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STELLIRGEN

1. De tetrachloorbenzochinonen zijn de enige metabolieten van hexachloorbenzeen
welke in staat zijn tot covalente binding aan eiwit.

dit proefachrift

2. Covalente eiwitbinding van metabolieten van hexachloorbenzeen speelt goen
directe 1ol bij de ontwikkeling van de door deze stof geinduceerde lever-
porfyrie.

dit proefschrift

3. De door Takszawa et al. vermelde aspectrale bindingsconstante voor hexachloor—
benzeen aan microsomaal cytochroom P-450 is te hoog omdat de oplosbaarheid
van hexachloorbenzeen overschat is.

R.S. Takazawa en H.W. Strobel, Biochemigtry 25, 4804-4808 (1986)

4. De conclusie van Lunte et al. dat superoxide dismtase geen effect heeft op
de oxidatie van het p-hydrochinon berust op een verkeerde interpretatie van
hun resulcaten.

S5.M. Lunte en D.T. Kiseginger, Chemico-Biological Interactione 47,
195-2:12 (1983)

5. Het feit dat haemachtige verbindingen sterke remmers zijn van glutathion S~
transferases geeft aanleiding tot een herbezirming op de rol van deze enzymen

in de bhiotransformatie van porfyrinogene stoffen.

6. Het ontbreken van een spectrale lijnverbreding van het PMN-semichinon ten
opzichte wvan de geoxideerde vorm in het alp-m-spectm van het cytochroom
P-450 reductase wordt door Otvos et al. niet voldoende verklaard, met name
omdat de rol van fosfolipiden buiten beschouwing wordt gelaten. 7

J.D. Otvos, D.P. Krum en B,S.S. Maaters, Biochemigtry 25, 7220-
7228 (1886)




7. De kloof tussen wetenschep en praktijk blijlt bijworbeeld uit het felt dat
voor het commercicel belangrijkste enzym, het protease gubtilisine,
honderden modelmatige assays zijn ontwikkeld, terwijl de proteolytische
activiteit ten opzichte van slechts twee Intacte elwitten is beschreven.

M, Philipp en M.L. Bender, Molecular and Cellular Biochemistry
51, 5-32 (1983)

8. Het gebruik van de "oxidant waarde"” alas maat voor de hoeveelheid oxiderende
luchtverontreiniging is vanuit toxicologisch cogpunt gezien weinig relevant.

9. Biochemische oxidatie van weel hydrochinonen bilf jkt alleen bewerkstelligd te
worden door een reductor.

10. De publieke afkeer van gyothetisch bereide doch natuuridentieke geur— en
snaakstoffen en de affectie voor vitaminepreparaten is blijkbaar niet alleen

gebaseerd op het feit dat beide groepen verbimdingen afkomstig ziin van de
chemische industrie.

1l. Aan in vitro onderzoek naar reactieve intermediairen dient sandacht te

worden besteed {n een vroege fase van het toxicologlach onderzoek.

12. Versnippering van het toxicologiach ondarzoek dient vermeden te worden.

Diepgaand toxicologisch onderzoek behoeft echter niet per definitle inter—-
disciplinair te zijn.

RAWB advies inaake prioriteiten in het gezondhetdsondersoek

Ben van Ommen

The in vitro bietransformation of hexachlorobenzene in relation to its toxiciry

6 maart 1987
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Het is een goede zaak om in dit voorwoord duidelijk te maken dat meerdere
mensen hun stempel op dit werk gedrukt hehben. Tn de eerste plaats geldt
dit wvoor wmijn wetenschappeliljke steunpilaar en klankbord, Peter wan
Bladeren. Beste Peter, zonder jou had dit bhoekje er waarschijnlijk heel
anders uitgezien. 0ok mijn beide promotoren, de hoogleraren Koeman en
Miiller, hebben mij, door hun scherpe kijk op het geheel en hun
bemoedigende woorden, op het goade pad gehouden. Van Hans Temmink durf fk
te beweren dat ik zonder hem zelfs nooit aam dit werk zou zijn begonnen.
Lex Ronteltap, Roeland Hanemaaijer, Ria Vos, Eric Biessen, TLuuk Brader,
Lia van de Brink, Connie Oers, Ton Adang, Jos Bessems, Jan Willem Voncken
en Roelofine wvan de Ruit hebben zich tijdens hun studie voor mij
ingespannen en verdienstelijk gemaakt. Vooral Ton Adang moet ik bedanken
{voor het introduceren wvan het koffiezetapparaat). Maarten Posthumus,
bedaqyt voor de vele weken meettijd op jouw wmooie machine. Jo Haas en de
zijnen wil ik  bedanken vwvoor hun verleende expertise bij de
proefdierexperimenten.

I would like to express my thanks to Paul Thomas and Wayne Levin of the
Roche Tnstitute of Molecular Biology, for the opportunity to perform some
experiments at their lab, and their contimuing willingness to co-gperate.
Their solid approach to science has impressed me.

Slechts een gering aantal mensen die een bijdrage geleverd hebben aan de
tot stand komen van dit proefschrift zullen hun naam tegenkomen boven &én
van de hoofdstukken. Dit komt omdat niet alle bijdragen wvan
wetenschappelijke aard waren. Zo is daar biivoorbeeld de bijdrage wvan
Tiits. Beste Tjits, hoewel je geen medeauteur werd, 1s jouw aandeel wvan
zeer veel waarde geweest. Mijn collega's op toxicologie en biochenmie
hebben door raad en daad en door het ultlenen wvan menig apparaat, maar
vooral door een prettige omgang, het samenwerken tot een plezierige
bezigheid gemaakt. Ria en Roeland dank ik hartelijk voor de bewezen
diensten als paranimf.

De vakmensen van de tekenkamer en fotografie wvan het Biotechnion
verzorgden de plaatjes in en op dit proefschrift, en tot mijn genoegen is
gebleken dat Manon, Janneke, Loes, Marleen, Tetje en Gré veel sneller

kunnen typen dan ik.



