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STELLINGEN 

1. De tetrachloorbenzochinonen zijn de enige metabolieten van hexachloorbenzeen 

welke In s taat zi jn tot covalente binding aan eiwit . 

dit proefschrift 

2. Covalente eiwitbinding van metabolieten van hexachloorbenzeen speelt geen 

d i recte rol b i j de ontwikkeling van de door deze stof geinduceerde lever-

porfyrie. 

dit proefschrift 

3 . De door Takazawa e t a l . vermelde spectrale bindingsconstante voor hexachloor­

benzeen aan microsamaal cytochroom P-450 i s t e hoog omdat de oplosbaarheid 

van hexachloorbenzeen overschat i s . 

R.S. Takazawa en E.W. Strobel, Biochemistry 25, 4804-4809 (1986) 

4 . De conclusie van Lunte e t a l . dat superoxide dismutase geen effect heeft op 

de oxidatie van net p-hydrochinon berust op een verkeerde in terpre ta t ie van 

hun resul ta ten. 

S.M. Lunte en D.T. Kissinger, Chemico-Biological Interactions 47, 

195-212 (1983) 

5. Het f e i t dat haem-achtige verbindingen sterke remmers zijn van glutathion S-

transferases geeft aanleiding to t een herbezinning op de ro l van deze enzymen 

in de biotransformatie van porfyrinogene stoffen. 

6. Het ontbreken van een spectrale lijnverbredlng van het FMN-semichinon ten 
31 opzichte van de geoxideerde vorin in het P-NMR-spectrum van het cytochroom 

P-450 reductase wordt door Otvos e t a l . n ie t voldoende verklaard, met name 

omdat de rol van fosfolipiden buiten beschouwing wordt gelaten. 

J.D. Otvos, D.P. Krwn en B.S.S. Masters, Biochemistry 25, 7220-

7228 (1986) 



7. De kloof tussen wetenschap en praktijk blijkt bijvoorbeeld uit het f e i t dat 

voor het commercieel belangrijkste enzym, het protease s u b t i l i s i n e , 

honderden modelmatige assays z i jn ontwikkeld, terwijl de proteolytische 

act iv i te i t ten opzichte van slechts twee Intacte eiwitten Is beschreven. 

M. Philipp en M.L. Bender, Molecular and Cellular Biochemistry 

51, 5-32 (1983) 

8. Het gebruik van de "oxidant waarde" a ls maat voor de hoeveelheid oxiderende 

luchtverontreinlging i s vanuit toxicologisch oogpunt gezien weinig relevant. 

9. Biochemische oxidatie van veel hydrochinonen blijkt alleen bewerkstelligd te 

worden door een reductor. 

10. De publieke afkeer van synthetlsch bereide doch natuuridentieke geur- en 

sraaakstoffen en de affectie voor vitaminepreparaten i s blijkbaar niet alleen 

gebaseerd op het f e l t dat beide groepen verbindingen afkomstlg zijn van de 

chemische Industrie. 

11. Aan in v i t ro onderzoek naar react ieve intermediairen dient aandacht te 

worden besteed in een vroege fase van het toxicologisch onderzoek. 

12. Versnippering van het toxicologisch onderzoek dient vermeden te worden. 

Diepgaand toxicologisch onderzoek behoeft echter niet per definitie inter-

disciplinair te zijn. 

RAWB advies inzake prioriteiten in het gezondheidsonderzoek 

Ben van Onmen 

The in vitro biotransformation of hexachlorobenzene in relation to its toxicity 

6 maart 1987 
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SUMMARY 

Hexachlorobenzene (HCR) has become a major environmental pollutant due to 

Its formation as an unwanted byproduct in the industrial production of a 

number of chlorinated compounds, and because of its former use as 

fungicide. In laboratory animals, HCB induces tumor formation. In man and 

animals, HCB disturbes the hepatic heme biosynthesis, resulting in massive 

excretion of porphyrins. This porphyrinogenic action of HCB was shown to 

be due to a selective inhibition of the enzyme uroporphyrinogen 

decarboxylase. Evidence has been presented for the involvement of 

cytochrome P-450 in the porphyrinogenic action of HCB: in vivo induction 

of this enzyme by phenobarbital increased, and Inhibition with piperonyl 

butoxide decreased the amount of excreted porphyrins. This led to the 

assumption that the inactivation of uroporhyrinogen decarboxylase could be 

attributed to a metabolite or a reactive intermediate formed during the 

oxidative biotransformation of HCB. The aim of the present study was to 

investigate the in vitro oxidative biotransformation of HCB, with special 

attention to the formation of reactive intermediates. In doing so, a more 

balanced evaluation could be made regarding the involvement of 

biotransformation in the toxic action of HCB. 

As tools in the present study of the biotransformation of HCB, use has 

been made of, on the one hand, rat liver microsomes (particles of the 

endoplasmatic reticulum, which contain the cytochrome P-450 complex) and 

purified cytochrome P-450 isoenzymes, and on the other hand, a primary 

culture of chick embryo hepatocytes. Throughout the investigations, 

radiolabeled HCB and metabolites have been applied. This proved to be of 

great advantage in the tracing and quantification of very small amounts of 

products. 

Evidence was obtained that rat liver microsomes were able to hydroxylate 

HCB. Pentachlorophenol (PCP) was detected in very small amounts (10 - 350 

pmoles, depending on the type of microsomes used, in a 30 minute 

incubation of 50 nmoles of HCB). The hydroxylation of HCB appeared to be 

cytochrome P-450 dependent, as saturation of the microsomes with carbon 

monoxide, an inactivator of cytochrome P-450, almost completely inhibited 

the reaction. The formation of PCP amounted to 80-90% of the total 

metabolite formation. As a minor metabolite, 



t e t r a e h l o r o - 1 , 4-hydroquinone (1,4-TCHQ) was i d e n t i f i e d . The apparent 

Km-values for the formation of PCP and 1,4-TCHQ were both determined to be 

34 uM, with Vmax-values of 24 pmoles PCP/min/mg p ro t e in and 1.9 pmole 

1,4-TCHQ/min/mg p r o t e i n . Using O-labeled ^ 0 , the o r ig in of the oxygen 

atoms incorporated in PCP and 1,4-THCQ was determined to be molecular 

oxygen, i nd i ca t ing a s equent ia l hydroxylat ion by cytochrome P-450. 

Furthermore, a small amount (5-10% of a l l me tabo l i t e s ) was detected to be 

covalent ly bound to microsomal p r o t e i n . Since t h i s binding was 

metabolism-dependent, a t t e n t i o n became focussed on the i d en t i t y of the 

metabol i te or r e ac t i ve in termediate involved. 

Reductive dech lo r ina t ion of HCB, r e s u l t i ng from a one e l e c t r on reduct ion 

of HCB by cytochrome P-450, and giving r i s e to a pentachlorophenyl 

r a d i c a l , was proven not to be involved in the process of covalent b inding. 

Under anaerobic cond i t ions , which in general s t imula te reduct ive 

dehalogenat ion, the enzymatic hydroxylat ion was g r e a t l y reduced, while 

covalent binding a l so d isappeared. Pentachlorobenzene, as a product of 

r educt ive dehalogenat ion, could not be de tec ted . 

Covalent binding to microsomal p ro te in was a l so detected as a r e su l t of 

microsomal °CP-hydroxylation. If PCP was incubated a t concent ra t ions 

comparable to those formed in HCB-incubations, the amount of covalent 

binding was s imi la r to the amount detected a f t e r HCB-incubations. This 

indicated t ha t the covalent binding r e su l t i ng from the microsomal 

conversion of HCB was due to a r e ac t ion product of PCP, formed in these 

i ncuba t ions . Because no covalent binding could be a t t r i bu t ed to the 

hydroxylat ion of HCB to PCP, the formation of r e ac t ive species during t h i s 

r e ac t i on i s improbable. 

The covalent binding as a r e s u l t of microsomal conversion of HCB could be 

prevented by add i t i on of a scorb ic acid to the incubat ion mix tures . The 

disappearance of covalent binding was accompanied by a p ropor t ional 

increase in the amount of TCHQ formed. Glutathione a l so i nh ib i t ed covalent 

b inding, but no increase in formation of 1,4-TCHQ was observed. These 

r e s u l t s led to the conclusion tha t the benzoquinone or semiquinone forms 

of the te t rachlorohydroquinones a re the species involved in covalent 

binding to p r o t e i n . Ascorbic acid prevents the oxidat ion of hydroquinones, 

while g l u t a th ione r e a c t s wi th the benzoquinone, forming conjugates . The 

r e ac t ion of g l u t a th ione with t e t rachloro-1 ,4-benzoquinone was s tudied 
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chemically, and evidence was obtained for the formation of mono-, d i - and 

t r i - s u b s t i t u t e d conjugates , s t i l l in the oxidized form. 

