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Chapter 1 -
Introduction
1.1. Alkylated Naphthalenes as Envi tal Poll
Naphthalene »s;lld alkylated phth le ially the fftethyl ’
hthal ate the major i of the water soluble fraction of crude m-nl

& tuel orls (Anderson et'al,, 1974) quantities of petroleum enter fresh waters I'rom

sourcu such as oil refineries, petrochemical waste waters, urban s!orm dmnnge'
and from dlsposal of used’ lubricants (Storrs et al., 1973; Boyd et sl 1076). After

'spllls of crude alhr’Fodnes of ‘Water, water-solulﬂe components from the ml may

—

.

remaln even after cleanup, and continue tp exert their _hazardous effects nn the -

.-aquatic environment. The rapid increasein the demand {or and The utilization of

petroleum and ‘petrochemicals has resulted in steadily incréasing levels of
petroleum contamination of marine and estuanne waters. It has been estiméted,
tbst‘ the total annual influx of oil into the oceans is approximately 7 million tons
(Anderson et al., 1974) Oil spills- have caused the loss of large numbers of sea*
blrds, marﬁne and estuarine animals, and have become a serious ‘threat Lo the
envu-onment (Clark, -

973).. Low molecular weight polycychc gromltlc

bulated naohthal

y such as and are known to be

the major water-soluble constituents of crude  oil, and ‘are nlm ma;or by-prodnnls
of combustioh processes (Schmeltz et al., 1974; 1076). Large numbers of aromatic
. hthaleh

p; —
) in sea water extracts

hyd b (chiefly alkylated benzenes snd

P - — "
of crude oils and kerosene have been reported (Boylah and Triﬁ",‘ 1971). Boyd et

al. (1976) showed that in petroleum pollution incidents for 1974 in the U.S., 52% .

" of the volume spilled was in’inland waters (including marine waters),

PR [ L ; I
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. The water solubility of dimethylnaphthalenes from various crude oils ranges

from o.osbppgn to .24 ppm (Anderson et. al.; 1974). Wuer-solubility. of 2,6DMN ~
is 2mg/L (Mackay and Shiu, 1677). . .

In mdu‘stry, methylated naphthalenes are used 8 dye carriers for polyester fibre.

Bey are also consmuents of cigarette smoke. An 85mm cigarette containing U.S.

’efnded tobacco_ Lw:thout filter tips) would give out 220 ng. of
in smoke (Schmeltz et al., 1976). Methylated hal

- y
_are aTso used as a mosquito and black;ly repellant. Oue commercial product
available in the U.S. (*Mosquito Beater®) is composed of 8%_ crude oil and 16%
_methylated nnphthalenes (Witzet gl., 1981 ) )
1.2. Livins Organisms and Alkylated Naphthalenes -

Some tnmor pmmov.mg and co—care\nogemc -activity has been attributed m"
alkylated nnphthnlenu (Horton et al 1957). qphthnlene and alkyl substituted
;aphthnlena are cqncentrated by marine animals, and metabolized with

s snbsequenwxlc effetts (Anderson et al, 1974). 2-Methylnaphthalene (2-MN) is
meubohzed in fish ahd rats (Breger et al., 1081). 2,6-Dimethylnaphthalene (2,6-
DMN) is toxic to polychaetes (Rossi -and Neff, 1078) It ucumnlntes in grass
shrimp (Dillon, 1981), and di the . or i shnmp to the

bined challenge of hypoxia and reduced.salinity (Dillon, 1981). 2,6-DMN also

, " alters the electrophysiological resxonses of lateral line nerves in coho snlﬁxon (Falk

et'al,, 1081). 2-MN-is toxic to the Clara cells of lung and binds to tissue-
macromolecules in ‘mice (Griffin et al, .1983]. The LDyg; of na_p[;nthnlene' given

intnperitoneally to male and female rats is 0.59 % angd 0.60 g.per kg body weight,
mpecuvely l-Methylnaphthu‘]ene and 2MN are less_toxic to the rat than
nnphthn]ene by a factor of about 3 (Rashestyuk, 1970) ,The acute t.oxmty of
| - whole oil is often directly relnted to the concentration of nnphthnlenu in it
(Andemn ‘et al, 1974; Rossl nnd Nef, 1078; Tatem et al., 1978). 2 B-DMN is .
toxic than naphthnlene to m-ny marine orgnnmms (Anderson et al., 1074).

