to other organs 

(Plescia, 1981), 
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Of the three compounds under consideration here, 1,2-dichloro-

ethane appears to be least potent toxin, with an oral LD^q of 680 rag/kg 

in the rat (Maltoni, Valgimigli and Scarnato, 1980). DCE readily enters 

the body, and at high concentrations has been shown to produce toxic 

effects on the nervous system, liver, kidney, cardiac and respiratory 

systems, in addition to being a strong eye and skin irritant (Maltoni 

et al1980). Long-term exposure to inhalatory concentrations of DCE 

of up to 150 ppm did not produce gross or widespread toxicity in the rat, 

but toxicity to both the kidney and liver were indicated by a series of 

clinical chemistry tests, being especially pronounced in somewhat older 

animals (Speafico et al.-> 1980). Kidney toxicity was indicated by 

elevated BUN and uric acid levels, while the implication for liver 

toxicity came from increases in serum GPT and tendency toward increases 

m GGT. 

Early suggestion for the carcinogenic potential of DCE came from 

work by Van Duuren et al. (1979) in which repeated skin application of 

DCE was shown to produce lung tumors in rats. In a long-term carcino­

genesis bioassay using DCE administered orally to rats and mice, an 

increased incidence of sub-cutaneous fibromas, gastric squamous cell 

carcinomas and, in females, mammary adenocarcinomas were seen (Ward, 

1980). Alveolar-bronchiolar adenomas and mammary adenocarcinomas 

occurred at a higher incidence than controls in mice. The author 

describes these tumors as being similar to those produced by DBCP and 

DBE in studies previously described. Interestingly, indication of the 

carcinogenic potential for DCE was not seen when the compound was 

administered at concentrations of up to 150 ppm by the inhalation 
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route (Maltoni et al., 1980)-. With the exception of mammary tumors in 

female rats, no significant change in the incidence of tumors was seen 

in treated groups when compared to controls. This difference in 

potential carcinogenicity depending upon the route of exposure is 

difficult to explain, one theory being the requirement of an initial 

interaction with gut flora in order to produce a carcinogenic metabolite; 

such a reaction as would not occur when the compound was administered 

via the inhalation route. A recently completed long-term bioassay in 

which DCE was administered to mice in their drinking water showed no 

indication of carcinogenicity or reproductive effects (Lane, Riddle and 

Borzelleca, 1982>. 

Distribution studies in which parent DCE was monitored demon­

strate a rapid clearance from the blood in a biphasic manner-. DCE 

accumulated rapidly in the liver, peak levels being approached within 

10 minutes after i.v,. administration, with a slower accumulation in 

adipose tissue (Speafico et al., 1980). 

Mutagenicity 

In accord with their observed carcinogenicity in rodents, DBCP, 

DBE and DCE have all been shown to be mutagenic in a variety of 

mammalian and non-mammalian test systems (Teramoto et al., 1980; Rannug, 

1980). In contrast to compounds such as the epoxides epichlorohydrin 

and glycidol, which exert a direct mutagenic effect, DBCP, DBE and DCE 

all show an enhancement of their mutagenic actions in bacterial test 

systems with the addition of some type of enzymatic activating system 

(Stolzenberg and Hine, 1979). 
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In microbial test systems, DBCP was shown to block the growth 

of coli Pol A-1, a bacterial strain deficient in DNA polymerase I, 

This effect was considered indicative of an action on cellular DNA by 

DBCP (Rosenkranz, 1975). Using tester strains of typhimurium in 

which revertence to histidine independence is used as an indicator of 

mutagenicity, DBCP was found to be positive for strain TA 1530, but not 

for TA 1538. These findings suggest that the mutations induced by DBCP 

are of the base-pair substitution, rather than of the frame-shift type, 

possibly the result of alkylation of DNA. Addition of an S-9 activating 

system was an absolute requirement for mutagenicity-. 

Efforts aimed at elucidating DBCP's interaction with DNA using 

mammalian systems include one study in which single doses of 100 mg/kg 

were administered to pre-pubertal male mice. Unscheduled DNA synthesis 

was subsequently observed in the premeiotic germ cells, indicating that 

the parent compound and/or its metabolites are capable of entering the 

nucleus, and may cause DNA damage (Lee and Suzuki, 1979), Using a 

dominant-lethal mutagenicity test system, DBCP was shown to increase the 

incidence of dead implants in rats, reaching a peak at 4-5 weeks post-

treatment (early spermatid stage). No indication for dominant-lethality 

was seen in mice for DBCP (Teramoto et al-., 1980). 

In contrast to DBCP in rats, DBE showed no dominant-lethal 

mutagenic effect in rats or mice OTeramoto et al., 1980). In bacterial 

test systems, however, DBE appears to be able to exert a greater direct 

mutagenic effect than DBCP, inducing point mutations of the base-pair 

substitution type in tester strains of £-. typhimurium (Rannug, 1980). 
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DBE mutagenicity is further enhanced with the inclusion of bioactivating 

systems such as S-9 fractions or the isolated perfused rat liver into 

bacterial test systems (Kale and Baum, 1979; Ehrenber et al., 1974). 

Mutagenicity of DBE has also been demonstrated in Drosophila melanogaster 
i 

and higher plant test systems (Rannug, Sundvall and Ramel, 1978; Rannug 

and Beije, 1979).. 

Like DBE, DCE exerts a direct mutagenic effect, causing point 

mutations of the base-pair substitution type in Salmonella tester strains 

(Rannug and Beije, 1979).- Stronger growth inhibition was seen in a DNA 

polymerase-deficient strain of E. coli than was seen in the proficient 

strain, indicating induction of DNA damage (Brem, Stein and Rosekranz, 

1974). 

DCE's mutagenic effect is enhanced in bacterial systems using 

an S-9 fraction, however this enhancement is NADPH-independent, and was 

further increased with the addition of exogenous reduced glutathione 

(GSH). Pre-treatment of rats with phenobarbital did not significantly 

increase the mutagenic effect-. A similar pattern of mutagenic bio-

activation appears to exist for DBE (Van Bladeren et al., 1980). 

Metabolism 

A positive correlation has been shown between the relative 

toxicologic potential of a compound, and the degree to which it 

exhibits enzymatically-mediated covalent binding to cellular macro-

molecules. In vitro binding studies using microsomal fractions prepared 

from the livers of control and phenobarbital-pretreated rats have shoirn 

the NADPH-dependent enzymatic activity responsible for irreversible 
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covalent protein binding to be present in this fraction (DiRenzo, 

Gandolfi and Sipes, 1981; Hill et al., 1978). 

Banerjee and Van Duuren (197.9) examined the in vitro binding of 

DBE and DCE to microsomal protein and Salmon sperm DNA using microsomes 

prepared from the livers and forestomach regions of rats and mice. 

Considerable irreversible binding, particularly to protein was seen, the 

reaction being inhibited by the addition of SKF-525A, GSH, or methyl-

mercaptoimidazole. Studies using the cytochrome P450 inhibitors 

metapyrone, SKF-525A and carbon monoxide have shown similar patterns of 

protein binding inhibition for DCE (Guengerich et al., 1980) •. The same 

authors have also demonstrated that addition of alcohol dehydrogenase 

and aldehyde dehydrogenase to the incubation mixture reduced the levels 

of irreversible binding, probably by increasing the rate of conversion 

of the suspected reactive intermediate chloroacetaldehyde, to the less 

reactive chloroethanol and chloroacetic acid. 

Using the corresponding proposed oxidative intermediates of 

DBE, bromoacetaldehyde and bromoethanol, Banerjee, Van Duuren and Kline 

(1979) demonstrated high levels of non-enzymatic binding to microsonal 

protein, particularly for the aldehyde. The authors concluded that 

bromoacetaldehyde functions as the reactive species responsible for the 

observed covalent binding of DBE to microsomal protein. 

The in vivo metabolites of DBE in rats were examined by 

Nachtomi, Alumot and Bondi (1966) following single oral doses of 

100 mg/kg DBE. Two major urinary metabolites were identified as 

N-Acetyl-S-(2-hydroxyethyl)cysteine and S-(2-hydroxyethyl)-cysteine. 
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These same two urinary metabolites were seen following administration of 

both DCE and bromoethanol, suggesting a conjugation reaction with 

glutathione in the liver for both DBE and DCE. 

This conjugation reaction is further indicated by observed 

decreases in the levels of hepatic sulfhydryl compounds following DBE 

administration (Nachtomi et al,, 1966). The major in vitro reaction 

product of DBE and glutathione is S~(2-hydroxyethyl)glutathione, the 

bis conjugate being found only in trace amounts. Conversion of this 

primary conjugation product to its mercapturic acid derivative would be 

expected to occur in the kidney. 

Conjugation of xenobiotics with glutathione is classically 

considered to serve a detoxifying role in the cell, by both preventing 

the binding of electrophilic intermediates to cellular constituents, 

and by subsequently aiding in their excretion, this reaction repre­

senting the first step in mercapturic acid formation (Chasseaud, 1974). 

Compounds conjugated with glutathione are anionic, with molecular weights 

exceeding 300 daltons. 

The family of enzymes responsible for the conjugation of GSH 

with exogenous compounds, the glutathione S-transferases, have been 

identified in all mammalian species tested to date (Warholm et al., 

1981). The transferases are frequently categorized on the basis of 

their substrate specificities (e.g.- alkyl-, aryl-, alkene-, 

epoxidetransferase). Studies with purified forms of these enzymes, 

however, have indicated a great deal of overlap in their activities 

towards certain compounds, such as l-chloro-2,4-dinitrobenzene (Habig, 

Pabst and Jakoby, 1974). These findings have prompted the use of a 
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system of letter designations* based on their order of elution from a 

carboxyraethylcellulose column, a final step in the purification process. 

The transferases are basic proteins, with molecular weights of 

about 50,000, composed of two subunits of 25,000 daltons each. In the 

rat, 6 forms have been isolated (A, AA, B, C, D and M) from hepatic 

cytosol, most having been sufficiently purified to allow analysis of 

their amino acid composition and enzymatic properties with a variety 

of substrates (Simons and VanderJagt, 1977). Five forms of GSH-

transferases have been isolated from human liver, all exhibiting 

characteristics similar to the rat forms of the enzyme. Interestingly, 

however, the 5 human forms all possess the same antigenic determinant, 

while only 2 of the 6 rat forms show immunological cross-reactivity 

(Kamiska et al., 1975). Although formerly thought to be exclusively 

cytoplasmic, recent studies involving cell fractionation and immuno-

histochemical techniques show the presence of GSH-transferase activity 

in various hepatic membranes, including the microsomes, mitochondria, 

and nuclei. In one such study, these particulate forms were estimated 

to account for approximately one-tenth of the overall transferase 

activity of the liver (Mukhtar, Baars and Breimer, 1981). 

The glutathione S-transferases have been shown to occur in a 

wide variety of tissues, sometimes in forms distinct from those found 

in the liver of the same species (Guthenberg and Mannervik, 1979). 

