
The hepatotoxicity of the isomers of
dichlorobenzene: Structure-toxicity relationships

and interactions with carbon tetrachloride

Item Type text; Dissertation-Reproduction (electronic)

Authors Stine, Eric Randal.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:10:01

Link to Item http://hdl.handle.net/10150/184434

http://hdl.handle.net/10150/184434


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the original text directly from the copy 
submitted. Thus, some dissertation copies are in typewriter 
face, while others may be from a computer printer. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these will 
be noted. Also, if unauthorized copyrighted material had to 
be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the upper 
left-hand corner and continuing from left to right in equal 
sections with small overlaps. Each oversize page is available 
as one exposure on a standard 35 mm slide or as a 17" x 23" 
black and white photographic print for an additional charge. 

Photographs included in the original manuscript have been 
reproduced xerographically in this copy. 35 mm slides or 
6" x 9" black and white photographic prints are available for 
any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order. 

,U·M·I 
Accessing the World's Information since 1938 

300 North Zeeb Road, Ann Arbor, Ml48106-1346 USA 



--··-·-



Order Number 8816321 

The hepatotoxicity of the isomers of dichlorobenzene: 
Structure-toxicity relationships and interactions with carbon 
tetrachloride 

Stine, Eric Randal, Ph.D. 

The University of Arizona, 1988 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





PLEASE NOTE: 

In all cases this matc:-!al has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark_L. 

1. Glossy photographs or pages~ 

2. Colored illustrations, paper or print V 

3. Photographs with dark background __ 

4. Illustrations are poor copy __ _ 

5. Pages with black marks, not original copy __ 

6. Print shows through as there is t(!xt on both sides of page __ _ 

7. Indistinct, broken or small print on several pages V 

a. Print exceeds margin requirements __ 

9. Tightly bound copy with print lost in spine __ _ 

10. Computer printout pages with indistinct print __ _ 

*** 
11. Page(s) __ **_* __ lacking when material received, and not available from school or 

author. 

12. Page(s) ____ seem to be missing in numbering only as text follows. 

13. Two pages numbered ___ . Text follows. 

14. Curling and wrinkled pages __ 

15. Dissertation contains pages with print at a slant, filmed as received ___ _ 

U·M-1 





THE HEPATOTOXICITY OF THE ISOMERS OF DICHLOROBENZENE: 

STRUCTURE-TOXICITY RELATIONSHIPS AND INTERACTIONS 

WITH CARBON TETRACHLORIDE 

by 

Eric Randal Stine 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN TOXICOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1988 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by ____ E~r~i~c~R~a~n~d~a~l~S~t~i~n~e ______________________ __ 

entitled The Hepatotoxicity of the Isomers of Dichlorobenzene: 

Structure-Toxicity Relationships and Interactions with Carbon 

Tetrachloride 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

Date 

~;;;2..o1 ltfc:fi 

Date / 

Date af~ ,-)// 198fr 

oat{fwf ,;u/ tfri 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and that it be accepted as fulfilling the dissertation 
requirement. 

-----------~--------------------------------------------------



STATEMENT BY AUTHOR 

This rlissertation has been submitted in partial fulfillment of 
the requirements 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 dissertation 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 or her judgement the proposed use of the material is in the 
interests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNED: 



l 

DEDICATION 

To my family and my many friends, 
who provided me with support and encouragement 

throughout the course of this endeavor. 

iii 



l 

ACKNOWLEDGMENTS 

The author would like to express his sincere gratitude to 

doctors I. G. Sipes, D. E. Carter, K. Brendel, J. R. Halpert and A. J. 

Gandolfi for their direction and guidance throughout the course of this 

work. A special debt of gratitude is owed Dr. Sipes for serving as my 

research advisor and providing a suitable environment for the completion 

of my doctoral degree. In addition, my very special thanks are due Dr. 

Carter for his much appreciated (though often only in retrospect) 

counseling and guidance throughout my graduate education. The author 

would also like to express his appreciation to doctor H. V. Aposhian for 

his encouragement in the author's decision to pursue the doctoral 

degree. 

Special thanks are accorded Dana Perry for his friendship, 

encouragement and expertise. Similarly, the author is grateful to the 

many graduate students and staff within the Department of Pharmacology 

and Toxicology, for their friendship and support. 

Finally, my deepest appreciation to my family for their 

understanding and emotional support throughout my pursuit of this goal. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS •••.•••••••..••.•••.•..••. •... • • . • • • • • • . . • • . . vii 

LIST OF TABLES • • • • • • . . . • . . • • . • • . . • • . • • • . . . . . • • • • • • . . • . . • • • . • • • . • . . ix 

ABSTRACT . . . . . • . • . • . . . . . . • • . . • . . . • . • . • . . . . • . . . • • • • . . . . . • • . • . . . • . . • • X 

INTRODUCTION . • . • . . . . . . . . . . . . . . . . • • . . • . . • . . . . • . . • • . . . . . . • • . . . . . . • . . 1 

Physical Properties of the Dichlorobenzenes . ...•.••.•........ 2 
Industrial and Environmental Relevance of the Dichlorobenzenes 5 
The Toxicology of the Dichlorobenzenes .•..•...•.••..•.....•.. 12 
Bromobenzene, A Potential Analog for the Study of 

Dichlorobenzene Hepatotoxicity......................... 19 
Interactive Hepatotoxicity: Relevance to Human Exposure 

Conditions for the Dichlorobenzenes ......•••......•••.. 26 
Statement of Purpose . . . . • . . . • • . . . . . . • . • . . . . . . . • . . • . . . . . • . • • . . 32 

MATERIALS AND METHODS . • • . • . . . . . • • . . • . . . . . . • . . . . . . . . • • • • . . . . . . • . . . . 34 

Animals . • . . . . . . • • . . . . . . . . . • • . • . . . . . . • . . . . . . . . • • . . • . . . . . • • • • • . 34 
Chemicals . • . . • . • . . • • . . . . . . • . • . . . . . . . • • . . . . • . . . • • . . . . . . . . • . • . • 34 
Pretreatments of Animals . • • • . . . . . . . • . • . . . . . . . . • • . • . . . . • . . . . . . 35 
Intraperitoneal Dosing of Animals •.••..•..••••.•......•...... 36 
Drinking Water Exposures . . . . . . . . . . . . • . . . . . • . • . . . . . . . . . • . • . • • . 36 
Killing and Necropsy Procedures.............................. 38 
In Vivo Parameters of Hepatotoxicity......................... 39 
- --Plasma GPT Activity • . . . . . . . . . . . . . . . . . . • . . . . . . . • • • . . . • . . 39 

Liver Histology . . • • . • . . . . . . . • . • . . . . . . • • • . . . . . . • . • • • . • . . 39 
Hepatic Reduced Glutathione Content ..• ~................ 39 

In Vitro Microsomal Studies . . . . • . • • • . . . . . • • • . • • • • • . . . • • • • • • • . 40 
Preparation of Rat Liver Microsomes .•••..•...••••..•... 40 
Microsomal Incubations ..•.•...•...•••••....•.••••...•.. 41 
Quantitation of Covalently Bound Adducts .....••.•.. :... 42 

In Vivo Covalent Binding • . . . . . . • . • • . . . . . . • . • • . . . • . . . . . . . . . . . . 43 
Disposition Studies • • • . . . • . . . . . • . • • . . . . . . • • . • . . . • . . • • • . . . . . . . 44 

Radiolabeled Chemicals .• 14 ••.......••.•...•...•...•.... 44 
Collection of Eliminated C-Dichlorobenzene 

Equivalents • . . . . . . . • • • . . . . • . • . • • • . . . • . • . • • • . . . • . . 45 
Tissue Collection/Necropsy Procedure................... 46 
Processing of Tissues . . . • • . . . • . . . • . • . . • . . • • . • • • . . . . . . . . 47 

Statistical Analyses • • . . . . . . . . • . • . . . . . . • • • . . . . • . • • • • . . . . . . . . . 48 

v 

-------·--···----------------------------



TABLE OF CONTENTS - Continued vi 

RESULTS e e e e e e e e e e e e e e • e e I I I f I II I I I I I I I I I f I a I I I I I I I I f I I I I I I I I I I I I I I I 50 

Investigations of the Differential Hepatotoxicity of the 
Isomers of Dichlorobenzene ••••••••••••••••••••••••••••• 50 
Dichlorobenzene Induced Elevations in GPT Activity..... 51 
Histopathological Evaluation of Dichlorobenzene 

Hepatotoxicity • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 54 
~ ~ Covalent Binding of Dichlorobenzene 

Equivalents • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . 56 
Modulation of Dichlorobenzene Hepatotoxicity by Altering 

the Activity of Drug Metabolizing Enzymes •••••••• 58 
Evaluation of the Role of Glutathione in the 

Hepatotoxicity of the Dichlorobenzenes ••••••.•••• 63 
Investigation of Potential GSH-Mediated Differential 

Hepatoprotection Against Dichlorobenzene Challenge 72 
Hepatic Distribution of the Dichlorobenzenes ••••••••••. 75 
In Vivo Covalent Binding of the Dichlorobenzenes ••••••. 77 
Evaluation of the In Vivo Hepatotoxicity of the 

Dichlorobenzenes in Sprague-Dawley Rats .••••••••• 80 

Investigations of the Interactive Hepatotoxicity of the 

DISCUSSION 

Dichlorobenzenes • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . • • . 86 
Evaluation of the Hepatotoxic Dose-Response Relationship 

of Carbon Tetrachloride.......................... 86 
Concomitant Intraperitoneal Exposures to Carbon 

Tetrachloride and the Dichlorobenzenes ••••••.•••• 88 
Evaluation of the Effect of Carbon Tetrachloride on the 

Disposition of the Dichlorobenzenes •••••••••••••• 88 
Drinking Water Exposures to Carbon Tetrachloride and 

the Dichlorobenzenes •••••••••.•••••••••.••••••••. 98 

102 

Structure-Toxicity Relationships of the Dichlorobenzenes .•••. 102 
Interactive Hepatotoxicity of the Dichlorobenzenes with 

Carbon Tetrachloride • • • . • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 124 

REFERENCES 130 



LIST OF ILLUSTRATIONS 

Figure 

1. Structure of the three isomers of dichlorobenzene 

2. Pathway of bromobenzene metabolism, emphasizing the formation 
of primary reactive metabolites responsible for the production 

Page 

4 

of hepatotoxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 

3. Dichlorobenzene induced elevations in plasma GPT activity 
following ip administration . . . . . . . . • . . . • . . . • . . . . . . . . . . . . . . . . . 52 

4. Representative histology of the liver following ip administra
tion of the isomers of dichlorobenzene ...••.........••....... 55 

5. Dichlorobenzene induced elevations in plasma GPT activity in 
phenobarbital pretreated animals •..•...••••.•......•.•.•••... 61 

6. Representative histology of the liver following ip administra
tion of the isomers of dichlorobenzene to phenobarbital 
pretreated animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 

7. Dichlorobenzene induced elevations in plasma GPT activity in 
SKF-525A pretreated animals . . . • . . . . • . • . • . . . . . . . . • • . . . . . . . . . • . 64 

8. Hepatic glutathione concentration at various times after ip 
administration of the isomers of dichlorobenzene ............. 65 

9. Hepatic glutathione concentration at various times after ip 
administration of o- or m-DCB to phenobarbital pretreated 
animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 7 

10. Dichlorobenzene induced elevations in plasma GPT activity in 
phorone pretreated animals •....•......••...•••••..•.....••••. 70 

11. Representative histology of the liver following ip administra
tion of the isomers of dichlorobenzene to phorone phorone 
pretreated animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 

12. In Vivo covalent binding of dichlorobenzene equivalents to 
hepatic proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 

13. Plasma GPT activity following ip administration of m-DCB given 
alone, or concomitantly with carbon tetrachloride .•••.•.••.•. 89 

vii 



LIST OF ILLUSTRATIONS - Continued viii 

Figure Page 

14. Plasma GPT activity following ip administration of p-DCB given 
alone, or concomitantly with carbon tetrachloride ...••••••••. 90 

15. Plasma GPT activity following ip administration of o-DCB given 
alone, or concomitantly with carbon tetrachloride •••.••••.... 91 

16. Cumulative 24 hour expiration of o-DCB in the presence and 
absence of concomitantly administered carbon tetrachloride 92 

17. Cumulative 24 hour urinary and fecal elimination of o-DCB 
equivalents in the presence and absence of concomitantly 
administered carbon tetrachloride .••.....•••.......•.....•... 94 

18. Effect of concomitantly administered carbon tetrachloride on 
the hepatic metabolism of o-DCB ........•.•........••...•..... 96 

19. Effect of o-DCB pretreatment in the drinking water on the 
subsequent elevation in plasma GPT activity produced by an ip 
dose of carbon tetrachloride ....•..•.......•....•....•....... 99 

20. Effect of carbon tetrachloride pretreatment in the drinking 
water on the subsequent elevation in plasma GPT activity 
produced by an ip dose of o-DCB •..•..•.•.•....••....•..•.•••• 101 



~l'" 

i 

LIST OF TABLES 

Table Page 

1. Industrial uses of the Dichlorobenzenes 7 

2. Time to maximal elevation of GPT activity following ip 
dichlorobenze.:ne challenge • • . . . . . . • • • • . . . . . • . . . . • . . . . . . . • • • • • . 53 

3. In Vitro covalent binding of the dichlorobenzenes to 
microsomal protein .......................................... . 57 

4. Effect of epoxide hydrolase on the covalent binding of the 
isomers of dichlorobenzene to microsomal protein .......•••... 59 

5. Depletion of total hepatic nonprotein sulfhydryl content after 
ip administration of phorone . . . • . • . . . . . . . . • . . . . • • . . . • . . . . . . • . 68 

6. Glutathione adduct formation following In Vitro incubation of 
o- and m-DCB with glutathione and rat liver cytosol ......... 74 

7. Intrahepatic concentration of total dichlorobenzene 
equivalents and aqueous soluble metabolites at various times 
after ip administration of the isomers of dichlorobenzene •.•. 76 

8. Time course of the In Vivo covalent binding of dichlorobenze 
equivalents to hepatic proteins ....•••..........••...•....... 79 

9. Dichlorobenzene induced elevations of plasma GPT activity in 
Sprague-Dawley rats . . • . • . • • • . . . . . . . • . • . . . . . . . . • • • • . . . • . . . . . . . 84 

10. Dichlorobenzene induced elevations of plasma GPT activity in 
phenobarbital pretreated Sprague-Dawley and Fischer-344 rats . 85 

11. Effect of various doses of carbon tetrachloride on plasma. GPT 
activity following ip administration .......•.•.....•....•.••. 87 

12. Effect of concomitant carbon tetrachloride administration on 
the cumulative 24 hour expiration and urinary elimination of 
m- and p-DCB • • • . • • • • • • • • • • • • • • . • • • . . . • . . • • . • . . • . . . . . • • . . • • . . . 97 

ix 



ABSTRACT 

The three isomers of dichlorobenzene (DCB) exhibit marked 

differences in hepatotoxicity following intraperitoneal (ip) administra

tion in male F-344 rats. Plasma GPT activity, measured 24 hours post 

exposure, was elevated to approximately 4080 units/ml following a 1.8 

mmol/kg dose of o-DCB. Conversely, m-DCB produced only a moderate 

elevation (306 units/ml) following a 4.5 mmol/kg dose, while p-DCB 

produced no elevation in GPT activity at this dose (24 units/ml). Ultra

structurally, o- and m-DCB induced elevations in GPT activity were 

associated with a centrilobular pattern of hepatic necrosis. The role 

of cytochrome P-450 mediated bioactivation in DCB-induced hepatotoxicity 

was demonstrated by elevated GPT activities following an otherwise 

nontoxic 0.9 mmol/kg dose of either o- or m-DCB in phenobarbital pre

treated animals (16770 and 21540 units/ml, respectively). The para 

isomer of DCB showed no induction of toxicity with phenobarbital pre

treatment. Hepatic glutathione (GSH) concentrations were reduced 0.5, 3 

and 5 hours after a 1.8 mmol/kg dose of either o- or m-DCB, a dose which 

produces hepatotoxicity only for o-DCB. Pretreatment of animals with 

phorone depleted hepatic GSH to 15% of control levels within two hours; 

subsequent ip administration of either o- or m-DCB (1.8 mmol/kg) 

produced approximately equivalent elevations in GPT activity for both 

isomers (5749 ± 648 and 4732 ± 857 units/ml, respectively). In vitro 

incubations of o- and m-DCB with GSH and rat liver cytosolic fraction, 

X 
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suggested that GSH may bind m-DCB without prior bioactivation, thereby 

reducing the hepatotoxicity of this isomer relative to the more toxic 

ortho isomer. 

The interactive hepatotoxicity of the dichlorobenzenes with 

carbon tetrachloride (CC14) was also investigated. Concomitant ip 

injection of CCJ.4 (1.0 mmol/kg) and o-DCB (2.7 mmol/kg) produced a 

marked inhibition of o-DCB hepatotoxicity, as measured by GPT activity 

(approximately 200 units/ml vs. 7450 units/ml for o-DCB alone). The 

mechanism of this inhibition of o-DCB hepatotoxicity was shown to be a 

reduction in the cytochrome P-450 mediated bioactivation of o-DCB, by 

A similar inhibition of o-DCB hepatotoxicity was seen following 

administration of cc14 as a pretreatment, via the drinking water. Con

comitant ip administration of CC1
4 

with either m- or p-DCB also produced 

a reduction in the metabolism of the dichlorobenzene. 



INTRODUCTION 

The presence of chemicals within the environment as a 

consequence of man's increasing reliance upon their many uses, has 

become a matter of great public concern. Concern over contamination of 

air, water and food supplies has grown rapidly, heightened by frequent 

reports in the news media of instances of chemical contamination, both 

in this country and abroad. This increased public awareness has led 

to a large-scale effort by public agencies such as the United States 

Environmental Protection Agency (U.S. EPA), to both minimize the 

occurrence of such contamination, and to better understand the threat 

to public health posed by various chemicals found within the environ

ment. The three isomers of dichlorobenzene have been identified as 

frequently occurring contaminants in air and water supplies in a number 

of sites throughout the United States (United States Environmental 

Protection Agency, 1985). This wide-spread environmental contamination 

by these compounds reflects their high degree of use in both industrial 

and household settings. Furthermore, these low molecular weight aromatic 

compounds ~how a high degree of mobility within the environment 

and ~Le relatively resistant to decomposition (Sittig, 1980). 

The dichlorobenzenes are also frequently found existing within the 

environment in low levels along with numerous other chemicals, 

the question of their potential to interact toxicologically 

settings. 

1 

raising 

in these 
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Early studies with the ortho and para isomers of 

dichlorobenzene (o-DCB and p-DCB, respectively) have suggested that 

although they are structurally similar, these two isomers exhibit 

marked differences in their hepatotoxicity; the or tho isomer 

exhibiting greater toxicity than the para isomer (Reid and Krishna, 

1973). To date, the reasons for this differential hepatotoxicity 

have not been clearly elucidated. Furthermore, the potential for 

the dichlorobenzenes to participate in toxicological interactions 

with other chemicals, thereby producing an altered biological 

response, has not been well studied. 

This work was undertaken to evaluate the underlying 

factors involved in the observed differential hepatotoxicity of the 

isomers of dichlorobenzene. In addition, studies were performed 

to evaluate the potential for these agents to participate in 

hepatotoxic interactions with the well characterized, model hepatotoxi-

cant, carbon tetrachloride. 

Physical Properties of the Dichlorobenzenes 

The three isomers of dichlorobenzene belong to the broad class 

of chemical compounds termed halogenated benzenes. The compounds in 

this class are characterized by an aromatic benzene ring with any-

where from one to six halogen atoms on the ring. The identity of the 

halogens may be fluorine, chlorine, bromine or iodine, or any 

combination of these. The halogenated benzenes, as a class, are 

very stable under ambient conditions (Morrison and Boyd, 1973). 

Furthermore, in subsequent reactions, the halogen atoms tend to be 
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strongly ortho and para directing toward any further substitution on 

the ring. 

As shown in figure 1, the dichlorobenzenes exist in three 

isomeric forms; having the second chlorine atom positioned either ortho 

(o-DCB), meta (m-DCB) or para (p-DCB) to the first. The relative 

orientation of the two chlorine atoms on the ring exerts a strong 

influence on the physical properties of the compound. While there is 

little difference between the isomers in terms of their boiling points, 

each isomer boiling within the range of 172°-179° C (The Merck Index, 

1980), marked differences exist in their melting points. Indeed, 

with a melting point of 53° C, p-DCB is a solid at ambient temperature, 

while o- and m-DCB are liquids (melting points of -17° C and -24° C, 

respectively). 

The isomers of dichlorobenzene are relatively volatile, each 

having a vapor pressure of between 1.0 and 1.9 mm Hg at 25° C (U.S. EPA, 

1985). This high volatility underscores the potential for these 

agents to achieve high concentrations in the air surrounding areas of 

their use or production. 

Relative to the toxicology of the dichlorobenzenes, the most 

significant difference in physical properties between the isomers is 

likely their solubility in water. The solubilities of o-, m- and p-DCB 

in water at 25° C are 145 mg/1, 123 mg/1 and 79 mg/1, respectively 

(Verschueren, 1977). The low water solubility of p-DCB relative to the 

ortho and meta isomers is not suprising. The chlorine atoms of 

the dichlorobenzenes have a high electronegativity, owing to the 

---·-----········------------------------------------
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CJ Cl 

Cl 

p-DCB 
(1,4 DCB) 

CJ 

Cl 

m-DCB 
(1,3 DCB) 

o-DCB 
( 1,2 DCB) 

Figure 1. The chemical structure of the three isomers of 
dichlorobenzene, all having the chemical formula: 
c6H4c12• 
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fact that they lack only one electron to fill their outermost orbital. 