Microsomal hydroxylat ion of PCP r e s u l t e d , in add i t i on to covalent b inding, 

in the formation of t e t rachloro-1 ,4-hydroquinone and 

t e t rach loro-1 ,2-hydroquinone . The apparent Km-values for the formation of 

these hydroquinones was 13 uM, a value a l so measured for the formation of 

cova lent ly bound products in PCP-incubations. Ascorbic ac id influenced the 

covalent binding in the same way as observed in HCB-incubations. A 

conversion-dependent covalent binding to DNA was observed in incubat ions 

with DNA, which was 0.2 times the amount of binding to p ro t e in . 

Using l i v e r microsomes from r a t s t r ea ted with d i f f e r en t inducers of 

cytochrome P-450, not only d i f f e r en t r a t es of conversion of HCB and PCP 

were measured, but i nd i ca t ions were a l so obtained for a p r e f e r en t i a l 

formation of e i t h e r of the two isomers of the hydroquinone by d i f f e r en t 

isoenzymes of cytochrome P-450. This mat ter has been s tudied in more 

d e t a i l , using pur i f ied cytochrome P-450 isoenzymes and monoclonal 

an t ibodies aga ins t cytochrome P-450b+e and cytochrome P-450c. I t appeared 

tha t a t l e a s t three d i f f e ren t isoenzymes are involved in the hydroxylation 

of HCB. Pur i f ied cytochromes P-450b and P-450e exhibi ted a (very low) 

c a t a l y t i c a c t i v i t y towards HCB, while s e l e c t i v e i n h i b i t i on of these 

isoenzymes in microsomes a l so r e su l t ed in a moderate decrease in formation 

of PCP. Moreover, microsomes from r a t s t r ea ted with dexamethasone, which 

induces cytochrome P-450p, d isplayed a 4.4 times h igher r a t e of 

hydroxylat ion than microsomes t r ea ted with phenobarb i ta l , which induces 

cytochromes P-450b and P-450e. I t seems l i k e l y tha t P-450p i s the major 

cytochrome P-450 isoenzyme Involved in the hydroxylat ion of HCB. In a 

r e cons t i t u t ed system, PCP was converted to the hydroquinones by pur i f ied 

cytochromes P-450c and P-450d, and to a much l e s s e r ex tent by cytochromes 

P-450b and P-450e. The f i r s t two isoenzymes mentioned p r e f e r en t i a l y 

produced the 1 ,4 -d io l , while the l a t t e r two form more 1,2-TCHQ than 

1,4-THCQ. Se lec t ive i n h i b i t i on of the c a t a l y t i c a c t i v i t y of P-450c in 

microsomes from r a t s t r ea ted with 3-methylcholanthrene (a potent inducer 

of cytochrome P-450c), and i n h i b i t i o n of P-450b+e in microsomes from 

phenobarbi ta l t r e a t ed r a t s did not r e s u l t in a decrease in formation of 

d i o l s , i nd i ca t i ng t h a t these isoenzymes were not involved in the 

microsomal hydroxyla t ion. Microsomes from dexamethasone induced r a t s again 
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were the most potent in converting PCP, indicating the importance of 

cytochrome P-450p. These microsomes almost exclusively produce the 

1,4-dlol. 

A high reactivity of tetrachloro-1,4-benzoquinone towards protein was 

detected. The oxidation of tetrachloro-1,4-hydroquinone to its 

benzoquinone was studied. Purified cytochrome P-450b appeared to be able 

to catalyze this reaction. However, in microsomes, cytochrome P-450 is not 

the only enzyme involved: carbon monoxide only partially inhibited the 

oxidation, as measured by covalent binding to microsomal protein, while 

even under anearobic conditions binding was still 39% of the amount found 

under aerobic conditions. Superoxide dismutase inhibited covalent binding 

in microsomes to almost the same extent, while oxidation by purified 

cytochrome P-450 was completely inhibited. This indicated that all 

oxygen-mediated oxidation of 1,4-TCHQ can be ascribed to the superoxide 

anion radical. However, covalent binding as a result of microsomal 

hydroxylation of PCP was not influenced by superoxide dismutase. This 

might indicate that TCHQ, as formed from PCP, is oxidized in the active 

site of cytochrome P-450, by superoxide anion radicals generated by this 

enzyme. The finding that 1,4-TCHQ stimulated the oxidase activity of 

cytochrome P-450 supports this hypothesis. 

In order to obtain more insight in the biotransformation of HCB and the 

cellular protective mechanisms against alkylation damage, the metabolic 

route of HCB leading to the formation of the metabolites reacting with 

protein has been studied in a primary culture of chick embryo hepatocytes, 

using radiolabeled HCB, PCP and 1,4-TCHQ. Although covalent binding as a 

result of biotransformation of these compounds was detected, the relative 

amount was lower than found during microsomal incubations. It is clear 

that a number of mechanisms are available to protect against this binding. 

The hydroxylation of HCB and PCP in these cultures resembled the 

microsomal hydroxylation: the same inducers were effective, and PCP was 

the only extractable product detected. However, biotransformation of PCP 

did not result in accumulation of diols. Instead, a number of conjugation 

reactions prevented covalent binding by either a reaction with PCP or with 

the benzoquinones. Incubations with 1,4-TCHQ supported these findings: 

although a high degree of biotransformation was measured, only a 

relatively small amount of covalent binding was detected. 
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In view of these results, it is unlikely that covalent binding to protein, 

as caused by the oxidative biotransformation of HCB, is of major 

importance in vivo. A direct alkylation of uroporphyrinogen decarboxylase 

by TCBQ is most probably not involved in the process of HCB-induced 

porphyria. However, a relation between covalent binding of the 

tetrachlorobenzoquinones and the carcinogenicity of HCB and the 

mutagenicity of PC? may exist 
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CHAPTER 1 

GENERAL INTRODUCTION 

Hexachtorobenzene has been used as a fungicide, especially for the 

protection of seed grains against bunt fungi. The production of HCB for 

this purpose was estimated to be about 7 tons annually (Quinlivan, 1977). 

Of greater importance is the production of HCB as an unwanted byproduct in 

the synthesis of a number of halogenated compounds such as 

perchloroethylene, carbon tetrachloride, chlorine, chlorinated solvents 

and pesticides. In the production of the pesticide pentachloronitrobenzene 

for example, 2000 tons of HCB were produced annually in the early 

seventies (Quinlivan, 1977). In many countries, including the Netherlands 

(since 1973), the use of HCB as a fungicide has been prohibited and its 

production as a byproduct strictly regulated. 

However, due to the large amounts of HCB introduced into the environment 

in the past and its poor biodegradability, HCB has become a major 

pollutant (NAS, 1975). For instance, HCB has been shown to be present in 

human adipose tissue, wild mammals, birds, fish and soil (for an overview: 

Courtney, 1979). The residual character has been the main reason for its 

restriction. The concern over HCB has even given rise to an international 

conference on this compound only (Morris and Cabral, 1987). 

GENERAL TOXICITY 

The (sub)acute toxicity of HCB is relatively low. LD50 values range from 

2600-4000 mg/kg bodyweight (Strik, 1987). Chronic exposure, however, 

reveals a wide range of toxic effects. These effects include 

immunotoxicity (Vos, 1983), teratogenic effects (Khera, 1975), 

neurotoxicity (Peters, 1987), porphyria and tumor formation. The last two 

effects mentioned will be discussed in some detail. For a review of all 

toxicological data on HCB see Courtney (1979^. 
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THE PORPHYRINOGEN]!C ACTION OF HEXACHLOROBENZENE 

The best known toxic effect of HCR is its porphyrinogenic action in man 

and animals. Hepatic porphyria, the accumulation and excretion o£ 

porphyrins as a result of a disturbance of heme synthesis (figure 1 ) , can 

either be the result of exposure to certain chemicals or be of congenital 

origin. A variety of porphyrinogenic compounds is known. Apart from HCB, 

well-known representatives are the polychlorinated biphenyls (PCB's), 

polychlorinated dibenzodioxins (PCDD's) and the polychlorinated 

dibenzofurans (PCDF's) (Strik, 1980). 