Human transferases have been purified from erythrocytes and placental 

tissue, and have been demonstrated in the kidney, lung, adrenal cortex, 

testes, skin, ovary and gastrointestinal tract, using immunohisto-

chemical techniques (Campbell, Bass and Kirsch, 1980). A form of 
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GSH-transferase unique to the lung has been isolated from both rats and 

humans, with the human form exhibiting high activity towards polycyclic 

aromatic hydrocarbons such as benzo(a)pyrene-4,5-oxide (Guthenberg and 

Mannervik, 1979; Warholm et al., 1981). Warholm and coworkers (1981) 

noted the presence of the human lung form in only some individuals, 

possibly due to differences in induction or genetic makeup* They 

suggest that the presence of this form may be discriminatory in defining 

the ability of certain individuals to metabolize and detoxify various 

carcinogenic polyaromatic hydrocarbons. 

In general, the presence of significant levels of GSH-

transferase activity is associated with those tissues which may be 

directly exposed to exogenous chemical contaminants (Clifton and 

Kaplowitz, 1977). Using antibodies prepared against ligandin, a pre­

dominantly hepatic transport protein which has been shown to be 

identical to GSH-transferase B, Campbell and co-workers (1980) examined 

the presence of those transferase forms which cross-react with this 

antibody, in a number of human tissues. Significant levels of the 

enzyme were indicated in the liver, kidney, lung and gastrointestinal 

tract, with lesser amounts being seen in the testes, adrenal cortex, 

skin and ovaries. Clifton and Kaplowitz (1977) examined transferase 

activities in the gastrointestinal tract of the rat, noting significant 

levels toward aralkyl, alkene and epoxide substrates. These activities 

were inducible with polycyclic aromatic hydrocarbons and phenobarbital, 

the highest levels being seen in the proximal regions of the small 

intestine. The authors suggest that the GSH-transferases may represent 

the primary system for detoxification of epoxides in the gut, in view of 
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the low activity of the epoxide hydrases in that organ. Pinkus, Ketley 

and Jakoby (1977) examined more closely the specific regions of the 

gastrointestinal tract associated with transferase activity towards the 

substrate l-chloro-2,4-dinitrobenzene. Values for specific activities 

(expressed in nmoles/mg protein/minute) ranged from a low of 12 in the 

stomach itself, to 410 and 400 in the duodenum and jejunum, 

respectively. The highest levels of activity were consistently seen 

in those regions associated with a high degree of absorptive activity. 

Clearly, glutathione conjugation as catalyzed by the glutathione 

S-transferase enzymes has historically represented a pathway of de­

toxification. Evidence, however, for the role of this GSH-dependent 

route of metabolisra in the development of toxicity following exposure 

to DBE, DCE and DBCP has come from several areas. 

As previously mentioned, both DBE and DCE exhibited their 

greatest mutagenic effect in bacterial models when both an S-9 bio-

activating system and excess reduced glutathione were present 

(Van Bladeren, Van der Gen and Breimer, 1981). The role of a GSH-

dependent reaction in the formation of a mutagenic species was further 

indicated using a synthetic DCE-glutathione conjugate, which was shown 

to exert a strong, direct mutagenic effect (Rannug and Beije, 1979). 

Van Bladeren et al. (1980) demonstrated that the enzymatic activity 

involved in the GSH-dependent reaction resided in the 100,000 g 

(cytosolic) liver fraction, and not in the microsomal fraction. The 

same authors also showed a strong direct mutagenic effect using the 

synthetic proposed metabolite of DBE, S-(2-bromoethyl)-N-

acetylcysteine. 
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The reactive species thought to be produced through direct 

conjugation of DBE with glutathione is a highly reactive half-mustard 

(episulfonium ion) which may undergo a subsequent hydration to form the 

2-hydroxyethyl conjugate.- Production of a double conjugate or ethylene 

may subsequently occur through the reaction of the episulfonium ion 

intermediate with a second molecule of glutathione (Nachtomi, 1970; 

LIvesey and ANders, 1979). A summary of the possible routes of 

metabolism of DBE is presented in Figure 1. 

Animal studies provide further evidence for the role of the GSH-

dependent reaction in the toxicity of DBE. Rats administered 

concentrations of gaseous DBE in conjunction with dietary disulfiram, 

an inhibitor of oxidative metabolism in this case, showed greater 

generalized toxicity than did those receiving DBE alone (Wong et al., 

1982). Van Bladeren et al. (1981) attributed a similar enhancement of 

carcinogenicity using disulfiram reported in a previous study by 

Plotnick (1978) to the inhibition of the oxidative route of metabolism, 

permitting a greater production of the more toxic cytosolic intermediate. 

Pretreatment of rats with phenobarbital, known to potentiate the 

microsomal oxidative metabolism of DBE and its binding to protein, 

prevents the early biological alterations associated with cell division 

following DBE administration (Nachtomi, 1980). 

Using the method of alkaline elution, in which DNA damage is 

assessed by examining the production of single-strand breaks, White 

et al. (1981) showed a dose-dependent increase in hepatic DNA damage 

following i.p. administration of DBE to Swiss-Webster mice. In 
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Figure 1. Proposed metabolism of 1,2-dibromoethane (DBE). 



subsequent in vitro incubations using hepatic nuclei and either a 

microsomal, NADPH-dependent, or a cytosolic, GSH-dependent bioactivating 

system, the authors observed a much greater production of single-strand 

breaks using the latter, GSH-dependent route. 

A recent study conducted by Shih and Hill (1981) attempted to 

demonstrate more clearly the patterns of DBE binding to microsomal 

protein and DNA. The highest levels of protein binding were achieved 

using a microsomal incubation system, this effect being NADPH-dependent 

and inducible with phenobarbital pre-treatment. In contrast, the 

greatest levels of binding to poly-cytidilic acid (representing DNA) 

occurred using a cytosolic incubation system, and were GSH-dependent, 

suggesting this as the pathway responsible for the interaction of DBE 

with cellular nucleic acids. 

Evidence for the toxicity of the product of DBE conjugation with 

glutathione is also indicated by studies in which the effects of in vivo 

administration of the compound on enzymatic activities were assessed. 

Di Simplico, Pierini and Segre (1977) measured the specific activities 

of the GSH-transferases in rat liver supernatant following single doses 

of carbon tetrachloride. Transient decreases in activity were noted, 

reaching a maximum of about 40% of controls at 48 hours. Similar 

observations were noted for DBE. 

Statement of the Problem 

A great deal of evidence indicates the central role of a GSH-

dependent route of metabolism in the development of toxicity following 

exposure to 1,2-dibromoethane. Its chlorinated analog, 
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1,2-dichloroethane, although less extensively studied, appears to under­

go metabolism along the same pathways* again with the suggestion that 

the cytosolic enzyme-mediated route may be responsible for the more 

profound toxicity. l,2-Dibrorao-3-chloropropane has received the least 

amount of attention concerning its metabolic route of activation. The 

possible significance of a GSH-dependent route in its toxicity is 

implied by its structural similarity to 1,2-dibromoethane, as well 

as by its analogous pattern of predominantly extra-hepatic toxicity. 

This latter aspect, most notably involving the kidney, testes, and 

gastrointestinal tract, is shared by both DBE and DCE, and as previously 

stated, is in sharp contrast to observations made concerning the toxicity 

of other short-chain halogenated hydrocarbons. 

Using cytosolic fractions prepared from kidney, testes, stomach, 

and liver tissues of both rats and mice, this study will assess the 

potential for the enzymatically-mediated, GSH-dependent metabolism of 

DBE, DCE and DBCP within each of these tissues. The premise that 

metabolism along a GSH-dependent route may be occurring within the 

extra-hepatic tissues themselves is supported by the observation of 

relatively high GSH-transferase activities found in these organs, as 

previously discussed. In addition, the 3 compounds will be ranked as 

to their relative rates of metabolism via the various tissue enzymes, 

permitting comparison of these findings with their previously observed 

levels and patterns of toxicity in the corresponding whole animal 

models. 



METHODS 

Chemicals 

1,2-Dibromoethane (98% by GLC) was purchased through Matheson, 

Coleman and Bell, Norwood, OH, or through Eastman Kodak Co*, Rochester, 

NY, and redistilled prior to use (boiling point 125°C). l,2-Dibromo-3-

chloropropane and 1,2-dichloroethane (98% by GLC) were purchased from 

14 ^ i 
Pfaltz and Bauer, Inc., Stamford, CN. C-l,2-dibromoethane (24 mCi/ 

mMole) and litC-l,2-dichloroethane were obtained from New England Nuclear 

Inc., Boston, MA. Reduced glutathione, l-chloro-2,4-dinitrobenzene, and 

serum albumin stock solution were obtained from the Sigma Chemical Co., 

St. Louis, MO. l-Chloro-2,4-dinitrobenzene was recrystallized from 

ethanol prior to use. Dimethyl sulfate (Gold Label) was purchased from 

the Aldrich Chemical Co,, Milwaukee, WI. Bromide standard solution was 

purchased from Orion Research Inc., Cambridge, MA, Silica-gel thin-

layer chromatography plates with CaSO^ binder (20 x 20 cm) were 

purchased from Supelco Inc., Bellefonte, PA. 

Animals 

Male Sprague-Dawley rats (250-350 g) housed 2-4 per cage were 

obtained either through the breeding colony, Division of Animal 

Resources, University of Arizona Health Sciences Center, Tucson, AZ, 

or through Hilltop Laboratories, Hilltop, PA. Male Swiss Webster mice 

(25-40 g) were purchased from Charles River Breeding Laboratories Inc. 

Wilmington, MA, and housed 4-6 per cage. All animals were provided food 

(Wayne Lab Blox) and water ad libitum prior to sacrifice. 

25 
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Preparation of Cellular Fractions 

Hepatic and extra-hepatic cytosolic fractions were prepared from 

rats and mice by procedures similar to those described by Sipes, 

Podolsky and Brown (1977) using liver. Animals were sacrificed either 

by CC>2 asphyxiation (rats) or by cervical dislocation (mice). Livers, 

kidneys, testes and stomachs were removed and immediately placed in ice-

cold 0.05M sucrose. Like tissues were pooled at each sacrifice. All 

groups of tissues were weighed and homogenized in 3 volumes of cold 

0.05M Tris-HCl, 1.15% KC1, at pH 7.4. liver and testes were homogenized 

by hand following removal of excess connective and adipose tissue, using 

either a Kontes Bounce Tissue Grinder (Vineland, NJ) (40 ml) or a Kontes 

Duall Tissue Grinder (10 ml), depending upon the volume of tissue. 

Homogenization of kidney and stomach tissues was carried out using an 

electric grinding apparatus consisting of a Black and Decker 1/4" drill 

(Towson, MD) mounted on a Craftsman drill press (Sears Roebuck & Co., 

Chicago, IL). Using 20 ml grinding tubes with Teflon pestles (A. H. 

Thomas, Philadelphia, PA) kidneys and stomachs were homogenized at low 

speed for 30-60 seconds. 

Cytosolic fractions were prepared by differential centrifugation. 

Following centrifugation at 4°C in a Sorvall RC-1 centriguge, at 3000, 

10,000 and 15,000 rpm (10 min at each speed, from lowest to highest), 

tissue supernatants were transferred to a Beckman ultra-centrifuge, 

and spun at 100,000X g for 45 min. Tissue supernatants were filtered 

using glass wool, prior to dialysis. Cytosolic fractions from the 

4 sets of tissues were dialyzed in separate containers under 

refrigerated conditions for 18 hr, using one change of 0.05M sucrose, 
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pH 7.4, and 2 final changes of Tris-KCl pH 7.4 (described above). 

Cytosols were stored at -70°C prior to use. 