SUMMARY

Hexachlorobenzene (HCB) has become a major environmenral pollutant due to
its formation as an unwanted byproduct in the industrial production of a
number of chlorinated compounds, and because of 1its former use as
fungicide. In laboratory animals, HCB induces tumor formation. In man and
animals, HCB disturbes the hepatic heme blosynthesis, 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-430 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 inactlvatioo 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 HCH.

As tools in the present study of the hiotransformation of HCB, use has
been made of, on the one hand, rat 1liver microsomes {particles of the
endoplasmatic reticulum, which contaln the cytochrome P-450 complex) and
purified cytochrome P-4530 isoenzymes, and on the other hand, a primary
culture of chick embryo hepatocytes. Throughout the investigations,
radiolabeled HCB and metabolites have been appllied. 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
HCR. Pentachlorephenol (PCP) was detected in very small amounts (10 - 350
pmeles, depending on the type of microsemes used, in a 30 minute
incubation of 50 nmoles of HCB). The hydroxylation of HCB appeared to be
cyvtochrome P-450 dependent, as saturation of the microscmes 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,



tetrachloro~l,4-hydrequinone (1,4~TCHQ) was {dentified. The apparent
Km-values for the €ormation of PCP and 1,4~TCHQ were both determined to be
34 pM, with Vmax-values of 24 pmoles PCP/min/mg protein and 1.9 pmole

1,4-TCHQ/min/mg protein. Using 18

O-labeled Hy0, the origin of the oxygen
atoms incotporated in PCP and 1,4-TACQ was determined to be molecular
oxygen, indicating a sequential hydroxylation by ecytochrome P-450.
Furthermore, a small amcunt (5-10%Z of all metabolites) was detected to be
covalently bound to microsomal protein. Since this binding was
metabolism~dependent, attention became focussed on the identity of the
matabolite or reactive intermediate involved.

Reductive dechlarination of HCB, rvesulting from a one electron reduction
of HCRB by cytochrome P-450, and giving rise to a pentachlorophenyl
radical, was proven not te be involved in the pracess of covalent binding.
Under anaervobic conditions, which 1in general stimulate reductive
dehalogenation, the enzymatic hydroxylation was greatly reduced, while
covalent hinding also disappeared. Pentachlorobenzene, as a product of
reductive dehalogenation, could not be detected.

Covalent hinding to microsomal protein was also detected as a result of
microsomal PCP-hydroxylation. 1If PCP was incubated at concentrations
comparable to those formed in HCB-incubations, the amount of covalent
binding was similar to the amount detected after HCB—-incubations. This
indicated that the covalent hinding resulting from the microsomal
coaversion of HCB was due to a reaction product of PCP, formed in these
incubations. Because no covalent binding could be attributed to the
hydroxylaticon of HCB to PCP, the formation of reactive species during this
reaction is improbable.

The covaleant biading as a result of microsomal couversion of HCB could be
prevented by addition of ascorbic acid to the incubation mixtures. The
disappearance of covalent binding was accompanied by a proportional
increase in the amount of TCHQ formed., Glutathione also inhibited covalent
binding, but no 1increase in formation of 1,4~-TCHQ was observed. These
results led to the conclusion that the benzoquinone or semiquinone forms
of the tetrachlorohydroquinones are the species 1involved 1in covalent
binding to protein. Ascorbic acid prevents the oxidation of hydrequinones,
while glutathione reacts with the benzoquinone, forming conjugates. The

reaction of glutathione with tetrachloro—l,&—benzoquinone' was studied
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chemically, and evidence was ohtained for the formation of mono-, d4i- and
tri~substtituted coujugates, still in the oxidized Fform.

Hicrosomal hydroxylation of PCP resulted, in addition te covalent binding,
in the formation of tetrachloro-1,4-hydroquinone aad
tetrachloro-l,2-hydroquinone. The apparent Km-values for the {formation of
these hydroquincnes was 13 pM, a value also measured for the formation of
covalently bhound prodacts in PCP-incubations. Ascorbic acid I{nfluenced the
covalent binding in the same way as observed in HCB®B-incubations. A
conversion-dependent covalent hinding te DNA was observed in Lncubations
with DNA, which was 0.2 times the amount of binding te protein.

Using liver nmicrosomes from rats treated with different inducers of
cytochrome P-450, not only differeat rates of conversion of HCR and PCP
were measured, but fadications were also obtained for a preferential
formation of either of the two isomers of the hydroquinone hy different
isoenzymes of cytochrome P-450. This matter has bheen studied in more
detall, wusing purified cytochrome P-450 1isoenzymes and monoclonal
antibodies against cytochrome P-450bte and cytochrome P-450c. It appeared
that at least three different iscenzymes are involved in the hydroxylation
of HCB. Purified cytochromes P-450b and P-450e exhihited a (very low)
catalytic activity towards HCB, while selective inhibition of these
ispenzymes in microsomes also resulted in a moderate decrease in formation
of PCP. Moreover, microsomes from rats treated with dexamethasone, which
induces cytochrome P-450p, displayed a 4.4 times higher rate of
hydroxylation than microsomes treated with phenoharbital, which induces
cytochromes P-450b and P-450e. It seems likely that P-45Cp is the major
cytochrome P-450 iscenzyme involved in the hydroxylation of HCB. In a
reconstituted system, PCP was converted to the hydroquinones by purified
cytochromes P-450c and P-4504, and to a much 1eéser extent hy cytochromes
P-450b and P-450e. The first two isoenzymes mentioned preferentialy
produced the 1,4-diol, while the latter two form more 1,2-TCHQ than
1,4~THCQ. Selective inhibition of the catalytic activity of P-450c 1in
microsomes from rats treated with 3-methylcholanthrene (a potent inducer
of cytochrome P-450c), and inhibition of P-450bte in microsomes from
phenoharhital treated rats did not result in a decrease in formation of
diels, 1Indicatimg that these 1isoenzymes were mnot involved in the

microsomal hvdroxylation. Microsomes from dexamethasone induced rats again
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were Lthe most potent in converting PCP, 1iundicating the importacce of
cytochrome P-450p. These microsomes almost exclusively produce the
1,4-diol.