The porphyrinogenic action of HCB in humans was discovered after a case of 

massive poisoning in the south-eastern part of Turkey in 1955-1959 

(Peters, 1976, Peters, 1982, Crips, 1984). Consumption of grain dressed 

with HCB resulted in at least 3000 cases of porphyria, with a 10 percent 

mortality rate. Among infants the mortality amounted to 95 percent. 

Eversince, the porphyrinogenic action of HCB has been the subject of a 

large number of studies. 

Chronic exposure of rats to 500 mg/kg food of HCB results in the 

appearance of large amounts of porphyrins after 6-10 weeks (Goerz, 1977, 

Koss, 1978). The mechanism of HCB-induced porphyria has only been 

partially resolved. The accumulation of porphyrins in the liver is due to 

a selective, irreversible inhibition of the enzyme uroporphyrinogen 

deaminase* 

isomerase 

C00H 

H00C CH2 

NH2 N 

uroporphyrinogen 

decarboxylase 

H2c4 jLo i 
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figure 1. Part of the porphyrin biosynthetic pathway 
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decarboxylase (URO-D, EC 4.1.1.37), which catalyses the four successive 

decarboxylations of uroporphyrin (with 8 carboxyl groups) to 

coproporphyria (with 4 carboxyl groups) (Smith and Francis, 1981). The 

excreted porphyrins predominantly consist of 8, 7, 6 and 5 carboxyl group 

containing porphyrins. The mechanism of inhibition is not clear. Kawanishi 

(1984) reported the direct inhibition on purified URO-D of HCB, Billy 

(1986) found no effect of HCB on cytosolic URO-D. Smith (1986) reported 

that mouse liver URO-D in vivo is not radiolabeled by C-HCB. However, 

Rios de Molina (1987) showed that partially purified URO-D from 

HCB-porphyric rats is structurally different from the enzyme from 

untreated rats. Elder (1982), finally, showed that the amount of 

immunodetectable URO-D is unchanged after HCB-exposure, although its 

activity is greatly diminished. 

THE EFFECT OF IRON ON THE PORPHYRINOGENIC ACTION OF HCB 

Iron stimulates the development of HCB-induced porphyria (Taljaard, 1972, 

Smith, 1983). Khanna (1985) reported that iron stimulates the HCB 

biotransformation, although the time course of metabolite excretion did 

not coincide with the development of porphyria. Muckerji (1984) showed 
7+ 

that 0.1 mM Fe had a 50% inhibitory effect on URO-D. This inhibition 

could be a direct effect (binding to sulfhydryl groups of URO-D), or could 

be an indirect effect. Iron is known to stimulate the production of 

reactive oxygen species in the liver. A number of authors mentioned the 

hypothesis of HCB-porphyria mediated through lipid peroxidation (Smith 

1986) or oxidation of porphyrinogens to porphyrins, which are competitive 

inhibitors of URO-D (Ferioli, 1984, Muckerji, 1984, Jones, 1981). However, 

Cantoni (1987) showed that URO-D is also inactivated in the absence of 

porphyrins. 

There is a striking sex difference in the HCB-induced development of 

porphyria in the rat. After 103 days of exposure to HCB, female rats 

excrete 40 times more porphyrins in the urine than male rats, while the 

amount of porphyrins in the liver is more than 300-fold higher in females 

than in males (Rizzardini, 1982). Untreated female rats contain 3-5 times 

more hepatic non-heme iron than male rats (Smith, 1985),while the amount 
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of heme bound iron does not change after treatment with HCB (Wainstock de 

Calmanovici, 1985). Preloading' of males with iron, however, did not 

stimulate the porphyric action of HCB, while long-term exposure to HCB 

resulted in a decrease in hepatic iron content in both males and females 

(Smith, 1985). 

THE RELATION BETWEEN PORPHYRIA AND BIOTRANSFORMATION OF HEXACHLOROBENZENE 

In the rat, the porphyrinogenic action of HCB can be enhanced by the 

cytochrome P-450 inducer phenobarbital (Kerklaan, 1979, Debets, 1981, 

Wainstock de Calmanovici, 1984). The Japanese quail, a species which 

develops porphyria in response to HCB very rapidly, excretes porphyrins 

much earlier and to a greater extent after treatment with 

beta-naphthoflavone. Phenobarbital pretreatment shows an inhibitory effect 

on the development of porphyria in this species (Carpenter, 1984). In a 

culture of primary chicken hepatocytes, SKF-525A and piperonyl butoxide, 

both selective inhibitors of cytochrome P-450, inhibit the porphyrinogenic 

action of chlorinated hydrocarbons (Sinclair, 1974) and HCB (Debets, 

1981a), while addition of 3-methylcholanthrene (Sinclair, 1984) and 

beta-naphthof lavone (Debets, 1981a) , inducers of a cytochrome P-450 

isoenzyme, together with HCB, also Induced porphyria. Piperonyl butoxide 

also inhibits the development of porphyria in vivo (Smith, 1986). These 

findings have led to the hypothesis that biotransformation of HCB is a 

prerequisite for its porphyrinogenic action. A number of metabolites have 

therefore been tested for their ability to induce porphyria or to inhibit 

URO-D. Although in early studies pentachlorophenol was reported to be 

porphyrinogenic, later reports showed that this was due to chemical 

impurities, especially PCDD's and PCDF's. Pure pentachlorophenol does not 

cause porphyria in rats (Goldstein, 1977, Goertz, 1978, Wainstock de 

Calmanovici, 1980). Pentachlorothiophenol, pentachlorothioanisol and its 

sulfoxide and sulfone were also found to be non-porphyrinogenic (Koss, 

1979). Pentachlorophenol and tetrachlorohydroquinone, although not 

porphyrinogenic by themselves, are able to increase the porphyrinogenic 

action of HCB (Debets, 1980, Carpenter, 1985), the latter being the 

strongest synergist. In ovo exposure of chick embryo's to 

tetrachloro-1,4-hydroquinone, and to a lesser extent for other phenolic 

1! 



metabolites, resulted in accumulation of porphyrins. HCB itself showed no 

porphyrinogens effect (Billy, 1985). As far as the direct effect on URO-D 

is concerned, only tetrachlorohydroquinone and pentachlorophenol had an 

inhibitory effect (Billy, 1986). However, the concentrations used by far 

exceed the concentrations these compounds may reach in the liver as 

metabolites of HCB. HCB itself, although reported to inhibit purified 

URO-D (Kawanishi, 1984), caused no decrease in activity of cytosolic DRO-D 

(Billy, 1986). 

Summarizing the data presented so far, it is clear that HCB does not by 

itself inactivate URO-D, but whether a metabolite or reactive intermediate 

is involved, or by which mechanism iron is involved in this inactivation 

remains to be resolved. 

THE CARCINOGENIC ACTION OF HEXACHLOROBENZENE 

HCB has been shown to be carcinogenic in rats (Smith, 1980, 1985, 

Lambrecht, 1983, Arnold, 1985), mice (Cabral, 1979), and hamsters (Cabral, 

1977). In all species the incidence of liver tumors was significantly 

increased after chronic exposure to at least 75 ppm HCB, while in hamsters 

and rats (Arnold, 1985), thyroid adenomas were reported as well. In the 

rat, renal cell adenomas were detected (Lambrecht, 1982). 

The sex differences in tumor development are noteworthy. Whereas in 

hamsters and mice hepatomas occurred predominantly in males, in the rat 

HCB induced more liver tumors in females than in males (Smith, 1985). This 

phenomenon is strikingly similar to the development of HCB-induced 

porphyria. Of the three species mentioned, only in the rat females 

developed hepatic porphyria to a larger extent than males (Rizzardini, 

1982). However, in the rat both renal and thyroid tumors were induced to a 

larger extent in males than in females. 
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THE BIOTRANSFORMATION OF HEXACHLOROBENZENE 

GENERAL 

In general, the nature of the process of biotransformation of foreign 

compounds is to increase the polarity of the xenobiotic, resulting in a 

faster elimination from the body of the product than its parent compound. 

Two kinds of reactions have been identified for this purpose: 

1) transformation reactions (phase I reactions). The introduction of a 

polar functional group into the molecule. The reactions catalysed by 

cytochrome P-450 form the majority of this class. 

2) conjugation reactions (phase II reactions). The xenobiotic, or the 

product of a phase I reaction, is linked to a polar endogenic molecule, 

mostly in an enzyme catalysed reaction. 