Cytosolic protein content determinations were made using the 

biuret procedure (Gornall, Bardwill and David, 1949). Duplicate cytosol 

samples of 0.025-0.25 ml were adjusted to a final volume of 0.5 ml with 

deionized water, and mixed with 2.5 ml of biuret reagent. Color blanks, 

in which no cytosol was added, and turbidity blanks in which cytosol was 

added to a solution of NaK tartrate were run , these values being 

subtracted from those obtained for the samples, to insure that 

absorbance changes were the result of the presence of protein. Samples 

were incubated at room temperature for 30 min, and read at 540 nm against 

water, on a Gilford Stasar II spectrophotometer. Standard curves for 

each determination were prepared using the Sigma albumin stock solution 

(10 g/100 ml). 

Transferase Activities in Cytosolic Fractions 

A colorimetric assay based upon a method by Habig and co-workers 

(1974) was used to compare levels of transferase activity in the various 

cytosolic fractions. This method determines the rate of formation of 

the product of enzymatic reaction between GSH and the substrate 1-chloro-

2,4-dinitrobenzene, by absorbance at 340 nm. The reaction mixture 

consisted of the following: 1 mM glutathione, 0.001-0.1 mg/ml cytosolic 

protein, 1 mM chlorodinitrobenzene, in a 3 ml final volume of 0.1 M 

potassium phosphate buffer, pH 6.5. Reference cuvettes (quartz) were 

identically prepared, except the GSH was omitted. Readings were taken 

every 20 sec over a period of 5 min, using a Beckman ACTA CS III 
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double-beam spectrophotometer, and the rate of change determined from 

the region of linear response. Specific activities were calculated 

-1 -1 using an extinction coefficient value of 9.6 mM cm , as determined by 

Habig for this substrate. 

In Vitro Metabolism of DBE, DCE, and DBCP 

Cytosolic incubations were carried out in 12 ml screw-top 

culture tubes. A typical reaction mixture consisted of the following: 

1 mM substrate (DBE, DCE or DBCP dissolved in 100% ethanol), 1 mg/ml 

cytosolic protein, 5 mM GSH, in a 2 ml total volume containing 0.05 M 

Tris-HCl 1.15% KC1, pH 7.4. Cytosolic protein concentrations were varied 

over the range of 0.5 to 5.0 mg/ml, and GSH concentrations of 1 mM were 

used in some instances. Experimental blanks were identical except the 

GSH was omitted. Samples were incubated in a 37°C water bath for the 

appropriate periods of time, with the reaction being subsequently 

terminated using one of three means: 1. freezing in a methanol:dry ice 

bath, 2. addition of 3 volumes of petroleum ether, 3, precipitation of 

the protein by immersion of the tubes in boiling water. 

Samples from cytosolic incubations to be analyzed for the 

presence of free inorganic bromide were frozen at -70°C prior to 

lyophilization, to remove unreacted parent compound. Samples were 

rehydrated with distilled water, and the bromide ion concentration 

determined using the method of Maiorino, Gandolfi and Sipes (1980). In 

this procedure, aliquots of the reconstituted sample are reacted with 

the methylating agent, dimethyl sulfate in concentrated sulfuric acid, 

at 60°C for 20 min. This reaction was carried out in 2 ml reaction vials 
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with gas-tight septum caps. The resulting methyl bromide is present in 

the headspace at 37°Cf and was quantitated by injecting 1 ml of the 

headspace vapor onto a Varian 3700 gas chromatograph equipped with a 

Porapak Q column. Either flame-ionization or electron-capture detectors 

were used, depending on the range of bromide ion concentration in the 

sample (ECD being used for those samples containing lower amounts). 

Standards were prepared using the Orion bromide standard solution. 

Peaks were quantitated using a Varian CS-111 electronic integrator, or 

in some cases by peak height. Bromide concentrations as low as 10 jiM 

were detectable using electron capture. 

Samples from cytosolic incubations in which the formation of 

^C-labelled product was used as an indicator of metabolism were 

exhaustively extracted three times with 3 volumes of petroleum ether 

(reagent grade) in order to remove residual, unreacted parent compound 

1 A 14 
( C-labelled). The remaining non-extractable C-labelled product was 

quantitated by scintillation counting, using 500 jil aliquots of the 

extracted sample mixed with 5 ml Betaphase scintillation cocktail. 

Using a Beckman LS8100 scintillation counter, the relationship between 

counting efficiency and H# was determined using known amounts of the 

radioactive standard ^C-toluene with varying amounts of the quenching 

agent nitroraethane. Samples were counted using a library program in 

which both 3H (CHI) and ^C (CH2) were counted for 10 min. Higher than 

normal quenching in the sample was indicated by excessively high counts 

in CHI. 

Analysis of extracted in vitro samples was carried out using a 

thin-layer chromatography method. Aliquots of the extracted samples 
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(25-200 pi) were placed on silica gel plates, using solvent systems 

consisting of either butanol:ammonia:water (4:1:1), or propanol: 

ammonia:water (4tl:l). Plates were analyzed in the case of those 

samples containing ^C-labelled product, by scraping 1 x 3 cm sections. 

Scintillation counting was performed by addition of 500 pi of water to 

the silica scrapings, followed by 5 ml of Betaphase, resulting in the 

14 
formation of a gel. The extracted aqueous phases of both C-labelled 

and non-labelled samples were also analyzed using the spray indicator 

described by Knight and Young (1958).- Using this method, "premercap-

turic acids" appear as dark brown spots against an orange background, 

with inorganic halogen ions appearing as white spots against an orange 

background. 

Statistics 

Statistical analysis was carried out using one of two methods. 

Where only two groups were being compared, an unpaired Student's t-test 

was used to evaluate differences in their respective means. Where 3 or 

more groups were being examined, one-way analysis of .ance, in 

conjunction with the least significance difference (LSD) test was 

employed. Groups were judged significantly different when a p value 

of less than 0.05 was obtained. 



RESULTS 

Cytosolic Glutathione S-transferase Activities in the Rat and Mouse 

A coloriraetric assay was used to determine the levels of 

glutathione S-transferase activity in cytosolic fractions, prepared from 

the liver, kidney, testes and stomachs of rats and mice. Among the most 

comonly used compounds to assay for overall transferase activity, 

l-chloro-2,4-dinitrobenzene has been shown to be an excellent substrate 

for most of the GSH-transferases, when tested with the purified forms of 

the enzymes (Habig et aL., 1974).- This feature of broad specificity, 

combined with a relatively low rate of non-enzymatic reaction with 

reduced glutathione, make it a suitable substrate for estimation of 

overall transferase activities in tissue preparations. 

The dependence of the GSH-dependent enzymatic metabolism of 

l-chloro-2,4-dinitrobenzene on time and protein concentration was 

verified within individual determinations. In general, the reaction was 

linear with time for at least 3-5 min, and with protein concentrations 

of up to 0-.1 mg/ml. 

Table 1 shows the various rates of glutathione S-transferase 

activity among hepatic and extra-hepatic tissues of the rat and mouse. 

Overall activities are within the same range for both species, with the 

highest rates being obtained using hepatic cytosolic fractions* 

31 
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Table 1. Glutathione S-transferase activities in rat and mouse 
cytosolic fractions. — Data expressed as mean ± standard 
deviation obtained from multiple determinations using 2-6 
sets of pooled cytosolic fractions. Determined using the 
substrate l-chloro-2,A-dinitrobenzene. 

Tissue Specific Activity"'" 
cytosol Rat Mouse 

Liver 815±100 1891±401 

Kidney 151±45 573±87 

Testes 615±72 406±109 

Stomach 79±29 281±97 

1 Specific activities expressed in nmoles product/mg 
protein/min. 
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Optimization of in vitro Conditions 

In order to permit inter-species comparison in the rates of 

GSH-dependent metabolism of1,2-dibromoethane, 1,2-dichloroethane, and 

1,2-dibromo-3-chloropropane, effort was made to optimize the in vitro 

enzymatic conditions*. Metabolism for each of the 3 compounds was 

assessed using at least one of two methods-. Rates of hepatic and 

extra-hepatic GSH-dependent metabolism of DBE and DBCP were examined by 

analysis of released free bromide ion, as would be produced during the 

14 
conjugation reaction with reduced glutathione. Using the C-labelled 

forms of DBE and DCE, a second assay for overall rates of GSH-

dependent metabolism was employed. Following exhaustive organic 

extraction of the incubation mixture, to remove unreacted parent com­

pound, aliquots of the aqueous fraction were assayed for the presence 

14 
of the non-extractable C-labelled product resulting from enzymatic 

glutathione conjugation. Because of the use of these two different 

methods of analysis, comparison in the rates of enzymatically-roediated 

glutathione conjugation for the three compounds is somewhat limited. 

14 
Formation of C-labelled water-soluble product and release of 

bromide ion were determined to be linear with respect to time for at 

least 20 min in all cases, except where otherwise noted (Figure 2, see 

also Appendix A). Using hepatic cytosolic fractions, reactions were 

determined to be linear with respect to protein concentration over the 

experimental ranges (Figure 3, see also Appendix A). The levels of 5 mM 

GSH and 1 mM substrate were selected as being sufficient to achieve 

saturating conditions without producing significant non-enzymatic 

product formation or bromide ion release. The effect of GSH 
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Figure 3.. In vitro GSH-dependent metabolism of DBE by rat liver 
cytosol, as a function of protein concentration. — In vitro 
conditions: 0.5, 1.0 and 2.0 mg/ml cytosolic protein, 
5 mM GSH, 1 mM DBE.. 
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concentration on the metabolism of 1,2-dibromoethane by mouse liver 

cytosol is presented in Figure 4.- The level of 5 aM GSH did not produce 

a marked increase in the rate of GSH-dependent metabolism of DBE 

compared to a level of 1 mM GSH, at either of two protein concentrations. 

Hepatic and Extra-hepatic GSH-dependent Debromination of 
1,2-dibromoethane and 1,2-dibromo-3-chloropropane 

Figure 5 presents a comparison in the rates of bromide release 

using DBCP and DBE and hepatic cytosols from rats and mice. Highest 

rates of bromide release were obtained with DBE using mouse liver 

cytosol, representing roughly a three-fold increase over the rates 

obtained using the rat enzymes. In contrast, the reverse situation is 

observed for the metabolism of DBCP, where the rat cytosol exhibits 

greater rates of GSH-dependent bromide release than the mouse. 

Differences in the relative affinities of the rat and mouse 

enzymes towards the metabolism of DBE and DBCP are further reflected in 

the rates of extra-hepatic GSH-dependent metabolism (Figures 6 & 7). 

While hepatic rates of metabolism are significantly higher than those 

seen with the extra-hepatic cytosols, species differences analogous to 

those observed for DBE and DBCP using hepatic enzymes are seen with the 

3 extra-hepatic tissue cytosols.- Generally, the rates of extra-hepatic 

debromination follow the order kidney, testes, stomach, for both 

compounds-. The sole exception to this pattern is seen in the metabolism 

of DBCP by the mouse, where the testicular rate appears to exceed that 

of the kidney. However, with the exception of the metabolism of DBE by 

the rat, where the kidney exhibits a significantly higher rate than 
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Figure 5. GSH-dependent metabolism of DBE and DBCP using rat and mouse 
liver cytosols. — In vitro conditions: 1 mg/ml cytosolic 
protein, 5 mM GSH, 1 mM substrate (DBE or DBCP).. Data 
expressed as mean ± standard deviation obtained from multiple 
determinations using 2-6 sets of pooled cytosol. 

significant species difference between rates (p <.05). 
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Figure 6. GSH-dependent metabolism of DBE by hepatic and extra-hepatic 
cytosols of the rat and mouse'. — In vitro conditions: 
1 mg/ml cytosolic protein, 5 mM GSH, 1 mM DBE. 

a Significant differences between hepatic and extra-
hepatic rates (p<.05)-. 

b Significant differences between kidney and other extra-
hepatic rates (p <.05). 
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either the testes or the stomach* no statistical differences exist 

between the rates of debromination between the three extra-hepatic 

tissues with either compound. 