A high reactivity of tetrachloro~1,4-benzoquinone towards protein was
detected. The oxidation of tetrachloro-1,4-hydroquinone to its
benzoquinone was studiad. Purified cytochrome P-450b appeared to be able
to catalyze this reaction. However, in micrasomes, cytochrome P-450 is not
the only enzyme {nvolved: carbon wmonoxide only partially inhibited the
oxidation, as measured by covalent binding to microsomal protein, while
aven under anearobic conditions binding was still 39% of the amount Ffound
under aerobic conditions. Superoxide dismutase inhibited covalent binding
in microsomes to almost the same extent, while oxidation by purified
cytochrome P-450 was completely 1nhibited. This indicated that all
oxygen-mediated oxidation of 1,4-TCHQ can be ascribed to the superoxide
anlon vadical. However, covalent binding as a result of wmilcrosomal
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 ac&ivity 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 metabolie
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
rasult of biotransformation of these compounds was detrected, 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 cthese 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. Tnstead, 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 hiotransformation was measured, only &

relatively small amount of covalent binding was detected.




In view of thege results, it is unlikely that covaleant hinding to protein,
as caused by the oxidative biotransformation of HCB, 1s 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 bindiang of . the
tetrachlorobenzoquinones and the carcinogenicity of HCB and the

nmutagenicity of PCP may exist




CHAPTER 1

GENERAL INTRODUCTION

Hexachlorobenzene has heen used as a fungicide, especially for the
protection of seed grains against bunt fungi. The production of HCE for
this purpose was estimated to be about 7 tons annually (Quinlivan, 1977).
0f greater Importance is the production of HCR 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 pentachleronitrobenzene
for example, 2000 tons of HCBR were produced anmually in the early
seventies (Quinlivan, 1977). In many countries, inrluding the Netherlands
(8ince 1973), the use of HCB as a fungicide has heen prohihited 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, HCR 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 ocverview:
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 toxficity of HCB is relatively low. LD50 values range from
2600-4000 mg/kg hodyweight (Strik, 1987). Chronic exposure, however,
reveals a wide range of toxic effects. These effects 1include
imounotoxicity (Vos, 1983), teratogenic effects (Khera, 1973),
neurotoxicity (Peters, 1987), porphyria and tumor formation. The last two
effects wmentioned will be discussed in some detail. For a review of all

toxicological data on HCB see Courtney (1979).




THE PORPHYRINOGENIC ACTION OF HEXACHLOROBENZENE

The best known toxic effect of HCB is its porphyrinogenic action in man
and animals. Hepatic porphyria, the accumulation and excretion of
porphyrins as a result of a disturbhance 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 {PCHD5) and the polychlorinated
dibenzofurans (PCDF’'s) (Strik, 1980).

The porphyrinogenic action of HCB in humans was discovered after a case of
massive polsoning 1in the south-eastern part of Turkey in 1955-1959
(Peters, 1976, Peters, 1982, cCrips, 1984)., Consumption of grain dressed
with HCB resulted in at least 3000 cases of porphyria, with a 10 percent
mortality rate. Among dinfants 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 ian 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

coproporphyrinogen
decarboxylase

deaminase + yroparphyrinogen pm?oporﬁhyrinoqen
isemerase decarboxylose oxydase ferrochelotase
oot
HDOF CH,
i
HL  CH,
Hp [ )
H, N
NH, N
porphobillinogen uroporphyrinogen I coproporghyrinogen L protoporphyrin IX heme

A= (H;(00H  P=C00H. V= [H=CH, ,M= (H,

figure 1. Part of the porphyrin biosynthetic pathway




decarhoxylase {(URO-D, EC 4,1.1.37), which catalyses the four successive
decarhoxylations of uroporphyrin (with 3 carboxyl groups) to
coproporphyria (with 4 carboxyl groups) (Smith and Francls, 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 dinhibition on purified URO-D of HCB, Billy
{(1986) found no effect of HCB on cytosolic URD-D. Smith (1986) reported
that mouse liver URO-D in vivo is not radiolabeled by 1l’C—l-ICB. However,
Rios de Molina (1987) showed that partially purified URO-D from
HCB-porphyric rats 1{is structurally different from the enzyme from
untreated rats. FElder (1982), {inally, 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 HCR

Iron stimulates the development of HCB-induced porphyria (Taljaard, 1972,
Smith, 1983). Khanna {1985} reported that 1iron stimulates the HCB
biotransformation, although the time course of metabolite excretion did
not coincide with the development of porphyria. Muckerji (1984) showed
that 0.1 mM Fel' had a 30% inhihitory effect on URO-D. This inhibition
could be a direct effect (binding to sulfhydryl groups of URO-D), or could
be an indirect effect. TIron is known to stimulate the production of
reactive oxygen species in the liver. A number of authors mentioned the
hypethesis of HCB-porphyria medlated through 1lipid 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 ahsence 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 {n females
than in males (Rizzardini, 1982). Untreated female rats contain 3-5 times

more hepatic non-heme iron than male rats (Smith, 19853),while the amount



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 coutent in both males and females
(Smith, 1985).