An overview of the phase I and phase II reactions is given in table 1. 

A fascinating phenomenon is that the biotransformation described above 

should not only be considered as a detoxification process, since there are 

TABLE 1. PHASE I AND PHASE II REACTIONS INVOLVED 
IN BIOTRANSFORMATION OF XENOBIOTICS 

reaction enzyme substrates 

PHASE I REACTIONS (TRANSFORMATIONS) 

oxidation mixed function oxidases alkanes, alkenes, arenes, 
amines, thiones, thioethers 

FAD-containing raonooxygenases amines 
alcohol dehydrogenases alcohols 
aldehyde dehydrogenases aldehydes 

reduction mixed function oxidases azo and nitro groups, N-oxides 
arene-oxides, alkyl halogenides 
aldehydes, ketones 

alcohol dehydrohgenases aldehydes, ketones 
hydrolysis esterases esters 

PHASE II REACTIONS (CONJUGATIONS) 

with H2O epoxide hydrolase epoxides 
with glutathione glutathione-S-transferases electrofiles 
with glucuronic acid glucuronyl transferases OH, COOH, NH 
with sulfuric acid sulfotransferases NH, OH 
with acetic acid N- and O-methyl transferases NH, OH 
with acetic acid N-acetyl transferases NH 

Adapted from Van Bladeren (1981) 
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a la rge number of examples ava i l ab l e in which the foreign compound becomes 

toxic only a f t e r b io t ransformat ion (metabolic a c t i v a t i o n ) . Many of the 

examples known r e f e r to substances which have mutagenic or carcinogenic 

p r ope r t i e s . For example, from benzo(a)pyrene carcinogenic d iolepoxides a re 

formed by 1) ox idat ion catalyzed by cytochrome P-450, 2) hydrolys is of the 

epoxide by epoxide hydrolase and 3) ox ida t ion by cytochrome P-450 of the 

remaining double bond (see f igure 2 ) ( J e r i n a , 1984). 

V epoxide hydrolase 

Ha'' 

benzo(a)pyrene (+)-7,8-oxide -7,8-dihydrodiol )-7,8-diol-9,10-epoxide-2 

figure 2. The metabolic activation of benzo(a)pyrene. Adapted from 
Jerina, 1984. 

Another example of a bioactivation reaction, in which glutathione is 

involved is represented by 1,2-dibromoethane. This compound has been shown 

to be carcinogenic in rats and mice (Olson, 1 9 7 3 ) . In vitro studies 

suggested glutathione conjugation, resulting in a reactive thiiranium ion, 

to be responsible for this action (Van Bladeren, 1980, figure 3 ) . The DNA 

adduct of this intermediate has been isolated and characterized (Koga, 

1 9 8 6 ) . Metabolic activation is dependent on the chemical structure of the 

compound. Examples are known for every enzyme involved in 

biotransformation. 

•SG 

figure 3. The metabolic activation of dibromoethane. A reactive 
thiiranium ion is formed after conjugation with glutathione. 
Adapted from Van Bladeren ( 1 9 8 0 ) . 

covalent binding 
to macromolecules 
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A noteworthy kind of activation occurs with a number of olefins, 

acetylenes and hydrazines. These compounds act as suicide inhibitors 

toward cytochrome P-450 because during the catalytic turnover of the 

substrate a reactive product is formed which covalently binds to the 

prosthetic heme group of the cytochrome P-450, thus inactivating the 

enzyme (Ortiz de Montellano, 1983). 

CYTOCHROME P-450 

The term cy tochrome P -450 , o r P - 450 , i s commonly used t o d e no t e a g roup of 

isoenzymes sharing a number of characteristics: 

-all are iron containing hemoproteins of about 50,000 dalton molecular 

weight, showing an absorption maximum of approximately 450 nm, when carbon 

monoxide is bound to the reduced iron; 

-all are membrane proteins, localized in the endoplasmatic reticulum, 

together with an electron donating system consisting of the 

NADPH-cytochrome P-450 reductase, cytochrome b5 reductase and cytochrome 

b5; 

-besides a role in the metabolism of endogenous compounds, an important 

function is the oxygenase activity towards xenobiotics. They are 

monooxygenases, which implies the incorporation of a single oxygen atom, 

TABLE 2 . SUBSTRATE S P E C I F I C I T Y OF THE CYTOCHROME P - 4 5 0 ISOENZYMES 

SUBSTRATE REACTION ISOENZYME ( r a t e i n n m o l e / m i n / n m o l e P - 4 5 0 ) 
a b c d e f g h i j 

benzo(a)pyrene 3/9-hydrox. 0.2 0.4 23.4 0.3 0.1 0.1 0.1 1.8 <0.1 <0.1 
hexobarbital 3-hydrox. <0.5 42.0 0.0 <0.6 8.2 <0.5 1.1 22.6 1.0 <0.5 
benzphetamine N-demethyl. 2.3 132.0 0.7 3.9 19.8 1.3 4.9 52.1 2.8 5-5 
7-ethoxucoumarin O-deethyl. 0.6 9.6 97.0 0.6 2.0 <0.5 1.1 0.9 0.7 1.2 
p-nitroanisol O-demethyl <0.5 1.8 21.6 0.7 <0.5 <0.5 <0.5 1.5 <0.5 1.6 
aniline p-hydrox. <0.5 1.8 1.0 9.6 <0.5 <0.5 <0.5 1.5 <0.5 12.7 
zoxazolamine 6-hydrox. 0.9 3.3 60.8 21.1 1.1 0.9 <0.5 7.4 0.7 3.4 
estradiol 17B 2-nydrox. <0.5 <0.5 1.7 13.8 0-9 0.5 0.6 8.0 1.3 0.8 

Data taken from Ryan et al (Ryan, 1984, + refs) 



d e r i v e d from m o l e c u l a r oxygen , i n t o t h e s u b s t r a t e , and c a t a l y s e t he 

f o l l o w i n g r e a c t i o n : 

RH + NADPH + 0 2 + H -=»• ROH + NADP + H20 

The h i g h e s t c o n c e n t r a t i o n of cy tochrome P-450 i s found i n t h e l i v e r , 

a l t h o u g h i n many o t h e r o r g an s i t s p r e s e n c e h a s a l s o been e s t a b l i s h e d . 

I n t h e r a t , i n which t h e cy tochrome P -450 s y s t em i s most t h o r o u g h l y 

s t u d i e d , a t l e a s t 11 h e p a t i c P -450 i soenzymes have been p u r i f i e d , a l l w i t h 

d i f f e r e n t a c t i v i t i e s toward a number of s p e c i f i c s u b s t r a t e s ( t a b l e 2 ) . 

A l though not u n i f o r m l y a dop t e d , t h e most w i d e l y used n omenc l a t u r e i s t h e 

one from Lev in and c o - w o r k e r s , naming t h e i soenzymes a l p h a b e t i c a l l y . 

Most cy tochrome P-450 i soenzymes a r e i n d u c i b l e . Form b , c , d and e , which 

a r e p r e s e n t o n l y i n t r a c e amounts i n n on - i nduced r a t s , a r e t h e i soenzymes 

which a r e most f r e q u e n t l y i nduced by x e n o b i o t i c s ( t a b l e 3 ) . P - 450b , t h e 

p h e n o b a r b i t a l i n d u c i b l e i s o enzyme , i s t h e most w i d e l y s t u d i e d form. 