Hence, the chlorine atoms tend to displace electrons away from the 

adjacent carbon atom on the benzene ring, resulting in a partial nega-

tive charge on the chlorine atom and a partial positive charge on 

the adjacent carbon atom. Such displacement of electrons toward 

electronegative substituents on a benzene ring produce a dipole moment 

which lends polarity to the molecule (Morrison and Boyd, 1973). In 

the case of o- and m-DCB, the two electronegative chlorine atoms 

are in close proximity to one another, thereby increasing the polarity 

of the molecule. Conversely, the two chlorine atoms of p-DCB are 

directly opposed from one another, centered on opposite sides of 

the ring. The result of this positioning is to decrease the dipole 

moment of the entire molecule, resulting in a decrease in the polarity 

of p-DCB, relative to o- and m-DCB. Since the polarity of a molecule 

is generally proportional to its water solubility, the lower 

polarity of p-DCB accounts for its lower water solubility. 

Industrial and Environmental Relevance of the Dichlorobenzenes 

The dichlorobenzenes, along with monochlorobenzene, are pro-

duced industrially by the catalytic chlorination of benzene with 

ferric chloride serving as the catalyst (Hardie, 1964). The resultant 

mixture of chlorinated benzenes is partially purified by distillation, 

and the individual isomers are further purified by fractional distilla-

tion or, in the case of p-DCB, crystallization. The dichlobenzenes may 

be further chlorinated by a stepwise catalytic process to produce tri-

chlorbenzene, tetrachlorobenzene and pentachlorobenzene. Due to the 
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relatively uncontrolled nature of the catalytic reactions used in 

their production, and the fact that the fractional distillation 

procedure is not 100% effective in separating the isomers, most com-

mercial preparations of dichlorobenzene contain other isomeric forms of 

the chlorinated benzenes as minor contaminants. 

Along with their use as precursors for the production of more 

highly chlorinated benzenes, as just described, the isomers of dichlo-

robenzene are used extensively in a number of commercial applications. 

Table 1 lists each of the isomers along with their respective industrial 

uses. 

The wide variety of industrial and household applications of 

the dichlorobenzenes, coupled with their relatively stable chemical 

nature and high degree of mobility within the physical environment, 

predispose these compounds to being widely dispersed within the environ-

ment. Furthermore, a priori estimates of the annual production of the 

dichlorobenzenes in the United States for 1983 were placed between 

46.7 and 50.2 million kilograms (U.S. EPA, 1985). This magnitude of 

production for these chemicals underscores the potential for their 

release into the environment. Indeed, the dichlorobenzenes are routine-

ly found in ground water supplies and in leachate from chemical dump-

sites, as well as in air samples from industrial and household 

sampling sites. 

In a recent report published by the U.S. EPA (1985), data from 

a number of environmental sampling studies were presented, relative to 

the levels of the dichlorobenzenes and other chlorinated benzenes 

~~~-----~--------------------------------------



TABLE 1. THE MAJOR INDUSTRIAL USES OF THE DICHLOROBENZENESa 

ISOMERS 

1,2 DCB 

MAJOR USES 

Precursor in synthesis of 
3,4-dichloroaniline 

Solvent for organic compounds and 
non-ferrous metal oxides 

Solvent carrier in production of 
toluene diisocyanate 

Production of dyes 

Fumigant, insecticide 

7 

Degreaser in production of hides and wool 

1,3 DCB 

1,4 DCB 

Use in metal polishes 

Industrial odor control agent 

Fumigant, insecticide 

Moth repellant, general insecticide, 
germicide 

Space deodorant 

Production of dyes 

Precursor in synthesis of 
2,5-dichloroaniline 

Use in pharmaceuticals 

Agricultural soil fumigant 

a Data reproduced from Hawley (1971). 



within the environment. 

sampling sites in Tokyo, 

contain concentrations 
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Ambient air samples from urban and suburban 

Japan were analyzed 

ranging from 1.5-4.2 

for p-DCB and found to 

3 ug/m (Morita and 

Obi, 1975). Interestingly, samples taken from a bedroom and a 

closet were found to be as much as 400 times higher than the ambient 

air samples, likely reflecting the common use of p-DCB as a moth 

repellent. These findings also demonstrate the capacity of these 

chemicals to achieve high air concentrations in enclosed spaces 

with poor ventilation. The importance of industrial uses of 

the dichlorobenzenes as a vector for their introduction into the 

environment is exemplified by air sampling data from a number of sites 

within the United States. Pellizzari et al. (1979) found o-, m- and 

p-DCB at concentrations as high as 12791, 33783 and 7000 3 ng/m , 

respectively, in air samples taken at a chemical dumpsite in New 

Jersey. Conversely, maximal levels for o- and m-DCB were 86 ng/m3 in 

ambient air samples taken in Houston, Texas. Industrial contamination 

of the environment with the dichlorobenzenes has also been 

demonstrated in air samples taken from an industrially produced 

cloud over Henderson, Nevada (Wojinski et al., 1979). These samples 

were found to contain a mean concentration of 10,291 ng/m3 for o-DCB. 

Indoor air samples taken 

Falls, New York, ranged 

from houses in the Love Canal area of Niagara 

3 from trace levels to 31,000 ng/m (Barkley et 

al., 1980). Peak concentrations of o- and p-DCB in samples taken from 

industrial sites in New Jersey were 46,780 and 93,560 ng/m3, 

respectively (Bozzelli and Kebbekus, 1979). While the above data clear-

--------------- -- -----··----
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ly represent extreme levels for the dichlorobenzenes in air, they serve 

to emphasize the extent to which exposures are possible in both 

industrial and domestic settings. 

A number of studies have also been undertaken to evaluate the 

levels of the various chlorinated benzenes in water supplies, including 

ground, surface and finished drinking water. Most such studies report 

relatively low levels of dichlorobenzene contamination: mean concentra

tions of total dichlorobenzenes in surface water samples taken from 

the Great Lakes and the Grand River, Canada were reported to be 27 and 

11 ng/1, respectively (Oliver and Nichol, 1982); dichlorobenzenes 

were found in three of five raw water samples, at levels below 1 ng/1 

(U.S. EPA, 1975). However, relatively high concentrations of the 

dichlorobenzenes are reported occasionally for water 

as evidenced by the finding of greater than 10,000 ng/1 of 

supplies, 

p-DCB in 

Ohio River water (data from a report by the Ohio River Valley Water 

Sanitation Commission, as cited in U.S. EPA, 1985). 

As with air contamination, water concentrations of the di-

chlorobenzenes are frequently elevated in areas associated with indus-

trial operations. As an example, Gaffney (1976) sampled water 

wastewater treatment facilities entering and exiting four municipal 

in Georgia. These facilities treated wastewater from local synthetic 

carpet mills. The average concentration for the unseparated isomers of 

dichlorobenzene were between 3-146 ug/1 in the 

facility, 

facility. 

and 0-268 ug/1 in samples taken from 

water 

water 

entering 

exiting 

the 

the 

Data cited from a U.S. EPA survey of wastewater discharged 

-----------------------------



from industrial and 

reported concentrations 

West, 1977; as cited 
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municipal sites throughout the United States, 

of o-DCB ranging from 15-690 ug/1 (Ware and 

in U.S. EPA, 1985). In a similar survey, 

Young and Hessan (1978) sampled wastewater from several municipal 

sites in southern California. While most of these samples contained 

dichlorobenzenes in the range of 0.2-6 ug/1, samples of the ef

fluent from one site in Los Angeles, showed concentrations as high as 

435 and 230 ug/1 for o- and p-DCB, respectively. Neptune (1980) repor

ted finding the dichlorobenzenes in samples taken during industrial 

wastewater surveys. Of 3,268 samples analyzed, levels greater than 10 

ug/1 of o-, m- and p-DCB were found in 80, 44 and 88 samples, respect

ively. Ortho dichlorobenzene concenrations ranged from 12-860 ug/1, m

DCB ranged from 10-39 ug/1 while p-DCB was found at concentrations from 

10 to 410 ug/1. 

From the above findings, it is clear that the 

human exposure to the dichlorobenzenes exists within 

potential for 

the general 

population. Albeit, such exposures would likely be to low levels; 

through exposure to contaminated air, water or food. In addition, the 

potential for human exposure to relatively high concentrations of the 

dichlorobenzenes exists in the industrial setting as well as in 

areas associated with a high degree of contamination such as that 

reported near chemical dumpsites. 

Human exposure to the dichlorobenzenes has been confirmed by 

their presence in human adipose tissue, blood, breath and urine. 

Morita and Obi (1975) found tissue concentrations between 1.7 and 2.3 
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mg/kg in adipose tissue of Japanese citizens. These same authors 

reported a mean blood concentration of 9.5 ug/1 for p-DCB in samples 

taken from 4 male and 2 female residents of Tokyo, Japan. Barkley 

et al. (1980) found dichlorobenzene (isomers unspecified) in all 9 

of the residents tested from the Love Canal area of Niagara Falls, New 

York. Blood concentrations were reported to range from 0.15-68 ng/ml. 

Seven of the nine residents tested were also found to have dichloro-

benzenes in the urine (40-39,000 ng/1) and expired air (trace-5,000 

ng/m3). 

The potential magnitude of industrial exposures to the 

dichlorobenzenes is underscored by the levels of o- and p-DCB found 

in air monitoring samples taken from a chemical production facility 

(Hollingsworth et al., 1956; Hollingsworth et al., 1958). These 

authors reported concentrations for o-DCB ranging from 1-44 ppm in 

samples of workplace air. Concentrations reported for p-DCB were 

higher, ranging from 10-725 ppm. Interestingly, the authors stated 

that, "painful irritations of the eyes and nose were recorded at 80 to 

160 ppm; at concentrations greater than 160 ppm of p-DCB, the air 

became irrespirable to unacclimated persons". The authors stated 

that routine industrial hygiene monitoring of the blood and urine of 

workers exposed to the dichlorobenzenes showed "no evidence of 

organic injury or of untoward hematological effects attributable to 

exposure to o-DCB". The same statement was made regarding exposure to 

p-DCB. It is however, questionable whether the routine blood and urine 



tests performed on these workers, 

12 

would allow for the detection of 

dichlorobenzene-induced hepatotoxicity. 

the 

The Toxicology of the Dichlorobenzenes 

As outlined in the discussion of the physical 

dichlorobenzenes, these compounds are all highly 

properties of 

lipid soluble. 

For this reason, it is reasonable to predict that they would be readily 

absorbed across biological membranes. Furthermore, absorption would 

be expected to be extensive following exposure by dermal, oral or 

inhalation routes. The highly lipid soluble nature of these compounds 

further suggests that little of the absorbed dose would be eliminated 

without metabolism. Hence, one would predict that the toxicity of 

these compounds would be highly dependent upon the exposure condi

tions as well as their rate of biotransformation and elimination. In 

addition, the dichlorobenzenes are structurally very similar to bromo

benzene; a compound which has been extensively characterized as 

being bioactivated by cytochrome P-450 to a reactive intermediate which 

is ultimately responsible for bromobenzene-induced hepatotoxicity. 

The potential correlation between bromobenzene and dichlorobenzene 

induced hepatotoxicity will be discussed in detail in a subsequent 

section. This section will serve as an overview of the current 

distribution, metabolism and literature relative to the absorption, 

elimination of the dichlorobenzenes with emphasis on the likely effects 

of these parameters on the hepatotoxicity of these compounds. 

While no data exist on the pharmacokinetics of the dichloro

benzenes in humans, epidemiological data from a number of human 

-----------------·----·····--------------------------------..;.;. 



intoxications indicate that 
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absorption of o- and p-dichlorobenzene 

by inhalation or ingestion (Downing, 

Cotter, 1953; Weller and Crellin, 1953; 

occurs following exposure 

1939; Sumers et al., 1952; 

Hallowell, 1959; Frank and Cohen, 1961; Nalbandian and Pearce, 1965; 

Campbell and Davidson, 1970; Harden and Baetjer, 1978). Of the above

cited human intoxications, only one case involves o-DCB, the remainder 

have been attributed to p-DCB exposure. No cases of human intoxication 

by m-DCB have been reported. This discrepancy in the prevalence of 

human intoxications between the isomers of dichlorobenzene is explained 

by the common household usage of pure p-DCB crystals as a moth repel

lant and toilet freshener. Even though the vast majority of human 

dichlorobenzene intoxications are attributable to p-DCB, no clear pic

ture of the toxicity of this isomer appears from the close scrutiny of 

the medical literature. A variety of pathologies, including blood 

dyscrasias, pulmonary granulomatosis, 

even hepatitis (occasionally fatal) have 

allergic skin reactions and 

been attributed to p-DCB 

exposure. However, as is often the case in retrospective medical 

reports, the causal relationship between p-DCB exposure and the resul

tant pathological conditions reported are often questionable. 

Furthermore, the data compiled by Hollingsworth and co-workers 

(Hollingsworth et al., 1956; Hollingsworth et al., 1958) on the indus

trial exposure to o- and p-DCB showed no evidence of toxicity attribu

table to daily exposures to these chemicals. These data, 

together 

induced 

with the 

toxicity, 

infrequent incidence of human 

suggest that the reported human 

dichlorobenzene

intoxications may 



represent cases of exposure to extremely high levels, or of 

duals who are unusually sensitive to the dichlorobenzenes. 

The majority of the available data, relative 
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indivi-

to the 

pharmacokinetics and toxicity of the dichlorobenzenes have been 

obtained from laboratory investigations using animal models. 

Although comprehensive analyses of the pharmacokinetics of the 

dichlorobenzenes are lacking, several studies have been performed which 

provide information regarding the absorption, distribution, metabolism, 

and elimination of the isomers of dichlorobenzene. 

Kimura et al. (1979) reported the rapid absorption and 

distribution of p-DCB following a single oral administration of 200 

or 800 mg/kg, dissolved in corn oil, to male Wistar rats. Within 30 

minutes of administration (the earliest timepoint evaluated), p-DCB 

was detected in blood, fat, liver, kidney, lung, heart and brain. 

Furthermore, the concentration of p-DCB in adipose tissue at this time 

was ten times the blood concentration, indicating the rapid partitioning 

of this highly lipid soluble chemical into lipid depots. In a 

subsequent study (Kimura et al., 1984), the authors reported that 

following an oral dose of m-DCB (200 mg/kg) in male Wistar rats, maxi

mal blood concentrations were reached within 30 minutes. As with p-DCB, 

the meta isomer was rapidly distributed, with the highest concentra-

tions found in adipose tissue. However, the concentration of m-DCB in 

adipose tissue was lower than that for p-DCB in animals receiving 

equivalent doses. These authors reported that m-DCB was more rapidly 

cleared from the blood and adipose tissue than p-DCB. 



Hawkins et al. (1980) administered daily doses of 
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14 C-labeled 

p-DCB to female CFY rats by inhalation (1000 ppm, 3 hours/day for 2-10 

days), oral or subcutaneous (250 mg/kg/day) exposure. Tissue concentra

tions of 14c measured 24 hours after the last exposure were similar 

for all three routes, with the highest concentrations occuring in 

adipose tissue, kidney and liver. While the authors made no 

quantitative measurements, the absorption and distribution of p-DCB 

appeared to be similar for all of the exposure routes examined. 

In a parallel experiment, animals were necropsied at various times 

after consecutive daily exposures, as outlined above, and tissue 

concentrations of 14c determined. Within one hour, the lung concentra

tion of 14c was similar for both oral and inhalation exposed animals, 

indicating that p-DCB is rapidly absorbed and cleared from the lung 

following inhalation. Extensive oral absorption of p-DCB was indi-

cated by the finding of only 9% of an orally administered dose in the 

feces of animals with cannulated bile ducts. The multiple exposures 

used in most of these studies, together with the reporting of total 

radiolabel, preclude an extensive analysis of the absorption and 

distribution of p-DCB by these three routes of exposure. 

The available data, though scant, indicate that the 

dichlorobenzenes are rapidly absorbed and distributed following expo-

sure by oral or inhalation routes. As anticipated from their highly 

lipid soluble nature, the dichlorobenzenes are concentrated in adi-

pose tissue. However, as outlined in the following discussion of the 

metabolism and elimination of these compounds, this accumulation of 

----------·- --···- -----------------'--
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the dichlorobenzenes in adipose tissue is only transient, due to 

their relatively rapid metabolism and elimination. 

The earliest report on the metabolism and elimination of the 

dichlorobenzenes was published by Baumann (1883), in which a mercap

turic acid metabolite was isolated from the urine of dogs dosed with 

o-DCB. No mercapturic acid was isolated from dogs dosed with p-DCB. 

More recently, Azouz et al. (1955) and Parke and Williams 

(1955) evaluated the metabolism and elimination of the dichlorobenzenes 

in female Chinchilla rabbits, following the oral administration 

of the individual isomers. These authors reported that mercapturic 

acids were identified in the urine of animals receiving o- and m-DCB, 

but not p-DCB. The major urinary metabolites for all three isomers 

were identified as glucuronide and sulfate conjugates formed from the 

respective dichlorophenols [o-DCB: 3,4- (30%) and 2,3- (9%); m-DCB: 

2,4-(21%) and 3,5- (4%); p-DCB: 2,5- (35%)]. Minor metabolites of o

DCB were identified as conjugates of 4,5- and 3,4-dichlorocatechol 

(4%), and 3,4-dichlorophenyl mercapturic acid (5%); m-DCB formed 

conjugates of 3,5-dichlorocatechol (3%), along with 2,4-dichlorophenyl 

mercapturic acid (11%) as minor metabolites; 2,5-dichloroquinol was the 

only minor metabolite reported for p-DCB, representing approximately 6% 

of the administered dose. For o- and m-DCB, elimination was complete 

within 5-6 days, while elimination was still occurring after 6 days 

for p-DCB. 

Kimura et al. (1979) identified 2,5-dichlorophenyl mercapturic 

acid (4.8% of the administered dose) in the urine of male Wistar rats 
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following oral dosing of p-DCB. These same authors (Kimura et al., 

1984) reported the formation of 2,4- and 3,5-dichlorophenyl mercap-

turic acid (27.3% and 4.3%, respectively) as urinary metabolites of 

m-DCB. These data differ from those reported above for rabbits 

(Azouz et al., 1955; Parke and Williams, 1955); Wistar rats forming 

mercapturic acid metabolites of p-DCB, while Chinchilla rabbits did not. 

Also, rats excrete a greater percentage of the administered dose of m-

DCB as mercapturic acids (31.6%) than do rabbits (11%). 

Hawkins et al. (1980) also reported the isolation of 

mercapturic acid metabolites from the urine of rats following 

repeated exposures of p-DCB. However, as with rabbits, the major meta-

halites were sulfate and glucuronide conjugates of 2,5-dichloro-

phenol. Furthermore, these authors demonstrated that following 10 

consecutive daily doses by oral, inhalation or subcutaneous expo-

sure, all of the administered p-DCB was metabolized and eliminated 

within 8 days following the last dose. The primary route of elimina-

tion in these studies was via the urine, representing 91-97% of the 

administered dose, with only minor amounts eliminated in the feces and 

expired air. 

The metabolism of the dichlorobenzenes is of particular rele-

vance, given that metabolic bioactivation has been implicated in the 

hepatotoxicity of o-DCB (Brodie et al., 1971; Reid, 1973; Reid and 

Krishna, 1973). These authors evaluated the hepatotoxicity and 

covalent binding 14 of C-equivalents of o- and p-DCB to hepatic pro-

teins, in male Sprague-Dawley rats. Microscopic evaluation of the 
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livers of animals treated 24 hours earlier with o- or p-DCB, 

demonstrated that o-DCB produced evidence of hepatotoxicity, in the 

form of "glycogen loss to minimal necrosis," following an ip injection 

of 0.03ml (39 mg/180 g animal, 1.47 mmol/kg), while the ip administra

tion of 100 mg of p-DCB (3.78 mmol/kg) produced no evidence of hepato

toxicity. The production of hepatotoxicity was correlated with the 

degree of in vivo covalent binding to hepatic proteins of 14C-dichloro

benzene equivalents. Six hours after the ip injection of 0.5 

mmol/kg doses of o- and p-DCB, covalent binding to hepatic proteins 

was approximately 10 fold higher in animals receiving o-DCB (0.234 

nmol/kg), than in those receiving p-DCB (0.021 nmol/mg). Furthermore, 

the covalent binding of o-DCB to hepatic proteins was increased by 

phenobarbital pretreatment (0.308 nmol/mg). Phenobarbital pretreatment 

did not increase the covalent binding of p-DCB equivalents to hepatic 

proteins. The authors proposed that metabolites of o-DCB are produced 

(presumably reactive epoxide intermediates), which bind covalently to 

critical hepatocellular proteins, leading to cell death. The formation 

of electrophilic, reactive intermediates of o-DCB was further suggested 

to explain the formation of mercapturic acid metabolites (isolated from 

the urine of o-DCB treated 

thione. The relative 

animals), via their conjugation with gluta

lack of covalent binding and the absence of 

detectable urinary mercapturic acid metabolites in animals dosed with 

p-DCB was interpreted as evidence that this isomer is not bioactivated. 

Meta-DCB was not evaluated in this system. 



Bromobenzene, A Potential Analog for the Study of 
Dichlorobenzene Hepatotoxicity 
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As described earlier in the discussion of the physical and 

chemical properties of the dichlorobenzenes, these compounds belong 

to a large class of chemicals, collectively termed halogenated 

benzenes. Bromo benzene represents another of the halogenated 

benzenes, having a single bromine atom substituted on an aromatic ring. 

The hepatotoxicity of bromobenzene has been extensively studied; its 

proposed mechanism of toxicity has been well elucidated. Figure 2 

represents an overview of the proposed metabolic sequence of events 

leading to the formation of the various metabolites of bromobenzene, 

including the formation of reactive species which lead ultimately to 

the hepatotoxicity produced by bromobenzene. The studies of bromo-

benzene hepatotoxicity have given rise to a number of concepts and 

tools for the study of a wide variety of chemical agents which undergo 

bioactivation, leading to the formation of reactive intermediates which 

are responsible for the observed toxicity. 

Following exposure to bromobenzene, the parent molecule is oxi-

datively metabolized by cytochrome P-450, primarily within the liver, 

to form the corresponding 2,3 and 3,4 epoxides (Brodie et al., 1971; 

Zampaglione et al., 1973; Jollow et al., 1974; Lau and Zannoni, 1979). 

Once formed, the 2,3 and 3,4 epoxides may rearrange nonenzymatic-

ally to form o- or p-bromophenol, respectively. This rearrangement 

to the corresponding phenols represents a detoxification reaction 

(Monks et al.,1982), as it is the reactive, electrophilic epoxides 

which have been indicated as the ultimate toxicant in bromobenzene-
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Figure 2. Part of the metabolic pathway of bromobenzene, emphasizing the 
formation of what have been termed "primary reactive Metabo
lites" (the 2,3- and 3,4 epoxides of bromobenzene). The 
proposed pathway leading to the production of hepatotoxicity 
is indicated by the bold arrows. [Adapted from Brodie et al. 
(1971) and Lau et al. (1980)]. 
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induced hepatotoxicity. Studies by Lau and co-workers (Lau et al., 

1980; Lau et al., 1984) have indicated that while epoxidation of 

bromo benzene can produce both the 2,3 and the 3,4 epoxide, the 

characteristic hepatotoxicity results only from the 3,4 epoxide. 

The formation of reactive epoxides of bromobenzene is not, in 

itself, sufficient to produce hepatotoxicity in the whole animal. 

It has become apparent that toxicity results only after exceeding the 

capacity of various hepatoprotective systems to detoxify the reactive 

intermediates of bromobenzene. As outlined in Figure 2, the two major 

hepatocellular enzyme systems involved in the detoxification of bromo-

benzene reactive metabolites are epoxide hydrolase and the gluta-

thione transferases. Epoxide hydrolase is an enzyme which is 

localized within the smooth endoplasmic reticulum in close prox-

imity to cytochromes P-450 (Oesch et al., 1973; Neal, 1980), the 

site of formation of the reactive epoxides. The epoxide hydrolase 

catalyzes the hydrolysis of the epoxide to produce the corresponding 

dihydrodiol. This formation of a dihydrodiol greatly stabilizes the 

molecule such that it loses its highly electrophilic nature, there-

by preventing its binding to cellular nucleophiles. 

The second detoxification pathway for the reactive 

epoxides of bromobenzene is their conjugation with the intra-

cellular nucleophile glutathione. Glutathione is a tripeptide 

consisting of the amino acids glycine, glutamine and cysteine. The 

nucleophilic nature of this compound is derived from the sulfur atom of 

cysteine. Glutathione exists within the cytoplasm of hepatocytes in 
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millimolar concentrations (Ketterer, 1982). The conjugation of gluta

thione to reactive electrophiles is generally catalyzed by cytosolic 

glutathione transferases although it can in some cases occur without 

enzyme catalysis (Jerina and Bend, 1977; Meister and Anderson, 1983). 

The cytoprotective role of glutathione has been implicated in 

the hepatotoxicity of a number of compounds which undergo 

bioactivation (Mitchell et al.,1976; Jerina and Bend, 1977). The conju

gation of reactive species with glutathione is generally recognized 

as a detoxification reaction, with the resultant glutathione con

jugate being eliminated in the urine as a mercapturic acid derivative. 

Several authors have suggested that the toxicity of compounds that are 

bioactivated within the hepatocyte can only be manifest when the 

intracellular concentration of glutathione has been depleted beyond 

a critical level (Reid, 1973; Reid and Krishna, 1973; Gillette, 

1974). 

In the case of bromobenzene, formation of the reactive epoxide 

in sufficiently high concentrations to exceed the detoxification capa

city of the above-mentioned hepatoprotective systems, results in the 

ultimate manifestation of hepatotoxicity. Once formed, the electro

philic epoxide can bind covalently to cellular nucleophiles within the 

hepatocyte. It is this covalent binding to cellular macromole

cules that has been implicated in the ultimate hepatotoxicity produced 

by bromobenzene (Brodie et al., 1971; Zampaglione et al., 1973; Reid 

and Krishna, 1973) To date, the exact nature of the cellular macro-

molecules to which these bromobenzene derived reactive species bind 
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has not been clearly defined. However, the majority of the adducts 

formed are associated with acid precipitable proteins (Krishna et 

al.,1971). Furthermore, the sequence of events occuring between 

the formation of these covalent adducts and the ultimate production 

of the observed hepatic necrosis are unclear. 

One of the earliest reported findings for bromobenzene-

induced hepatotoxicity was the appearance of 

tern of histopathology seen upon microscopic 

livers of intoxicated animals (Koch-Weser et 

a characteristic 

examination of 

al., 1953) 0 

pat

the 

This 

observed pattern of necrosis has been variously termed "centrilob-

ular" or "zone 311 necrosis, being characterized by localized damage 

to hepatocytes surrounding the terminal hepatic venules in the liver. 

Furthermore, the degree of damage shows clear evidence of spatial 

gradation; the most severely damaged hepatocytes being those closest 

to the venule. As the dose of bromobenzene is increased, the 

resultant number of damaged hepatocytes increases proportionately, 

with damage radiating outward in concentric cell layers, away from 

the terminal hepatic venule. Another characteristic observation seen 

with zone 3 necrosis is the presence of "balloon cells", again in a 

concentric circle around the terminal hepatic venules. Balloon cells 

are generally found between the region of cell necrosis and those 

hepatocytes which show no evidence of pathological change. These 

balloon cells appear enlarged with large empty spaces in their 

interior which fail to stain, while the cytoplasmic constituents of 

these cells appear compressed and stain darkly. Unlike necrotic 