THE RELATION BETWEEN PORPHYRIA AND BIOTRANSFORMATION OF HEXACHLOROBENZENE

In the rat, the porphyrinogenic action of HCB can he enhanced by the
cytochrome P-450 inducer phenobarhital (Kerklaan, 1979, Debets, 1981,
Wainstock de Calmanoviel, 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,
1981la), while addition of 3-methylcholanthrene (Sinclair, 1984) and
beta-naphthoflavone (Debets, 198la), inducers of a cytochrome P=-5450
isocenzyme, together with HCB, also induced porphyria. Piperony! butoxide
also inhibits the development of porphyria in vivo (Smith, 1986). These
findings have led to the hypothesis that blotransformation of HCE is a
prerequistite for ité porphyrinogenic action. A number of metabolites have
therefore been tested for their ability to iunduce porphyria or to inhibit
URO-N. Although in early studies pentachlorophenol! was reported to be
porphyrinogenic, 1later reports showed that this was due to chemical
impurities, especially PCDD's and PCDF's. Pure pentachlorophencl does not
cause porphyria in rats (Goldstein, 1977, Goertz, 1978, Wainstock de
Calmanovici, 1980). Pentachlorothiophenol, pentachlorothicaniscl and its
sulfoxide and sulfone were alsoc found to be non—porphyrinogenic (Koss,
1979). Pentachlorophenol and tetrachlorohydroquinone, although not
porphyrinogenic by themselves, are able to {ncrease the porphyrinogenic
action of HCB (Debets, 1980, Carpenter, 19853), the latter being the
strongest synergist. In ovo exposure of chick embryo's to

tetrachloro—-1,4-hydroquinone, and to a lesser exteut for other phenolic
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metabolites, resulted in accumulation of porphyrins. HdB itself showed no
porphyrinogenic effect (Billy, 1985). As far as the direct effect on URO-D
is concerned, only tetrachlorohydroqulnone and pentachlerophenol had an
inhibitory effect (Billy, 1986). However, the conceutrations 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 (Xawanishi, 1984), caused no degrease in activity of cytesolic URO-D
(Billy, 1986).

Summarizing the data presented so far, it is clear that HCB does not by
itself inactivate UR0O-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,
Laubrecht, 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
aad 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
HCE 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 remal and thyroid tumors were induced to a

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

GENERAL

In gemneral,
compounds is to increase the polarity of the =xenobiotic,

faster elimination from the hody

the nature of

Two kinds of reactions have been identified for this purpose:

1) transformation reactions

polar

functional group into

(phase I reactlons).

the molecule.

The

The reactions catalysed

cytochrome P-450 form the majority of this class.

2) conjugation reactions (phase II reactioms).

product of a phase I reaction,

mostly In an enzyme catalysed reaction.

The =xenohiotic, or

An overview of the phase T aund phase 1T reactions is given in table 1.

the process of biotransformation of foreign
resulting in a

of the product than its parent compound.

introduction of a

by

the

is linked to a polar endogenic molecule,

A fascinating phenomenon is that the biotransformation described above

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

TABLE 1.

PHASE T AND PHASE II REACTTONS INVOLVED

IN BIOTRANSFORMATION OF XENORIOTICS

reac

tion enzyme

substrates

PHASE 1 REACTIONS {TRANSFORMATIOQNS)

oxidation mixed function oxidases alkanes, alkenes, arenes,
amines, thiones, thioethers
FAD-containing monooxygenases amiunes
alcohol dehydrogenases alcohols
aldehyde dehydrogenases aldehydes
reduction mixed function oxidases azo and nitro groups, N—oxldes
arene-oxides, alkyl halogenides
aldehrydes, ketones
alcohol dehydrchgenases aldehydes, ketones
hydreolysis esterases egters
PHASE IT REACTIONS (CONJUGATIONS)
with Hz0 epoxide hydrolase epoxides
with glutathione glutathione-5-transferases electrofiles
with glucurenic acld glucuronyl transferases OH, COOH, NH
with sulfuric acid sulfotransferases NH, CH
with acetic aeid W- and O—methyl transferases WNWH, OH
with acetic acid N-acetyl transferases NH
Adapted from Van Bladeren (1981)




a large number of examples available in which the foreign compound becomes
toxic only after biotransformation (metabolic activation). Many of the
examples known refer to substances which have wutagenic or carcinogenic
properties. For example, from benzo(a)pyrene carcinogenic diolepoxides are
formed by 1) oxidation catalyzed by cytochrome P-450, 2) hydrolysis of the
epoxide by epoxide hydrolase and 3} oxidation by cytochrome P-430 of the
remaining double bond (see figure 2)(Jerina, 1984).

O@ P450 O:( epoxide tydrolase ( REO T
QQQ : o o

H
benzolalpyrene (+)-78-oxide {-)-78-dihydrodicl (+)-78-diol -9,10- epoxide- 2

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

Another example of a bloactivation reaction, in which glutathione is
involved is represented by 1,2-dibromoethane. This compound has been shown
to be carclinogenic in rats and nice {0lson, 1973). In vitro studies
suggested glutathione conjugation, resulting in a reactive thiiranium ion,
to be responsible for thls action (Van Bladeren, 1980, figure 3). The DNA
adduct of this intermediate has been isolated and characterized (Koga,
1986). Metabolic activation 1s dependent on the chemical structure of the

conpound . Examples are known for every enzyme involved in

biotransformation.
covalent binding
/ to macremolecules
GSSG « CyH,
e &
~ Br tﬁs/\/ $6
GS//ﬁxy,’OH

figure 3. The metabolic activation of dibromoethane. A reactive
thiiranium ion is formed after conjugation with glutathione.
Adapted from Van Bladeren (1980).
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A noteworthy kind of activation occurs with a mnumber of olefins,
acetylenes and hydrazines. These compounds act as suicide {inhibitors
toward cytochrome P-430 because during the catalytic turnover of the
substrate a reactive product 1is 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 cytochrome P-450, or P-450, is commonly used to denote a group of
isoenzymes shating a number of characteristics:

-all are iron containing hemoproteins of about 50,000 dalton wmolecular
weight, showing an absorption maximum of approximately 450 mm, when carcbon
monoxide is bound to the reduced ivon;

-all are membrane proteins, 1localized 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 endogencus compounds, an Important
function 1is the oxygenase activity towards =xenobiotics. They are