Generally, the extra-hepatic rates of DBE metabolism, as indi­

cated by bromide release, appear higher than those seen for DBCP when 

compared to the corresponding liver rates (Tables 2 and 3). The 

highest extra-hepatic rate of metabolism of DBE, seen using mouse kidney 

cytosol, represents roughly 84% of the rate determined using the hepatic 

enzymes. In contrast, the highest extra-hepatic rate obtained with 

DBCP, seen for the rat testes cytosol, was only 49% that of the hepatic 

rate. 

Tables 2 and 3 express the hepatic and extra-hepatic GSH-

dependent debromination of DBE and DBCP as percentages of the transferase 

activity in a given tissue, as estimated using the substrate 1-chloro-

2,4-dinitrobenzene.. The GSH-dependent metabolism of short-chain 

halogenated hydrocarbons may be assumed to be predominantly the result 

of the enzymatic action of one or two specific transferase forms, as 

indicated by kinetic determinations using purified forms of the various 

transferases on a spectrum of structurally diverse substrates (Habig 

et al>., 1974). As a consequence, the rates of metabolism of the 

compounds being examined here may represent an indirect means of 

comparing the relative prominance of these key transferase types within 

a given tissue and species, when these rates are expressed as a fraction 

of the overall transferase activity in that tissue. 

Examination of the rates of GSH-dependent debromination of DBE 

by the various tissues of the rat and mouse, expressed as a percentage 
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Table 2. Hepatic and extra-hepatic metabolism of l,2-dibromo-3-
chloropropane expressed as percentages of activities determined 
using l-chloro-2,4-dinitrobenzene. — Rates expressed in nmoles 
product/mg protein/min.-

Rat 

x 
2% CDNB 

Tissue Rate rate 

Liver 16.6 2.05 

Kidney 8.1 5.36 

Testes 7.2 1.17 

Stomach 6.3 7.97 

Mouse 

Tissue ^"Rate 

2% CDNB 
rate 

Liver 1.6 0.085 

Kidney 0.36 0.063 

Testes 0.51 0.126 

Stomach 0.27 0.096 

^"Determined from in vitro experiments 

2 
Rate expressed as a percentage of the activity for a 
given cytosol determined using the substrate 1-chloro-
2,4-dinitrobenzene (Table 1). 
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Table 3* Hepatic and extra-hepatic metabolism of 1,2-dibromoethane 
expressed as percentages of activities determined using 
l-chloro-2,4-dinitrobenzene. — Rates expressed in ranoles 
product/mg protein/min. 

Rat 

i 
C
M
 

CDNB 
Tissue Rate rate 

"c Br "c Br 

Liver 2.58 5.76 0.316 0.707 

Kidney 2.34 3.14 1.55 2.08 

Testes 1.24 0.84 0.202 0.137 

Stomach 0.33 0.56 0.418 0.709 

Mouse 

2% CDNB 
Tissue Rate rate 

x*c Br UC Br 

Liver 4.84 19.14 0.256 1.01 

Kidney 1,29 16.07 0.225 2.80 

Testes 0.86 11.80 0.212 2.91 

Stomach 0.54 7.80 0.192 0.17 

^Determined from in vitro experiments 

2 Rate expressed as a percentage of the activity for a 
given cytosol determined using the substrate 1-chloro-
2,4-dinitrobenzene (Table 1). 
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of the overall transferase activity in that tissue, reveals a somewhat 

different pattern than was previously observed. As predicted, the rates 

of metabolism of DBE (as well as DBCP) are significantly reduced when 

compared to the rates obtained for the colorimetric substrate 1-chloro-

2,4-dinitrobenzene. Among the 4 tissues of the rat, the kidney appears 

to exhibit the greatest relative ability towards GSH-dependent 

metabolism of DBE, compared to its overall rate of glutathione S-trans-

ferase activity. Similarly, it is the kidney, along with the testes, 

that show the highest activity in the mouse when expressed in this 

manner. Transferase activity towards DBE appears to represent a some­

what lower proportion of the overall activity in the liver and stomach 

tissues of both species. 

Transferase forms with significant levels of activity towards 

DBCP appear to predominate in the stomach and kidney of the rat, whereas 

in the mouse, it is the testicular cytosol which shows the highest 

relative rate when expressed in this manner. Despite the high rate of 

debromination of both DBE and DBCP observed using the hepatic cytosols, 

in no instance are these rates the highest among the 4 tissues, when 

expressed as a fraction of the overall activity in the liver. 

Hepatic and Extra-hepatic GSH-dependent Metabolism of 
1,2-dibromoethane and 1«2-dichloroethane as indicated 
by the Formation of -^C-labelled Aqueous-Soluble Product 

14 
Using the formation of non-extractable aqueous-soluble C-

labelled product as an indicator, the rates of hepatic GSH-dependent 

metabolism of DBE and DCE were compared (Figure 8)-. Results of the 

thin-layer chromatographic analysis of these extracted aqueous layers 



Figure 8. Hepatic GSH-dependent metabolism of DBE and DCE using 
rat and mouse cytosols. — In vitro conditions: 1 mg/ml 
cytosolic protein, 5 mM GSH, 1 mM substrate (DBE or DCE). 
Data expressed as mean ± standard deviation obtained from 
multiple determinations using 2-6 sets of pooled cytosol. 
Significant species difference between rates. 
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Figure 8. Hepatic GSH-dependent metabolism of DBE and DCE using rat 
and mouse cytosols. 
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14 
are presented in Figure 9. Presence of C radioactivity was correlated 

with that region of the plate showing the typical staining reaction 

associated with the presence of premercapturic acids (Knight and Young, 

1958). 

As previously observed for DBE using release of inorganic 

bromide as an indicator of metabolism, the mouse enzymes exhibited 

greater rates of metabolism as compared to the rat. Levels of GSH-

dependent metabolism of DCE were substantially lower than those for DBE, 

with similar rates of DCE metabolism being seen in both species. 

The higher rates of DBE metabolism seen for the mouse versus the 

rat using hepatic cytosol were not observed with cytosolic fractions 

14 
from the kidney and testes, using the formation of C-labelled product 

as an indicator of metabolism (Figure 10). Kates of extra-hepatic 

metabolism of DCE show correspondingly low levels; no significant 

species differences between the rat and mouse occur, with the exception 

of the kidney cytosol, where the rat exhibited higher enzymatic rates. 

As previously observed for DBE using debromination as an 

indicator of metabolism, the extra-hepatic cytosols show reduced levels 

14 
of activity compared to liver when the formation of C-labelled product 

is quantitated-. Tables; 3 and 4 present the extra-hepatic rates for a 

given species and compound. Again, the apparent proficiency of the 

extra-hepatic cytosols may be ranked in the order kidney, testes, 

stomach in every case, however, in general, rate differences among the 

extra-hepatic tissues were not statistically different. 

Expressed as a percentage of the overall transferase activity 

for a given tissue, a similar pattern as previously observed emerges. 
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Figure 9. Thin-layer chromatographic separation of extracted aqueous layers from in vitro 
incubations. — Shaded region corresponds to region of plate which reacted with 
spray indicator, 

-j 



Figure 10. GSH-dependent metabolism of C-DBE by hepatic and 
extra-hepatic cytosols of the rat and mouse. — 
In vitro conditions: 1 mg/ml cytosolic protein, 
5 mM GSH, 1 mM 1^C-DBE. 

Significant difference between hepatic and extra-
hepatic rates (p<-.05). 

^Significant difference between hepatic rate and 
those obtained for testes and stomach (p < .05) 
Significant difference between kidney and other 
extra-hepatic rates (p <..05). 
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Figure 10.- GSH-dependent metabolism of 1^IC-DBE by hepatic and extra-
hepatic cytosols of the rat and mouse,-



14 
Figure 11-. GSH-dependent metabolism of C-DCE by hepatic and extra-

hepatic cytosols of the rat and mouses — In vitro 
conditions: 1 mg/ial cytosolic protein, 5 mM GSHt 1 mM 
14C-DCE.. 

Significant differences between hepatic and extra-
hepatic rates (p<-.05)-. 

^Significant difference between kidney and other extra-
hepatic rates (p <-.05)'. 
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Table 4. Hepatic and extra-hepatic metabolism of 1,2-dichloroethane 
expressed as percentages of activities determined using 
l-chloro-2,4-dinitrobenzene. — Hates expressed in nmoles 
product/mg protein/min. 

Rat 
2% CDNB 

Tissue Rate rate 

Liver 0,029 0.026 

Kidney 0-.103 0.068 

Testes 0.062 0.010 

Stomach 0.019 0.024 

Mouse 
2% CDNB 

Tissue Rate rate 

Liver 0...182 0.0096 

Kidney 0.049 0.. 0086 

Testes 0.041 0.0100 

Stomach 0,017 0.0060 

^"Determined from in vitro experiments 

2  • '  
Rate expressed as a percentage of the activity 
for a given cytosol determined using the sub­
strate l-chloro-2,4-dinitrobenzene (Table 1). 
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In general, extra-hepatic rates of metabolism of DBE and DCE, when 

14 
measured by the formation of C-labelled product, represent a greater 

proportion of the overall tissue transferase activity than observed for 

the liver. A singular exception to this trend is noted in the mouse for 

the metaboilsm of DBE, where the liver rate appears to account for the 

greatest percentage of the overall transferase activity among the 4 

tissues. 

Decreased Rate of GSH-Dependent Metabolism of 1,2-Dibromo-
ethane over Time Using Mouse Liver Cytosol 

A lack of linearity in the GSH-dependent metabolism of DBE was 

noted using cytosolic fractions prepared from mouse liver. This 

decrease in the overall rate usually became apparent between 2 and 

14 
5 minutes, using both the C-labelled product assay and debromination 

as indicators of metabolism (Figure 12). A lack of linearity was not 

evident in experiments using the extra-hepatic cytosolic enzymes from 

the mouse with DBE. Rates of GSH-dependent metabolism for DBE by mouse 

enzymes presented in Figures 3, 4, 5, 6, 8 and 10 represent rates 

determined from regions of linear enzyme activity (i.e. early time 

points). 

The mechanism responsible for this rapid reduction in rate has 

yet to be fully elucidated. Preliminary experiments do not appear to 

indicate an increased rate of destruction of either the substrate (DBE), 

or the cofactor (GSH), in the presence of the hepatic mouse cytosols. 

No experiments were carried out to more specifically examine the 

possibility of inactivation of the enzymes involved, by parent DBE or a 

potential metabolite. 
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Figure 12.. GSH-dependent debromination of DBE using mouse liver 
cytosol, — In vitro conditions: 1 mg/ml cytosolic 
protein, 5 inM GSH, 1 mM DBE. 