Cytochrome P-448 i s t h e o b s o l e t e name f o r P - 450c , t h e i soenzyme i n d u c i b l e 

by p o l y c y c l i c h y d r o c a r b o n s . I soenzymes f, g , h and i a r e s o - c a l l e d 

" c o n s t i t u t i v e " P - 4 5 0 ' s , and a r e i s o l a t e d from non i nduced r a t s . At l e a s t 

one i soenzyme i s known which i s n o t named and c h a r a c t a r i z e d by Lev in e t 

TABLE 3 . INDUCTION OF CYTOCHROME P - 4 5 0 ISOENZYMES 

INDUCER TOTAL CYTOCHROME 

P - 4 5 0 
( n m o l e / m g ) 

n o n e 

i s o s a f r o l e 
3 - m e t h y l c h o l a n t h r e n e 
b e t a - n a p h t h o f l a v o n e 
TCDD 
a r o c l o r 1 254 
g a m m a - c h l o r d a n e 
p h e n o b a r b i t a l 
SKF 5 2 5 - A 
PCN 

0 . 8 6 

2 . 3 3 
1 . 8 3 
1 . 9 6 
2 . 5 1 
3 . 6 7 

1 . 8 8 
2 . 18 
2 . 2 6 
1 . 3 4 

a 
(% o f 

6 
5 

14 
9 

13 
7 
4 

6 
4 
5 

b + e 

t o t a l 

4 

17 
<1 
<1 
<1 
37 
4 6 
5 5 
35 

3 

ISOENZYME 
c 

a m o u n t 

3 

16 
78 
71 
60 
27 

3 
1 
4 
2 

o f 
d 

c y t o c h r 

5 

38 
24 
24 
20 
22 

1 

2 
1 
1 

u n k n o w n 

ame P - 4 5 0 ) 

82 
24 

- 1 6 
- 4 

7 
7 

4 6 
36 
5 6 
8 9 

Data taken from Thomas et al, 1983 
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al. This isoenzyme, P-450-PCN or P-450p is induced by glucocorticoids and 

raacrolide antibiotics (Wrighton, 1985, 1985a). The mechanism of induction 

has only been estabished for P-450c and d, for which it is 

receptor-mediated. For a state of the art of mechanisms of induction, see 

Goldstein (1984). 

Against most of the purified cytochrome P-450 isoenzymes, specific 

monoclonal antibodies have been produced (Thomas, 1981, 1983). These 

antibodies are well suited as probes for the structure and function of 

different forms of cytochrome P-450. They can be used for 

immunoquantitation purposes (Parkinson, 1983), as well as for specific 

inhibition of isoenzymes (Thomas, 1984, Reik, 1985, chapter 7 of this 

thesis). 

The P-450 active site is characterized by its hydrophobic!ty. In general, 

apolar molecules have a high binding affinity toward P-450. The very broad 

substrate specificity (Nebert 1979) can only he partly explained by the 

existence of multiple isoenzymes. Most individual isoenzymes are able to 

react with a large number of substrates. Jerina and co-workers (Van 

Bladeren, 1984) have established a model for the dimensions of the active 

site and the stereoselectivity toward polycyclic hydrocarbons of 

cytochrome P-450c. It appears that the active site is a relatively open 

structure, with physical limitations at only a few sites. The 

stereoselectivity of the isoenzyme is due to the limited possibilities of 

orientation of the substrates towards the heme-iron (figure 4 ) . 

figure 4. Model of the active site of cytochrome P-450. a) The model as 
derived from stereochemical fittings of epoxidation sites of polycyclic 
hydrocarbons, b ) . Benzo(a)pyrene positioned for the 9,10-epoxidation. 
c) Benzo(a)pyrene positioned for the (favoured) (+)-7,9-epoxidation. 
Adapted Van Bladeren (1984). 
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P-450g 

P-450 h-

f igure 5 . The d i f f e r en t s t e r eo s e l e c t i v e hydroxylat lon s i t e s of 
t e s to s t e rone by a number of cytochrome P-450 isoenzymes. Adapted from 
Waxman (1983) and the work of Levin and co-workers. 

Another s t r i k i ng example of s ub s t r a t e s p e c i f i c i t y and s t e r e o s e l e c t i v i t y of 

the P-450 isoenzymes i s the hydroxylat ion of t e s t o s t e r one . This s t e ro id i s 

a s ubs t r a t e for a number of isoenzymes. Each isoenzyme, however, has i t s 

own favoured s t e r eo s e l e c t i v e s i t e of hydroxylat ion. For example, P-450a 

has a high a f f i n i t y toward the 7-alpha po s i t i on , while P-450b mostly 

hydroxylates the 16-alpha site (figure 5). 

Three ox ida t ive functions of cytochrome P-450 can be d i s t ingu i shed : 

- t h e monooxygenase function; 

- t he oxidase funct ion; 

- t h e peroxidase funct ion. 

A scheme of these functions i s presented in f igure 6. 

Acting as an oxygenase, the e s s e n t i a l a c t ion of p -450 i s p resent ing a 

h ighly r e a c t i v e oxygen species to the s ub s t r a t e (White and Coon, 1980). 

The heme-iron i s used to bind, reduce and s t a b i l i z e oxygen, while the 

s t r u c t u r e of the heme pocket i s organized to p resent the s ub s t r a t e to the 

r e ac t ive oxygen. S t a r t i ng in the oxidized (Fe ) form, the s ub s t r a t e binds 

c lose to the heme, thus causing the i ron to s h i f t from a low spin to a 

high spin s t a t e . In t h i s s t a t e , the i ron can be one-e lec t ron reduced, 

accepting an e l e c t r on from the NADPH-cytochrome P-450 r educ tase . This 

reductase i s a unique enzyme in t h a t i t possesses two f l av in p ro s the t i c 

groups, FAD and FMN, both of which play a ro le in t r anspor t ing the 
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electrons from NADPH to P-450. Oxygen binds to the reduced iron and a 

second electron is presented, after which an iron stabilized oxene complex 

is formed, which reacts with the substrate. The product dissociates 

together with a molecule of HoO, leaving the Iron again in the oxidized 

form. 

As an oxidase, the same reaction cycle is followed, but the oxygen, 

instead of reacting with the substrate, dissociates from the active site 

as a superoxide anion, leaving the iron in the oxidized form, with the 

substrate still bound to the active site. It appears that for many 

hydroxylation reactions of cytochrome P-450, the stoichiometry of the 

reaction (the amount of oxygen and NADPH used versus the amount of 

product) is not 1:1:1, as it should be, but a surplus of oxygen and 

reduction equivalents is used. This indicates the partial uncoupling of 

the oxygenase reaction (Gorsky, 1984), resulting in the formation of 

activated oxygen species. For example, the ethanol inducible P-450h (Ryan, 

1984) exhibits a hydroxyl radical mediated oxidation of ethanol (Morgan, 

1982). 

Besides using molecular oxygen and reductase derived electrons, P-450 is 

also able to substitute O2 and NADPH for organic peroxides, like cumene 

hydroperoxide (O'Brien, 1978). 

H20 ROH 

R 2H + 

oxygenase 

Fe2t-02 .A 
I y oxidase 

Fê -R 
figure 6. Oxygenase, oxidase and peroxidase activity of cytochrome 
P-450. Adapted from Estabrook (1982). 
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Apart from the oxidative reactions, cytochrome P-450 sometimes acts as a 

reductive enzyme. If the substrate has a high affinity for the first 

electron donated to the complex, the iron returns to the oxidized form, 

preventing the binding of oxygen, and the substrate is reduced. Carbon 

tetrachloride, for example, dissociates into a CClo' radical and a 

chloride ion (Uehleke, 1973). Some substrates, for example halothane and 

DDT, need anaerobic conditions to let the reductive route prevail (Baker 

and Van Dyke, 1984, 1984a). The reductive pathway is illustrated in figure 

7 for DTT. 

ci ^ ^ a a ~ / \ ci a / . ,. a 

I -o2 ae | I 
a— c — a a—c —a a-c—a 

i ; i 

I 
DDT BINDING TO LIPID DDD 

f i g u r e 7 . R e d u c t i v e d e c h l o r i n a t i o n o f DOT. Adapted from Baker ( 1 9 8 4 ) , 

INDUCTION OF CYTOCHROME P-450 BY HEXACHLOROBENZENE 

Hexach l o r obenzene i s an i n d u c e r of h e p a t i c m ic rosomal cy tochrome P - 4 5 0 . 