~~~-~~~·~--------------------------
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cells, balloon cells retain a healthy appearing nucleus with no evidence 

of pyknotic change. These cells have been postulated to represent 

cells in which the cell membrane has been damaged, thus rendering 

the cell unable to maintain its normal osmotic gradient with the extra

cellular fluid. Without the integrity of a selectively permeable 

membrane, the cells swell with water (hydropic change), thus compres

sing the cytoplasmic constituents within the interior of the cell. 

Most investigators distinguish between balloon cells and those which 

are frankly necrotic, based on the belief that damage to these cells 

is reversible and can be resolved upon removal of the toxicant 

(personal communication, Pauline Hall). 

The characteristic pattern of zone 3 necrosis has been 

described for a number of chemicals that undergo bioactivation by cyto

chrome P-450 within the liver, such as carbon tetrachloride, acetamino

phen and halothane (as summarized in Zimmerman, 1982). It has been 

postulated that the zone 3 pattern of necrosis results from the 

biochemical heterogeneity that exists across the 3 zones of hepatocytes 

within the liver acinus. Specifically, the hepatocytes in zone 3 

have been demonstrated to contain higher basal levels of cytochrome 

P-450 than cells in zones 1 and 2. Given that cytochrome P-450 is 

responsible for the production of the ultimate toxic metabolite of 

bromobenzene, this difference has been proposed to explain the regia-

selective 

requiring 

damage produced by bromobenzene and other 

cytochrome P-450 mediated bioactivation. 

hepatotoxicants 

In fact, the 

appearance of a zone 3 pattern of necrosis is considered as suppor-
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tive evidence for cytochrome P-450 bioactivation as the underlying 

mechanism of toxicity (Torrielli, 1978). 

As with bromobenzene, early reports of the hepatotoxicity of o

DCB reported the appearance of a classical zone 3 pattern of damage in 

the livers of those animals in which histopathological evidence of 

toxicity was demonstrated (Cameron et al., 1937). As outlined earlier, 

Reid et al. (1970) and Brodie et al. (1971) reported mild zone 3 

necrosis in Sprague-Dawley rats following the ip administration of o-DCB 

at a dose of 0.03 ml per 180 gram animal (1.47 mrnol/kg), while no 

evidence of hepatotoxicity was seen following the administration of p

DCB at a dose of 0.1 g per animal (3.78 mrnol/kg). These authors also 

demonstrated that pretreatment of animals with phenobarbital produced a 

dramatic increase in the severity of hepatotoxicity produced by o-DCB, 

while p-DCB remained non-toxic. The finding that phenobarbital pre

treatment enhances the toxiciy of o-DCB is consistent with its role as 

an inducer of cytochrome P-450 within the liver (Canney, 1971). Reid 

and Krishna (1973) demonstrated that phenobarbital pretreatment also 

resulted in an increase in the degree of covalent binding of 

bromobenzene and o-DCB to hepatic proteins, in vivo. No such increase 

in covalent binding was seen following p-DCB administration to pheno

barbital pretreated animals. These findings were presented as 

supportive evidence for the role of covalent binding in the ultimate 

hepatotoxicity of these compounds. 
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Interactive Hepatotoxicity: Relevance to Human Exposure 
Conditions for the Dichlorobenzenes 
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The vast majority of toxicological studies in the literature 

carried out to investigate the toxicity produced following 

exposure to a single chemical species. Indeed, a great degree of 

effort is undertaken to insure that exposure to the chemical under 

study is not superimposed upon previous or simultaneous exposures 

to other chemicals; exposures which might affect the resultant tax-

icity produced by the chemical of interest. While many of the 

halogenated hydrocarbons have been extensively studied relative to 

their hepatotoxicity following exposure to a single chemical, little 

is known of the potential for these agents to interact with other 

chemicals to produce an altered toxic response. In addition, while 

maximum allowable levels have been established for the vast major-

ity of these chemicals, these guidelines are based on experimental 

data from exposures to a single chemical, with little regard for 

potential interactions with other chemicals which may be present as 

co-contaminants. It is clear that multiple exposures to chemicals are 

routinely encountered in the workplace as well as within the environ-

ment. Given the reported findings of the isomers of dichloroben-

zene in water supplies and ambient air, as outlined earlier,· there 

is clearly the potential for these chemicals to interact with other 

chemical agents. 

While· studies designed to investigate potential toxic 

interactions of chemicals have recently begun to appear in the litera-
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ture, clearly much work remains to be done in this specialized 

area of toxicology. 

A recent report published by the National Research Council 

(1980) dealt exclusively with the issue of interactive toxicology. 

The authors were specifically interested in the potential for multiple 

chemical exposures to workers cleaning the chemical tanks in commercial 

ships. However, the basic concepts addressed in this report pertain 

equally well to multiple chemical exposures occuring under a variety 

of conditions. These authors provided a comprehensive defini-

tion of a toxicological interaction as: "a circumstance in which 

exposure to two or more chemicals results in a qualitatively or quanti

tatively altered biological response relative to that predicted from 

the actions of a single chemical. The multiple chemical exposures 

may be simultaneous or sequential in time and the altered response 

may be 

1980). 

greater or smaller in magnitude" (National Research Council, 

A number of potential mechanisms have been proposed whereby 

chemicals may_ interact to produce an altered biological response 

(National Research Council, 1980). The first such mechanism involves 

the alteration, by one or more chemicals, of the toxicokinetics (absor

ption, distribution, elimination and biotransformation) of another 

chemical. In a related manner, pretreatment with a chemical may produce 

an induction or inhibition of xenobiotic metabolizing enzymes, as has 

been shown for a number of chemicals and pharmaceutical agents. 

Alternatively, previous or concomitant exposure to a chemical may result 
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in the depletion of glutathione or some other hepatoprotective system 

present within the liver, thereby reducing the capacity of the liver to 

detoxify a subsequent hepatotoxicant. Furthermore, one chemical may 

alter the cellular repair mechanisms of the hepatocyte, thus affec-

ting the capacity of the injured cell to repair the damage produced by 

a subsequent chemical challenge. 

The mechanisms outlined above, whereby multiple chemical expo-

sures can produce a toxicological interaction, provide for a number of 

biological manifestations of the ultimate, altered response. These 

various "types" of interactions, along with the altered effect they 

produce in the organism are outlined and discussed by Klaassen and 

Doull (1980); including an Additive or Synergistic effect, Potentia-

tion, or Antagonism. These authors subdivide an antagonistic 

effect into four major types: Functional antagonism, Chemical 

antagonism, Dispositional antagonism and Receptor antagonism. The 

following paragraphs will describe the various types of interactions, 

as they pertain to toxicology, along with relevant examples from the 

literature. 

An additive effect occurs when the cumulative toxicity of two 

or more chemicals equals the sum of the toxicities produced by the 

constituitive chemicals when given individually. Often this type of 

interaction involves a common site and/or mechanism of action, as 

exemplified by organophosphate insecticides acting as cholinesterase 

inhibitors (Klaassen and Doull, 1980). 
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Synergism is seen when the the toxicity resulting from 

multiple exposures which produce an effect greater than the sum of 

the toxicities produced by the individual components of the mixture. 

A synergistic hepatotoxic response was reported in male Long-Evans rats 

following the ip administration of chloroform (0.2 ml/kg) and carbon 

tetrachloride (0.1 ml/kg) (Harris et al., 1982). While each chemical 

given alone produced slight histopathological changes in the liver, 

the combined administration produced markedly increased hepatic 

necrosis, with dramatic elevations in SGPT activity. Similarly, 

Kluwe et al. (1982) reported a synergistic increase in the hepato-

toxicity of intraperitonealy administered carbon tetrachloride in 

animals exposed to low levels of hexachlorobenzene, PCBs or PBBs in 

their feed for 20 days prior to CC14 challenge. Perhaps the most 

familiar example of hepatotoxic synergism is seen following cc14 expo-

sure to animals or humans chronically exposed to ethanol. The 

mechanism proposed to explain this effect involves the induction, by 

ethanol of cytochrome P-450, thus increasing the bioactivation of CC14 

(Lieber, 1985). Kluwe et al. (1982) proposed a similar action for the 

observed effect of pretreatment with the aromatic organohalide com-

pounds on cc14 hepatotoxicity. 

Potentiation is defined as a situation where one or more 

compounds, given at a nontoxic dose, interacts to increase the taxi-

city of another chemical. For many chemicals, whether an interac-

tion is termed potentiation or synergism is determined by the dose 

given; in either case the toxicity of a subsequent chemical is 
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greatly increased. However, a synergistic response involves a toxic 

dose of each chemical, while a potentiated response is seen at doses 

below the threshold of toxicity for the interactive agent. A number 

of chemicals have been shown to potentiate the hepatotoxicity of cc14 

when given several hours before. Examples include ethanol and 

isopropanol (Traiger and Plaa, 1971), a variety of ketones and keto-

genic compounds such as hexane, acetone, 2-hexanone and 2,5-hexane-

diane (Charbonneau et al., 1985). Similarly, 2-hexanone pretreatment 

potentiates the covalent binding (Cowlen et al., 1984) and subsequent 

hepatotoxicity of chloroform (Hewitt et al., 1980; Branchflower and 

Pohl, 1981), reportedly by increasing the bioactivation of chloroform. 

A clear delineation does not always exist between the classifica-

tion of an interaction as either synergism or potentiation. Clearly 

this distinction is often dependent on the dose of the interactive 

chemical; whether it is given at a dose that is above or below the 

threshold for toxicity. Likewise, the type of interaction reported may 

vary with the parameters used to measure toxicity. 

Of the types of antagonistic interactions, two are of 

significance to this work: Chemical antagonism and dispositional 

antagonism. Briefly, chemical antagonism involves a chemical reac-

tion between the chemicals, resulting in the formation of a less toxic 

product. 

chelation 

This type of inactivation is exemplified by the proposed 

of arsenic by N-(2,3-dimercaptopropyl) phthalamidic acid 

(Stine et al., 1984) and analogous dithiol agents (Aposhian, 1983). 

Dispositional antagonism refers to the alteration of the absorption, 
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such environmental exposures to low levels of multiple chemical 

contaminants can be demonstrated for the general population, the case 

of workers occupationally exposed to these chemicals clearly represents 

a target population; a population in which the potential for toxico-

logical interactions is most readily apparent. From the discussion 

above, it is readily apparent that in addition to multiple 

chemical exposures occuring in the workplace, interactions may 

occur due to previous or subsequent environmental exposures, as well 

as in cases where exposure to pharmaceuticals or alcohol occur. The 

impetus for expanding the data base in this specialized area of toxico-

logy is clear. 

Statement of Purpose 

From the onset, this work was directed toward addressing two 

distinct aspects of the hepatotoxicity of the dichlorobenzenes, as 

discussed below. 

The first aspect of this work was to attempt to determine the 

mechanism underlying the differential hepatotoxicity reported for the 

isomers of dichlorobenzene. To date, the only data relative to 

this differential hepatotoxicity are those reported by Brodie et al. 

(1971) and Reid and Krishna (1973), in which qualitative evaluation of 

liver histology from rats dosed with o- or p-DCB demonstrated a greater 

degree of histopathology produced by o-DCB than p-DCB. The relative 

hepatotoxicity of m-DCB was not investigated by these authors. 
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Initial studies involved the delineation of the relative 

hepatotoxic potency of the three isomers of dichlorobenzene, in vivo. 

Subsequent studies were designed to evaluate the role of metabolism and 

bioactivation in the production of hepatotoxicity by these chemicals. 

It was hypothesized that the differential hepatotoxicity of these 

structurally similar compounds could be explained by the interrela-

tionship between their bioactivation and subsequent detoxification. 

The second aspect of this work involved evaluating the 

potential of the dichlorobenzenes to interact with other hepatotoxic 

chemicals, producing an alteration in the resultant toxicity. 

To accomplish this, it was first necessary to establish an in 

vivo model for such multiple exposures. Subsequent studies 

involved evaluating the potential of the dichlorobenzenes to pro-

duce hepatotoxic interactions with model hepatotoxicants. Finally, in 

the cases where such interactions were observed, studies were under-

taken to determine the underlying mechanism responsible for the 

observed alteration in toxicity. 



MATERIALS AND METHODS 

Animals 

Male, Fischer-344 rats weighing 175-250 g were used in all 

studies, except for the strain comparison studies, in which male 

Sprague-Dawley rats weighing 250-325 g were used. Information provided 

by the supplier (Harlan Sprague Dawley Inc.; Indianapolis, IN), indi-

cated that the specified weight ranges for these strains of rat, placed 

the animals between nine and ten weeks of age. All animals were tagged 

with unique identifying numbers shortly after arrival and acclimated for 

at least seven days prior to use. Animals were housed in wire-bottom 

hanging cages in animal housing rooms within the Division of Animal 

Resources, University of Arizona. A light/dark cycle of 12 hours, room 

0 temperature of 22 C, and relative humidity of approximately 40% were 

maintained in the rooms. The animals were allowed food (Wayne Lab-BloxR) 

and water ad libitum. Maintenance of food and water and cage cleaning 

were performed by facility personnel according to standard operating 

procedures. 

Chemicals 

Carbon tetrachloride and the three isomers of dichlorobenzene 

were purchased from Aldrich Chemical Co. (Milwaukee, WI). Carbon 

tetrachloride was purchased as an HPLC grade solvent at a stated purity 

of 99.9%; 

laboratory. 

no analytical confirmation was performed on CC14 in this 

All isomers of dichlorobenzene were analyzed by HPLC and 
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found to be greater than 99% pure. The HPLC analyses of dichlorobenzene 

R · purity were performed on a 25 em Zorbax C-18 column, packed with 5 urn 

particles (DuPont Co., Wilmington, DE). The mobile phase consisted of 

65% methanol, 35% 0.02 M acetic acid : sodium acetate buffer, pH 4; flow 

through the column was maintained at 1 ml/minute. The eluent through 

the column was monitored at 254 nm, using a Waters (Milford, MA) model 

481 variable wavelength detector. 

Phenobarbital was purchased from Mallickrodt (St. Louis, MO). 

Phorone was purchased from Aldrich Chemical Co., and SKF-525A (proadifen 

hydrochloride) was a gift of Smith Kline and French Laboratories 

(Philadelphia, PA). 

Pretreatments of Animals 

Phenobarbital induction of cytochrome P-450 activity was 

achieved by the intraperitoneal administration of 3 daily 80 mg/kg 

doses of phenobarbital, dissolved in 0.9% NaCl. Following pretreatment, 

animals were administered the hepatotoxicant (ip), approximately 18 

hours after the last dose of phenobarbital. 

Phorone (diisopropylidene acetone), used to deplete hepatic 

glutathione, was administered (ip) 2 hours prior to administration of 

the dichlorobenzenes. Phorone was dissolved in corn oil and given at a 

dose of 250 mg/kg; control animals received corn oil alone. In both 

cases, the injection volume was 2 ml/kg. 

SKF-525A was dissolved in 0.9% NaCl and administered at a dose 

of 75 mg/kg (ip), 2 hours before, and 6 hours after dichlorobenzene. 

Control animals received saline in lieu of the SKF-525A. 
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Intraperitoneal Dosing of Animals 

All dosing solutions were prepared on the day they were to be 

used, and stored in sealed glass vials. Appropriate amounts of the test 

chemicals were dissolved in corn oil (MazolaR) such that each animal 

received 2 ml/kg of the solution via intraperitoneal injection. For 

those studies in which animals were exposed to two chemicals concomi-

tantly (interactive studies), both agents were dissolved in the same 

dosing solution such that the animals received a single injection. 

Injections were made using 1 cc disposable syringes with 22 gauge 

needles. All animals were dosed between 0900 and 1100 hours to minimize 

variations in animal response due to circadian rhythms (Schnell et 

al., 1980). 

Drinking Water Exposures 

As described in the "Introduction", the primary route of 

exposure to these chemicals for the general population, is via the 

ingestion of drinking water containing trace levels of various chemical 

contaminants. For this reason, a protocol was developed whereby 

animals were exposed, for varying lengths of time, to drinking water 

solutions containing either one of the isomers of dichlorobenzene or 

carbon tetrachloride, at various concentrations. Twenty-four hours 

following the indicated duration of drinking water exposure, the 

animals received an intraperitoneal injection of the subsequent test 

compound to evaluate the potential for hepatotoxic interactions. 

The drinking water solutions were prepared by dissolving the 

appropriate volume of the test agent in 10 ml of EmulphorR EL-620P (a 

--------------------------------------
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polyoxyethylated vegetable oil which acts as an emulsifying agent; 

manufactured by GAF Corp.; New York, NY) in a sealed 1 liter volumetric 

flask. Tap water was then slowly added, with constant stirring, to 

a final volume of 1 liter. Once prepared, the drinking water solution 

was used to fill foil covered water bottles fitted with a cork 

stopper that had been saturated with 1% Emulphor. Cork stoppers were 

used in place of the standard rubber stoppers to prevent the partition-

ing of the test chemical into the rubber, and thereby reducing its 

effective concentration in the solution. The drinking water solutions 

were replaced with freshly prepared solutions approximately every other 

day. 