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

TABLE 2. SUBSTRATE SPECIFICITY OF THE CYIFOCHROME P-450 ISCENZYMES

SUBSTRATE REACT ION ISOENZYME (rate in nmole/min/nmole P-450)

a b [} s @ 3 g n i
benzo{a)pyrene 3/9=hydrox. 0.2 0.4 23.4 0.3 0.1 0.1 0.1 1.8 <0.1 ¢
hexobarbital 3-hydrox. <0.5 42.0 0.0 <0.6 8.2 <0.5 1.1 22.6 1.0 ¢
benzphetamine N-demethyl. 2.3 132.0 0.7 3.9 19.8 1.3 4.9 52.1 2.8
7-ethoxucoumarin O«deethyl. 0.6 9.6 97.0 0.6 2.0 <0.5 1.1 0.9 0.7
p-nitroanisol O-demethyl <0.5 1.8 21.6 9.7 <0.5 <0.5 <0.5 1.5 <0.5
aniline p-hydrox. <0.5 1.8 1.0 9.6 <0.5 <0.5 <0.5 1.5 <0.5 1
zoxazolamine &-hydrox. 0.9 3.3 60.8 21.1 1.1 0.9 <0.5 7.4 0.7
estradiol 178 2=nydrox. <0.5 <0.5 1.7 13.8 0.9 0.5 0.6 8.0 1.3

Data taken from Ryan et al (Ryan, 1984, + refs)
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derived from molecular oxygen, into the substrate, and catalyse the

following reaction:
RH + NADPH + 02 + H+ —=3 ROH + NADP+ + H20

The highest concentration of cytochrome P-450 is found in the liver,
although in many other organs its presence has alsco been established.

In the rat, in which the cytochrome P-450 system is most thoroughly
studied, at least 11 hepatic P-450 isoenzymes have been purified, all with
different activities toward a number of specific substrates (table 2).
Although not uniformly adopted, the most widely used nomenclature is the
one from Levin and co-workers, naming the lsoenzymes alphabetically.

Most cytochrome P-450 isoenzymes are induclble. Form b, ¢, d and e, which
are present ounly in trace amounts in non-induced rats, are the isoenzymes
which are most frequently induced by xenobiotics {table 3). P-450b, the
phenobarbital inducible 1isoenzyme, 1is the most widely studied form.
Cytochrome P-448 is the obsolete name for P-450c, the isoenzyme inducible
by polycyclic hydrocarbons. TIsoenzymes f, g, h and i are so-called
"constitutive™ P-450's, and are isolated from non induced rats. At least

one isoenzyme is known which is not named and charactarized by Levin et

TABLE 3. INDUCTION OF CYTOCHROME P-450 ISOENZYMES

INDUCER TOTAL CYTOCHROME TISOENZ YME
P-4590 a bte c d unknown
{omole/mg) (% of total amcunt of cytochrome P-450)
none 0.86 3] 4 3 5 82
isosafrole 2.33 5 17 16 38 24
3~methylcholanthrene 1.83 14 <1 78 24 ~-16
beta-naphthoflavone 1.96 9 <1 71 24 -4
TCCD 2.51 13 <1 c0 20 7
aroclor 1254 3.67 7 37 27 22 7
gamma-chlordane 1.88 4 46 3 1 46
phenobarbital 2.18 6 55 1 2 36
SKF 525-A 2.26 4 35 4 1 56
PCN 1.34 5 3 2 1 89

Data taken from Thomas et al, 1983
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al. This isoenzyme, P-450-PCN or P-450p 1s induced by glucocorticoids and
mactolide antibiotlics (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, 1%8l, 1983), These
antibodies are well suited as probes for the structure and function of
different forms of cytachrome P-450. They can be used for
immunoquantitation purposes {(Parkinson, 1983), as well as for specific
inhibition of isoenzymes {(Thomas, 1984, Reik, 19853, chapter 7 of this
thesis).

The P-450 active site is characterized by its hydrophobicity. In general,
apolar molecules have a high binding atfinity toward P-450. The very broad
substrate specificity (Nebert 1979) can only he partly explained by the
existence of multiple isoenzymes. Most individual isocenzymes are able to
react with a large number of substrates. Jerina and co-wotkers (Van
Bladeren, 1984) have established a model for the dimensions of the active
site and the stereoselectivity toward polyeyeclic Thydrocarbons of
cytochrome P-450c. It appears that the active site is a relatively open
structure, with physical limitations at only a few sites. The
stercogselectivity 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 epoxidatlion 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-450h

figure 5. The different stereoselective hydroxylation sites of
testosterone by a number of cytochrome P-450 isoenzymes. Adapted from
Waxman (1983) and the work of Levin and co-~workers.

Another striking example of substrate specificity and stereoselectivity of
the P~450 isoenzymes s the hydroxylation of testosterone. This steroid is
a substrate for a number of isocenzymes. Each isoenzyme, however, has its
own favoured stereoselective site of hydroxylation. For example, P~450a
has a high affinity toward the 7-alpha position, while P-450b mostly
hydroxylates the 16~alpha site (figure 3).

Three oxidative functions of cytochrome P-450 can be distinguished:

—the monooxygenase function;

-the oxidase function;

—the peroxidase function.

A scheme of these functions is presented in figure 6.

Acting as an oxygenase, the essential action of P-450 is presenting a
highly reactive oxygen species te the substrate (White and Coon, 1980).
The heme-iron is used to bind, reduce and stabilize oxygen, while the
structure of the heme pocket Is organized to present the substrate to the
reactive oxygen. Starting in the oxidized (Fe3+) form, the substrate binds
close to the heme, thus causing the iron to shift from a low spin to a
high spin state. In this state, the iron can be one-electron reduced,
accepting an electron from the NADPH-cytochrome P-450 reductase. This
reductase is a unique enzyme in that it possesses two flavin prosthetic

groups, FAD and FMN, both of which play a role in transporting the




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
ig formed, which reacts with the substrate. The product dissociates
together with a molecule of M,0, leaving the iron again in the oxidized
form.