The changes i n d rug me t abo l i sm which o ccu r a f t e r e x po su r e of r a t s to HCB 

i n d i c a t e t h a t HCB i s a "mixed i n d u c e r " , which i m p l i e s t h e i n d u c t i o n of 

b o t h p h e n o b a r b i t a l and 3 - m e t h y l c h o l a n t h r e n e I n d u c i b l e cy tochrome P -450 

i soenzymes ( S t o n a r d , 1974 , 1976 , B l e k k e n h o r s t , 1978 , G o l d s t e i n , 1978 , 

V ize thum, 1980 , Holme, 1982, F r a n k l i n , 1 9 8 3 ) . C a r p e n t e r ( 1 985a , 1985b) 

d e s c r i b e s t h e same type of i n d u c t i o n by HCB f o r t h e Tapanse q u a i l . Most 

a u t h o r s d e s c r i b e an i n c r e a s e i n t r a n s f o r m a t i o n of t y p i c a l ? -450c 

s u b s t r a t e s l i k e b e n z o ( a ) p y r e n e , e t h o x y r e s o r u f i n and e t hoxycoumar i n to 

about h a l f t h e l e v e l t h a t can be r e a ched w i t h i n d u c t i o n by 

b e t a - n a p h t h o f l a v o n e o r 3 - m e t h y l c h o l a n t h r e n e , wh i l e c o n v e r s i o n of t y p i c a l 

P -450b s u b s t r a t e s l i k e a m i n o p y r i n e , p e n t o x y r e s o r u f i n (Rozman, 1 986 ) , and 



b i p h e n y l ( 4 - h y d r o x y t a t i o n ) i s i n c r e a s e d abou t a s much a s by p h e n o b a r b i t a l 

i n d u c t i o n . HCB s h a r e s t h i s t ype of i n d u c t i o n w i t h p o l y c h l o r i n a t e d 

b i p h e n y l s ( P a r k i n s o n , 1 983 ) . The i n d u c t i o n i s accompanied by a s i g n i f i c a n t 

i n c r e a s e i n l i v e r w e i g h t . R e c e n t l y , two s t u d i e s have been pe r formed i n 

which t he t o t a l amount of P -450 i soenzymes h a s been e s t i m a t e d by means of 

raRNA i n d u c t i o n ( G o l d s t e i n , 1 9 8 7 ) , o r immunochemical q u a n t i t a t i o n ( L i , 

1 9 8 7 ) . Both s t u d i e s conf i rmed t he mixed n a t u r e of i n d u c t i o n . The r e s u l t s 

a r e p r e s e n t e d i n t a b l e 4 . O the r h e p a t i c d rug m e t a b o l i z i n g enzymes which 

a r e i nduced by HCB a r e t h e cy tochrome P-450 r e d u c t a s e (Holme, 1 982 ) , 

g l u c u r o n y l t r a n s f e r a s e ( G o l d s t e i n , 1978 , Rozman, 1 986 ) , e pox ide h y d r o l a s e 

( C a r p e n t e r , 1985) and c y t o s o l i c g l u t a t h i o n e S - t r a n s f e r a s e ( w i t h CDNB a s 

s u b s t r a t e ) ( C a r p e n t e r , 1985 , D e b e t s , 1 981b ) . 

I t h a s been e s t a b l i s h e d t h a t enzyme i n d u c t i o n by HCB i s no t c aused by 

i m p u r i t i e s ( G o l d s t e i n , 1 978 ) . As f o r t h e m e t a b o l i t e s of HCB, t h e major 

m e t a b o l i t e p e n t a c h l o r o p h e n o l does no t i n duce P-450 ( G o l d s t e i n , 1977, San 

Ma r t i n de V i a l e , 1980, L i , 1 9 8 7 ) . The c o n f u s i on on t h i s m a t t e r i s due t o 

t h e f a c t t h a t e a r l y s t u d i e s w i t h t h i s compound were pe r formed w i t h 

p e n t a c h l o r o p h e n o l , c o n t a i n i n g PCDD's and PCDF's a s i m p u r i t i e s ( G o l d s t e i n , 

1 9 7 7 ) . Lower c h l o r i n a t e d b enzenes ( p e n t a , t e t r a and t r i c h l o r o b e n z e n e s ) 

i n duce cy tochrome P -450 t o some e x t e n t ( G o l d s t e i n , 1 9 82 ) , bu t t h e amount 

of t h e s e compounds p roduced a s m e t a b o l i t e s of HCB i s i n s u f f i c i e n t to a c t 

a s an i n d u c e r in s i t u . T h i s i n e v i t a b l y l e a d s to t h e c o n c l u s i o n t h a t ' HCB 

i t s e l f i s r e s p o n s i b l e f o r t h e i n d u c t i o n d e s c r i b e d a b ov e . 

TABLE 4 . INDUCTION OF CYTOCHROME P-450 ISOENZYMES BY HEXACHLOROBENZENE 

INDUCER INDUCTION FACTOR ( i n d u c e d / c o n t r o l ) 
P - 450a P -450b+e P - 450c P -450d unknown t o t a l 

CORN OIL 
HEXACHLOROBENZENE 
PENTACHLOROBENZENE 
PENTACHLOROPHENOL 

1 
2 . 3 
1 .0 

1 .0 

1 

4 8 
13 
2 . 0 

1 

13 
1 .0 
1 .0 

1 
8 
1 .6 
1 . 2 

1 

0 . 0 4 
1 . 02 
1 . 17 

1 
2 . 8 

1 .6 
1 . 2 

ABSOLUTE VALUES (nmole/mg p r o t e i n ) 
0 . 05 0 . 025 0 .015 0 . 055 0 .54 0 . 69 

Data taken from Li, Safe, Levin et al (1987) 
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THE BIOTRANSFORMATION OF HEXACHLOROBENZENE 

Hexachlorobenzene is very slowly metabolized. This is partly due to the 

fact that HCB is absorbed by the lymphatic system of the gastro-intestinal 

tract, thus avoiding the first pass liver circulation, and accumulates in 

adipose tissue (latropoulos, 197 5, Mehendale, 1975). Twenty years after 

the dramatic case of HCB poisoning in Turkey, traces of HCB were still 

detected in maternal milk (Peters, 1976). The first study on the 

biotransformation of HCB revealed no metabolites (Parke and Williams, 

1960). Since then, partly because of the HCB disaster in Turkey and partly 

because HCB became a worldwide pollution problem, the in vivo 

biotransformation of HCB has been widely studied. Koss (1978) showed that 

in a long-term exposure study in rats, 40 percent of the administered HCB 

is metabolized. 

The metabolites of HCB can be devided into three groups: 

-phenolic metabolites 

-sulfur-containing metabolites 

-lower chlorinated benzenes 

A large number of metabolites have been detected. They are presented in 

table 5. Recent reviews on the biotransformation of hexachlorobenzene have 

been published by Renner (1981, 1984a, 1985). 

The major metabolite of HCB is pentachlorophenol (PCP) . PCP has been 

detected in the liver, faeces and urine of rats exposed to HCB (Koss, 

TABLE 5. THE METABOLITES OF HEXACHLOROBENZENE 

BENZENES PHENOLES SULFUR CONTAINING METABOLITES 

pentachl 
1,2,3,4-
1,2,4,5-
1,3,5-tr 

orobenzene 
tetrachlorobenzene 
tecrachlorobenzene 
ichlorobenzene 

pentachlorophenol 
2,3,4,6-tetrachlorophenol 
2,3,5,6-tetrachlorophenol 
2,4,5- t r ichlorophenol 
2,4,6-trichlorophenol 

pentachlorothiophenol 
te t rachlorothlophenol 
pentachlorothioanisol 
t e t rachlorothioani sol 
dichlorotetra(raethylthio)benzene 
hexa(methylthio)benzene 
te trachloro-1,4-di(raethylthio)benzene 
1,4-dimereapto-tetrachlorobenzene 
4-methylthio-tetrachlorothiophenol 
N-acety1-S-(pentachlorophenyl)cysteine 

Adapted from Renner (1985) 
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1978). The second most important metabolite is tetrachlorohydroquinone. 

The other predominant metabolites are pentachlorothlophenol (PCThP) and 

pentachlorothioanisol. Both sulphur containing metabolites are 

interconvertable by the rat (Koss, 1979). The amount of sulphur containing 

metabolites as compared to the amount of pentachlorophenol excreted is 

1:2.8 after long-term exposure and 1:1.3 after short-term exposure (Koss, 

1976, 1978). The formation of lower chlorinated benzenes from HCB has been 

subject to discussion for some time. Renner (1984) suggested the formation 

of pentachlorobenzene to take place by a pathway he described as reductive 

desulphuration (figure 8). This implies the initial formation of a 

glutathione conjugate of HCB, which is subsequently converted stepwise 

into pentachlorothlophenol and pentachlorobenzene, respectively. Stewart 

(1986), however, reports the direct reduction of HCB to pentachlorobenzene 

by rat liver microsomes. The rate of this reduction, though, is extremely 

low. 

oi§£-
SCys 

CH2-CH-C0OH 

S NH-COCH 

CI 

HCB 

s5Cl ^5 CI "5 CI 

PCPThP 

glutathione cleavage of acetylation cleavage reductive 
conjugation glycine and glutamate ofC-Sbond desulphuration 

figure 8. Formation of pentachlorobenzene from hexachlorobenzene by the 
mechanism of reductive desulfuration, as proposed by Renner (1984). 