DISCUSSION 

The role of glutathione conjugation in the development of 

toxicity following exposure to 1,2-dibromoethane is supported by a 

number of lines of evidence. The goal of this study was to assess the 

potential for a GSH-dependent mode of bioactivation for DBE, and the 

structurally similar 1,2-dichloroethane and 1,2-dibromo-3-chloropropane. 

Evidence in support of, or contradictory to such a mechanism of toxicity 

can only be indirectly inferred from the data presented here, through 

correlation of the experimentally determined rates of metabolism with 

the observed patterns of iji vivo toxicity. 

As previously described, comparison in the rates of 

enzymatically-mediated glutathione conjugation between 1,2-dibromo-

ethane, 1,2-dichloroethane and l,2-dibromo-3-chloropropane using 

hepatic and extra-hepatic cytosols involves the use of two distinct 

assays of metabolism in this study. Examining the rates of reaction as 

shown in Table 3 reveals that, only in the case of 1,2-dibromoethane was 

it possible to use both the release of inorganic bromide and the forma-

14 
tion of C-labelled water soluble product in the estimation of 

metabolism. Where direct comparison between rates of debromination and 

14 
formation of C-labelled product are permitted, the rates as determined 

by bromide release are generally higher, with this difference in most 

cases not occurring in a stoichiometric ratio* 

Theories to explain this greater release of bromide compared to 

the formation of water soluble product include the possibility of a 

53 
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non-enzymatic release of inorganic bromide not associated with the 

binding of glutathione. The occurrence of such a phenomenon is, how­

ever, easily controlled for with the use of the appropriate blanks. The 

formation of a bis conjugate in which two molecules of reduced gluta­

thione displace 2 bromide atoms from a single molecule of the parent 

compound has been shown to occur under certain reaction conditions using 

1,2-dibromoethane, with the corresponding metabolite, S,S'-ethylene 

bis glutathione having been identified in the livers of rats fed DBE 

(Nachtomi, 1970). The subsequent urinary metabolite, S,S'-ethylene bis 

cysteine, has been found following administration of a single dose of 

1,2-dichloroethane to mice (Yllner, 1971). 

This reaction involving conjugation of a second molecule of 

glutathione with the mono-conjugate is, however, kinetically unfavorable, 

and would be likely to occur at a significant rate only after a high 

ratio of the mono-conjugate to parent compound existed (Nachtomi, 1970). 

Thin-layer chromatography of fully extracted aqueous fractions revealed 

migration of a single band identifiable as a reaction product by both 

14 
the presence of C-label, and through the use of the spray reagent 

indicator (Figure 9). Had a significant amount of the bis conjugate 

been formed in the reaction, its co-elution with the mono-glutathione 

conjugate would not be expected, due to large differences in molecular 

weights-. 

Livesey and Anders (1979) have demonstrated the occurrence of an 

alternate reaction, the first rate-limiting step of which involves the 

GSH S-transferase mediated conjugation of reduced glutathione with a 

dihaloethane. The resulting S-2 haloethylglutathione may then undergo a 
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direct, non-enzymatic reaction with a second molecule of GSH, resulting 

in the foirmation of oxidized glutathione and ethylene* This reaction 

is favored under somewhat basic conditions in which the ionization of 

the sulfhydryl group of glutathione is increased. The authors demon­

strated the formation of ethylene under in vitro conditions using 

1,2-dichloroethane and cytosolic fractions prepared from rat liver and 

kidney, and found it to be linear with time and protein concentration. 

The formation of ^C-ethylene, which would be lost during the processing 

of the samples in this study, could explain a greater than two-fold 

ratio in some instances, of bromide release compared to formation of 

14 
C-labelled water-soluble product. 

The rates of GSH-dependent metabolism of 1,2-dibromoethane 

determined using cytosolic fractions prepared from the liver, kidney, 

testes and stomach tissues of rats and mice are much lower than those 

previously observed for the same tissue cytosols using the colorimetric 

assay. The activities of the four tissue cytosols relative to one 

another, however, are similar, with the liver exhibiting the highest 

rates with all substrates in both species.. Extra-hepatic rates appear 

to follow in the descending order: kidney, testes, stomach. A similar 

pattern among the liver and extra-hepatic rat tissue cytosols using DBE 

as a substrate has been reported by Hill et al (1978). A potential 

role for the extra-hepatic metabolism of DBE in vivo is clearly supported 

by findings relating to its disposition in the body. DBE's pattern of 

distribution following a single i.p... injection is characterized by rapid 

uptake in all tissues, with peak levels being reached within 30 min. 
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This is followed by a rapid drop, possibly due to significant levels of 

metabolism, with very low levels being seen by 8 hours (Flescia, 1981),. 

In comparing the rat to the mouse, generally higher rates of 

GSH-dependent metabolism are seen in the latter, using the release of 

inorganic bromide as an indicator of DBE's metabolism.- With the use of 

14 
the C-labelled product assay, however, observed rates of metabolism 

are not significantly different between the species. This apparent 

conflict in the relative metabolizing ability depending upon which assay 

was used could be accounted for by a difference in the relative rates of 

ethylene formation in the two species. This explanation, however, would 

be more plausible in an in vivo situation where differences in the 

levels of free GSH, and the availability of unreacted parent compound 

could not be controlled, and might differ between species affecting the 

rate of non-enzymatic ethylene formation. 

Determinations of the rates of GSH-dependent metabolism of 

1,2-dichloroethane using hepatic and extra-hepatic tissue cytosols of 

the rat and mouse show DCE to be a much poorer substrate in both species 

than its brominated analog, exhibiting rates of approximately one-tenth 

those seen for DBE with the corresponding cytosols. If indeed, it is 

the GSH-dependent route' which is responsible for the major toxicity of 

DCE and DBE, this greater rate of metabolism of the latter is reflected 

in the observed in vivo toxicity of the two compounds. The oral LD^q 

in rats for example, is 146 mg/kg for DBE, versus 680 mg/kg for DCE 

(Rowe et al., 1952; Maltoni et al-.-, 1980). That the observed in vivo 

toxicity of DCE is generally associated with only the liver and kidney 
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may simply be accounted for by the negligible rates of its metabolism 

the other extra-hepatic tissues tested here. 

Of the three compounds under consideration, 1,2-dibrorao-3-

chloropropane exhibits the highest rates of metabolism in cytosolic 

fractions from the rat.. Similarly high rates of metabolism are not, 

however, seen for DBCP in the case of the mouse tissue cytosols.. The 

evidence for the role of a GSH-dependent route of metabolism in the 

development of toxicity due to DBCP exposure is largely circumstantial, 

being derived from its structural similarity to compounds such as DBE 

and DCE, as well as its similar pattern of predominantly extra-hepatic 

toxicity. The greater rates of metabolism of DBCP observed for the rat 

tissue compared to those of the mouse are in accord with observed 

species differences in in vivo toxicity. Oral LD^qS of 300 and 410 mg/kg 

have been reported in the rat and mouse, respectively (Torkelson et al., 

1961). 

Although the observed rates of GSH-dependent metabolism of all 

three compounds by cytosolic enzymes of the stomach are relatively low 

compared to other tissues, it should be noted that regional differences 

in transferase activity may exist within the stomach itself (Pinkus 

et al., 1977)••• Using an immunohistochemical technique involving an 

antibody prepared against ligandin (glutathione S-transferase B), 

Campbell et al. (1980) examined the presence of this enzyme within 

different regions of various human tissues. In accord with its observed 

pattern of in vivo toxicity, the highest levels of regional transferase 

activity in the gastro-intestinal tract were in the stomach itself. A 

similar correlation between the presence of transferase enzymes and the 
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locus of iji vivo toxicity were noted in the kidney, where the presence 

of the enzyme was found to be strictly confined to the proximal 

convoluted tubule and the thick segment of the loop of Henle.. 

Tables 2-4 express the rates of hepatic and extra-hepatic GSH-

dependent metabolism of DBE, DCE and DBCP as a percentage of the overall 

level of transferase activity in each tissue. For the reasons pre­

viously described, expression of the data in such a manner nay indicate 

the relative predominance of those transferase sub-types most responsible 

for the metabolism of short-chain halogenated hydrocarbons. In general, 

these results would seem to indicate a greater relative role for such 

transferase subtypes in the extra-hepatic tissues than in the liver. If 

such a situation did indeed exist, it would tend to agree with the 

predominance of an extra-hepatic pattern of toxicity for compounds bio-

activated along a GSH-dependent route. Alternatively, for other 

compounds, such as acetaminophen for example, for which glutathione con­

jugation appears central to detoxification, a predominantly hepatotoxic 

response might be postulated, due to the somewhat limited capacity for 

GSH-conjugation in the liver (Mitchell et al., 1973). 

Studies designed to compare the various transferase types in 

different tissues seem to indicate that, for a given species, the enzyme 

forms present in the various tissues are similar, if not identical. In 

one such study, Kaplowitz et al.. (1976) compared the transferase 

activities present in rat liver and kidney supernatant fractions with 

respect to their substrate specificities, as well as their Michaelis-

Menten and inhibitory kinetics.. Km values for 4 of the 5 substrates 

examined were very similar, with the kidney enzymes showing a somewhat 
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lower affinity for one of the aralkyl substrates tested. GSH trans­

ferases found in the gastro-intestinal tract appear to correspond 

closely to other forms present in both the liver and kidney, as 

evidenced by their immunologic cross-reactivity, their similar elution 

profiles, and susceptibility to induction by various chemical agents 

(Pinkus et al.-, 1977j Clifton, 1977)-.> In work concerned with the role 

of glutathione conjugation in the in vitro genotoxic effects of 1,2-

dichloroethane, Rannug (1980) has indicated the central role of rat 

transferase types A and C in the production of the reactive product. 

Hill et al-. (1978) determined the optimum conditions for the rat liver 

glutathione S-transferase primarily responsible for the metabolism of 

DBE, estimating Km and Vmax values at. 25 mil and 2.1 jimol/g/min, 

respectively-. 

In general, DBE, DCE, and DBCP all show rates of extra-hepatic 

GSH-dependent metabolism comparable to those observed using liver 

cytosol from the same species.. Yet in every case, the hepatic enzymes 

exhibit the greatest levels of activity, a situation that would seen to 

point to the liver as a primary target organ for toxicity. As previously 

noted, however, such is not the case for these three compounds. 

A possible explanation may lie in the relative proportion of the 

parent compound being metabolized along a GSH-dependent route, versus 

that amount initially entering into a cytochrome P-450-mediated 

oxidative pathway.. As previously discussed, Van Bladeren and co-workers 

(1981) estimated the metabolism of d^-DBE along the GSH-dependent 

pathway versus the oxidative pathway to occur in a 1:4 ratio.- It should 



be stressed, however, that this represents the ratio in the whole 

animal, being derived from amounts of specific urinary metabolites, and 

may not reflect the relative significance of the two pathways within 

specific tissues or organs. 