As an oxidase, the same reaction cycle 1is 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
gubstrate 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 oxygea and NADPH used versus the amount of
ptoduct) is not 1:1l:1, as it should be, but a surplus of oxygen and
reduction equivalents 1s used. This indicates the partial uncoupling of
the oxygenase rteaction (Gorsky, 1984), resulting in the formation of
activated oxygen specles. 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-4530 is
also able to substitute 0, and NADPH for organic peroxides, 1like cumene

hydroperoxide (0'Brien, 1978).

Fe'" [ XO0H)
R
XOH R
peroxidase
HQ ROH
Fet-0; Fe'* Fe'* | XOOH )
R 2H* X00H
oxygenase R

0z
Fe’toz—/—- Fé-R

| oxidase
R\\/
e
0,

Fe'R
figure 6. Oxygenase, oxidase and peroxidase activity of cytochrome
P-450. Adapted from Estahrook (1982).
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Apart from the oxidative reactiouns, cytochrome P-457 gsometimes acts as a
reductive enzyme. Tf the substrate has a high affinity for the first
electron donated tc the complex, the iron returns to the oxidized form,
preventing the hinding of oxygen, and the substrate Ls reduced. Carhbon
tetrachioride, for example, dissociates 1iato a CClB' radical and a
chloride ion {(Uehleke, 1973). Some substrates, €or example halothane and
NOT, need anaerobic conditlons to let the reductive route prevail (Baker
and Van Dyke, 1984, 1984a). The reductive pathway is illustrated in figure
7 for NIT.

Cl a ] Ll Cl Cl
OO OO 0L O
| S
C P-450 [[9 C [i
|

-0; I
a—cCc—a a--¢—da t—c—oa
I i !
a & H
Dot BINDING TO LIPID Dbo

figure 7. Reductive dechlorination of DDT. Adapted from Baker (1984).

INDUCTION OF CYTOCHROME P-450 BY HEXACHLOROBENZENE

Hexachlorobenzere is an inducer of hepatic microsomal cytochrome P-450,
The changes in drug metabolism which occur after exposure of rats to HCB
indicate that HCB is a "mixed inducer”, which implies the induction of
both phenobarbital and 3-methylcholanthrene inducible cytochrome P-450
isoenzymes {Stonard, 1974, 1976, Blekkenhorst, 1978, Goldstein, 1978,
vizethum, 1980, Holme, 1982, Franklin, 1983). Carpenter (1983a, 1983h)
describes the same type of induction by HCR for the Tapanse quail. Most
authors describe an increase 1n transformation of typical P-450c
substrates like benzo(a)pyrene, ethoxyresorufin and ethoxycoumarin to
about half the level that can bhe reached with induction by
beta-naphthoflavone or 3-methylcholanthrene, while conversion of typical

P-450b substrates like aminopyrine, pentoxyresorufin (Rozman, 1986), and
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biphenyl (4-hydroxylation) is iIncreased about as much as by phenobarbital
induction. HCB shares this type of induction with polychlorinated
biphenyls (Parkinson, 1983). The induction is accompanied by a significaat
increase in liver weight. Recently, two studies have been performed in
which the total amount of P-450 lsoenzymes has been estimated by means of
mRNA induction (Goldstein, 1987), or immunochemical quantitation (Li,
1987}). Both studies confirmed the mixed nature of induction. The results
are presented in table 4. Other hepatic drug metabolizing enzymes which
are induced by HCB are the cytochrome P-450 reductase (Holme, 11982},
glucuronyl transferase (Goldstein, 1978, Rozman, 1986), epoxide hydrolase
{Cavrpenter, 1985) and cytosolic glutathione S~traunsferase (with CDNB as
substrate) (Carpenter, 1985, Debets, 1981b).

Tt has been established that enzyme induction by HCB is not caused by
impurities (Goldstein, 1978). As for the metaholites of HCB, the major
metabolite pentachlorvophenol does not induce P-450 (Goldstein, 1977, San
Martin de Viale, 1980, Li, 1987). The confusion on this matter is due to
the fact that early studies with this compound were performed with
pentachloraphenol, containing PCDD's and PCDF's as impurities (Goldstedin,
1977). Lower chlorinated benzenes {penta, tetra and trichlorobenzenes)
induce cytochrome P-450 to some extent (Goldstein, 1982), but the amount
of these compounds produced as metabolites of HCB 1is insufficient to act
as an inducer in situ. This inevitably leads to the conclusion that HCB

itself is responsible for the Induction described above.

TARLE 4. INDUCTICON OF CYTOCHROME P-450 ISOENZYMES BY HEXACHLORCBENZENE

INDUCER INDUCT TON FACTOR [(induced/control}
P-450a P-450bte P-450c P=-4504d unknown total

CORN OIL 1 1 1 1 1 1
HEXACHLOROBENZENE 2.3 48 13 8 0.04 2.8
PENTACHLOROBENZENE 1.0 13 1.0 1.6 1.02 1.6
PENTACHLORCOP HENOL 1.0 2.0 1.0 1.2 1.17 1.2

ABSQLUTE VALUES (nmole/mg protein)

0.05 0.025 0.015 0.055 0.54 0.69

__________________________________________________________________________ o

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

Hexachlorobenzene is very slowly metabolized. This 1s 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 accumunlates In
adipose tissue (Tatropoulos, 1975, Mehendale, 1975). Twenty years after
the dramatic case of HCB poisening 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 HCR became a worldwide pollution problem, the in vivo
hictransformation 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 chlerinated henzenes

A large number of metabolites have been detected. They are presented in
table 3. Recent reviews on the hiotransformation of hexachlorobenzene have
been published by Renner (1981, 1984a, 1985).