Daily samples were taken from each water bottle for the 

quantification of the drinking water treatment chemical. Carbon tetra-

chloride solutions were analyzed by gas-liquid chromatography. 

Drinking water solutions containing o-DCB were analyzed by HPLC, 

using a reverse phase C-18 column, as previously described. 

Animals used in the drinking water studies were housed in 

pairs, with each animal's weight recorded immediately prior to the 

beginning of the exposure. The cumulative dose of the test chemical 

was estimated by monitoring the daily change in weight of the water 

bottles, with the inherent assumption that each animal in the pair 

consumed approximately the same volume of water. Since rats will 

actively avoid consuming water containing levels of chemicals above 

a certain threshold (personal observation), each animal's weight was 

recorded at the termination of the drinking water exposure and 
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compared to the initial weight. Those animals which gained weight at 

a significantly lower rate than controls (animals receiving 1% Emulphor 

in lieu of tap water) were considered to have avoided the drinking 

water solution and were deleted from the study based on the potential 

effects of reduced dietary intake on subsequent hepatotoxicity. 

At the end of the predetermined exposure period, the 

animals were returned to tap water. Twenty-four hours later, the 

animals received the challenge compound by ip injection, as described 

above. The animals were killed 24 hours after challenge and 

processed as described below. No animals were treated with the 

challenge compound while still receiving the drinking water treatment. 

Killing and Necropsy Procedures 

Following the indicated treatment procedures, the animals were 

killed by cervical dislocation. Blood samples were removed from the 

inferior vena cava at the junction with hepatic veins using a 20 

gauge needle attached to a heparinized syringe. Plasma was prepared by 

centrifugation at 1500 g for 10 minutes. Livers were removed, thin 

slices (approximately 2 mm thick) were taken from the left lobe and 

immediately fixed in 10% buffered formaldehyde. Alternatively, livers 

were removed, washed and the post-mitochondrial supernatant processed 

into cytosolic or microsomal fractions as required. 
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In Vivo Parameters of Hepatotoxicity 

Plasma GPT Activity 

Plasma, prepared as described above, 0 was stored at 4 C for up 

to four days prior to assay. Samples stored in this manner have been 

shown to retain constant GPT (glutamate-pyruvate transaminase) activity 

for approximately 7 days (Demetriou et al., 1974). Enzyme activity was 

assayed using a commercial kit purchased from Sigma Chemical Co. (St. 

Louis, MO). Results were reported as Wroblewski-LaDue units/ml plasma. 

Liver Histology 

Thin slices (1-2 mm) of liver tissue were taken from the left 

lobe of the liver and fixed in 10% buffered formaldehyde for at least 

24 hours. The tissues were embedded in methacrylate resin and 2 urn 

sections cut and mounted on glass microscope slides. Once mounted 

the tissue sections were stained with hematoxylin and eosin-phloxin. 

Liver histology was evaluated by light microscopy. 

Histopathological changes associated with the various treatments were 

qualitatively described under the guidance of visiting professor, 

Pauline Hall, M.B.B.S., F.R.C.P.A •• Dr. Hall is a pathologist who 

specializes in hepatology. 

Hepatic Reduced Glutathione Content 

Total hepatic reduced nonprotein sulfhydryl levels were deter-

mined by the method of Ellman (1959) as modified by Sedlak and Lindsay 

(1968). Since reduced glutathione (GSH) represents greater than 90% of 

the nonprotein sulfhydryl pool within the hepatocyte, (Levine, 1983); 
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this measure of total nonprotein sulfhydryl concentration was used to 

approximate intrahepatic GSH concentrations. The results were expressed 

as umole GSH/gram of liver (wet weight). 

In Vitro Microsomal Studies 

Rat liver microsomes were prepared for use in evaluating the 

microsomal metabolism and covalent binding of the individual isomers of 

dichlorobenzene. Microsomes were prepared from control and 

phenobarbital pretreated animals; phenobarbital pretreatment was 

conducted as previously described. 

Preparation of Rat Liver Microsomes 

Following the indicated pretreatment regimen (phenobarbi-

tal pretreated animals), the rats were killed by cervical dislocation. 

The liver was immediately removed, blotted and weighed, and placed 

in ice-cold Tris buffer (50 mM Tris, 150mM potassium chloride, pH 7.4). 

The tissue was then cut into approximately 1 em cubes to facilitate 

rapid, uniform cooling and the removal of as much blood as possible. 

Once all of the livers were harvested, the tissues (kept on ice) 

were transported to a cold room, maintained at 4° C, where the remaining 

procedures were performed. The liver tissue was homogenized in 3 

volumes (w/v) of fresh Tris buffer using a PolytronR homogenizer, at 

a setting of 5.5, for 20 seconds. The resultant homogenate was centri-

fuged for 10 min at 1000 g, 10 min at 12,000 g, and 10 min at 27,000 g. 

The supernatant remaining after centrifugation was filtered through 

glass wool to remove residual lipids and centrifuged at 227,000 g for 

~--~~-~ .... --------------------------------------
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0 40 minutes in a Beckman TI 50.2 rotor at 4 C. The microsomal pellet 

was resuspended in Tris buffer, homogenized using a glass-teflon 

homogenizer, and centrifuged at 227,000 gas before. The microsomes 

were resuspended in Tris buffer containing 1 mM EDTA and 20% glycerol 

(v/v), homogenized using a glass-teflon homogenizer, and stored at -

70° C at a protein concentration of 15-25 mg/ml microsomal protein. 

Cytosolic fraction was prepared by dialyzing the supernatant obtained 

from the first ultracentrifugation against 10 volumes of 50 mM Tris 

buffer containing 1 mM EDTA. The dialysis was performed at 4° C for 18 

hours with three buffer changes. Following dialysis, the cytosol was 

stored at -70° C. The protein concentrations of the microsomes and 

cytosol were determined by the method of Lowry et al. (1951), using 

bovine serum albumin as the standard. 

Microsomal Incubations 

Microsomes 

were incubated in 

from control and phenobarbital 

14 the presence of C labeled 

pretreated animals 

dichlorobenzenes to 

evaluate covalent binding to microsomal proteins. Microsomal incu-

bations, conducted in sealed screw-capped tubes, contained 1 mg of 

microsomal protein, NADPH generating system (5 mM glucose-6-phosphate, 

0.5 mM NADP, 1 unit glucose-6-phosphate dehydrogenase, 0.5 mM MgC12), 

the appropriate isomer of dichlorobenzene (1 mM, 1 uCi; 10 ul addition, 

in ethanol) and 0.05 M Tris buffer, pH 7.4, at a final volume of 1.0 ml. 

Following a 3 minute preincubation period at 37° C, the reactions were 

started with the addition of the NADPH generating system (blanks 

received the appropriate volume of Tris buffer). The incubations 
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in a Dubnoff metabolic shaking 

incubator at 80 oscillations/minute. The samples were incubated for 

between 5 and 30 minutes (within the range of linearity for covalent 

binding), the reactions stopped with the addition of 0.1 ml 33% TCA, 

and the tubes placed on ice for subsequent quantification of covalent 

binding to microsomal protein. 

In those studies designed to evaluate the effect of epoxide 

hydrolase on the degree of covalent binding of the dichlorobenzenes to 

microsomal proteins, 25 ug of protein from a purified fraction of rat 

liver epoxide hydrolase was added to the reaction mixture prior to the 

incubation (controls received 25 ug of bovine serum albumin in lieu of 

the epoxide hydrolase). The purified epoxide hydrolase was a gift of 

Dr. James Halpert, who isolated it from rat liver microsomes. The 

epoxide hydrolase preparation had been stored at -70° c for 

approximately 2 years prior to its use in these studies. 

Quantitation of Covalently Bound Adducts 

The degree of covalent binding of dichlorobenzene equivalents 

to microsomal protein was determined by exhaustive solvent extraction of 

the protein pellet formed upon addition of the TCA. Once all of the 

reactions had been stopped, the tubes were centrifuged at 1400 g for 

30 minutes. The supernatant was removed, 4 ml of a 10% solution of 

the appropriate isomer of dichlorobenzene (v/v in ethanol) was added, 

the tubes were shaken for 30 min, and the protein was pelleted by 

centrifugation as just described. This "washing" of the protein, to 

remove unbound dichlorobenzene, was repeated twice more with the 10% 
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dichlorobenzene 

(1:3), 5% TCA, 

solution, followed by washes with 

and methanol-diethyl ether (1:2). 

chloroform-ethanol 

The methanol-ether 

washes were repeated until only background radioactivity was 

in duplicate 1 ml aliquots of the wash solution. The protein 

were allowed to air dry, at which time 1 ml of 1.0 N NaOH was 

detected 

pellets 

added. 

The tubes were then capped and incubated for 6 hours at 37° C to dis

solve the protein. A 0.5 ml aliquot of the dissolved protein was 

added to a scintillation vial containing 0.3 ml of 1.0 N perchloric 

acid. Five ml of scintillation fluid was then added, the vials were 

vortexed, and the amount of radioactivity determined by liquid 

scintillation spectrometry. A second aliquot of the dissolved protein 

(0.25 ml) was taken for protein quantitation (Lowry et al., 1951), 

using bovine serum albumin containing the same molarity of NaOH as the 

samples, as the standard. Data were presented as nmoles of dichloro-

benzene equivalents bound per mg microsomal protein per minute. 

In Vivo Covalent Binding 

The degree of in vivo covalent binding of dichlorobenzene 

equivalents to hepatic proteins was quantified by a modification of the 

microsomal procedure just described. Animals were killed at various 

times after administration of the appropriate isomer of dichlorobenzene 

(0.9 or 1.8 mmol/kg, ip), containing 50-55 uCi/kg of the appropriate 

isomer of dichlorobenzene as a tracer. 

Upon necropsy, the livers of treated animals were removed and a 

portion homogenized in 9 volumes of Tris buffer (50 mm Tris, 1 mm EDTA, 

pH 7.4). A 1 ml aliquot of the resultant homogenate was placed in 
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a screw cap tube and exhaustively extracted as described for microso-

mal samples. 

the protein 

Following extraction of 

pellet was dissolved in 1 

non-covalently bound radiolabel, 

N NaOH. Aliquots of the 

dissolved protein were taken for protein determination (Lowry et al., 

1951) and quantification of dichlorobenzene equivalents bound for mg 

hepatic protein. 

Radiolabeled Chemicals 

Ring labeled 

Disposition Studies 

14 C-dichlorobenzenes, 

obtained from Pathfinder Laboratories, Inc., 

provided by 

(St. Louis, 

NIEHS, 

MO). 

were 

Once 

received, each isomer was dissolved in a minimal volume of ehtanol; the 

resulting stock solutions were stored in glass vials with teflon septa 

at 4° C. The radiochemical purity of each of the dichlorobenzene iso

mers was determined by collecting one-minute fractions of the eluent 

from the HPLC system previously described. The fractions were collected 

in 7 ml mini-vials, to which 5 ml of scintillation cocktail was 

subsequently added. The vials were vortexed and analyzed for radio

activity in a Beckman liquid scintillation spectrometer. Approximately 

94% of the radioactivity eluting from the column co-eluted with the 

appropriate standard material for each of the three dichlorobenzene 

isomers. Approximately 5% of the radioactivity for each isomer co-

eluted with monochlorobenzene standard, suggesting that approximately 5% 

of the radioactivity in each stock solution was chlorobenzene. 
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Dosing solutions were prepared by dissolving a small 

volume of the radiolabeled stock solution, along with an appropriate 

volume of unlabeled compound, in corn oil R (Mazola ). All dosing 

solutions were administered at a volume of 2 ml/kg resulting in a 

radiolabeled dose of 50-55 uCi/kg for each animal. Dosing 3olutions 

were prepared in amber bottles and stored at 4° C prior to use. The 

specific activity of each dosing solution was determined from tripli-

cate aliquots, pipeted with a positive displacement pipetor directly 

into scintillation vials containing 5 ml scintillation fluid. 

14 Collection of Eliminated C-Dichlorobenzene Equivalents 

Animals were dosed by intraperitoneal injection as described 

earlier, and immediately placed in individual metal metabolism cages 

to allow for the collection of urine and feces. The animals were 

allowed free access to food (Wayne Lab Blox) and water throughout the 

course of the study. The above protocol using metal metabolism cages 

was used for animals terminated 0.5, 1, 2, 4, 8, and 12 hours post 

treatment. Those animals used for 24 hr studies were housed in totally 

enclosed glass metabolism cages to allow for the collection and quanti-

fication of radiolabel in the expired air, as well as in the urine 

and feces. Expired radiolabel was trapped by drawing the chamber air 

through tandem bubble traps containing 2-methoxyethyl ether as an orga-

nic trapping agent. These traps were maintained on ice and at 

various times throughout the course of the study, they were 

drained, rinsed, and refilled with fresh 2-methoxyethyl ether. The 

---···-·---------------------------------
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volume drained from each trap was recorded and aliquots taken in 

duplicate for the quantification of expired radiolabel. 

Tissue Collection/Necropsy Procedure 

At the appropriate times following treatment, animals were 

killed by cervical dislocation to allow for the harvesting of tissues. 

Blood was drawn from the inferior vena cava into a heparinized 

syringe and placed on ice, in a sealed glass vial. Tissues were 

removed in the following order: liver, kidney, adipose tissue, 

spleen, testes, heart, lung, brain, stomach, intestines, intestinal 

contents, skin, and muscle. Immediately following their removal, all 

tissues were blotted and placed in individual, sealed polyethylene 

bags and placed on dry ice until they could be placed in long-term 

storage at -10° C. Urine volumes and fecal weights were recorded 

and these tissues, along with the blood, were stored in sealed vials 

on ice until they could be placed in the refrigertor at 4° C (blood) 

or frozen at -20° C. 

Duplicate 0.25-0.5 ml aliquots of urine were added directly to 

R glass scintillation vials containing 15 ml Betaphase for the quantifi-

cation of total urinary excretion of radiolabel. Feces and intestinal 

contents were combined for each animal in a tared screw cap tube. Ten 

ml of 0.5 N NaOH was added to each tube and the tubes were shaken for 

30 minutes to allow for sample homogenization. Duplicate 0.25-0.5 g 

aliquots were taken from each sample and pipeted onto an absorbent pad 

within a combustion cone. The samples were allowed to air dry and 
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burned in a Packard tri-carb oxidizer to allow for the collection of 

14 evolved co2 . 

Following the collection of urine and feces, both the glass 

R Centrad and metal metabolism cages were sprayed down with a warm 1% 

solution. This "urine wash" was collected and the total volume 

recorded. Duplicate 1 ml aliquots of the urine wash were pipetted 

into glass scintillation vials and quantified by liquid scintillation 

counting. Prior to final cleaning, each cage was rinsed thoroughly 

in a 5% Centrad solution to remove any residual radioactivity 

adhering to the inside surface of the cage. The resultant "cage 

wash" was collected, total volume recorded, and radioactivity deter-

mined as described for the urine wash. Total urinary excretion data 

were obtained by summing the total amount of radiolabel in the urine 

with that in the urine wash and cage wash. 

Processing of Tissues 

Once collected, heparinized blood samples were stored in 

sealed glass vials at 4°C. Duplicate 0.5 ml aliquots of this blood were 

bleached with HClo4 and H2o2 according to the method described by 

Long (1976), and total radioactivity in the blood determined by 

liquid scintillation spectrometry. Alternatively, parent compound was 

separated from "total aqueous soluble metabolites" such that the propor-

tion of the total radioactivity in the blood attributable to parent 

compound vs. metabolites could be determined. This determination 

involved a selective extraction procedure in which 1 ml of blood was 

added to 1 ml of 1 N NaOH. The resultant aqueous solution was twice 
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extracted with 5 ml hexane, with aliquots of each extraction taken 

for scintillation counting. Following this extraction, aliquots of 

the aqueous layer were bleached as previously outlined, and counted. 

Liver tissue was homogenized in an equal volume of 1 N NaOH 

and a 2 ml aliquot was twice extracted as described for the blood. 

Data were recorded as the percent of the total radiolabel present that 

was attributable to "aqueous soluble metabolites." Additionally, the 

concentration of total 14c equivalents in this and all other tissues 

collected, was determined by tissue oxidation in a Packard Tri-CarbR 

oxidizer. Duplicate 0.1-0.2 g samples were cut and burned following a 

maximum of 24 hr storage at -10° C (longer storage as well as storage 

at higher tempertures results in significant loss of parent compound 

from the sample due to volatilization). Total organ weights were 

recorded to allow for the determination of the concentration of total 

radioactivity in each tissue. Estimates used for blood, fat, skin and 

muscle were 9%, 7%, 16% and 50% of total body weight, respectively 

(Matthews and Anderson, 1975). 

Statistical Analyses 

Unless otherwise indicated, all data are presented as the mean 

+ the standard error of the mean (SEM). In those studies in 'which a 

treatment group was compared to a corresponding control group, data were 

analyzed by either Student's t-test or the nonparametric equivalent 

(Welch's approximate t-test). The Welch's approximate t-test was conduc

ted in those instances where the assumption of equal variances was not 
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valid (Rosner, 1982). The level of statistical significance for either 

t-test was chosen as p < 0.05. 

In those studies in which multiple treatment groups were 

compared 

one-way 

to one another as well as to controls, 

analysis of variance (ANOVA). The 

data were analyzed by 

Newman-Keuls multiple 

comparison test was conducted to determine which means were significant-

ly different (Rosner, 1982). Again, the level of statistical 

significance was chosen as p < 0.05. 



RESULTS 

As described in the "Introduction", this work involved studies 

directed toward two distinct aspects of the hepatotoxicity of the 

dichlorobenzenes: investigations into the structure-toxicity relation-

ship for the three isomeric forms of dichlorobenzene, and evaluation of 

the potential for the dichlorobenzenes to interact with other hepato-

toxicants. Given this clear demarcation of focus, the data presented 

in this section will likewise be subdivided along these lines. 

The first subdivision, titled: "Investigations of the Differential 

Hepatotoxicity of the Isomers of Dichlorobenzene", will present data 

from studies designed to determine the mechanism(s) underlying the 

observed difference in hepatotoxicity seen for the three isomers of 

dichlorobenzene. Data derived from studies of the interactive hepato-

toxic potential of the dichlorobenzenes are presented in the second 

subdivision: "Investigations of the Interactive Hepatotoxicity of the 

Dichlorobenzenes" 

Investigations of the Differential Hepatotoxicity 
of the Isomers of Dichlorobenzene 

Given that the male Fischer-344 rat was chosen as the model for 

the study of the relative hepatotoxicity of the dichlorobenzenes, the 

first studies were designed to evaluate the in vivo hepatotoxicity of 

each of the three isomers following intraperitoneal administration, in 

this strain of rat. Subsequent studies were performed to evaluate the 

so 
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role of metabolism and of various biological modulatory factors in the 

ultimate production of hepatotoxicity by the individual isomers of 

dichlorobenzene. 

Dichlorobenzene Induced Elevations in GPT Activity 

Elevations in plasma GPT activity have been reported to 

correlate well with histopathological alterations seen within the liver 

following challenge with a number of hepatotoxic chemicals (Plaa and 

Hewitt, 1982). Plasma GPT activity was measured 24 hours after the 

ip administration of the dichlorobenzenes, as a quantitative index of 

hepatotoxicity. As demonstrated in Figure 3, o-DCB produced a dramatic 

elevation in GPT activity at doses between 1.8 and 4.5 mmol/kg. Con-

versely, no such indication of hepatotoxicity was seen for any of the 

doses of p-DCB tested, while m-DCB treatment produced only marginal 

elevation of GPT activity at 3.6 and 4.5 mmol/kg. 

The choice of 24 hours post-exposure for the measurement of GPT 

activity was initially based on studies done in this laboratory in which 

carbon tetrachloride was shown to produce maximal GPT elevations 24 

hours after ip exposure. Given that the three isomers of dichloroben-

zene show marked differences in 24 hour GPT elevation (Figure 3), it was 

necessary to determine whether the choice of the 24 hour timepoint was 

appropriate for monitoring maximal hepatotoxicity for these agents. 

Table 2 represents the elevation of plasma GPT activity in F-344 rats 

at 12, 24, 48 and 72 hours post-exposure to each of the isomers of 

dichlorobenzene. The peak elevation of GPT activity following ip 

exposure to o- and m-DCB was clearly seen at 24 hours, while p-DCB 
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Figure 3. Plasma GPT activity 24 hours after the ip administration of 
various doses of the indicated isomers of dichlorobenzene. 
Data expressed as the mean ± the standard error of the mean 
(SEM) of 3-8 animals per group (n = 3-8). 



Table 2. Time to Maximal Elevation of GPT Activity Following ip 
a Dichlorobenzene Challenge • 

ISOMER MEAN GPT ACTIVITY ± SEM 

12 HRb 24 HRC '•8 HRb 72 HRb 

o-DCB 155 + 118 7449 + 1224 3542 + 1943 300 ± 93 
(2.7 mmol/kg) 

m-DCB 
(4.5 mmol/kg) 

69 ± 15 306 ± 105 236 + 95 41 + 7 

p-DCB 36 ± 3 24 ± 2 44 ± 8 37 ± 6 
(4.5 mmol/kg) 
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Control 28.7 ± 2.1 26.1 ± 3.6 37.0 ± 3.6 32.0 ± 2.6 

a Male F-344 rats were challenged with a single ip injection of the 
indicated dichlorobenzene isomer dissolved in corn oil. Control 
animals received corn oil. Plasma GPT activity was determined in 
blood samples taken at the indicated times following challenge. 

b n = 4 animals per group. 

c n = 8 animals per group. 
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DCB treatment failed to produce a significant elevation in GPT activity 

at any of the timepoints chosen. 