Several studies have indicated the liver as having markedly 

higher cytochrome P-450 levels as compared to other tissues (Bend 

et al., 1972; Orrenius et al., 1973).. In a study in which several 

phase I and phase II activities were compared in rabbit lung and liver, 

lung levels of activity towards oxidative substrates were frequently 

negligible or several orders of magnitude less than the levels seen for 

the liver (Gram, Litterst and Minnaugh, 1973). Phase II activities were 

not generally as greatly reduced in the lung compared to the liver, with 

lung aryltransferase activity representing about one-fifth that observed 

in the liver,. Significant levels of epoxide transferase activity have 

also been reported for the human lung (Grover, Hewer and Sims, 1973), 

Extra-hepatic oxidative activity appears to be predominatly 

associated with a P-448, aryl-hydrocarbon hydroxylase, rather than a 

P-450 type of activity (Lake et al., 1973), as evidenced by greater 

levels of observed induction with 3-methylcholanthrene than with pheno-

barbital.. Generally, phase II activity is believed to play a 

relatively greater role in extra-hepatic tissue compared to liver (Gram 

et al., 1973; Flescia , 1981; Short et al., 1979). Following pre-

treatment with diethyl maleate (known to deplete levels of free GSH), 

14 
reduced levels of covalent binding by C-DBE were observed in the 

extra-hepatic tissues of rats (Plescia , 1981),. In contrast, 

phenobarbital pretreatment did not result in increased extra-hepatic 
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binding, implying a greater role for the phase IX route in the extra-

hepatic mediation of the response-. 

Although the liver may exhibit high rates of transferase activity 

towards these compounds, it may show equally high or higher levels of 

oxidative metabolism with the same compounds. An extra-hepatic tissue 

such as the testes may exhibit rates of GSH-dependent metabolism at 

levels of 50% those seen in the liver, but may have a negligible 

capacity for the oxidative route.. The result would be a funnelling of 

virtually all of the parent compound into the GSH-dependent route. 

In general, estimates as to the relative extents to which two 

metabolic pathways operate ̂ within an organ or tissue in the intact 

animal pose a difficult problem-.- However, in the case of DBE, it was 

noted that the intermediates produced in the two alternate routes show 

different patterns of in vivo and in vitro binding (Shih and Hill, 1981). 

Oxidative metabolites have been shown to account for most of the 

observed protein binding, while intermediates of the GSH-dependent route 

of metabolism preferentially bind DNA-.- Short et al. (1979) examined 

14 
the relative ratios of protein to DNA binding in rats administered C-

DBE. The highest levels of total binding were seen in the kidney, 

followed in descending order by the liver, stomach and testes. Highest 

levels of protein binding were observed in the liver, with the highest 

total DNA binding being seen in the stomach-. These results indicate a 

relative predominance of the GSH-dependent route of metabolism in the 

stomach-. Conversely, the high degree of protein binding seen in the 
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liver implies the greater role for the oxidative route of metabolism in • 

that organ. 

The relative levels of endogenous glutathione within various 

tissues may also be significant to the expression of toxicity by this 

group of compounds.' The binding of reactive intermediates to cellular 

nucleic acids may be greatly reduced in those organs which contain high 

levels of free GSH. Kluwe et al-.- (1981) looked at levels of reduced 

non-protein sulfhydryl compounds (NPS) in various tissues of control, 

DBCP-, and DBE-pretreated mice. Administration of single doses of DBCP 

and DBE produced dose-dependent decreases in reduced NPS compounds in 

all tissues examined, becoming apparent at lower doses in the liver and 

kidney than elicited a detectable decrease in the stomach and testes. 

The findings agree with the high rates of metabolism observed for DBE 

and DBCP by the cytosolic enzymes of the liver and kidney seen in the 

current study. Lower levels of NPS groups in the rat liver compared to 

the mouse (2.36 and 3.57 umoles/gm, respectively) may account for the 

greater toxicity of these compounds in the rat, if correspondingly low 

reduced NPS levels are assumed to exist in extra-hepatic rat tissues as 

well. In a separate study by the same author (Kluwe, Harrington and 

Cooper, 1981), the effects of DBE, DBCP and several other organohalides 

on renal tubular cells were compared-. Similar reductions in GSH levels 

were seen, and were shown not to be associated with corresponding 

increases in oxidized glutathione. 

Correlations between regional differences in GSH levels in the 

stomach, and the patterns of carcinogenesis resulting from polycyclic 

aromatic hydrocarbons have been shown by Boyd, Sasame and Boyd (1979). 
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GSH levels in the gut were shown to vary diurnally, with levels in the 

glandular stomach being 2-4 times greater than in other regions. 

While this region is less susceptible to cancer resulting from exposure 

to polycyclics, it is the regional target for the compound N-methyl-

N'-nitro-N-nitrosoguanidine (MNNG).- This latter compound's action as 

an alkylating agent is enhanced by the presence of reduced glutathione. 

In examining differences in susceptibility to the testicular effects of 

DBE in bulls and rams, Amir and Tadmor (1981) have suggested the presence 

of greater levels of physiologically occurring sulfhydryl compounds in 

the latter may be critical to the reduced toxicity seen in that species. 

In summary, GSH may be central to both the production of the 

toxic intermediates of DBCP, DBE and DCE, and to their subsequent 

detoxification.. GSH levels may even play a role in determining the 

actual mechanism of the enzymatic reaction catalyzed by the glutathione 

S-transferases (Pabst, Habig and Jakoby, 1974)-. In a study involving a 

purified form of rat liver glutathione S-transferase A, the authors 

determined that the order of substrate-cofactor binding was influenced 

by the concentration of free GSH, resulting in two distinct Km values 

for the same reaction. 

A second theory to explain inconsistencies in the observed 

rates of GSH-dependent metabolism, and the observed patterns of in vivo 

toxicity involves the lability of the enzymes involved in biotransforma­

tion. Figure 12 illustrates that the GSH-dependent metabolism of DBE 

as measured by bromide release decreases over time, this loss of 

linearity first becoming apparent between 2 and 5 minutes. This plateau 
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phenomenon suggests a greater lability of the mouse enzymes, and may be 

the result of a direct toxicity towards the transferase enzymes, exerted 

by products or intermediates generated in the metabolism of DBE. 

The net result of such a phenomenon would be a reduction in 

whole animal toxicity through a decrease in the overall production of 

the toxic product. A similar pattern of DBE metabolism has not been 

observed for the extra-hepatic tissues of the mouse, possibly due to 

lower overall rates of GSH-dependent metabolism in these organs, thereby 

preventing an excessive build-up of the toxic product. 



CONCLUSIONS 

Despite recent efforts aimed at elucidating the mechanism 

through which DBE, DCE, DBCF, and many other short-chain halogenated 

hydrocarbons exert their toxicity, numerous questions remain unanswered. 

A great deal of evidence indicates the importance of a GSH-dependent 

reaction in the bioactivation of DBE and DCE, making these compounds 

uniquely of interest among their class. Yet to assess the actual 

contribution such a pathway may make towards the development of toxicity 

in vivo presents a problem. 

The data put forth in this thesis appear to support the role of 

a GSH-dependent mode of bioactivation for DBE, DCE and DBCP. This 

suggestion comes largely from the relatively high levels of extra-

hepatic metabolism seen, and correlations between these rates and the 

observed patterns of in vivo toxicity.- Certain findings, however, 

appear to contradict the relevance of the GSH-dependent route of 

metabolism in the expression of toxicity..- Most notable among these is 

the high hepatic rate of metabolism observed for each of the three 

compounds, despite their characteristic lack of in vivo liver toxicity. 

Such inconsistencies may be explained on the basis of a number 

of complicating factors present in the whole animal model. Such factors, 

including the levels of free glutathione in the various tissues, 

regional differences in transferase activity within a given tissue, and 

the relative predominance of competing bioactivating or detoxifying 

pathways, must be addressed in future studies before definite 

65 
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conclusions can be drawn. A survey of the GSH-dependent metabolism of 

other structurally similar compounds is also indicated, beginning with 

those compounds which would be especially likely or unlikely to form 

the proposed reactive intermediate responsible for toxicity.. 

The final verdict concerning the bioactivation and detoxifica­

tion of DBE, DCE and DBCP will surely come not from the findings of a 

single study-. Rather, this conclusion will emerge from the results of 

work in a variety of areas concerned with the physical, chemical and 

toxicological properties of these compounds-. 



APPENDIX A 

LINEARITY OF IN VITRO METABOLISM WITH TIME AND PROTEIN CONCENTRATION 
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Table A.l. Hepatic and extra-hepatic GSH-dependent debromination of 
1,2-dibromoethane (DBE) using rat and mouse cytosols, — 
Data expressed as mean ± standard error based upon multiple 
determinations using 2-6 sets of pooled cytosols. 

Rat Released inorganic bromide^ 
Time (min) liver kidney testes stomach 

2 11.5±0.8 4.7+0.4 2.6±0.1 0.8±0.1 

5 28.8±7.0 15.2±2.0 6.6±2.6 1.9±0.4 

20 117.7±14.1 53.9+13.9 24.6±8.1 15,3±6.5 

Mouse 
Time (min) liver kidney testes stomach 

2 39.2±9.0 34.2±6.0 17.8±8.2 11.6±0.9 

5 97.6116,8 80.0+12.8 59.0±12,5 27.0±12,8 

20 115.0±42.0 321.0±16.6 207.0±41.0 75,9±13.3 

^nmoles bromide/mg cytosolic protein 
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Table A.2. Hepatic and extra-hepatic GSH-dependent debromlnation of 
l,2-dibromo-3-chloropropane (DBCP) using rat and mouse 
cytosols. 

Rat Released inorganic bromide 
Time (min) liver kidney testes stomach 

2 

5 

20 

32.6+9.0 

81.3±13.6 

314.0±76.7 

15.8±6.6 

17.2±12.7 

160.0±32.0 

14.4±6.0 

32.6±15.0 

136.0±95.4 

11.5+3.8 

33.3±5.0 

112.0+36.0 

Mouse 

Time (min) 

2 

5 

20 

liver 

3.2±0.7 

7.5+3.2 

34.1±1.1 

kidney testes 

0.9±0.1 

1.2±0.7 

6.3±3.6 

1.0+0.2 

2,1±1.3 

11.4+1.2 

stomach 

0.1±0.0 

0.3+0.1 

^"nmoles bromide/mg cytosollc protein. 
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Table A.3. Hepatic and extra-hepatic GSH-dependent vater-soluble 
product formation using l^C-l,2-dibromoethane with rat and 
mouse cytosols. 

1 
Rat Water-soluble product formed 

Time (min) liver kidney testes stomach 

2 5.9+0.9 5.8±0.5 3.1+0.2 0.9±0.1 

5 14.910.3 13.5+4.8 6.0±1.0 2.1±0.1 

20 60.A±17.7 57.6+3.9 26.5+8.5 8.2±0.8 

Mouse 
Time (min) liver kidney testes stomach 

2 7.7+0.9 2.6+0.2 1.9±0.2 1.0+0.0 

5 19.6+2.5 6.2±0.6 5.3±0.8 2.9±0.3 

20 21.3±0.3 23.316.0 17.8±4.0 11.0+0.0 

^"nmoles product/mg cytosolic protein 
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Table A.4. Hepatic and extra-hepatic GSH-dependent water-soluble 
product formation using 14c-l,2-dichloroethane with rat and 
mouse cytosols. 