The major metabolite of HBCB 1is pentachlorophenol (PCP). PCP has been

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

TABLE 5. THE METABOLITES OF UEXAGHLOROBENZENE

BENZENES PHENOLES SULFUR CONTAINING METABOLITES

pentachlorobenzene
1,2,3,4-tetrachlorobenzene

pentachlorophenol pentachlorothiophenol
2
1,2,4,5~tetrachlorobenzene 2
2
2

&
4,6-tetrachlorophenol  tetrachlorothiophensl
5,6-tetrachlorophenol pentachlorethioanisol
1,3,5-trichlorobenzene S5-trichlorophenol tetrachloroathicanisel
6-trichlorophenol dichlorotetra{methylthic)benzene
hexa(methylthio)benzene
tetrachloro-1,4-di(methylthio)benzene
1,4-dimercapto-tetrachlorobenzene
4-methylthio—tetrachlorothiophenol
N-acetyl-S~(pentachlorophenyl)cystelne

n
>3,
23,
4y
""’

Adapted from Renner (1983)
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1978). The second most important metabolite is tetrachlorohydroquinone.
The other predominant metabolites are pentachlovothiophenol {(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 l: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 pentachlorothiophenol and pentachlorobenzene, rtespectively. Stewart
(1986), however, reports the direct reduction of HCB to pentachlarobenzene
by rat liver microsomes. The rate of this reduction, though, is extremely

low.

E,—I;QH- COOH
cl SG Slys S NH-COCH  SH H
O~ Q-0 - Q- Q0
ul Cl Cl Cl
Q 5Cl 5 Ci 50 50 o
HCB PCPThP PLB
glutathicne cleavoge of  acetylation cleavage reductive
conjugation  glycine ond glutamate of GSbond  desulphuration

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

POSSIBLE REACTIVE INTERMEDIATES IN THE BIOTRANSFORMATION OF
HEXACHLOROBENZENE

As lndicated, a relation ls suspected between the bhiotransfotrmation and
porphyrinogenic action of Thexachlorobenzene. A number of stable
metabolites have been screened for their parphyrinogenic capacity and, at
least in vivo, no metabolite has been found toe be capable of inducing
porphyria as strongly as HCB itself. A number of authors have suggested

the Involvement ¢f a reactive Intermediate in the inhibitory action toward



uroporphyrinogen decathboxylase. Sinclair and Granick (1974) showed that a
cell homogenate derived from cultures of embryonal chick hepatocytes in
which porphyria had been induced, can induce porphyria in another culture,
but only for a very limited period of time. However, Cantonl (1987)
reports on an extractable and stable URO-D inhibiter from TCDD- and
HCB-porphyric mice, and Billy (1987) reports the same for rats. The
inhibition of URO-D may be caused by covalent hinding. Therefore, the
mechanisms of action leading to formation of reactive Intermediates and
covalent binding which may occur during HCB biotransformation will be
discussed.

Since P-450 plays an important role in the porphyric action of HCB, and
the first hydroxylation product of HCB in vive, pentachlorophenol, is not
porphyrinogeﬁic, it stands to reason to assume a reactive intermediate
produced during this reaction. Two types of intermediates are conceivable,
epoxides  and radicals. In addition, phenols can be transformed 1into
quinones, which alsc have alkylating properties., These three types of
reactive intermediates are discussed separately.

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 hydroxylation of benzene to phencl has been
shown to involve an epoxide, as deduced by the nuclear induced hydrogen
(NIH) shift {Jerina and Naly, 1974). The benzo(a)pyrene
7,8—-diol-9,10-epoxide (figure 2) covalently binds to DNA, causing
mutations and cavcinogenity (Bentley (1977). Monohalobenzenes undergo
epoxidation leading to specific hydroxylation products (MacDonald, 1984).
Epoxides can react with water to form diols, either chemically or enzyme
catalyzed. The enzyme involved is epoxide hydrolase, a microsomal enzyme
which steresselectively forms trans—diols (Oesch, 1979).

The formation of a HCB-epoxide would be greatly hindered by the presence
of the bulky chlorine atoms. In the case of HCB, the NIH-shift would
involve a positively charged chlorine ion as a leaving group. Other
theoretical pathways of phenol formation out of a HCB~epoxide invelve the
formation of chlorose compounds, which can substitute with water teo form
pentachlerephenol. These mechanisms are discussed in more detail 1in

chapter 8.



2) RADICALS AS A RESULT OF REDUCTIVE DECHLORINATION The mechanigm of
reductive dehalogenatfon by cytochrome P-450, as mentloned previcusly for
carbon tetrachloride and halothane (figure 7), may play a role in the
formation of pentachlorohenzene.

In this case, a pentachlorophenyl radical will be formed after a one
electron reductionr by cytochrome P-450. This radical could either be
reduced to pentachlorobenzene, or bind covalently to cellular
macromolecules (figure 9). Steward (1986) reports the microsomal formation
af pentachlorobenzeue from HCB by rat liver microsomes. This route would

be enhanced under anaerobic conditions.

[N

Cl o€ .
Cl Cl i Cl Cl 2 2 Cl Cl
0 o P-450 CL@ cl l P-450 0l a
Cl al

HCB i \ PCP
H BINDING TO
L Cl LIPID, PROTEIN
cl a
il
PCB
figure 9. Possible route of reductive dechlorination of
hexachlotrobenzene, and generation of an intermediate pentachlorophenyl

radical.

3} QUINCNES In the case of benzene, the ultimate reactive speéies
appeared to be the 1l,4-benzoquinone, formed after oxidation of the benzene
diol, the second hydroxylation product of benzene by ecytochrome P—4530
(Tunek, 1980). Since tetrachlorohydroquinone is detected as an in vivo
metabolite of HCB, this type of reactive compounds {s of 1interest.
Quinones are toxic by two different modes of action: covalent binding and
redox cycling.

Covalent bhinding of gquinones has for example been described for

2-acetamido—~p-benzoquinone, a metabolite of 3'—-hydroxyacetanilide




{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 bhromobenzoguinane {Monks, 1885).