Histopathological Evaluation of Dichlorobenzene Hepatotoxicity 

Along with monitoring elevations in serum enzymes, the hepato

toxicity produced by the isomers of dichlorobenzene was evaluated by 

light microscopic examination of liver sections prepared from treated 

animals. Although no attempt was made to quantitatively evaluate the 

severity of hepatic damage histopathologically, a qualitative evaluation 

of representative sections from treated animals was performed. Figure 4 

shows representative photomicrographs of liver sections from control and 

dichlorobenzene treated animals. In contrast to the healthy appearance 

of the liver taken from a control animal (Figure 4A), exposure to o-DCB 

at a dose of 2.7 mmol/kg produced a characteristic zone 3 pattern of 

histopathology (figure 4B). The terminal hepatic venule in this field 

is surrounded by numerous balloon cells along with hepatocytes in var

ious stages of necrosis. Several of the hepatocytes close to the 

terminal hepatic venule have undergone pyknosis as evidenced by the 

small, dark staining appearance of their nuclei. In addition, the 

influx of neutrophils into the area, in response to an inflammatory 

process is readily apparent. Evidence of cell lysis is seen in several 

areas of high neutrophil density, where these phagocytic cells appear to 

be clearing away the debris left by the lysed cell. While the hepato

cytes around the terminal hepatic venule show this dramatic pattern of 

toxic insult, those cells in the periportal area show no evidence of 

intoxication. Figures 4C and 4D show representative sections from the 
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Representative histology of the liver 24 hours after the ip 
administration of the indicated isomer of dichlorobenzene: 
(A) corn oil control, 2 ml/kg; (B) o-DCB at 2.7 mmol/kg; (C) 
m-DCB at 2.7 mmol/kg; (D) p-DCB at 3.6 mmol/kg. 



livers of rats treated with m-DCB (2.7 mmol/kg) and p-DCB 
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(3.6 

mmol/kg), respectively. The hepatocytes in both of these sections 

appear normal. There is no evidence of a toxic response in either the 

centrilobular or periportal regions of the liver. These findings 

further substantiate the differential hepatotoxicity between the three 

isomers of dichlorobenzene, as seen with elevations in serum enzyme 

levels. 

The descriptive studies outlined above allowed for the estab

lishment of the relative hepatotoxicity of each of the isomers of 

dichlorobenzene. Subsequent studies were designed to evaluate the 

underlying mechanism(s) involved in the differential hepatotoxicity of 

these three structurally similar compounds, with emphasis on the role 

of metabolism in the ultimate production of hepatotoxicity. 

fn Vitro Covalent Binding of Dichlorobenzene Equivalents 

Incubation of each of the isomers of C14c)-dichlorobonzene with 

liver microsomes from F-344 rats resulted in the NADPH-dependent cova-

lent binding of dichlorobenzene equivalents to microsomal protein (Table 

3). While o-DCB shows markedly greater hepatotoxic potency in vivo, this 

isomer produced the lowest level of covalent binding to microsomal 

protein of the three isomers. Bioactivation of the dichlorobenzenes 

was demonstrated by the increase in covalent binding with microsomes 

from phenobarbital pretreated rats, relative to control microsomes. The 

binding of o-DCB equivalents to microsomal protein was increased 

approximately 

phenobarbital 

2.4 fold when incubated with microsomes from 

pretreated animals, relative to control microsomes. 
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Table 3. In Vitro Covalent Binding of the Dichlorobenzenes to 
Micr~l Proteina. 

o-DCB m-DCB p-DCB 

Control b 1.42 ± 0.06 3.37 + o. 72 2.05 + 0.17 
Microsomes 

Phenobarbitalc 3.39 + 0.31 5.41 + 0.72 2.96 + o.so 
Microsomes (z'39) (161) (144) 

a Binding of 14c-labeled dichlorobenzene equivalents to microsomal 
protein, expressed as nmoles of DCB equivalents bound/mg protein/30 
minute incubation. Microsomes prepared from control and phenobarbital 
pretreated F-344 rats. 

b Data expressed as the mean ± SEM of the values obtained from 
individual liver microsome preparations from 3 rats. 

c Data expressed as the mean + SEM of triplicate determinations from 
liver microsomes prepared from a single rat. Numbers in parentheses 
indicate the percentage increase in binding, relative to control 
microsomes. 
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The increases in binding seen for m- and p-DCB, when incubated with 

microsomes from phenobarbital treated animals, were more modest (1.6 and 

1.4 fold, respectively). 

As described in the "Introduction", the hepatotoxicity of bromo-

benzene has been linked to the metabolic formation of a reactive 

epoxide intermediate that binds covalently to cellular macromolecules. 

Given the structural similarities between bromobenzene and the dichloro-

benzenes, the possibility of the formation of a similar epoxide 

intermediate that would bind covalently to cellular macromolecules 

was investigated. The ortho- and meta- isomers of dichlorobenzene 

were incubated with microsomes from phenobarbital pretreated animals 

along with a purified preparation of epoxide hydrolase (Table 

4). The covalent binding of both o- and m-DCB equivalents was 

decreased by the addition of 25 ug of the epoxide hydrolase 

preparation, relative to controls receiving 25 ug of bovine serum 

albumin. The 18% reduction in o-DCB binding with epoxide hydrolase 

was significantly lower than that seen in incubations receiving 

albumin in lieu of epoxide hydrolase. However, the 13% reduction in m-

DCB binding with epoxide hydrolase was not statistically significant. 

Modulation of Dichloroben~ene Hepatotoxicity by Altering 
the Activity of Drug Metabolizing Enzymes 

To further delineate the role of metabolic bioactivation in the 

hepatotoxicity of the dichlorobenzenes, the effect of phenobarbital 

pretreatment on the in vivo hepatotoxicity of these compounds was 

investigated. Figure 5 shows the plasma GPT activity 24 hours after the 
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Table 4. Effect of Epoxide Hydrolase (EH) on the Covalent Binding of the 
Isomers of Dichlorobenzene to Microsomal Proteina, In Vitro. 

o-DCB m-DCB 

Microsomes + EH (25ug) 1.54 + 0.10* (18)b 1.75 ± 0.29 (13)b 

Microsomes + BSA (25ug) 1.88 ± 0.05 2.02 + 0.28 

a Data expressed as nmoles bound/mg protein/15 min (mean + SEM of 
triplicate incubations). Incubations conducted with po~led 
microsomes prepared from 3 phenobarbital pretreated F-344 rats. 

b Numbers in parentheses represent the percentage reduction in covalent 
binding, in the presence of epoxide hydrolase (EH), relative to 
controls receiving bovine serum albumin (BSA) in lieu of EH. 

* Significantly different from control: Student's t-test (p < 0.05). 
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ip administration of a 0.9 mmol/kg dose of each of the isomers of 

dichlorobenzene to phenobarbital pretreated F-344 rats. While this dose 

was essentially non-toxic for all three isomers in control rats, drama

tic elevations in GPT activity were seen for both o- and m-DCB following 

phenobarbital pretreatment. It is interesting to note that both of 

these isomers produced approximately equivalent GPT elevations in 

phenobarbital pretreated rats, seemingly in contrast to their differen

tial hepatotoxic potency in control animals. Furthermore, phenobarbital 

pretreatment had no effect on the hepatotoxicity of p-DCB. 

The increased hepatotoxicity of o- and m-DCB in phenobarbital 

pretreated rats was also clearly demonstrated in the histopathology of 

the liver 24 hours after dichlorobenzene challenge. Figure 6A shows 

the appearance of the liver of a phenobarbital pretreated animal 

receiving the corn oil vehicle in lieu of one of the dichlorobenzenes. 

The healthy appearance of the hepatocytes in Figure 6A contrasts with 

the massive, confluent hepatocellular necrosis seen following o- or 

m-DCB challenge in phenobarbital pretreated animals (Figures 6B and 6C, 

respectively). The hepatocytes in zone 3 of these sections have under

gone complete lysis, with the only viable hepatocytes seen as small 

isolated groupings of cells in the periportal regions of the liver. The 

apparent lack of phenobarbital enhancement of p-DCB-induced hepato

toxicity, as measured by plasma GPT activity (Figure 5), is further 

substantiated by the fact that the hepatocytes 

normal (Figure 6D). While there does appear 

of these animals appear 

to be some indication 

of swelling of the sinusoidal spaces between hepatocytes in the p-DCB 
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Figure 5. Plasma GPT activity 24 hours after ip administration of the 
indicated isomer of dichlorobenzene (0.9 mmol/kg) to pheno
barbital pretreated animals. Phenobarbital pretreatment 
performed as described in "Methods". Data expressed as the 
mean± SEM (n = 3-4 animals per treatment). 
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Figure 6. Representative liver histology 24 hours after the ip adminis
trtation of the isomers of dichlorobenzene (0.9 mmol/kg) to 
phenobarbital pretreated animals: (A) corn oil control (2 
ml/kg); (B) o-DCB; (C) m-DCB; (D) p-DCB. 
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treated animals (Figure 6D), there is no evidence of hepatocellular 

damage. The effect of inhibition of cytochrome P-450 activity on the 

hepatotoxicity of o-DCB was also investigated (Figure 7). Pretreatment 

of F-344 rats with a 75 mg/kg dose of SKF-525A, two hours before and six 

hours after o-DCB challenge, produced a dramatic decrease in the hepato-

toxicity of a 1.8 mmol/kg dose of o-DCB. The moderate increase in GPT 

activity seen in animals receiving o-DCB and SKF-525A (140 units/ml) was 

only marginally greater than in animals receiving SKF-525A alone (58 

units/ml), and shows a dramatic decrease relative to animals receiving 

o-DCB without SKF-525A (5170 units/ml). 

Evaluation of the Role of Glutathione in the Hepatotoxicity 
of the Dichlorobenzenes 

The status of the hepatic intracellular pool of glutathione was investi-

gated at various times after the ip administration of 1.8 mmol/kg of 

each of the dichlorobenzenes. Figure 8 shows that control animals, 

receiving corn oil in lieu of dichlorobenzene, exhibited a gradual 

decrease in hepatic nonprotein sulfhydryl (NPSH) content with time in 

accordance with the circadian variation described by Schnell et al. 

(1983). This gradual decrease in hepatic NPSH concentration is mirrored 

in those animals receiving p-DCB, indicating that this isomer does not 

deplete intrahepatic glutathione in control rats. In contrast, those 

animals receiving o- or m-DCB showed a marked depletion of hepatic NPSH 

content at 1.5, 3 and 5 hours post-administration. It is interesting to 

note that at 1.5 hours after treatment, o- and m-DCB produced equivalent 

NPSH depletion; this at a dose which produces marked hepatotoxicity with 

-----·------------------------------------
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Figure 7. Plasma GPT activity 24 hours after ip administration of o-DCB 
(1.8 mmol/kg) to animals receiving SKF-525A (75 mg/kg) 2 
hours before and 6 hours after o-DCB challenge (as described 
in "Methods"). SKF-525A controls received corn oil in lieu of 
o-DCB, while o-DCB controls received saline in lieu of SKF-
525A. Data expressed as the mean ± SEM of 5 animals. 
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Figure 8. Hepatic glutathione (NPSH) concentrations at the indicted 
times after ip injection of the isomers of dichlorobenzene 
(1.8 mmol/kg). Data expressed as the mean± SEM of four 
animals. Data analyzed by Student's t-test; * indicates 
significant difference from controls (p < 0.05), 'In~ denotes 
significant difference from controls and o-DCB treated 
animals (p < 0.05). 
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o-DCB, but not for m-DCB. Furthermore, at 3 and 5 hours after treat

ment, the depletion of hepatic NPSH content produced by this non-toxic 

dose of m-DCB was significantly greater than that produced by o-DCB. 

In light of the earlier described findings that phenobarbital 

pretreatment produces dramatic induction of the hepatotoxicity of o- and 

m-DCB (Figures 5 and 6), it was of interest to evaluate the effect 

of such induction on the intrahepatic concentration of glutathione. 

As shown in Figure 9, total hepatic NPSH concentrations were greatly 

decreased in phenobarbital pretreated animals within 2 hours of the ip 

administration of either o- or m-DCB, at a dose of 0.9 mmol/kg. 

Furthermore, within 12 hours the concentration of NPSH within the liver 

had returned to approximately control levels. The increase in the 

degree of dichlorobenzene-induced glutathione depletion in phenobarbital 

pretreated animals suggests that metabolism is involved in the 

formation of reactive species which bind to and deplete intrahepatic 

glutathione. 

The role of hepatic glutathione in the modulation of the hepato

toxicity of the dichlorobenzenes was further investigated by pretreating 

animals with phorone (diisopropylidene acetone). Phorone depletes 

hepatic glutathione, reportedly without affecting the activi~y of the 

microsomal drug metabolizing enzyme system (Siegers et al., 1985). 

Table 5 demonstrates that the concentration of total hepatic non-

protein sulfhydryls was decreased to 15% of control levels, 2 hours 

after a 250 mg/kg ip injection of phorone. Pretreatment of animals 

with phorone, according to this regimen, markedly increased the 
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Figure 9. Hepatic glutathione (NPSH) concentrations at the indicated 
times after ip injection of o- or m-DCB (0.9 mmol/kg) in 
phenobarbital pretreated animals. Data expressed as the mean 
± SEM of three animals per group. 
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Table 5. Depletion of Total Hepatic Nonprotein Sulfhydryl (NPSH) 
Content 2 Hours After ip Administration of Phorone. 

a 

b 

c 

d 

Treatment 

b Control 

Phoronec 

Hepatic NPSH Concentration (mM)a 

6.40±0.09 

0.97±0.06 

Data expressed as the mean ± SEM. 

% of Control 

15 

Control animals received corn oil vehicle alone (n = 5). 

Phorone given by ip injection at 250 mg/kg (n = 6). 

Significantly different from control: Student's t-test (p < 0.001). 
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hepatotoxicity of a subsequent challenge with either o- or m-DCB, 

relative to controls receiving corn oil in lieu of phorone (Figure 

10). While the phorone pretreatment alone produced a slight elevation 

in plasma GPT activity (340 units/ml), subsequent administration of o-

or m-DCB (1.8 mmol/kg, ip) produced much more dramatic elevations in 

GPT activity to 5750 and 4730 units/ml, respectively. Interestingly, 

depletion of hepatic glutathione with phorone also resulted in a 

moderate increase in plasnta GPT activity following p-DCB exposure. 

Figure 11 shows representative photomicrographs of liver 

sections from animals receiving the dichlorobenzenes following phorone 

pretreatment. As seen in Figure 11A, treatment with phorone alone 

produces swelling of the sinusoids surrounding terminal hepatic venules. 

Although not seen in this photomicrograph, treatment with phorone alone 

occasionally produces a focal necrosis in zone 3 which is characterized 

by occasional necrotic hepatocytes and the presence of balloon cells. 

The histopathological changes seen in the livers of phorone pretreated 

animals receiving either o- or m-DCB appear very similar (Figures 11B 

and 11C). The livers of these animals display the characteristic zonal 

necrosis in the centrilobular regions of the liver acinus. There are 

several layers of necrotic cells surrounding the terminal hepatic ven-

ule, characterized by pyknotic or karyolytic nuclei and a homogenous 

eosinophilic staining of the cytoplasm. The infiltration of phagocytic 

neutrophils into this region of necrotic cells is also readily apparent. 

The area of frank hepatocellular necrosis around the terminal hepatic 

venules may be surrounded by balloon cells, although these are not 
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Figure 10. Plasma GPT activity 24 hours after ip administration of the 
indicated isomer of dichlorobenzene (1.8 mmol/kg) to animals 
pretreated 2 hours earlier with either corn oil (solid bars) 
or phorone at 250 mg/kg (stippled bars). Data expressed as 
the mean ± SEM of 4-8 animals. 

----------------------------------
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Figure 11. Representative liver histology 24 hours after ip administra
tion of the isomers of dichlorobenzene (1.8 mrnol/kg) to 
phorone pretreated animals: (A) corn oil control; (B) o-DCB; 
(C) m-DCB; (D) p-DCB. 
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always present. As indicated by the lesser degree of GPT elevation 

(Figure 10), the pattern of histopathology seen following p-DCB exposure 

of phorone pretreated animals is not as marked as that just described 

for o- and m-DCB. Figure 11D shows a focal pattern of hepatic damage 

with the presence of a few, isolated necrotic hepatocytes in close 

proximity to the terminal hepatic venules. As with the other dichloro-

benzene treatments, damage is localized within the centrilobular regions 

with no evidence of damage in the periportal areas. 

Investigation of Potential, GSH-Mediated Differential Hepatoprotection 
Against Dichlorobenzene Challenge 

Prior depletion of hepatic glutathione has been shown to marked-

ly potentiate the hepatotoxicity a subsequent 1.8 rnmol/kg dose of either 

o- or m-DCB (Figure 10). Indeed, in glutathione depleted animals, the 

hepatotoxicity produced by these two isomers is approximately 

equivalent; this, in contrast to the differential hepatotoxicity seen in 

control animals receiving only the dichlorobenzene challenge. Further-

more, Figure 8 demonstrated the dramatic reduction of intrahepatic 

glutathione concentration; seen 1.5, 3 and 5 hours following ip adminis-

tration of either o- or m-DCB (1.8 rnmol/kg). Given the proposed hepato-

protective role of GSH in the conjugation and detoxification of 

nucleophilic chemical species present within the hepatocyte; the finding 

that m-DCB depleted hepatic GSH to a greater degree than the more 

hepatotoxic ortho isomer, suggested that the interaction between m-DCB 

and GSH may be involved in the modulation of its hepatotoxicity. 
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The findings outlined above, led to the further evaluation of 

the role of GSH as an hepatoprotective agent in the modulation of o- and 

m-DCB -induced hepatotoxicity. To determine if either of these com

pounds was acting as a substrate for glutathione conjugation, without 

prior cytochrome P-450 mediated metabolic activation, the two isomers 

(containing a radiolabeled tracer) were incubated, in vitro, with cyto

sol prepared from control rat livers, in the presence of exogenously 

added, reduced glutathione (5 mM). As shown in Table 6, the incuba

tions were initially carried out at a concentration of 1 mg/ml of 

cytosolic protein. Under these conditions, the formation of "gluta-

thione adducts" (products of the incubation not extractable from the 

aqueous phase by exhaustive hexane:ethanol extraction) was not evident 

with o-DCB. Incubations performed with m-DCB did, however, produce such 

adducts, above the background levels obtained from blanks incubated 

without cytosol or glutathione. Given the relatively large experimental 

variation obtained from these incubations (274 ± 105 pmol/mg/30 minutes) 

and the relatively small difference in non-extractable radioactivity 

seen between sample incubations and blanks (approximately 640 

dpm/incubation), the incubations with m-DCB were repeated at a 5 mg/ml 

concentration of cytosolic protein. The preliminary findings described 

above, suggesting an increase in water soluble m-DCB equivalents when 

incubated with cytosol and GSH, were substantiated: incubations of m-DCB 

with GSH and 5 mg/ml cytosolic protein produced an average of 368 + 28 

pmol/mg/30 minutes, of the aqueous soluble "glutathione adduct" (Table 

6). In light of the fact that o-DCB did not produce any such "adducts" 
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a Table 6. Glutathione Adduct Formation Following In Vitro Incubation of 
o- and m-DCB (1 mM) with Glutathione and Control Rat Liver 
Cytosol. 

o-DCB m-DCB 

b 1 mg/ml Cytosolic Protein 43 + 83 274 ± 105 

5 mg/ml Cytosolic Proteinb N.D. 368 ± 28 

a Total hexane non-extractable DCB equivalents expressed as the mean 
+ SEM of 4 incubations conducted with pooled rat liver cytosol from 
3 animals. 

b Incubations carried out for 30 minutes, blank tubes contained no 
glutathione and received buffer in lieu of cytosol. 

N.D. Not determined. 
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when incubated with GSH at a cytosolic protein concentration of 1 mg/ml, 

this isomer was not evaluated at the 5 mg/ml concentration. 

Hepatic Distribution of the Dichlorobenzenes 

The three isomers of dichlorobenzene exhibit dramatic 

differences in hepatotoxicity following ip administration (Figure 3). 

Furthermore, the data obtained from phenobarbital pretreated animals 

demonstrate the role of hepatic metabolism in the manifestation of such 

toxicity (Figures 5 and 6). From these data, it was of interest to 

compare the relative rates of hepatic distribution and metabolism for 

each of the isomers of dichlorobenzene. Table 7 shows the hepatic 

concentration of total dichlorobenzene equivalents and "aqueous soluble 

metabolites", for each of the isomers, at the indicated times following 

an equimolar ip injection of 0.9 mmol/kg. 

Examination of Table 7 reveals that o- and p-DCB achieve maximal 

hepatic concentrations of total dichlorobenzene equivalents within 30 

minutes of dosing. In contrast, maximal concentrations of m-DCB 

equivalents are seen approximately 2 hours after treatment. Further-

more, 30 minutes after treatment, o- and m-DCB exhibit an approximately 

equivalent degree of metabolism (about 100 nmol/g), while p-DCB shows 

evidence of a lesser degree of metabolism (approximately 70 nmol/kg). 

In fact, metabolites of p-DCB represent only approximately 30% of the 

total hepatic concentration of p-DCB equivalents at all times examined. 

Conversely, "total aqueous soluble metabolites" represent approximately 

80% of the hepatic concentration within 4 hours for both o- and m-DCB. 

It is particularly interesting to note that the hepatic concentrations 



Table 7. Intrahepatic Concentration (nmol/g) of Total Dichlorobenzene Equivalents (Total) and 
Aqueous Soluble Metabolites (Metabolites) at Various Times After the ip Administration 
of a 0.9 mmol/kg Dose of the Indicated Isomer of Dichlorobenzene. 