POSSIBLE REACTIVE 

HEXACHLOROBENZENE 

INTERMEDIATES IN THE BIOTRANSFORMATION OF 

As indicated, a relation is suspected between the biotransformation and 

porphyrinogenic action of hexachlorobenzene. A number of stable 

metabolites have been screened for their porphyrinogenic capacity and, at 

least in vivo, no metabolite has been found to be capable of inducing 

porphyria as strongly as HCB itself. A number of authors have suggested 

the involvement of a reactive intermediate in the inhibitory action toward 
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uroporphyrinogen decarboxylase. S i n c l a i r and Granick (1974) showed t ha t a 

c e l l homogenate derived from cu l t u r e s of embryonal chick hepatocytes in 

which porphyria had been induced, can induce porphyria in another c u l t u r e , 

but only for a very l imi ted period of t ime. However, Cantoni (1987) 

r epor t s on an ex t r ac t ab l e and s t ab l e URO-D i n h i b i t o r from TCDD- and 

HCB-porphyric mice, and B i l l y (1987) r epo r t s the same for r a t s . The 

i n h i b i t i on of URO-D may be caused by covalent b inding. Therefore, the 

mechanisms of a c t ion leading to formation of r eac t ive in termedia tes and 

covalent binding which may occur during HCB b iot ransformat ion w i l l be 

d iscussed. 

Since P-450 plays an important ro le in the porphyric ac t ion of HCB, and 

the f i r s t hydroxylat ion product of HCB in v ivo, pentachlorophenol , i s not 

porphyrinogenic, i t s tands to reason to assume a r eac t ive In termediate 

produced during t h i s r e a c t i on . Two types of i n te rmedia tes a r e conceivable , 

epoxides and r a d i c a l s . In a dd i t i on , phenols can be transformed in to 

quinones, which a lso have a l ky l a t i ng p r ope r t i e s . These th ree types of 

r eac t ive in te rmedia tes a re d iscussed s epa ra t e ly . 

1) EPOXIDES Reaction of the cytochrome P-450 generated oxene with a 

carbon-carbon double bond leads to the formation of an epoxide. The 

cytochrome P-450 mediated hydroxylat ion of benzene to phenol has been 

shown to involve an epoxide, as deduced by the nuclear induced hydrogen 

(NIH) s h i f t ( J e r i n a and l)aly, 1974). The benzo(a)pyrene 

7 ,8-d io l -9 ,10-epoxide ( f igure 2) cova lent ly binds to DNA, causing 

mutations and carc inogeni ty (Bentley (1977). Monohalobenzenes undergo 

epoxidat ion leading to s pec i f i c hydroxylat ion products (MacRonald, 1984). 

Epoxides can reac t wi th water to form d i o l s , e i t h e r chemically or enzyme 

ca ta lyzed . The enzyme involved i s epoxide hydrolase , a microsomal enzyme 

which s t e r e o s e l e c t i v e l y forms t r a n s - d i o l s (Oesch, 1979). 

The formation of a HCB-epoxide would be g r e a t l y hindered by the presence 

of the bulky ch lo r ine atoms. In the case of HCB, the NIH-shift would 

involve a p o s i t i v e l y charged ch lo r ine ion as a leaving group. Other 

t h eo r e t i c a l pathways of phenol formation out of a HCB-epoxide involve the 

formation of chloroso compounds, which can s u b s t i t u t e wi th water to form 

pentachlorophenol . These mechanisms are d iscussed in more d e t a i l in 

chapter 8. 
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2) RADICALS AS A RESULT OF REDUCTIVE DECHLORINATION The mechanism of 

reductive dehalogenation by cytochrome P-450, as mentioned previously for 

carbon tetrachloride and halothane (figure 7 ) , may play a role in the 

formation of pentachlorobenzene. 

In this case, a pentachlorophenyl radical will be formed after a one 

electron reduction by cytochrome P-450. This radical could either be 

reduced to pentachlorobenzene, or bind covalently to cellular 

macroraolecules (figure 9 ) . Steward (1986) reports the microsomal formation 

of pentachlorobenzene from HCB by rat liver microsomes. This route would 

be enhanced under anaerobic conditions. 

CI 

9 . 

PCB 
Poss ib le route of 

-CI 

CI 

PCP 

BINDING TO 
LIPID, PROTEIN 

reduct ive dech lo r ina t ion of figure 
hexachlorobenzene, and generation of an intermediate pentachlorophenyl 
radical. 

3) QUINONES In the case of benzene, the u l t ima te r e ac t ive species 

appeared to be the 1,4-benzoquinone, formed a f t e r oxidat ion of the benzene 

d i o l , the second hydroxy l a t i on product of benzene by cytochrome P-450 

(Tunek, 1980). Since te t rachlorohydroquinone i s detected as an in vivo 

metabol i te of HCB, t h i s type of r e ac t i ve compounds i s of i n t e r e s t . 

Quinones a re toxic by two d i f f e r en t modes of a c t ion : covalent binding and 

redox cyc l ing . 

Covalent binding of quinones has for example been described for 

2-acetamido-p-benzoquinone, a me tabo l i t e of 3 ' -hydroxyace tan i l ide 



(Streeter and Baillie, 1985) and p-benzoquinone (Wallin 85). The proposed 

mechanism is a Michael addition to macromolecular nucleophilic groups, 

especially sulfhydryl groups. Glutathione Inhibits covalent binding by 

forming a conjugate, most likely by the same type of reaction. An example 

is given in figure 10 for bromobenzoquinone (Monks, 1985). 

Redox cycling as a mechanism of toxicity of quinones has been recognized 

for some time to be of major importance. A number of anticancer drugs, 

e.g. adriamycin (Smith, 1985) and toxic compounds exert their action in 

this way. Some enzymes are able to reduce quinones to their semiquinone 

radicals. For example, DT-diaphorase has a high affinity for quinones 

(Ernster, 1962), and the NADPH-cytochrome P-450 reductase has been shown 

to reduce the benzo(a)pyrene-3,6-quinone (Smith, 1985). The semiquinone 

radicals are able to be reoxidized, reducing molecular oxygen to 

superoxide anion radicals. This redox shutle results in a large 

comsumption of reduction equivalents, cellular oxidative stress, depletion 

of glutathione and cell death. (Kappus, 1985). 

SG 
3 Possible Monosubstituted GSH Conjugates 

figure 10. The metabolic route of bromobenzene leading to the reactive 
bromobenzoquinone, and the stable glutathione-bromohydroquinone as 
product. Adapted from Monks (1985) 
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OBJECTIVES OF THE INVESTIGATION 

Since the involvement of cytochrome P-450 in the development of HCB 

induced porphyria was established, a number of investigations have been 

carried out in order to determine which of the HCB metabolites was the 

actual porphyrinogenic agent. At the onset of the investigations presented 

In this thesis, no convincing evidence had appeared indicating the 

porphyrinogenic capacity of a particular metabolite. On the contrary, the 

major oxidative metabolite, PCP, had been shown to be non porphyrinogenic. 

This led to the hypothesis that a reactive intermediate was involved , 

generated during the hydroxylation of HCB to PCP (Debets, 1981). The 

general aim of the present study was to investigate the biotransformation 

of HCB, with special attention to the mechanism of generation of reactive 

intermediates. The approach chosen to elucidate this mechanism has been to 

study the reactions involved in vitro, since in vivo the reactivity of 

such compounds would greatly hinder their detection and isolation. 

The first objective of this study was to prove the involvement of 

cytochrome P-450 in the hydroxylation of HCB. This is described in chapter 

2. During the microsomal metabolism of HCB a small amount of metabolites 

was found to be covalently bound to protein. In chapter 3 the origin of 

this binding was studied. It appeared that PCP was further hydroxylated to 

tetrachlorohydroquinone, which in turn was oxidized to its benzoquinone. 

This tetrachlorobenzoquinone was postulated to be the actual covalently 

binding agent. The evidence for this mechanism of covalent binding to 

protein is described in chapters 4 and 5. Chapter 4 deals with the 

microsomal metabolism of pentachlorophenol, resulting in covalent binding 

to protein and DNA. In chapter 5 the driving force behind the oxidation of 

the tetrachlorohydroquinone to tetrachlorobenzoquinone is studied. In 

chapter 6, the determination of the cytochrome P-450 isoenzymes involved 

in the hydroxylation reactions of HCB and PCP is described. The last 

experimental chapter deals with the metabolism of HCB and PCP in a primary 

culture of chick embryo hepatocytes, in order to compare the microsomal 

data with a situation which more closely resembles the in vivo situation. 
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CHAPTER 2 

FORMATION OF PENTACHLOROPHENOL AS THE MAJOR PRODUCT OF 
MICROSOMAL OXIDATION OF HEXACHLOROBENZENE 

B. van Ommen \ P.J. van Bladeren ' , J.H.M. Temmink ' , and F. Miiller . 

1) Department of Toxicology and 2) Department of Biochemistry, Agricultural 

University 6703 BC Wageningen, the Netherlands. 