Redox cycling as a mechanism of toxicity of gquinones has heen recognized
for some time to be of major importance. A number of anticancer drugs,
e.g. adriamyein (Smith, 1985) and toxic compounds exert their action in
this way. Some enzymes are able to reduce quinones to their semiguinone
radicals. For example, DIT-diaphorase has a high affinity for quinones
(Ernster, 1962), and the NADPH-cvtochrome P-450 reductase has bheen shown
to rteduce the benzo{a)pyrene-3,6—-quinone {(Smith, 1985). The semiquinone
radicals are able to he resoxidized, reducing molecular oxygen to
superoxide anion vradicals. This redox shutle results in a large
comsumption of reduction equivalents, cellular oxidative stress, depletion

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

Br - Br
OH oM
b b
HO

Bromobenzene o-Bromaphenol §
2-Bromohydroguinone

Br
o L 2- Bromoquinone

Br Br fr
pealEN e uRENG &
+ +
HO HO HO 5G
SG

3 Possible Monosubstituted GSH Conjugates

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




OBJECTIVES OF THE INVESTIGATION

Since the invelvement of cytachrome P-450 {n 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 convinecing evidence had appeared 1indicating the
porphyrinogenic capacity of a particular metaholite. 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 iuvolved in vitro, since i{n vivo the reactivity of
such compounds would greatly hinder their detection and isolation.

The first objective of this study was to prove cthe 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 studled. Tt appeared that PCP was further hydroxylated to
tetrachlorchydroquinone, which in turn was oxidized to 1ts benzoquinone.
This tetrachloraobenzoquinone was peostulated to bhe the actual covalently
binding agent. The evidence for this mechanism of covalent binding to
protein is deseribed in chapters 4 and 5. Chapter 4 deals with the
microsomal metabolism of pentachlorophenol, resulting in covalent binding
to protein and DNA. Tn chapter 5 the driving force behind the oxidation of
the tetrachlorohydroquinene to tetrachlorobenzoquinone {is studied. TIn
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 metaholism of HCR 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. wvan Bladerenl), J.H.M. Temminkl), and F. Mﬂllerz.

1) Department of Toxicology and 2) Tepartment of Blochemistry, Agricultural

University 6703 BC Wageningen, the Netherlands.

ABSTRACT

1Z'C —hexachlorobenzene with microsomes from livers of rats

On  incubation of
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 radiocactivity
{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 sybstrate). 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 342

respectively.

INTRODUCTTON

The fungicide hexachlorobenzene {HCB) has been shown to be hepatocarcinogenic (1)
and 1s known for its porphyrinogenic action in man and animal (2). The accumula-

tion of porphyrins is a result of inhibition of the enzyme wuroporphyrinogen

L Biochemical and Biophysical Research Communications 126 (1), 25-32 (1985)
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decarboxylase (3). Although it has been reported that HCR 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
accurmlation of porphyrins after HCB-exposure (5), while in viw induction of P-
450 by phenobarbital enhances the porphﬁrinogentc actlon of HB (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 nicrosomes of non-induced rats, and the amounts of metabolites
found were too small for quantitation. In the present study the metabolism of
lag -labeled HCB by liver microsomes of rats pretreated with HCB and a number of
other inducing apents was investigated and the amounts of metabolites were deter-

mined quantitatively.

METHODS

Chemicals: U- M*C -hexachlorobenzeme (Amersham UK, sa. 106 mCi/mmol) was purified
by HPLC, uasing the procedure described below for analysis of metabolites, to a
radiochemical purity of 99.96% (0.03% contamination with pentachlorobenzene).
Hexachlorobenzene (amalytical grade, BDH chemicals, Poole UK) was purified by
preparative HPLC (Chrompack Lichrosorb RPL8 1.2x25 cm columm, eluted isocratically
with methanol) for use In microsomal Iincubations. 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-
chlorophenocl (Fluka); 1,2,3,4- {Merck), 1,2,4,5-{Aldrich) and 1,2,3,5- (Merck)
tetrachlorobenzene and pentachlorebenzens (Merck).

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

(2 rats per treatment) with HCB (14 days 0.1% 1n chow, prepared from a 1% solution
in olive oll (6}), rhenobarbital (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. lojection of 600 mg/kg body weight, sacrifice after 6 days). Livers were
perfused with a 20 mM Tris—-HCl 250 oM sucrose buffer, pH 7.4, homogenized with a

teflon potter, and centrifuged for 20 minutes at 10.000 g. The supernatant was
42




centrifuged for 90 minutes at 105.000 g, and the pellet was washed in 150 mM KCl.
The resulting pellet was resuspended in 100 mM potassium phosphate buffer, pH 7.4.
‘licrosomes were stored ac -25°C until use. Cytochrome P-450 was determined
according to Omura and Sato (14). Protein concéntration was determined by the
method of Lowry {15).

Microsomal incubations: The standard incubation mizture contained 25uM -HCB
dlluted to a s.a. of 20 wCifmwol, 3nM MgCl,, 0.1 M potassium phosphate buffer pil
7.4 amd 0.16 -5 p microsomal cytochrome P-450 in a final wolume of 2 ml.

ldc

Incubations were started by addition of 1luM NADPH. After 30 minutes incubation at
37° 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 radicacti-
vity from the aqueous phase. The extracts were dried with N2,50, and after removal
of the organic solvent in a stream of dry air, the residues were dissolved in 50
pl of methanol. Controls consisted of incubations with boiled microsomes, without
NADPH or with carbon monoxide. To find optimal comditions 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 Zorhax ODS column (0.46x%25 cm). After injection of 30 Pl incubation
sample together with 5pl of a solution containing the marker metabolites, all
radioactivity was eluted with a linear gradient of 65% 20 mM tris—acetate bhuffer,
pt 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 mm and C.3 -
1 mwl fractions were collected in order to determine the zmount of radicactivity,
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 mI of scintillation—
cocktail was added and the amount of radicactivity was determined. This method was

adapted from that described by Kass (13).
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