30 min 1 hr 2 hr 4 hr 8 hr 12 hr 

o-DCB Total 386 + 38b 261 + 45 286 + 2b 138 + 21 b 120 + 4 96 + 2 

o-DCB.Metabolites c 97 + 3b 109 + 15 126 + 22b 107 + 11 b 99 + 2 72 + 3 
(2s) (42) (44) (i7) (83) (75) 

m-DCB Total 218 + 24 315 + 50 358 + 12 293 + 14 175 + 23 128 + 3 

m-DCB Metabolites c 105 + 7 182 + 22 197 + 9 227 + 15 138 + 18 96 + 2 
(48) (58) (55) (77) (i9) (ls) 

p-DCB Total 266 + 15 237 + 16b 156 + 31 149 + 27 116 + 1 63 + 15 

p-DCB Metabolites c 71 + 8 ·68 + 9b 49 + 6 43 + 8 39 + 1 21 + 3 
(27) (29) (31) (29) (34) (34) 

~ Data expressed as the mean± SEM (n = 3, unless otherwise noted). 
Data expressed as the mean± range/2 (n = 2). 

c Metabolites represent "total aqueous soluble metabolites" as per "Methods". 
Numbers in parentheses represent 7. of total, present as metabolites. "'--

0\ 
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of total dichlorobenzene equivalents are higher for m-DCB than for the 

ortho isomer during the interval between 1 and 4 hours post-administra

tion. However, close examination of Table 7 indicates that this 

difference is almost entirely due to the "accumulation" of m-DCB metabo

lites; as the levels of parent dichlorobenzene are comparable for these 

two isomers over this interval. Indeed, the concentration of m-DCB 

equivalents present as aqueous soluble metabolites increases over the 

four hours following dosing, while the concentrations of o-DCB metabo

lites stays approximately constant, and p-DCB metabolites decrease. 

These data suggest that the metabolites of m-DCB are not being elimi

nated from the liver as rapidly as they are formed. 

In Vivo Covalent Binding of the Dichlorobenzenes 

One possible explanation for the persistence of metabolites of 

the dichlorobenzenes within the liver (as outlined above) is the forma

tion, in vivo, of covalently bound adducts within the liver. 

Furthermore, as described in the "Introduction", earlier studies with a

and p-DCB demonstrated a correlation between the degree of in vivo 

covalent binding to hepatic proteins and the hepatotoxicity of these 

compounds (Reid and Krishna, 1973). These authors suggested that the 

covalent binding of o-DCB equivalents to hepatocellular macromolecules 

was ultimately responsible for the compound's observed hepatotoxicity, 

and that p-DCB was non-hepatotoxic by virtue of the fact that it failed 

to produce such binding. Given the fact that m-DCB was not studied by 

Reid and Krishna, along with the previously described in vitro findings 

that m-DCB binds to microsomal proteins to a greater degree than o-DCB 
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(Table 3); it was of interest to evaluate the relationship between 

covalent binding and hepatotoxicity for these compounds, in vivo. 

The time course for in vivo covalent binding of dichlorobenzene 

equivalents was evaluated for each of the three isomers, following a 0.9 

mmol/kg ip dose (Table 8). While this dose produced only marginal 

elevations in 24 hour plasma GPT activity for o-DCB (Figure 3), and 

failed to produce GPT elevations for m- or p-DCB, it does approximate 

the 0.5 mmol/kg dose of o- and p-DCB used by Reid and Krishna (1973) to 

evaluate covalent binding in Sprague-Dawley rats. The data in Table 8 

demonstrate that all of the isomers produce approximately equivalent 

covalent binding, one hour after dosing; each producing marginal binding 

of about 35 pmol/mg protein. While p-DCB shows no substantial increase 

in binding beyond the one hour time point, o-DCB produces a progressive 

increase in binding over the 24 hour course of the experiment, resulting 

in the binding of 304 pmol/mg by 24 hours. In contrast, m-DCB binding 

appears to reach a maximum between 8 and 12 hours post-adminstration 

(178 and 173 pmol/mg, respectively). By 24 hours, the binding of m-DCB 

appears to have decreased (139 pmol/kg), relative to the maximal values 

just described. Furthermore, at the 4 hour time point, m-DCB produced 

slightly greater covalent binding to hepatic proteins (118 pmol/kg), 

than did the ortho isomer (97 pmol/kg). 

It was previously demonstrated in this work (Figure 8) that 

following a 1.8 mmol/kg dose of the dichlorobenzenes, hepatic gluta

thione concentrations were significantly depleted by both o- and m-DCB. 

Furthermore, five hours after treatment, the glutathione depletion 



Table 8. Time Course of the Covalent Binding of Dichlorobenzene 
Equivalents to Hepatic Proteins, In Vivoa. 

14 pmol C equivalents bound/mg protein 

o-DCB m-DCB p-DCB 

1 Hour 34 ± 4 36 + 7 34 + 4 

2 Hour 55 + 8 58 + 5 32 + 3 

4 Hour 97 + 12 118 + 7 37 + 9 

8 Hour 223 ± 24 178 ± 6 46 + 2 

12 Hour 213 ± 2 173 + 17 31 + 9 

24 Hour 304 ± 30 139 + 19 52 + 3 

a Data expressed as pmol bound/mg protein (mean± SEM, n = 3), at the 
indicated time following th~ ip administration of a 0.9 mmol/kg dose 
of the dichlorobenzenes. 

79 
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produced by m-DCB was significantly greater than that produced by the 

more hepatotoxic ortho isomer. Conjugation of reactive intermediates to 

glutathione has been proposed as a hepatoprotective mechanism, 

preventing or reducing the binding of these reactive species to cellu-

lar macromolecules (Reed, 1985). 

To determine if m-DCB was less hepatotoxic than o-DCB by virtue 

of its greater binding to glutathione, thereby reducing the availability 

of electrophilic species to bind to cellular macromolecules, the degree 

of in vivo covalent binding of dichlorobenzene equivalents to hepatic 

proteins was evaluated five hours after dosing (Figure 12). This time-

point corresponds to a time when intrahepatic glutathione concentrations 

are significantly reduced in both o- and m-DCB treated animals (Figure 

8). Furthermore, at this timepoint, m-DCB treated animals exhibit a 

greater degree of glutathione depletion than animals treated with o-DCB. 

As seen in Figure 12, five hours after a 1.8 mmol/kg dose of each of the 

isomers of dichlorobenzene, total covalent binding to hepatic proteins 

was greatest for m-DCB (130 pmol/mg), with o- and p-DCB producing less 

than half as many adducts (47 and 50 pmol/mg, respectively). 

the 

Evaluation of the In Vivo Hepatotoxicity of the Dichlorobenzenes 
in Sprague-Dawley Rats 

As described in the "Introduction", earlier studies conducted in 

laboratory of Bernard Brodie related the production of 

hepatotoxicity by bromobenzene, chlorobenzene and the isomers of 

dichlorobenzene, with the formation of covalently bound adducts to 

hepatic macromolecules (Reid and Krishna, 1973). Furthermore, this 
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group of investigators correlated the production of hepatotoxicity for 

these compounds with the formation of a reactive metabolite which forms 

a conjugate with glutathione (Brodie et al., 1971). 

Much of the data presented in this work, relative to the study 

of the hepatotoxicity of the dichlorobenzenes in F-344 rats, have not 

been in agreement with those of Brodie's group. In the case of m-DCB, 

this compound shows little in vivo hepatotoxicity in F-344 rats; 

however, m-DCB produces greater covalent binding, both in vivo and in 

vitro, and greater depletion of hepatic glutathione, than the more 

hepatotoxic o-DCB. 

While m-DCB was not evaluated for hepatotoxicity and covalent 

binding in the work of Reid and Krishna (1973), the data presented in 

this work clearly do not support a general correlation between 

hepatotoxicity and either covalent binding or conjugation with 

glutathione. Given that the studies performed in Brodie's laboratory 

were conducted with Sprague-Dawley rats and the studies described herein 

employed Fischer-344 rats, it was of interest to determine if the 

apparent discrepancies between the two laboratories might reflect a 

strain difference in the hepatotoxicity of the dichlorobenzenes. Toward 

this end, an abbreviated dose-response study was conducted with male 

Sprague-Dawley rats, of approximately the same age as the F-344 rats 

used in all previous studies (thereby eliminating potential age related 

differences in toxicity). 

Table 9 illustrates 

activity produced following 

the elevations in 24 hour plasma GPT 

ip administration of either 1.8 or 5.4 
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mmol/kg of each of the isomers of dichlorobenzene to Sprague-Dawley 

rats. Following the unexpected finding of a general failure of either 

dose of o-DCB to produce hepatotoxicity in this strain of rat, the 

experiment was repeated for o- and m-DCB (Run 2), with several F-344 

animals included as positive controls (F-344 animals). As shown in 

Table 

both 

9, o-DCB produced only marginal elevations in GPT activity, 

1.8 and 5.4 mmol/kg, in Sprague-Dawley rats. Comparison of 

at 

the 

data for Sprague-Dawley rats with those for F-344 rats (positive 

controls and Figure 3), suggests that o-DCB is much less hepatotoxic in 

this strain of rat. Both m- and p-DCB produce essentially no 

hepatotoxicity, at the doses tested, in either strain of rat. 

The effect of phenobarbital pretreatment on the hepatotoxicity 

of the dichlorobenzenes in Sprague-Dawley rats, as measured by 24 hour 

GPT activity, was evaluated following a 1.8 mmol/kg challenge with the 

indicated isomer (Table 10). As seen in F-344 rats, phenobarbital 

markedly increased the hepatotoxicity of o- and m-DCB, while having no 

effect on the toxicity of p-DCB. 

--·-·· -···-------------------------------
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Table 9. Dichlorobenzene-Induced Elevations of Plasma GPT Activity in 
a Male, Sprague-Dawley Rats • 

o-DCB (1.8 rnrnol/kg) 

o-DCB (5.4 rnrnol/kg) 

m-DCB (1.8 rnrnol/kg) 

m-DCB (5.4 rnrnol/kg) 

p-DCB (1.8 rnrnol/kg) 

p-DCB (5.4 rnrnol/kg) 

b Experiment 1 

350 ± 45 

79 + 37 

68 ± 8 

95 ± 23 

35 ± 3 

36 ± 2 

c Experiment 2 

155 ± 54 

10i + 72 

29 ± 4 

52± 8 

N.D. 

N.D. 

5334 ± 327 

15525 ± 2553 

45 ± 2 

N.D. 

N.D. 

N.D. 
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a Plasma GPT activity measured 24 hours after ip administration of the 
indicated isomer of dichlorobenzene. Data expressed as the mean ± SEM. 

b n = 5, except m-DCB 5.4 rnrnol/kg where n = 4. 

c n = 5, N.D. = not determined. 

d F-344 rats treated alongside those in Experiment 2. Data expressed as 
the mean ± range/2. 



Table 10. Dichlorobenzene-Induced Elevations of Plasma GPT activity in 
Phenobarbital Pretreated, Sprague-Dawley and 
Fischer-344 Ratsa. 

Sprague-Dawley Rats 

(1.8 mmol DCB/kg) 

c 
Fischer-344 Rats 

(0.9 mmol DCB/kg) 

b 

o-DCB 

16772 ± 3087 

(3) 

10573 ± 1180 

(4) 

m-DCB 

21544 ± 3553 

(2) 

11798 ± 971 

(3) 

p-DCB 

36 ± 3 
(4) 

20 ± 2 
(4) 

a Plasma GPT activity measured 24 hours after ip administration of the 
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indicated isomer of dichlorobenzene to phenobarbital pretreated 
animals. Phenobarbital pretreatment was performed as described in the 
"Methods". 

b Data derived from Sprague-Dawley rats, following a 1.8 mmol/kg dose 
of the indicated isomer of dichlorobenzene. Data expressed as the 
mean± SEM of (n) animals, except where n = 2 (mean+ range/2). 

c Data derived from F-344 rats, following a 0.9 mmol/kg dose of the 
indicated isomer of dichlorobenzene (reproduced from Figure 5, and 
included here for comparison). Data expressed as the mean± SEM of 
(n) animals. 

-----·-·-------------------------



Investigations of the Interactive Hepatotoxicity 
of the Dichlorobenzenes 
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As described in the "Methods", two protocols were developed for 

the study of potential hepatotoxic interactions: one involving concomi-

tant ip exposure to the two test chemicals, and the second involving 

exposure to a pretreatment chemical dissolved in the drinking water, 

followed by the ip administration of the challenge compound. The 

results of such studies, designed to evaluate potential hepatotoxic 

interactions between the three isomers of dichlorobenzene and carbon 

tetrachloride, are detailed in this section. 

Evaluation of the Hepatotoxic Dose-Response Relationship 
of Carbon Tetrachloride 

Prior to evaluating any potential hepatotoxic interactions 

between carbon tetrachloride (CC14) and the dichlorobenzenes, it was 

necessary to evaluate the hepatotoxic dose-response of cc14 in F-344 

rats. Table 11 shows the results of a study, performed in this laborato-

ry by Dr. David Wiersma, to identify an appropriate dose of CC14 against 

which potential interactions with the dichlorobenzenes could be gauged. 

Twenty-four hours after the ip administration of a 0.1 ml/kg dose of 

cc14 (approximately 1.0 mmol/kg), plasma GPT activity was elevated to 

approximately 480 units/ml. This moderate elevation in GPT activity was 

deemed appropriate for use in subsequent interactive studies; as it 

provided a suitable background intoxication, against which antagonistic, 

additive or synergistic interactions could be readily visualized. 
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Table 11. Effect of Various Doses of CC14 on Plasma GPT Activity 
24 Hours After ip Administration. 

Dose of CC14 n Plasma GPT Activity 
(ul/kg, ip) 

0 5 29 ± 2b 

16 6 56 ± Be 

32 3 169 ± 40d 

64 5 186 ± 26d 

100 4 487 ± 161e 

a Values are the means ± SEM of the results of 3-6 animals. 
Statistical analyses were performed by one-way ANOVA of log
transformed data and the means compared by Student's Newman
Keuls test. Any two means with different superscripts are 
significantly different. 

-------- ----

87 

a 



l 

Concomitant Intraperitoneal Exposures to Carbon Tetrachloride 
and the Dichlorobenzenes 

88 

Carbon tetrachloride (100 ul/kg) was administered, along with 

varying doses of the dichlorobenzenes, by concomitant ip injection. The 

resultant 24 hour GPT activities are depicted in Figures 13, 14 and 15. 

Figures 13 and 14 demonstrate that m- and p-DCB, respectively, did not 

produce any significant hepatotoxic interaction with cc14 at any of the 

doses tested, in this test system. In contrast, Figure 15 demonstrates 

that concomitant ip administration of CC14 and o-DCB resulted in a 

virtually total inhibition of the hepatotoxicity normally seen following 

a 1.8 or 2.7 mmol/kg dose of o-DCB alone. Indeed, concomitant exposure 

to these two agents resulted in a decrease in GPT activity to approxima-

tely the levels seen following treatment with cc14 alone. From these 

data, it was clear that CC14 was exerting an antagonistic effect on the 

hepatotoxicity of o-DCB, following concomitant ip exposure to these two 

hepatotoxicants. 

Evaluation of the Effect of Carbon Tetrachloride on the 
Disposition of the Dichlorobenzenes 

To determine if concomitant ip exposure to cc14 was inhibiting 

the hepatotoxicity of o-DCB by inhibition of its metabolic activation, 

the metabolism and elimination of o-DCB was evaluated in the presence 

and absence of concomitantly administered cc14 • 

Figure 16 demonstrates that the expiration of parent o-DCB was 

markedly increased by the cc14 co-administration. Animals receiving 

o-DCB alone showed increased expiration of unmetabolized o-DCB over a 

period of 8 hours following exposure; at which time, elimination by this 
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Figure 15. Plasma GPT activity 24 hours after ip exposure to various 
doses of o-DCB given alone (solid bars), or concomitantly 
with 100 ul CC1 4/kg. Data are the mean± SEM (n = 3-8). Log 
transformed data were analyzed by ANOVA, and the means com
pared by Student Newman-Keuls test; means with different 
superscripts are significantly different (p < 0.05). 
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Figure 16. Cumulative 24 hour expiration of o-DCB, expressed as the 
percentage of a 0.9 rnmol/kg ip dose, in the presence and 
absence of concomitantly administered CC14 (100 ul/kg). Data 
expressed as the mean + SEM of values obtained from 3 animals 
in each treatment group. The means were compared by Welch's 
approximate t-test: * denotes significant difference from o
DCB alone (p < 0.05), as does ** (p < 0.01). 
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route plateaued at approximately 3.5% of the administered dose. In 

contrast, those animals receiving both o-DCB and CC14 showed an increase 

in the expiration of o-DCB over the entire 24 hour post-exposure moni-

taring period. Furthermore, by 24 hours, these animals had expired 

approximately 15% of the administered dose of o-DCB; a significantly 

greater percentage than the approximately 4% expired by those animals 

receiving o-DCB alone. 

To verify that the expired radiolabel represented unmetabolized 

o-DCB, samples of the organic trapping agent (2-methoxyethyl ether) were 

injected onto a C-18 HPLC column. These samples produced a single 

chromatographic peak, with the same retention time as the o-DCB 

analytical standard. Furthermore, one minute fractions, of the column 

effluent were collected and quantified for radioactivity. Approximately 

90% of the radioactivity eluted from the column coincident with the 

o-DCB peak, while the remaining radiolabel eluted as a single peak 

having the same retention time as monochlorobenzene. Assuming that the 

relative proportion of this second radioactive peak remained constant 

over the 24 hour collection period, it would represent approximately 

0.4% of the administered dose. 

Further evidence that cc14 was inhibiting the metabolism of a 

concomitantly administered dose of o-DCB was obtained by quantifying the 

amount of radioactivity eliminated via the urine and feces. Figure 17 

demonstrates that CC14 co-administration did in fact reduce the elimi

nation of o-DCB equivalents by both of these routes of elimination over 

the 24 hour sampling period. Animals receiving o-DCB and cc14 together 
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Figure 17. Cumulative 24 hour urinary and fecal elimination of o-DCB 
equivalents, expressed as the percentage of the administered 
0.9 mmol/kg dose, in the presence and absence of concomi
tantly administered CC14 (100 ul/kg). Data are expressed 
as the mean± SEM (n = 3). 
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eliminated approximately 35% of the administered dose of o-DCB within 24 

l1ours via the urine, compared to approximately 80% in animals receiving 

only o-DCB. Fecal elimination was likewise decreased from approximately 

10% of the administerd dose, to 5% in the presence of cc14 • 

The above data indicated that ~c14 was acting to inhibit the 

metabolism of concomitantly administered o-DCB. However, in light of 

the demonstrated role of hepatic bioactivation in the hepatotoxicity of 

o-DCB, it was of interest to determine the effect of cc14 on the rate of 

hepatic metabolism of o-DCB. Figure 18 shows that at all timepoints 

evaluated, concomitant ip exposure to CC14 decreased the percentage of 

total hepatic o-DCB equivalents present as metabolites. While CC14 did 

not alter the hepatic levels of total radiolabel, the portion of the 

total label present as aqueous soluble metabolites was greatly reduced. 

In animals receiving only o-DCB, the percentage of metabolites reached a 

maximum of approximately 80% of the total o-DCB equivalents at 8 hours; 

beyond which, the levels decreased due to elimination of the metabo-

lites. Conversely, cc14 inhibited the relative percentage of hepatic 

metabolites to approximately 10% for a period of 12 hours. It was only 

beyond 12 hours post-exposure that metabolism increased, reaching a 

level of 25% of the total hepatic o-DCB equivalents by 24 hours. 

The elimination of m- and p-DCB was affected similar to that 

described for o-DCB, in the presence of concomitantly administered cc14 

(Table 12). Twenty-four hours after ip exposure, the expiration of m-

DCB was increased from approximately 3% of the administered dose to 16% 

by CC14 . Over the same interval, the urinary elimination of m-DCB 
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Figure 18. Effect of concomitantly administered CC14 (100 ul/kg) on the 
relative percentage of hepatic o-DCB equivalents present as 
"total aqueous soluble metabolites", following a dose of 0.9 
mmol/kg of o-DCB. Data expressed as the mean± SEM (n= 3-4). 
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Table 12. Effect of Concomitant CC14 Administration on the 
Cumalative 24 Hour Expiration and Urinary 
Elimination of m-DCB and p-DCBa. 

b Treatment 

m-DCB 

m-DCB + CC14 

p-DCB 

p-DCB + CC14 

Expirationc 

2.73 ± 0.43 

16.38 + 0.46d 

7.03 + 0.39 

13.57 ± 1.99d 

c Urinary Elimination 

74.12 ± 2.55 

36.88 ± 0.93d 

71.84 ± 4.30 

15.07 ± 1.19d 
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a Animals were given a single ip injection of the indicated 
isomer of dichlorobenzene (0.9 mmol/kg, dissolved in corn 
oil); either alone, or with cc14 (100 ul/kg). 

b n = 3 animals per treatment group. 

c 

d 

Data expressed as the mean + SEM of the percentage of the 
total administered dose. -

Denotes significant difference from group receiving the 
indicated isomer of dichlorobenzene alone (Student's' t-test, 
p < 0.05). 
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equivalents was decreased from 747. to 37% under the influence of cc1
4

• 

Similarly, CC14 co-administration increased the expiration of p-DCB from 

77. to almost 14%, while reducing the urinary elimination of p-DCB 

equivalents from approximately 72% of the·dose, to 15%. 

Drinking Water Exposures to Carbon Tetrachloride and 
the Dichlorobenzenes 

For the general population, the major route of exposure to cc1
4 

and the dichlorobenzenes is via the consumption of drinking water con-

taining low levels of these agents as contaminants. In light of this 

fact, it was of interest to evaluate the potential for hepatotoxic 

interactions when animals were exposed to low levels of one of the 

compounds in the drinking water, followed by an ip challenge with the 

other compound being studied. 