ABSTRACT 

On incubation of C -hexachlorobenzene with microsomes from livers of rats 

induced with hexachlorobenzene, the major product (80-90%) was pentachlorophenol. 

The only other detectable metabolite, tetrachlorohydroquinone (4-15%), was 

presumably formed from pentachlorophenol. A considerable amount of radioactivity 

(5-10% of the amount of extracted metabolites) was covalently bound to protein. 

Microsomes derived from male hexachlorobenzene-induced rats gave by far the 

highest conversion (approx. 1% of substrate). Microsomes from female hexachloro­

benzene-induced rats were 3 times less efficient. Microsomes from untreated and 3-

methyl-cholanthrene-treated animals gave less than 5% of the amount of penta­

chlorophenol formed by microsomes from hexachlorobenzene-induced male rats, while 

phenobarbital and aroclor 1254-induction resulted in formation of 51% and 34% 

respectively. 

INTRODUCTION 

The fungicide hexachlorobenzene (HCB) has been shown to be hepatocarcinogenic (1) 

and is known for its porphyrinogenic action in man and animal (2). The accumula­

tion of porphyrins is a result of inhibition of the enzyme uroporphyrinogen 
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decarboxylase (3). Although it has been reported that HCB Itself has an inactiva­

ting effect upon this enzyme in its purified form (4), there is also substantial 

evidence that metabolism of HCB is a prerequisite for this inactivation. Selective 

inhibition of cytochrome P-450 in a primary liver cell culture prevents the 

accumulation of porphyrins after HCB-exposure (5), while in vivo induction of P-

450 by phenobarbital enhances the porphyrinogenic action of HCB (6-10). These 

experiments indicate the important role of cytochrome P-450 in the metabolism of 

HCB. Numerous studies have appeared on the in vivo metabolism of HCB, resulting in 

the identification of a large number of metabolites, e.g. chlorophenols, chloro-

benzenes and sulphur-conjugated chlorophenols and -benzenes (11-13). The only 

investigation on the microsomal metabolism of HCB reported thus far (11) was 

performed with microsomes of non-induced rats, and the amounts of metabolites 

found were too small for quantitation. In the present study the metabolism of 

C -labeled HCB by liver microsomes of rats pretreated with HCB and a number of 

other inducing agents was investigated and the amounts of metabolites were deter­

mined quantitatively. 

METHODS 

Chemicals: U- C -hexachlorobenzene (Amersham UK, sa. 106 mCi/mmol) was purified 

by HPLC, using the procedure described below for analysis of metabolites, to a 

radiochemical purity of 99.96% (0.03% contamination with pentachlorobenzene). 

Hexachlorobenzene (analytical grade, BDH chemicals, Poole UK) was purified by 

preparative HPLC (Chrompack Lichrosorb RP18 1.2x25 cm column, eluted isocratlcally 

with methanol) for use in microsomal incubations. NADPH was from Boehringer 

Manheim FRG. The HPLC marker metabolites were: tetrachlorohydroquinone (ICN 

Pharm., N.Y.); pentachlorophenol (Aldrich); chloranil (Merck); 2,3,4,5-tetra-

chlorophenol (Fluka); 1,2,3,4- (Merck), l,2,4,5-(Aldrich) and 1,2,3,5- (Merck) 

tetrachlorobenzene and pentachlorobenzene (Merck). 

Preparation of microsomes: 14 week old male or female Wistar rats were pretreated 

(2 rats per treatment) with HCB (14 days 0.1% in chow, prepared from a 1% solution 

in olive oil (6)), phenobarbital (7 days 0.1% in drinking water), 3-methylcholan-

threne (3 daily i.p. injections of 30 mg/kg body weight) and aroclor 1254 (one 

I.p. injection of 600 mg/kg body weight, sacrifice after 6 days). Livers were 

perfused with a 20 mM Tris-HCl 250 mM sucrose buffer, pH 7.4, homogenized with a 

teflon potter, and centrifuged for 20 minutes at 10.000 g. The supernatant was 
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centrifuged for 90 minutes at 105.000 g, and the pellet was washed in 150 raM KC1. 

The resulting pellet was resuspended in 100 mM potassium phosphate buffer, pH 7.4. 

iicrosomes were stored at -25°C until use. Cytochrome P-450 was determined 

according to Omura and Sato (14). Protein concentration was determined by the 

method of Lowry (15). 

Microsomal incubations: The standard incubation mixture contained 25uM C -HCB 

diluted to a s.a. of 20 mCi/mraol, 3mM MgClo, 0.1 M potassium phosphate buffer pH 

7.4 and 0.16 - 5 uM microsomal cytochrome P-450 in a final volume of 2 ml. 

Incubations were started by addition of ImM NADPH. After 30 minutes incubation at 

37°C the reaction was terminated by addition of trichloroacetic acid (3% final 

concentration). Metabolites were extracted with 2x3 ml of acetone/ethyl acetate 

1:2. This resulted in complete ( 99.9%) removal of non-covalently bound radioacti­

vity from the aqueous phase. The extracts were dried with Na2S0^ and after removal 

of the organic solvent in a stream of dry air, the residues were dissolved in 50 

ul of methanol. Controls consisted of incubations with boiled microsomes, without 

NADPH or with carbon monoxide. To find optimal conditions the concentrations of 

HCB, NADPH and the incubation time were varied. 

HPLCanalysis of metabolites: Separation of the metabolites of HCB was achieved on 

a Dupont Zorbax ODS column (0.46x25 cm). After injection of 50 ul incubation 

sample together with 5ul of a solution containing the marker metabolites, all 

radioactivity was eluted with a linear gradient of 65% 20 mM tris-acetate buffer, 

pH 8.0/35% methanol to 100% methanol in 10 min, followed by 20 min of 100% 

methanol, at a flow rate of 1 ml/min. The eluent was monitored at 254 nm and 0.3 -

1 ml fractions were collected in order to determine the amount of radioactivity, 

in 5 ml of Packard instagel. In some runs the tris-acetate buffer was replaced by 

1% acetic acid in water. 

Covalent binding to proteins: After the acetone/ethyl acetate extraction the 

aqueous (protein) samples were extracted with 10 ml of methanol (3 times), ethanol 

(2 times) and ethanol: chloroform: ether 2:2:1 (2 times). The resulting pellet was 

dissolved in 1 ml of soluene 350 (Packard) after which 10 ml of scintillation-

cocktail was added and the amount of radioactivity was determined. This method was 

adapted from that described by Koss (13). 
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RESULTS 

Metabolites of HCB: In order to determine and quantitate the possible metabolites 

of hexachlorobenzene we have developed an HPLC-procedure which separates HCB and 8 

potential metabolites (fig. la). Using this procedure it was found that the major 

product of the HCB-induced microsomal metabolism of HCB co-eluted with the penta-

chlorophenol marker, and consisted of approximately 90% of the radioactivity that 

eluted before the substrate. The only other detectable radioactive peak eluted 

together with tetra-chlorohydroquinone, and accounted for 4-15% of total metabo­

lites. In order to prove the identity of the pentachlorophenol- and tetrachloro-

hydroquinone-peaks, an HPLC run was performed in which the tris-acetate buffer, pH 

8, was exchanged for a 1% acetic acid solution in water (fig. lb). As a result the 

tetrachlorohydroquinone eluted just prior to the chloranil, and the pentachloro­

phenol marker appeared close to the tetrachlorobenzenes. As expected, figure la 

and b show that only pentachlorophenol (pKa= 4.6), tetrachlorophenol (pKa= 7.0) 

no-

a 
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UL 
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Figure 1. HPLC-analysis of metabolites of hexachlorobenzene converted by 
microsomes of male hexachlorobenzene induced ra ts . 
a) Base run ( t r i s -ace ta te pH8-buffer as the aqueous component), b) acid run 
(1% a ce t i c acid as the aqueous component). For exact cond i t ions and 
explanation of marker metabolites see methods section. 
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