Rat ( Water-soluble product formed 
Time (min) liver kidney testes stomach 

2 

5 

20 

0.410.1 

1.1+0.3 

4.Oil.2 

0.3+0.0 

0.7±0.1 

2.9±0.2 

0.2±0,1 

0.5+0.2 

2.310.3 

0.1±0.0 

0.210.0 

0.9+0.1 

Mouse 
Time (min) liver kidney testes stomach 

2 

5 

20 

0.310.1 

0 .8+0 .2  

3.111.5 

0.1+0.0 

0.3+0.1 

1.0+0.2 

0.110.0 

0.2+0.1 

0.8+0.2  

0.1+0.0 

0.310.1 

nmoles product/mg cytosolic protein 
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Table A.5. Hepatic GSH-dependent debromination of 1,2-dibromoethane 
and l,2-dlbromo-3-chloropropane as a function of cytosolic 
protein concentration. 

1,2-Dibromoethane (DBE) 

protein conc^* 

0.5 

1.0 

2 .0  

Rate of debromination 

Rat Mouse" 

2.9±0.7 

6.4±3.1 

11.8±1.0 

38.017.0 

77.1±14.1 

148.0±12.0 

1,2-Dibromo-3-chloropropane (DBCP) 
2 

Rate of debromination 

protein conc^- Rat Mouse 

0.5 7.6±3.1 1.6±0,2 

2.0 14.0+6.0 2.7±1.0 

3.0 27.3±7.7 4,5±1.1 

^mg/ml 

2 
nmoles bromide/min 

3 
data from early time points, where reaction was shown 
to be linear with time 
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Table A. 6. Hepatic GSH-dependent water-soluble product formation 
from l^C-l,2-dibromoethane and l^C-1,2-dichloroethane as a 
function of cytosolic protein concentration. 

14 
C-1,2-Dibromoethane (DBE) 2 

Hate of water-soluble 
product formation 

1 3 
protein conc. Rat Mouse 

0.5 0.9±0.6 1.9+0.8 

1.0 2.2±0.2 4.2±0.7 

2.0 3.9±1.1 

5.0 — 20.1±9.0 

14 
C-1,2-Dichloroethane (DCE) 

protein conc. Rat Mouse 

0.5 0.08+0.06 

1.0 0.2 ±0.01 0.2+0.1 

2,0 0.4 ±0.02 0.5+0,06 

3.0 — 1,1±0.2 

^mg/ral 

2 
nmoles product/min 

3 
data from early time points, where reaction was shown 
to be linear with time 



REFERENCES 

Amir, D. "The sites of the spermicidal action of ethylene dibromide in 
bulls. J. Reprod. Fertil. 35:519 (1973). 

Amir, D. and Tadmor, A. The different labelling pattern of the genital 
tract of bulls and rams after a peritesticular injection of 
H-ethylene dibromide, Comp. Biochera. Physiol 69C:121 (1981). 

Banerjee, S. and Van Duuren, B. L. Binding of carcinogenic halogenated 
hydrocarbons to cell macromolecules. J. Natl* Cancer Inst. 
63:707 (1979). 

Banerjee, S., Van Duuren, B. L., Kline, S. A. Interaction of potential 
metabolites of the carcinogen ethylene dibromide with protein 
and DNA in vitro. Biochem. Biophys. Res. Commun. 90:1214 (1979). 

Bend, J. R., Hook, G. E. R., Easterling, R. E., Gram, T. E. and Fouts, 
J. R. A comparative study of the hepatic and pulmonary micro­
somal mixed-function oxidase systems in the rabbit. J. Pharmacol 
Exp. Ther. 183:206 (1972). 

Boyd, S. C., Sasame, H. A., Boyd, M. R. High concentrations of gluta­
thione in glandular stomach: Possible implications for 
carcinogenesis. Science 205:1010 (1979). 

Brem, H., Stein, A, B. and Rosenkranz, H. S. The mutagenicity and DNA-
modifying effect of haloalkanes. Cancer Res. 34:2576 (1974). 

Campbell, J. A. H., Bass, N. M. and Kirsch, R. E. Immunological 
localization of ligandin in human tissues. Cancer 45:503 (1980). 

Chasseaud, L. F. The nature and distribution of enzymes catalyzing the 
conjugation of glutathione with foreign compounds in Drug 
Metabolism: Chemical and Biochemical Aspects (eds.) Jenner, P. 
and Testa, B. (1976). 

Clifton, G. and Kaplowitz, N. The glutathione S-transferases of the 
small intestine of the rat. Cancer Res. 37:788 (1977). 

DiRenzo, A., Gandolfi, A. J. and Sipes, I. G. Microsomal bioactivation 
and covalent binding of aliphatic halides to DNA. Submitted 
for publication (1981). 

DiSimplico, P., Pierini, A. and Segre, C. P. Ligandin release from liver 
into blood in rats intoxicated by carbon tetrachloride. 
Pharmacol. Res. Commun. 9:799 (1977). 

74 



75 

Edwards, K., Jackson, H. and Jones* A.- R. Studies with alkylating 
esters II. A chemical interpretation through metabolic studies 
of the anti-fertility effects of ethylene diinethanesulfonate and 
ethylene dibromide. Biochem. Pharmacol. 19i1783 (1970). 

Ehrenber, L., Osterman-Golkar, S., Singh, D. and Lundquist, U. On the 
reaction kinetics and mutagenic activity of methylating ar*l 
-halogen-ethylating gasoline additives. Radiation Botany 15s 
185 (1974). 

Fishbein, L. Production, uses and environmental fate of ethylene 
dichloride and ethylene dibromide,in Banbury Report - Ethylene 
Dichloride: A Potential Health Risk?" (eds.) Ames, B., Infante, 
P. and Reit2, R. (1980). 

Gold, L. S. Human exposures to ethylene dichloride, in Banbury Report -
Ethylene Dichloride; A Potential Health Risk? (eds.) Ames, B. 
Infante, P-. and Reitz, R. (1980). 

Gomall, A. G., Bardwill, C. J. and David, M. M. Determination of serum 
proteins by means of the biuret reaction. J. Biol. Chem. 177: 
751 (1949). 

Gram, T. E., Litterst, C. L. and Minnaugh, E. G. Enzymatic conjugation 
of foreign chemical compounds by rabbit lung and liver. Drug 
Metab. Dispos. 2:254 (1974). 

Grover, P. L., Hewer, A. and Sims, P. K-Region epoxides of polycyclic 
hydrocarbons: formation and further metabolism of benz(a)-
anthracene 5,6-oxide by human lung preparation. FEBS Lett. 
34:63 (1973). 

Guengerich, F. R., Crawford, H. M., Domoradski, J. Y., MacDonald, T. L., 
and Watanabe, P. G. In vitro activation of 1,2-dichloroethane 
by microsomal and cytosolic enzymes. Toxicol. Appl. Pharmacol. 
55:303 (1980). 

Guthenberg, C-. and Mannervik, B.> Purification of glutathione S-
transferases from rat lung by affinity chromatography. Biochem. 
Biophys. Res, Commun. 86:1304 (1979). 

Habig, W. H., Pabst, M. J. and Jakoby, W. B. Glutathione S-transferases 
The first enzymatic step in mercapturic acid formation. J. Biol. 
Chem. 249:7130 (1974). 

Hill, D. L., Shih, T. W., Johnston, T. P. and Struck, R. F. Macro-
molecular binding and metabolism of the carcinogen 
1,2-dibromoethane. Cancer Res. 38:2438 (1978). 



76 

IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals 
to Humans: 1,2-Dibromo-3-Chloropropane 20:83 (1979). " 

Kale* P. and Baum, J. W.. Sensitivity of Drosophila melanogaster to low 
concentrations of gaseous 1,2-dibromoethane 1-. Acute Exposure 
Environ. Mutagenesis 1:15 (1979).. 

Kamiska, K., Habig, W. H., Ketley, J. N., Arias, I. M. and Jakoby, W. B. 
Multiple forms of human glutathione S-transferase and their 
affinity for bilirubin-. Eur. V. Biochem. 60:153 (1975). 

Kaplowtiz, N.f Clifton, G., Kuhlenkamp, J. and Wallin, J. D. 
Comparison of renal and hepatic glutathione S-transferases in 
the rat. Biochem. J. 158:243 (1976). 

Kluwe, W.. M. Acute toxicity of 1,2-dibromo-3-chloropropane in the F344 
male rat I. Dose-response relationships and differences in 
routes of exposure. Toxicol. Appl. Pharmacol. 59:71 (1981a). 

Kluwe, W. M. Acute toxicity of l,2-dibromo-3-chloropropane in the F344 
male rat IX. Development and repair of the renal, epididymal, 
testicular and hepatic lesions. Toxicol. Appl. Pharmacol. 59: 
84 (1981b). 

Kluwe, W, M., McNish, R. and Hook, J. B. Acute nephrotoxicities and 
hepatotoxicities of l,2-dibromo-3-chloropropane and 1,2-
dibromoethane in male and female F344 rats. Toxicology Letters 
8:317 (1981). 

Kluwe, U. M., Harrington, F. W. and Cooper, S. E. The effects of organo-
halide compounds on renal tubular cells in vivo and in vitro. 
J-, Pharmacol. Exp. Ther-. 220:597 (1982). 

Kluwe, W. M., McNish, R., Smithson, K. and Hook, J.- B. Depletion by 
1,2-dibromoethane, l,2-dibromo-3-chloropropane, Tris (2,3-
dibromopropyl)phosphate and hexachloro-l,3-butadiene of 
reduced non-protein sulfhydryl groups in target and non-target 
organs. Biochem. Pharmacol. 30:2265 (1981). 

Knight, R. H. and Young, L. Biochemical studies of toxic agents II. 
The occurrence of premercapturic acids. Biochem. J. 70:111 
(1958). 

Lake, B. G., Hopkins, R., Chakraborty, J., Bridges, J. W. and Parke, 
D. V. W. The influence of some hepatic enzyme inducers and 
inhibitors on extra-hepatic drug metabolism. Drug Metab. Dispos. 
1:342 (1973). 



77 

Lane, R. W-., Riddle, B. L. and Borzelleca. Effects of 1,2-dichloro-
ethane and 1,1,1-trichloroethane in drinking water on reproduc­
tion and development in mice. Toxicol. Appl. Pharmacol. 63:409 
(1982). 

Lee, I.-P. and Suzuki, K. Induction of unscheduled DNA synthesis in 
mouse germ cells following l,2-dibrorao-3-chloropropane (DBCP) 
exposure-. Mutat. Res. 68:169 (1979). 

Livesey, J. C. and Anders, M. W-. In vitro metabolism of 1,2-dihalo-
ethanes to ethylene.. Drug Metab. Dispos. 7:199 (1979). 

Maiorino, R. M., Gandolfi, A. J. and Sipes, I. G. Gas chromatographic 
method for the halothane metabolites trifluoroacetic acid and 
bromide in biological fluids. J.- Anal. Toxicol. 4:250 (1980). 

Maltoni, C., Valgimigli, L. and Scamato, C. Long-term carcinogenic 
bioassays on ethylene dichloride administration by inhalation 
to rats and mice, in Banbury Report - Ethylene Dichloride: A 
Potential Health Risk? (eds.) Ames, B.., Infante, P. and Reitz, 
T. (1980). 

Mitchell, J. R., Jollow, J. D., Potter, W. Z., Gillette, J. R. and 
Brodie, B. B. Acetaminophen-induced hepatic necrosis IV. 
Protective role of glutathione-. J. Pharmacol. Exp. Ther. 
187:211 (1973). 

Mukhtar, H. Baars, A. J. and Breimer, D. D. Differences in inducibility 
of particulate and cytosolic rat liver glutathione S-transferase 
activities. Xenobiotica 11:367 (1981).. 