Figure 19 shows the effect of a 72 hour drinking water exposure 

to varying concentrations of o-DCB, on the hepatotoxicity of a subse-

quent ip challenge with CC14 (100 ul/kg), While none of the o-DCB doses 

had a statistically significant effect on the GPT elevation produced by 

cc14 , the figure does suggest a dose-dependent increase in the hepato

toxicity of CC14 , with increasing concentrations of o-DCB. The signifi

cance of the apparent increase in the hepatotoxicity of cc14 following 

exposure to the highest concentration of o-DCB is unclear. These 

animals weighed an average of 88% of their initial weight at the end of 

the study, suggesting that they did not drink the treated water as 

freely as animals in the other treatment groups (weighing approximately 

102% of their initial weight at the end of the study). 
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Figure 19. Effect of a 72 hour exposure to drinking water solutions 
containing the indicated concentrations of o-DCB, on the 
subsequent elevation in plasma GPT activity produced by a 100 
ul/kg dose of CCl • Data expressed as the mean ± SEM of 
four animals. fiata were analyzed by ANOVA and the means 
compared by Student Newman-Keuls test; any two means with 
different superscripts are significantly different (p < 
0.05). 
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A second drinking water study was undertaken to determine if the 

antagonistic interaction observed between o-DCB and cc14 following con

comitant ip administra~1uu, was evident after pretreatment with low 

levels of cc14 in the drinking water. Figure 20 demonstrates that the 

hepatotoxicity of o-DCB (1.8 mmol/kg, given by ip injection) was greatly 

inhibited in animals treated for 7 days with CC14 in their· drinking 

water at concentrations of 5 and 20 mM. Control animals, receiving o-

DCB after exposure to 1% emulphor, exhibited an increase in plasma GPT 

activity to approximately 7000 units/ml, 24 hours after o-DCB challenge. 

In contrast, those animals pretreated with either 5 or 20 mM concentra

tions of cc14 in their drinking water showed relatively mild elevations 

in GPT activity following o-DCB treatment (582 and 782 units/ml, respec-

tively). Animals receiving corn oil in lieu of the o-DCB challenge, 

following the drinking water exposure to CC14, showed minimal GPT 

elevations (110 and 154 units/ml following 5 mM and 20 mM cc14 pretreat

ments, respectively). While animals exposed to 5 mM CC14 showed 

essentially no change in weight relative to emulphor controls, those 

animals receiving 20 mM cc14 lost approximately 15% of their initial 

body weight. These data suggest an active avoidance of the drinking 

water solution. 
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Figure 20. Effect of one week exposure to drinking water containing 5 mM 
or 20 mM CC14 , on the elevation in plasma GPT activity 
produced by a subsequent 1.8 mmol/kg ip dose of o-DCB. Data 
are expressed as the mean ± SEM of four animals in each 
treatment group. 
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DISCUSSION 

As was done for the "Results", the data derived from this work, 

as well as their relevance, will be discussed as two seperate sections. 

The first section titled, "Structure-Toxicity Relationships of the 

Dichlorobenzenes", involves those studies designed to determine the 

mechanism(s) involved in the differential hepatotoxicity of the three 

isomers of dichlorobenzene. The second section is titled, "Interactive 

Hepatotoxicity of the Dichlorobenzenes with Carbon Tetrachloride". 

This section will describe those studies designed to evaluate the paten-

tial for the dichlorobenzenes to participate in hepatotoxic interactions 

with CC14 • In addition, those studies conducted to determine the mecha

nism of the observed antagonism, by CC14 , of o-DCB -induced hepatotox

icity, will be discussed. 

Structure-Toxicity Relationships of the Dichlorobenzenes 

The differential hepatotoxicity of the isomers of dichloro-

benzene in F-344 rats, as measured by increased plasma GPT activity 

(Figure 3) and hepatic histopathology (Figure 4), was basically in 

agreement with that reported by Brodie and co-workers (1971). These 

authors evaluated hepatotoxicity based on the changes in hepatic histo-

pathology, 24 hours after ip administration of each of the isomers of 

dichlorobenzene; they reported that o-DCB produced "glycogen loss to 

minimal necrosis" following a 1. 47 mmol/kg dose, m-DCB produced "normal 

histology to minimal necrosis (rarely)" at a dose of 1.45 mmol/kg, and 

102 



p-DCB had "little or no effect" at 3.78 mmol/kg. 
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While the studies 

performed by Brodie's group were carried out in Sprague-Dawley rats, 

at a single dose, they suggest a rank order of hepatotoxic potency for 

the dichlorobenzenes in which o-DCB is more potent than m-DCB, which is 

more potent than p-DCB. 

In the present study, a dose-response relationship was evaluated 

for each of the isomers of dichlorobenzene, in F-344 rats, to clarify 

the differential hepatotoxicity of these compounds. The data presented 

in Figure 3 indicate that o-DCB produces marked hepatotoxicity at doses 

between 1.8 and 4.5 mmol/kg, while m-DCB produces only marginal hepato

toxicity at doses up to 4.5 mmol/kg. Furthermore, at all doses tested, 

the hepatotoxicity of m-DCB failed to approach that produced by o-DCB at 

doses as low as 1.8 mmol/kg. As had been previously reported (Brodie et 

al., 1971), p-DCB produced no evidence of hepatotoxicity at any of the 

doses tested. The differential hepatotoxicity described above, was also 

readily apparent in the hepatic histopathological changes seen in Figure 

4. Hence, these preliminary descriptive studies of the dichlorobenzenes 

allow for the following rank order of hepatotoxicity in F-344 rats: 

o-DCB >> m-DCB > p-DCB. 

Because each of the three isomers of dichlorobenzene produced 

such a dramatic difference in hepatotoxicity 24 hours after ip exposure, 

it was necessary to evaluate the time course of injury produced by each 

isomer. In the evaluation of a toxic response, it is necessary to 

confirm that the time point at which toxicity is monitored, reflects 

the maximal toxic response of the organism. The choice of an 
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inappropriate time point may lead to false interpretations of the sever-

ity of toxic insult. Furthermore, given that ~his study involved the 

comparison of the relative hepatotoxicity of three distinct, albeit 

structurally similar compounds; it was imperative that such comparisons 

be made at the time of maximal toxicity for each of the isomers. 

The data presented in Table 2 demonstrate that for o- and m-DCB, 

the 24 hour time point does indeed reflect maximal hepatotoxicity. 

While the lack of an hepatotoxic response for any of the doses of p-DCB 

precluded the same affirmation for this isomer, the data do demonstrate 

that the observed lack of hepatotoxicity for this isomer is not merely 

due to a difference in the time to the onset of toxicity. This confir-

mation was necessary to preclude the possibility that either m- or p-DCB 

produced hepatotoxicity similar to the ortho isomer, only at a later 

time. 

The previous studies of dichlorobenzene-induced hepatotoxicity, 

conducted by Brodie et al. (1971) and Reid and Krishna (1973), were 

performed in Sprague-Dawley rats. In contrast, the studies described in 

this work were conducted with F-344 rats. It was therefore of interest 

to compare the hepatotoxicity of the dichlorobenzenes in Sprague-Dawley 

rats, with the data derived from F-344 rats. 

The dramatic elevation in plasma GPT activity seen in F-344 rats 

following a 1.8 mmol/kg dose of o-DCB (Figure 3), was not observed 

following this same treatment in Sprague-Dawley rats (Table 9). In 

contrast, this treatment produced only moderate elevations in plasma GPT 

activity (155-350 units/ml) in Sprague-Dawley rats. Furthermore, it is 

-----------------------------------------
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unclear why a three fold increase in the dose of o-DCB (5.4 mmol/kg) 

failed to produce a dose-related increase in GPT activity in this strain 

of rat. The data for m- and p-DCB are comparable between F-344 and 

Sprague-Dawley rats; with m-DCB producing a slight elevation in GPT 

activity at 1.8 mmol/kg, while p-DCB showed no evidence of 

hepatotoxicity. 

While the strain difference in the hepatotoxic potency of o-DCB 

is striking, it should be noted that the data derived in this laboratory 

from Sprague-Dawley rats are likely in agreement with those reported by 

Brodie et al. (1971). Following a dose of 1.47 mmol o-DCB/kg, Brodie 

and co-workers reported only "glycogen loss to minimal necrosis", 

suggestive of relatively minor toxicity. It may well be that the 

moderate elevations in plasma GPT activity seen in this strain following 

a dose of 1.8 mmol/kg of o-DCB, represent a similar minor toxic insult. 

The characteristic centrilobular or "zone 3" pattern of necrosis 

seen following the ip administration of an hepatotoxic dose of o-DCB 

(Figure 4B), is similar to that reported for a number of hepatotoxicants 

that require cytochrome P-450 mediated bioactivation (Zimmerman, 1982). 

Included among those chemicals known to produce centrilobular necrosis 

is bromobenzene (Reid and Krishna, 1973; Brodie et al., 1971; Reid et 

al., 1971), a structural analog of the dichlorobenzenes. These findings 

suggested that the hepatotoxicity produced by o-DCB may involve bioacti

vation by cytochrome(s) P-450. 

The role of cytochrome(s) P-450 in the hepatotoxicity of o-DCB 

was further substantiated by the dramatic potentiation of hepatotoxicity 
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following the administration of o-DCB to phenobarbital pretreated F-344 

rats. Phenobarbital pretreatment resulted in a marked hepatotoxic 

potentiation of an otherwise nontoxic dose of o-DCB (0.9 nmol/kg), as 

shown in Figure 5. In addition, the same dose of m-DCB administered to 

phenobarbital pretreated rats, produced approximately the same degree of 

hepatotoxicity (judged by GPT elevations and hepatic histopathology), as 

seen for o-DCB in phenobarbital pretreated animals. Hence, while o-DCB 

exhibits far greater hepatotoxic potency than m-DCB in control animals, 

this difference is ablated by pretreatment of animals with phenobarbi

tal, where both isomers produce approximately equivalent hepatotoxicity. 

Perhaps the most dramatic evidence of phenobarbital's potentia

tion of the hepatotoxicity of o- and m-DCB is presented in the 

photomicrographs of the livers of treated animals (Figures 6B and 6C). 

In these sections, the necrotic cells can be clearly seen, radiating out 

from the terminal hepatic venule in concentric cell layers. Indeed, the 

only remaining viable hepatocytes are those around the portal triad, in 

zone 1. 

It is interesting to note that phenobarbital pretreatment had no 

effect on the hepatotoxicity of p-DCB (Figure 5). From these data, it 

appears that the structural conformation of p-DCB may be such that the 

formation of a reactive metabolite by cytochrome(s) P-450 is restricted. 

Alternatively, the bioactivation of p-DCB may be catalyzed by a minor P-

450 isozyme that is not appreciably induced by phenobarbital. This 

possibility could be explored by pretreating animals with a variety of 
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other cytochrome P-450 inducers to determine if they potentiate an 

hepatotoxic response. 

The lack of an hepatotoxic response for p-DCB may also be due to 

pharmacokinetic factors, such that the distribution of this isomer to 

the active site of the cytochrome P-450 enzyme is reduced, relative to 

that of o- and m-DCB. The data presented in Table 7 indicate that both 

the distribution to the liver, and the ultimate rate of hepatic metabo-

lism for this isomer are lower than for either o- or m-DCB. These 

findings of a slower distribution to the liver for p-DCB, relative to o-

and m-DCB, are consistent with those reported by Kimura et al. (1984). 

These authors attributed the slower distribution of p-DCB to sequestra-

tion of the parent compound within adipose tissue, following oral adrnin-

istration. The lack of a large difference in the total hepatic 

distribution of p-DCB, relative to o- and m-DCB, in the present study 

likely reflects an increased rate of absorption and distribution of p-

DCB following ip injection. 

The potentiation of the hepatotoxicity of o- and m-DCB by 

phenobarbital, as well as the lack of such potentiation with p-DCB, 

correlates with the findings of Brodie et al. (1971). These investiga-

tors reported that phenobarbital pretreatment potentiated the 

hepatotoxicity of an otherwise minimally toxic dose of both o- and m-DCB 

in Sprague-Dawley rats; greatly enhancing the degree of hepatic necrosis 

produced by these isomers. Furthermore, phenobarbital 

pretreatment was found to have no effect on the hepatotoxicity of p-DCB 

in this strain of rat. 
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The effect of phenobarbital pretreatment on the hepatotoxicity 

of the dichlorobenzenes in Sprague-Dawley rats was evaluated in the 

present study (Table 10), and found to mirror the findings in F-344 

rats: the hepatotoxicity of o- and m-DCB (1.8 mmol/kg) were potentiated 

by phenobarbital pretreatment, while p-DCB produced no evidence of 

hepatotoxicity following pretreatment. These data, along with those 

from non-pretreated Sprague-Dawley rats, indicate that this strain of 

rat bioactivates o- and m-DCB similarly to F-344 animals; however, in 

the control animal, the Sprague-Dawley rat appears to either produce 

less of the toxic metabolite, or to detoxify it to a greater extent than 

the F-344 rat. 

The data obtained from o- and m-DCB exposure in phenobarbital 

pretreated 

responsible 

animals suggest that the isozyme(s) of cytochrome P-450 

for their hepatotoxicity belong to the class of isozymes 

commonly referred to as "phenobarbital inducible". While this distinc-

tion may appear obvious, it is nevertheless significant, as outlined 

below. The presence of multiple, distinct isoenzymes of cytochrome P-

450, with varying degrees of substrate specificity, has been well 

established (Lu, 1979; Nebert and Negishi, 1982). Furthermore, pre

treatment of animals with various inducers of cytochromes P-450 produces 

a differential pattern of induction (Lu, 1979; Guengerich, 1979). 

Phenobarbital induction has been shown to dramatically increase the 

synthesis of two major isozymes of P-450. These "phenobarbital 

inducible" isozymes have been termed phenobarbital-B (PB-B) and pheno

barbital-D (PB-D) -(Guengerich, 1979). Although the required studies 
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were not performed to confirm it, the data obtained from o- and m-DCB 

treatment in phenobarbital pretreated animals, imply that one or both of 

the two major phenobarbital inducible P-450 isozymes (PB-B, PB-D) are 

responsible for the bioactivation of these compounds. 

The role of cytochromes P-450 in the hepatotoxicity of o-DCB is 

further substantiated by the inhibition of toxicity, seen in animals 

pretreated with SKF-525A (Figure 7). In fact, the inhibitory effect of 

SKF-525A on the hepatotoxicity of o-DCB, further supports the involve-

ment of one or both of the major phenobarbital inducible isozymes (PB-B 

or PB-D); this by virtue of the reported selective inhibition of pheno-

barbital inducible isozymes by SKF-525A (Testa and Jenner, 1981). The 

potential inhibitory effect of SKF-525A on the hepatotoxicity of m-DCB 

was not investigated due to the relatively mild toxicity of this isomer. 

Such inhibition, if present, should however, be demonstrable in pheno-

barbital pretreated animals. 

As outlined in the "Introduction", much of the work performed in 

the laboratory of Bernard Brodie relative to the hepatotoxicity of the 

dichlorobenzenes, centered around demonstrating a positive correlation 

between hepatotoxicity and covalent binding to hepatic macromolecules 

for these compounds. In the present work, the covalent bind~ng of the 

dichlorobenzenes to hepatic proteins was evaluated, both in vivo and in 

vitro, in F-344 rats. 

The data presented in Table 3, relative to the in vitro covalent 

binding of the dichlorobenzenes, initially appeared contradictory, in 

light of the observed rank order for the in vivo hepatotoxicity of these 

--- ----------------------------- ---------···· 
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compounds, Most suprising was the finding that m-DCB binds to microso-

mal proteins to a greater degree than the more hepatotoxic ortho isomer, 

when incubated with liver microsomes from control animals. Numerous 

reports in the literature have implicated a causative role for covalent 

binding of reactive intermediates in the ultimate production of hepato-

toxicity. Based on these reports, it seemed reasonable to expect that 

the degree of in vitro covalent binding would parallel the relative 

hepatotoxicity observed in vivo. This supposition proved clearly not to 

be the case for these compounds, as m-DCB produced approximately twice 

the number of covalent adducts as the more hepatotoxic o-DCB. 

Similarly, the binding of p-DCB was slightly greater than o-DCB 

following in vitro incubation with liver microsomes from control 

animals. Furthermore, the approximate two-fold increase in binding seen 

following incubation of these compounds with microsomes from phenobarbi-

tal pretreated animals, was far lower than the approximate 10-fold 

increase reported for bromobenzene (Lau et al., 1984). However, the 

approximate two-fold increase in covalent binding seen with microsomes 

from phenobarbital pretreated animals correlates well with the in vivo 

data reported for o-DCB by Reid and Krishna (1973). These authors 

observed that phenobarbital pretreatment of Sprague-Dawley rats led to 

an increase in hepatic covalent binding of 1.3- and 1.5-fold, relative 

to non-pretreated rats, measured 6 and 24 hours (respectively) after a 

0.5 mmol/kg ip dose of o-DCB. 

Upon reviewing the literature relative to the correlation 

between covalent binding and hepatotoxicity, it was found that other 
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investigators have observed apparent inconsistencies similar to those 

described above. Wiley et al. (1979) reported a lack of correlation 

between in vitro covalent binding and the observed in vivo hepatotoxici

ty for a series of ortho substituted derivatives of bromobenzene. 

Furthermore, these authors reported that while the in ~ covalent 

binding of bromobenzene was increased approximately 10-fold in incuba

tions with microsomes from phenobarbital pretreated animals, the 

increase seen for the 3 ortho substituted bromobenzenes tested, was only 

about 2-fold; this despite earlier findings by this group that pheno

barbital pretreatment markedly enhanced the in vivo hepatotoxicity of 

these compounds (Toranzo et al., 1977). The data reported in the 

present work, for the in vitro covalent binding of the isomers of 

dichlorobenzene, simply represent another instance in which covalent 

binding to hepatic macromolecules, in vitro, fails to correlate with the 

observed in vivo hepatotoxicity. 

The assertion that hepatic covalent binding and hepatotoxicity 

are not necessarily related, was further substantiated by the in vivo 

covalent binding of the dichlorobenzenes to total hepatic proteins, five 

hours after ip administration of a 1.8 mmol/kg dose (Figure 12). At 

this timepoint, the degree of covalent binding of m-DCB is again approx

imately twice that of o-DCB; this at a dose where o-DCB produces far 

greater hepatotoxicity. 

In an attempt to clarify the relationship between in vivo 

covalent binding and hepatotoxicity, 

hepatic proteins for each of the 

the degree of covalent binding to 

isomers of dichlorobenzene (0.9 



mmol/kg) was evaluated at various times post-exposure (Table 8). 
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It is 

noteworthy that this dose was approximately twice that evaluated for o

and p-DCB by Reid and Krishna (1973), in Sprague-Dawley rats. Reid and 

Krishna evaluated in vivo covalent binding 6 and 24 hours after 

based on the fact that the 6 hour time point had been shown to 

dosing, 

reflect 

maximal binding for bromobenzene. At 6 hours, o-DCB was shown to bind 

to hepatic proteins at a concentration of 234 pmol/mg protein, while p

DCB produced only 21 pmol/mg (Reid and Krishna, 1973). By the 24 hour 

time point, the binding for both of these isomers was reduced. In the 

present study, o-DCB did not produce maximal binding until at least 24 

hours post-exposure, suggesting a delay in the time to maximal binding, 

relative to the data of Reid and Krishna. In contrast to the binding of 

o-DCB, m-DCB produced maximal covalent binding within 8-12 hours, and 

by 24 hours, the concentration of covalently bound adducts had declined 

(Table 8). The binding of p-DCB remained at a constant, low level 

throughout the evaluation, similar to the low binding of this isomer 

reported by Reid and Krishna. 

Upon initial comparison of the concentrations of covalent 

adducts formed following a 1.8 mmol/kg dose of the dichlorobenzenes (5 

hours post-exposure, Figure 12) with those reported above following a 

0.9 mmol/kg dose (1-24 hours post-exposure, Table 8), one immediately 

notices that the concentration of covalent adducts formed 5 hours after 

a 1.8 mmol/kg dose of o-DCB, is actually lower than this same time point 

in animals receiving only 0.9 mmol o-DCB/kg. One potential explanation 

for this apparent discrepancy is that with increasing doses of o-DCB, 
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the time to maximal covalent binding may be delayed. Indeed, such a 

shift in the time to maximal covalent binding may also occur with m-DCB. 

A delay in the covalent binding of these compounds could result from 

their action as central nervous system depressants, thereby reducing the 

rate of absorption and distribution to the liver, with doses above some 

threshold concentration. Such an hypothesis would need to be tested by 

evaluating the time to maximal binding with increasing doses of o- and 

m-DCB. 

The findings discussed above serve to underscore the fact that 

total covalent binding to hepatic macromolecules is not synonymous with 

hepatotoxicity; rather, the monitoring of covalent binding should serve 

as a tool for evaluating the potential for compounds to undergo bioacti

vation to form reactive, electrophilic metabolites. Furthermore, as 

outlined by Gillette (1974a), whether such reactive metabolites produce 

toxicity within the 

Clearly, there are 

which electrophilic 

survival of the cell. 

animal is dependent on a number of factors. 

many nucleophilic sites within the hepatocyte to 

metabolites can bind without compromising the 

Rather, it is the binding to certain critical 

"target" sites that is responsible for toxicity. In addition, the rate 

of binding is likely an important factor in determining the toxicologi

cal significance to the animal, since the turnover time for the affected 

molecule may be sufficiently rapid to maintain its function within the 

cell. The involvement of hepatoprotective systems such as glutathione 

conjugation, are also likely to affect the toxicity of reactive species. 

Indeed, saturation of the capacity of such systems to detoxify reactive 

--------------------- ·-------------
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species may be required for the ultimate manifestation of toxicity 

(Gillette, 1974b). 

In light of the demonstrated potentiation of the hepatotoxicity 

of both o- and m-DCB by phenobarbital, and the inhibitory effect of SKF-

525A; the effect of these agents on the covalent binding of the dichlo-

robenzenes would undoubtedly help to clarify the toxicological 

significance of covalent binding for these chemicals. In addition, 

evaluation of the time course for covalent binding for each of the 

isomers of dichlorobenzene, at various concentrations, would provide 

valuable insight into the relationship between covalent binding and 

toxicity. 

As described in the "Introduction", the formation and subsequent 

covalent binding of reactive, electrophilic epoxides has been implicated 

as the causative factor in the production of hepatotoxicity for bromo-

benzene (Reid et al., 1971; Reid and Krishna, 1973; Jollow et al., 

1974). To determine the potential involvement of epoxides in the 

hepatotoxicity of the dichlorobenzenes, the effect of epoxide hydrolase 

on the in vitro covalent binding of o- and m-DCB was evaluated, using 

rat liver microsomes from phenobarbital pretreated animals. Since 

phenobarbital pretreatment had no effect on the hepatotoxicity of p-DCB, 

in vivo, the effect of epoxide hydrolase on the covalent binding of 

this isomer was not investigated. The addition of 25 ug of protein from 

a purified preparation of epoxide hydrolase decreased the covalent 

binding of o-DCB equivalents by 18%, relative to controls incubated with 

25 ug of bovine serum albumin in lieu of the epoxide hydroxylase 
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preparation (Table 4). This decrease in binding was statistically 

significant (p < 0.05, Student's t-test) while the 13% reduction seen 

for m-DCB was not (p < 0.10). Despite the statistical significance of 

the epoxide hydrolase mediated reduction of o-DCB binding to microsomal 

proteins, the biological significance of these findings remains unclear. 

Lau et al. (1984) demonstrated a 65% reduction in the covalent binding 

of bromobenzene to microsomal proteins from phenobarbital treated 

animals, in the presence of 125 ug of protein from a purified epoxide 

hydrolase preparation. These data were interpreted by the authors as 

further substantiation for the involvement of epoxides, formed from 

bromobenzene, in the covalent binding and 'subsequent hepatotoxicity of 

this compound. 

Several problems relative to the epoxide hydrolase preparation 

used in this study precluded the clarification of the biological signi

ficance of the data. The first such concern was the relatively small 

amount of the epoxide hydrolase preparation available for use in this 

study. The amount of enzyme was insufficient to allow for multiple 

determinations at varying concentrations, to optimize the effect of 

epoxide hydrolase. Clearly these studies warrant further investigation 

to optimize the epoxide hydrolase activity, and thereby better ascertain 

the relative importance of epoxide intermediates in the covalent binding 

of the dichlorobenzenes. 

Figures 8 and 9 suggest an integral role for glutathione in the 

ultimate hepatotoxicity of the dichlorobenzenes. The finding that 

administration of an hepatotoxic dose of o-DCB ( 1. 8 rnrnol./kg) produced a 

------- ------------------------------ ---- ---------
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marked depletion in the intrahepatic concentration of glutathione 

(Figure 8), is consistent with the formation of an electrophilic species 

which forms a covalent adduct with glutathione (Chasseaud, 1979). 

Indeed, the theory has been proposed that the covalent binding and 

hepatic necrosis caused by agents that are bioactivated, is manifest 

only after intrahepatic glutathione has been depleted below a critical 

threshold level (Mitchell et al., 1976). Thus the glutathione depletion 

seen following an hepatotoxic dose of o-DCB, is as expected for a corn

pound that is bioactivated in the liver, resulting in the production of 

hepatotoxicity. Furthermore, the fact that p-DCB does not deplete 

glutathione at an equivalent dose was not suprising, given the lack of 

hepatotoxicity seen for this isomer. The observation that this same, 

nontoxic dose of rn-DCB produced glutathione depletion greater than that 

observed for o-DCB was unexpected. It can be argued that the difference 

in glutathione depletion between o- and rn-DCB treated animals appears 

relatively small and is of questionable significance. However, when 

the heterogeneity and morphology of the liver acinus are considered, the 

differential depletion of glutathione by o- and rn-DCB is likely greater 

than shown in Figure 8, as described below. 

It is well known that those hepatocytes in zone 3 (surrounding 

the terminal hepatic venule) contain the highest levels of microsomal 

enzymes (Plaa, 1980); enzymes which are responsible for the bioactiva

tion of numerous chemicals. Indeed, this heterogeneity has been used to 

explain 

that are 

the characteristic production of zone 3 necrosis 

bioactivated by cytochrorne(s) P-450; seen 

by 

also 

compounds 

for the 
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Hence, it is these cells within zone 3 which would 

be expected to produce the majority of the reactive intermediates that 

would bind to, and deplete, hepatic glutathione. Also, the hepatocytes 

in zone 3 have been shown to contain lower concentrations of glutathione 

than those in zone 1; containing as little as one-half of the concentra

tion of the periportal zone 1 hepatocytes (Kaplowitz et al., 1985). 

Furthermore, the flow of blood through the liver acinus is from zone 1 

to zone 3, draining ultimately into the terminal hepatic venule 

(Rappaport, 1969). Even if reactive metabolites of the dichloro

benzenes exit the hepatocyte, they are not likely to interact with 

hepatocytes in zones 1 and 2. Therefore, the vast majority of 

glutathione depletion is likely to occur in hepatocytes within zone 3. 

However, hepatic glutathione measurements are made using homogenates 

from the entire liver. It is therefore likely that potentially large 

differences in the glutathione content of zone 3 hepatocytes, will be 

diminished by the contribution of hepatocytes from cells in zones 1 and 

2. For this reason, the observed difference in glutathione depletion 

seen between o- and m-DCB treated animals likely reflects an even 

greater degree of glutathione depletion for m-DCB than would be apparent 

from evaluating changes in total hepatic glutathione concentration 

alone, this despite the lack of hepatotoxicity at this dose of m-DCB. 

Administration of a 0.9 mmol/kg dose of either o- or m-DCB to 

phenobarbital pretreated rats was shown to produce massive hepatic 

necrosis within 24 hours (Figures 6B and 6C). The effect of this treat

ment on the concentration of hepatic glutathione at various times after 
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dichlorobenzene challenge was evaluated (Figure 9). This treatment with 

half of the dose administered to the control animals in Figure 8, 

appeared to increase the rate of glutathione depletion, relative to non

pretreated animals. However, the maximal glutathione depletion in these 

animals appears not to be as great as that seen in non-pretreated 

animals receiving the higher dose. Furthermore, the 0.9 mmol/kg dose, 

given to phenobarbital pretreated animals, results in the necrosis of 

well over half of the total hepatocytes in the liver (Figures 6B and 

6C), while non-pretreated animals receiving o- or m-DCB at 2.7 mmol/kg 

show relatively little hepatic necrosis. These findings suggest that 

the extent of glutathione depletion is less critical than the rate of 

depletion. Clearly, the more rapid fall in glutathione levels seen with 

phenobarbital pretreatment, indicates a more rapid and/or extensive 

formation of reactive, electrophilic species, evidently in excess of the 

capacity of glutathione and other hepatoprotective systems to detoxify 

them. The actual rate and extent of glutathione depletion in zone 3 

hepatocytes is likely even greater than depicted in Figure 9, as 

evidenced by the confluence of necrosis in this zone 24 hours after 

exposure. 

The earlier argument that total hepatic glutathione may not 

accurately represent the degree of depletion in zone 3, appears to be 

substantiated by the "rebound" of glutathione levels seen 12 hours after 

dichlorobenzene administration to phenobarbital pretreated animals. 

While this synthesis of glutathione, de ~· would seemingly indicate 

the recovery of the hepatocytes, the massive hepatocellular necrosis 
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seen 12 hours later precludes this possibility. More accurately, the 

return of total hepatic glutathione levels likely reflects resynthesis, 

largely attributable to those hepatocytes in zone 1. 

The importance of glutathione as an hepatoprotective agent in 

dichlorobenzene-induced toxicity was further studied by evaluating the 

effect of glutathione depletion on the hepatotoxicity of the three 

isomers. Intraperitoneal injection of phorone at 250 mg/kg was shown to 

produce a highly reproducible depletion of hepatic glutathione to 15% of 

the concentration in control animals (corn oil given in lieu of 

phorone). The choice of phorone as a tool to deplete glutathione was 

not an arbitrary one. Unlike diethyl maleate (Anders, 1978), phorone 

has been shown not to affect the activity of cytochromes P-450 (Siegers 

et al. , 1985) . Furthermore, the depletion of hepatic glutathione with 

this agent was greater than that reported for buthionine sulfoximine 

(White et al., 1984). 

Phorone treatment alone, produced a slight increase in plasma 

GPT activity, 26 hours after ip administration (Figure 10). Pretreat

ment of animals with phorone, markedly potentiated the hepatotoxicity of 

a subsequent challenge with either o- or .m-DCB. Interestingly, the 

hepatotoxicity of these two isomers was potentiated to approximately the 

same degree in phorone pretreated animals; a finding that is substan

tiated by the observed hepatic histopathology at the same 24 hour time 

point (Figure 11). The hepatotoxicity of p-DCB was also potentiated in 

glutathione depleted ani1nals. Although the degree of potentiation seen 

with p-DCB was only about 20% of that produced with o- and m-DCB, these 
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findings do indicate that glutathione is likely involved in preventing 

the manifestation of such toxicity in control animals. 

Close examination of Figure 10 reveals that the plasma GPT 

activity of animals receiving o-DCB at a dose of 1.8 mmol/kg, 2 hours 

after the corn oil vehicle (2 ml/kg), are far lower than the value of 

approximately 4000 units/ml reported for non-pretreated animals 

receiving the same dose of o-DCB (Figure 3). The probable explanation 

for this finding is that the presence of a relatively large volume of 

corn oil within the peritoneal cavity, at the time of o-DCB challenge, 

would likely act to dilute the dichlorobenzene, thereby delaying its 

absorption. Such a delay in the absorption of o-DCB would be expected 

to reduce the rate of formation of toxic metabolites, resulting in a 

reduced hepatotoxic response. 

The apparent equipotent production of hepatotoxicity seen for a

and m-DCB in glutathione depleted animals, contrasts sharply with the 

failure of m-DCB to produce hepatotoxicity in control animals (Figure 

3). The approximately equivalent hepatotoxicity of these two isomers in 

the absence of appreciable levels of hepatic glutathione, suggests that 

glutathione may be acting to prevent the toxicity of m-DCB in control 

animals. To further explore this possibility, a series of studies were 

planned to evaluate the effect of additions of rat liver cytosol and 

exogenous glutathione, to microsomal incubations of the dichloro

benzenes. It was postulated that a greater affinity of glutathione for 

m-DCB derived reactive intermediates, relative to those derived from a

and p-DCB, would result in an appreciable reduction in the covalent 

--·----------------------------------



121 

binding of this isomer to microsomal proteins. Given the inclusion of 

cytosol containing glutathione S-transferases in these studies, it was 

deemed necessary to evaluate the catalytic activity of these cytosolic 

transferases toward glutathione conjugation to a "model" substrate. A 

review of the literature revealed that 1-chloro-2,4-dinitrobenzene 

serves as a substrate, to varying degrees, for all 6 of the glutathione 

transferases isolated from rat liver (Jakoby et al., 1976). 

Upon examination of the structure of 1-chloro-2,4-dinitroben-

zene, it was noted that the two nitro substituents were positioned meta 

to one another, similar to the chlorine positioning of m-DCB. Further-

more, nitro groups have an electron withdrawing effect on the ring, 

similar to halogens (Kemp and Vellaccio, 1980). In the case of 

halogens, the resonance structures of monosubstituted halobenzenes are 

such that the halogen can assume a partial positive charge, through the 

formation of a double bond with the adjacent carbon, thus producing 

electron-rich centers at the ortho and para positions (Fieser and 

Fieser, 1961). The positioning of a second halogen, meta to the first, 

serves to reinforce this effect. Furthermore, m-DCB is unique among the 

isomers of dichlorobenzene, in that there are three positions on the 

ring that are either ortho-ortho, or ortho-para to the two chlorine 

atoms. This positioning intensifies the relative negativity of these 

sites and, in so doing, would be expected to intensify the relative 

positive nature of the chlorines. The significance of the relative 

positive character of the chlorines substituents on m-DCB becomes clear 

when one considers the mechanism of glutathione conjugation to 1-chloro-

------------------------------------------
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2,4-dinitrobenzene. Glutathione displaces the chlorine atom in a 

nucleophilic addition-elimination reaction, with chloride ion serving as 

a monovalent leaving group (Kosower, 1976). Hence, it was postulated 

that glutathione might bind to m-DCB in a similar manner, without the 

prior formation of a reactive intermediate. 

As shown in Table 6, incubation of m-DCB with rat liver cytosol 

and 5 mM glutathione results in the formation of approximately 370 

pmol/mg/30 minutes, of a non-extractable reaction product. While the 

exact identity of this product was not ascertained, the conditions of 

its formation strongly suggest that it is a glutathione adduct. 

The formation of a glutathione adduct of m-DCB, in vivo, without 

the prior formation of a reactive intermediate would be expected to 

markedly affect the hepatotoxicity of this compound. Such conjugation 

would decrease the amount of m-DCB available for cytochrome P-450 

metabolism, thereby reducing the formation of the reactive intermediate 

responsible for hepatotoxicity. 

Further studies relative to the potential formation of a gluta-

thione adduct with parent m-DCB should focus on the separation and 

identification of the non-extractable adduct formed in vitro. The 

easiest confirmation of the formation of a glutathione adduct would be 

3 to repeat the in vitro incubations with H-glutathione added as a tracer 

to the exogenously added glutathione. Following exhaustive hexane 

extraction of the aqueous phase, to remove unmetabolized m-DCB, an 

aliquot of the aqueous phase would be loaded onto a C-18 solid phase 

extraction column (e.g. Sep-Pak CartridgeR). Following several column 
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volumes of water to remove unbound glutathione, the proposed m-DCB-

glutathione adduct could be eluted from the column with serial additions 

of small volumes (0.5 - 1 ml) of a methanol:water solvent. Dual label 

scintillation spectrometry of small aliquots of each fraction from the 

C-18 cartridge would allow for the identification and quantitation of 

the adduct. Confirmation of the structure of the adduct could be car-

ried out by mass spectral analysis of the purified, dual labeled adduct 

(further purification on an analytical C-18 column may be required). 

Such mass spectral determination of the structure of the glutathione 

adduct would indicate the mechanism of formation. If the adduct is 

formed by nucleophilic addition-elimination (as described for 1-chloro-

2,4-dinitrobenzene) at one of the chlorines, a mono-chlorinated product 

would be seen. If however, the nucleophilic attack occurs at one of the 

carbons adjacent to a chlorine, the identification of a dichlorinated 

adduct would establish this as the mechanism of formation. 

The relative extent of such glutathione adduct formation, with-

out prior cytochrome P-450 mediated epoxide formation, could also be 

ascertained with the use of mass spectrometry. Separation and purifica-

tion of glutathione adducts from liver homogenates and/or collected bile 

could be conducted using C-18 solid phase extraction columns in concert 

with a C-18 analytical column. Upon mass spectral analysis of the 

peak(s) eluting with or near the dual labeled material formed in vitro, 

the relative abundance of two potential products could be determined. 

Glutathione adducts formed with epoxides of m-DCB, would be expected to 

proceed by a nucleophilic displacement reaction (Kosower, 1976), result-
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ing in the formation of a hydroxysulfide product. By quantifying the 

products formed in vivo, the relative contribution of the proposed 

glutathione adduct formation, to parent m-DCB, as a detoxifying mecha-

nism could be ascertained. 

Interactive Hepatotoxicity of the Dichlorobenzenes with 
Carbon Tetrachloride 

The data presented in Figure 15 demonstrated that cc14 

antagonizes the hepatotoxicity of a concomitantly administered ip dose 

of o-DCB. Previous studies have shown that CC14 inhibits the activity 

of cytochrome(s) P-450 (Glende,1972; De Groot and Haas, 1980). This 

inhibition of cytochrome P·-450 activity has been shown to result from 

the destruction of the heme moiety of the cytochrome (Davies et al., 

1985; Davies et al., 1986). The destruction of the heme moiety is 

mediated by a metabolite of CC14 , and results in the irreversible 

destruction of the cytochrome. In light of the role of cytochrome(s) P-

450 in the hepatotoxicity of o-DCB, the antagonistic 1nteraction between 

CC14 and o-DCB was hypothesized to result fr.o1n CC14-mediated destruction 

of cytochrome(s) P-450, thus reducing the bioactivation of o-DCB. 

This hypothesis was verified by the demonstration that CC14 does 

in fact inhibit the metabolism of o-DCB, as indicated by an increase in 

the expiration of unmetabolized o-DCB, and the decreased rate of urinary 

and fecal elimination (Figures 16 and 17). The data presented in Figure 

18 shows that while the distribution of o-DCB to the liver is not 

altered by CC14 co-administration, its hepatic metabolism is markedly 

decreased. 
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Concomitant ip administration of CC14 and either m- or p-DCB 

failed to produce an interactive effect (Figures 13 and 14). However, 

the doses of these isomers used, failed to produce a measurable back

ground toxicity, against which an antagonistic effect of cc14 could be 

seen. Given the role of metabolic bioactivation in the hepatotoxicity 

of the dichlorobenzenes, the finding that CC14 co-administration reduced 

the rate of metabolism of these two isomers (as measured by a decreased 

rate of urinary elimination and an increase in expiration of unmetabo

lized dichlorobenzene (Table 12)), suggests a similar antagonistic 

action of CC14 at higher, more toxic doses of m-DCB. The effect on p-

DCB is of questionable significance due to the failure of this isomer to 

produce hepatotoxicity at any of the doses tested, even in phenobarbital 

induced animals. 

The study in which CC14 was given as a pretreatment at low doses 

in the drinking water, was designed to determine whether the interaction 

observed in the more "artificial" ip exposure situation, was demonstra

ble following lower, more environmentally relevent exposures to this 

agent. The data in Figure 20 clearly demonstrated that this antagonis-

tic interaction was also ocurring in the drinking water model. These 

findings indicate that this effect of CC14 is demonstrable following 

longer term exposures to low levels, such as that predicted for most 

human exposures. 

The argument can be made that given the destructive effect of 

cc14 on cytochrome(s) P-450, and the involvement of these enzymes in the 

hepatotoxicity of o-DCB; the confirmation of this mechanism of antago-
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nistic interaction was unnecessary. However, given that this inter-

action is observed following concomitant ip administration of these 

compounds, such a mechanism requires that cc14 produce its destruction 

of cytochrome(s) P-450 within a time frame that prevents sufficient 

bioactivation of o-DCB to produce hepatotoxicity. Glende (1972) showed 

that following oral adntinistration of cc14, its inhibitory effect on 

cytochrome(s) P-450 was demonstrable only after 6 hours. Using the 

depletion of hepatic glutathione as an indicator of the formation of 

reactive intermediates derived from o-DCB, the data in Figure 8 indicate 

that a significant number of these reactive species have been formed 

prior to 6 hours. Arguably, the ip administration of cc14 in these 

studies would suggest that its effect on cytochrome(s) P-450 would occur 

sooner than following oral administration, as a result of an increased 

rate of absorption. However, it was felt that the available data were 

not sufficient to establish this mechanism of interaction without 

experimental confirmation. It was thought necessary to show conclusive

ly that the effect of CC14 on cytochrome(s) P-450, did indeed result in 

the decreased bioactivation of o-DCB. The destruction of cytochrome(s) 

P-450 by cc14 appears to be nonspecific, relative to the isozymes 

involved (Davies et al., 1986). This nonspecific destruction of cyto-

chrome(s) P-450 suggests that an antagonistic effect of cc14 would 

likely be seen with those compounds requiring bioactivation by cyto-

chrome(s) P-450 for the production of toxicity. One such agent is 

chloroform (CHC13) (Cornish, 1980). Chloroform has also been demon-
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strated to inhibit the activity of cytochrome(s) P-450 (Dingell and 

Heimberg, 1968). 

The need for caution in the prediction of an antagonistic inter

action between cc14 and those agents requiring metabolic bioactivation, 

is indicated by a study performed in this laboratory by Dr. David 

Wiersma. Following the concomitant ip administration of cc1
4 

(100 

ul/kg) and CHC13 (2 ml/kg), the resultant hepatotoxicity indicated a 

synergistic hepatotoxic interaction between these two chemicals, rela

tive to that observed for either compound alone. Such co-administration 

produces an elevation in plasma GPT activity of approximately 3100 

units/ml, 24 hours after treatment. This elevation is dramatically 

higher than that produced for either agent alone (each chemical produ

cing GPT activities of approximately 300 units/ml). The results of this 

study are suprising since both of these compounds require bioactivation 

by cytochrome(s) P-450 for the production of toxicity, and each compound 

inhibits the activity of cytochrome(s) P-450. Relative to the argument 

that the destruction of cytochrome(s) P-450 by CC14 is the obvious 

mechanism of its interaction with o-DCB; the similar situation with CC14 

and CHC13 would be predicted to show an analogous antagonistic 

interaction. The demonstration of a synergistic interaction, relative 

to that of either agent alone, indicates that the predictions of how one 

chemical will interact with another, or predictions of the mechanism of 

an observed interaction, based solely upon the effect of one of the 

chemicals on cytochrome(s) P-450 activity, are not always valid. 

-------·· ----------------------------
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It s~ould be emphasized that those studies involving exposures 

to the dichlorobenzenes and CC14, were not the only studies performed 

involving hepatotoxic interactions. According to the definitions listed 

in the "Introduction", a number of the·studies performed to elucidate 

the stucture-toxicity relationship of the isomers of dichlorobenzene, 

also involved interactive hepatotoxicology. For example, phenobarbital 

pretreatment of animals induces the synthesis of cytochrome(s) P-450; 

thus, the effect of this treatment on the subsequent hepatotoxicity of 

o- and m-DCB represents a potentiation interaction. Furthermore, the 

administration of phorone to deplete hepatic glutathione resulted in a 

potentiation of the hepatotoxicity of each of the isomers of dichloro-

benzene. Finally, the protection by SKF-525A against the hepatotoxicity 

of o-DCB represents an example of an antagonistic interaction. This 

antagonistic interaction, as well as that seen for o-DCB and cc14, can 

be further characterized as an example of dispositional antagonism. In 

both of these cases, the interaction results from a decrease in bioacti-

vation of o-DCB. 

Future studies involving the potential for the dichlorobenzenes 

to interact with other chemicals should focus on the inclusion of 

additional chemicals, and on the examination of varied exposure 

conditions. In light of reports that the dichlorobenzenes may act as 

inducers of cytochrome(s) P-450 (Poland et al., 1971; Ariyoshi et al., 

1975a, 1975b; Carlson and Tardiff, 1976; Carlson, 1977), sub-chronic 

exposures to low levels of these agents should be conducted. The effect 

of such induction would likely be demonstrable following sub-chronic 
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exposures to low levels of these chemicals, either in the drinking 

water, or following exposure by inhalation. 
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