Nachtomi, E. The metabolism of ethylene dibromide in the rat. 
Biochem. Pharmacol. 19:2853 (1970). 

Nachtomi, E. Modulation of the mitotic action of ethylene dibromide. 
Chem. Biol-. Interact. 32:311 (1980). 

Nachtomi, E., Alumot, E., and Bondi, A. The metabolism of ethylene 
dibromide in the rat I. Identification of detoxification 
products in urine-. Israel J-. Chem. 6:239 (1966), 

Nachtomi, E., Alumot, E. and Bondi, A-. Biochemical changes in organs of 
chicks and rats poisoned with ethylene dibromide and carbon 
tetrachloride-. Israel J. Chem. y:803 (1968). 

Newsome, L. H., Panopio, L. G., Iverson, F. and Hierlihy, S. L. Residual 
dibromochloropropane in root crops grown in fumigated soil. 
J. Agric. Food Chem. 25:684 (1977).-



78 

NIOSH (National Institute for Occupational Safety and Health) Criteria 
for a recommended standard; occupational exposure to ethylene 
dichloride (1,2-dichloroethane) DHEW (NIOSH) publication number 
76-139 (1976) Government Printing Office, Wellington, D.C. 

NIOSH (National Institute for Occupational Safety and Health) A 
recommended standard for occupational exposure to dibromochloro-
propane DHEW (NIOSH) publication # 18-115 (1978) Government 
Printing Office, Washington, D. C. 

Nitschke, K-. D., Kociba, R. J.-, Keys, D. G. and McKenna, M. J.. A 
thirteen week repeated inhalation study of ethylene dibromide 
in rats-. Fundamental and Appl. Toxicol. 1:437 (1981). 

Occupational Safety and Health Administration (1978). Occupational 
exposure to 1,2-dibromo-3-chloropropane (DBCP). Occupational 
Safety and Health Standards, Fed-. Regist. 43:11514. 

Olsen, W. A., Haberman, R. T-., Weisburger, E. K-., Ward, J. M. and 
Weisburger, J. H. Brief communication: Induction of stomach 
cancer in rats and mice by halogenated aliphatic fumigants. 
Natl. Cancer Inst* 51:1993 (1973). 

Orrenius, S'., Ellm, A., Jakobsson, S. V» ̂ Thor, H., Cinti, D* L# • 
Schenkman, J. B. and Estabrook, R. W. The cytochrome P450-
containing mono-oxygenase system of the rat kidney cortex 
microsomes. Drug Metab. Dispos. 1:350 (1973).. 

Pinkus, L. M., Ketley, J. N.- and Jakoby, W-. B.- The glutathione 
S-transferases as a possible detoxification system of rat 
intestinal epithelium. Biochem. Pharmacol. 26:2359 (1977). 

Plescia, F-. H. Disposition and hepatotoxicity of 1,2-dibromoethane. 
M.S. Thesis, University of Arizona, Tucson (1981), 

Plotnick, H. B. Carcinogenesis in rats of combined ethylene dibromide 
and disulfiram. J. Am. Med-. Assoc. 239:1609 (1978). 

Potashnik, G., Sacks, M. I., Yanai-Inbar, I, and Israeli, R. Effects 
of dibromocliloropropane on human testicular function. Israel 
J. Med. Sci. 15:438 (1979). 

Powers, M. B., Woelker, R. W., Page, N-. P-. Weisburger, E. K. and 
Kraybill, H. F. Carcinogenicity of ethylene dibromide (EDB) and 
l,2-dibromo-3-chloropropane (DBCP) after oral administration 
in rats and mice-. Toxicol. Appl. Pharmacol. 46:233 (1980). 

Rannug, V.. Genotoxic effects of 1,2-dibromoethane and 1,2-dichloro-
ethane, Mutat. Res. 76:269 (1980). 



79 
Rannug, V.. and Beije, B-. The mutagenic effect of 1,2-dichloroethane on 

Salmonella typhimurium II. Activation by the isolated perfused 
rat liver-, Chera.. Biol.; Interact. 24:265 (1979)* 

Rannug, V., Sundvall, A. and Ramel, C. The mutagenic effect of 1,2-
diehloroethane on Salmonella typhimurium I. Activation through 
conjugation with glutathione in vitro. Chem. Biol-. Interact. 
20:1-16 (1978). 

Recknagel, R.- 0. Carbon tetrachloride hepatotoxicity. Pharmacol. Rev. 
19:145 (1967). 

Reznik, G., Stinson, S. F. and Ward, Jr. M. Respiratory pathology in 
rats and mice after inhalation of l,2-dibromo-3-chloropropane 
and 1,2-dibromoethane for 13 weeks. Arch.- Toxicol.. 46:233 
(1980).' 

Rosenkranz, H. S. Genetic activity of l,2-rdibromo-3-chloropropane, 
a widely sued fumigant. Bull-. Environ. Contam.. and Toxicol. 
14:8 (1975). 

Rowe, V. K., Spencer, H. C., McCollister, D. D., Hollingsworth, R. L. 
and Adams, E. M. Toxicity of ethylene dibromide determined on 
experimental animals. AMA Arch. Ind. Hyg. Occup. Med. 6:158 
(1952). 

Shih, T-. W. and Hill, D. L. Metabolic activation of 1,2-dibromoethane 
by glutathione transferase and by microsomal mixed-function 
oxidase: further evidence for formation of two reactive 
metabolites. Res. Comm., Chem. Path. Pharmacol. 33:449 (1981). 

Short, R. D.-, Winston, J. M.-, Hong, C. B-,., Minor, J,. L., Lee, C-. C. 
and Seifter, J. Effects of ethylene dibromide on reproduction 
in male and female rats.- Toxicol. Appl. Pharmacol. 49:97 
(1979). 

Simons, P-. C., Vander Jagt, D. L. Purification of glutathione 
S-transferases from human liver by glutathione affinity 
chromatography.. Anal. Biochem.- 82:334-. 

Sipes, I. G.-, Podolsky, T. L-. and Brown, B. R. Bioactivation and 
covalent binding of halothane to liver macromolecules. 
Environ. Health Perspect. 21:171 (1977). 

Speafico, F., Zuccato, E., Marcucci, F-., Sironi, M., Paglialunga, S. 
Madonna, M-. and Mussino, E.- Pharmacokinetics of ethylene 
dichloride in rats treated by different routes and its long-
term inhalatory toxicity in Banbury Report-Ethylene Dichloride: 
A Potential Health Risk? (eds.) Ames, B., Infante, P. and 
Reitz, R. (1980). 



80 

St. George, A. V.. The pathology of the newer commercial solvents.-
Am. J... Clin.. Path.. 7:69 (1937). 

Stolzenberg, S. J. and Hine, C.. J.. Mutagenicity of halogenated and 
oxygenated three carbon compounds.. J. Tox. Environ. Health 
.5:1149 (1979). 

Symons, J. M-.., Bellar, T. A., Car swell, J.. K.., DeMarco, J., Kropp, 
K. L., Robeck, G. G., Seeger, D,. R.-, Slocum, C. J., Smith, 
Bw L. and Stevens>. A.- A-.- National organic reconnaissance 
survey for halogenated organicsr J. Am. Water Works Assoc. 
67:634 (1975);. 

Teramoto, S., Saito, R., Aoyama, H. and Shirasu, Y.. Dominant-lethal 
mutation induced in male rats by 1,2-dibromo-3-chloropropane 
(DBCP). Mutat. Res. 77:71 (1980). 

Torkelson, T. R.» Sadek, S. E. and Rowe, V.- K.. Toxicologic Investiga­
tions of l,2-dibromo-3-chloropropane. Toxicol. Appl. Pharmacol. 
3:545 (1961).. 

Van Bladeren, P.. J., Breimer, D. Dr., Rottevall-Smijs, G. M. T., 
DeJong, R-. A.. W.-, Buijs, W., Vander Gen and Mohn, G. R. The 
role of glutathione conjugation in the mutagenicity of 
1,2-dibromoethane.. Biochem. Pharmacol. 29:2975 (1980). 

Van Bladeran, P.. Jr., Breimer, D-. D., Van Huijgevoort, J. A. T. C. M., 
Vermeulen, N.. P. E. and Vander Gen, A. The metabolic formation 
of N-acetyl-S-2-hydroxyethyl-L-cysteine from tetradeutero-1,2-
dibromoethane. Biochem. Pharmacol. 30:2499 (1981). 

Van Bladeren, P.:.J., Hougeterp, J. J.-, Breimer, D. D., and Vander Gen. 
The influence of disulfiram and other inhibitors of oxidative 
metabolism on the formation of 2-hydroxyethyl mercapturic acid 
from 1,2-dibromoethane by the rat:. Ph.D. dissertation, 
University of Leiden, pp. 73-79. 

Van Bladeren, P. J.-, Vander Gen, Breimer, D. D-. and Mohn, G. R. 
Stereoselective 'activation of vicinal dihalogen compounds to 
mutagens by glutathione conjugation. Biochem. Pharmacol. 28: 
2521 (1979).. 

Van Duuren, B.. L., Goldschmidt, B.. M,., Loewengart, G., Smith, A. C-., 
Melchionne, S.-, Seidman, I. and Roth, D. Carcinogenicity of 
halogenated olefinic and aliphatic hydrocarbons.. J. Natl, 
Cancer Inst. 63:1433 (1979). 

Ward, J.. M., The carcinogenicity of ethylene dichloride in Osborne-
Mendel rats and B6C3F1 mice in The Banbury Report-Ethylene 
Dichloride: A Potential Health Risk? (eds.) Ames, B., Infante, 
P-. and Reitz, R. (1980). 



81 

Ward, J-. M. and Haberman, R,; T-.- Pathology of the stomach cancer in 
rats and mice induced with the agricultural chemicals ethylene 
dibroroide and dibromochloropropane.. Bull* Soc. Pharmacol. Path. 
2:10 (1974)-.. 

War holm, M-,, Guthenberg, C.-, Mannervik, B-, and von Bahr, C. Purifica­
tion of a new glutathione S-transferase (transferase p") from 
human liver having high activity with benzo(a)pyrene-4,5-
oxide,- Biochem. Biophys-.- Res-. Commun. 98:512 (1981).. 

White, R-.- D-., Sipes, I. G., Gandolfi, A. J-. and Bowden, G.> T.. Char­
acterization of the hepatic DNA damage caused by 1,2-dibromo-
ethane using the alkaline elution technique.. Carcinogenesis 
2:839 (1981).. 

Wong, W., Utidjian, H. M., Karlen, V.. S. Retrospective evaluation of 
reproductive performance of workers exposed to ethylene 
dibromide (EDB). J- Occup. Med. 21:98 (1978). 

Wong, L. C. K.-, Winston, J.. M.., Hong, C. B.. and Plotnik, H. Carcino­
genicity and toxicity of 1,2-dibromoethane in the rat. Toxicol. 
Appl. Pharmacol. 63s155 (1982). 

14 
Yllner, S. Metabolism of l,l,2-trichloroethane-l,2- C in the mouse. 

Acta Pharnac.. Toxicol. 30:257 (1971)-. 

Younes, M., Schlicting, R.- and Siegers, C.. P-. Effects of metabolic 
inhibitors diethyl maleate and carbon tetrachloride-induced 
liver damage on glutathione S-transferase activities in rat 
liver-. Pharmacol.- Res. Commun. 12:921 (1980). 