[rSCER A %
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biological ch_n_rapieristics of an sromatic hydrocarbon (Rossi and Neff, l‘s7§). The
chemical structures of naphthalene and some alkylated x;uphthalqnes' are shown in
Figure 1-1. i . - )

1.3. Hepatic Mixed Function Oxid,

In order to exert its biological effects, a bioti d in suitable

concentrations must interact with receptors. The intensity and duration of action

- of a or

absorption, _binding, tabolism, ‘and tion. N foreign 7

ludi Tie hvd £

v the polycyclic b are so hyd|

that they would remain
jn the body‘indefinitely wérg it not for biotransformation. Dﬁring phase I of
metnbul"sm. one or more pn‘)lar‘ groups (e.g. hydroxyl: carboxyl “groups) are
introduced into the parent molecule, thereby ing the phase IT

active spb i
sy is on

enzymes ( eg. glucuronyl transferases and glutathione S-transferases ) with a

substrate.” The conjugateci products are_sufficiently hydrophilic to be readily
. ei(cret:ed through the kidney or(in the bile (Williams, 1967). The
° ,biotrnnsi’ormntion of xenobiotics can occur in several tissues, including liver, ‘l’ung,
i i]:tes!ine, sﬁ‘i’n, and kidney. The liver, how‘ever, is the major Si."e of irnns‘;fmmntion

, of xenobictics. The liver is particularly important for two main reasons: Firstly, it

wp " is:well endowed with "drug-metabolizing enzymes* and secondly, by virtue of its -

“blood supply, the liver tends to receive higher quantities of xenobiotics then do
most other organs., Ingested,. i ly ini or i i 1)

!-administered pounds dre deli

d most rapidly to the liver.

Phase I biolrn‘ns!ormatiox_:; s most often carried out by the cyt. P-450 mixed -

function oxidase system which resides| primarily in the endoplasmic reticulum of.
c;:lls. This enzyme system corisists of o haemprotein termed ci‘loci}ron;e P-450
o © eyt Pg4SQ):und a flavoprotein called NADPH-c”;'t. P-450 redlic.ta_.se (also called
! NADPH-'n?'t. ¢ reductase) and requires phospholipid for activity, There is alsé an

e . " absolute requirement, for NADPH and molecular oxygen. C)Y. P;Aso’unla!ns the
e substrate gnd oxygen-bindi_ng sites”of the enzyme system,’ while the reductase
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Figure 1-1: . %
|
.
1 !
. i ) .
1

" rmenm
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The chemical structures of naphthalene and some alkylated naphihalenes.
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serves as an electron carrier shuttling electrons from NADPH to the cyt. P-450-
substrate complex. s Another Jaemprotein, cyt. b, is also present in liver -
biotic and end i,
substrates (Cummings et al., 1984) "The types of chemical transformations carried
out by cyt. P-450 in hepatic mlcrosomes mclude oxldahve reactions in which an

3.5

‘and may particip: in the or

atom from. molecular oxygen is inserted into m organic molecule, ‘as in .shphahc
and aromatic  hydroxy , - N-oxidati alfoxidati id

desulfuration, deamination, and N-, S-, and O-dealkylations. Cyt. P-450 also
effects reductive reactions involving direct electron transfer (e.g. reduction of azo,
nitro, N-oxide, and epoxide groups) ‘as well as dehaloanahon reactions (Gillefe,

ﬁm, Coon, 1978; Guengerich et al, 1084). A genefal metabolic pathway for

bioti: boli lyzed by the ~mi | mixed function oxidase
enzyme . system is shown in Figure 1-> Hydrophobic subsmtu are. readily
hydmxylated élther directly or" throllgh the rormnuon of reactive epoxm
intermediates. Epoxides may (a) chemlcslly rearrange to _phenols, (b) be hydrated y

\to dihydrodiols in a reaction catalyzed by epexide hydrolase, (c) and / or

vith cellular

% in a reaction catalyzed-by the glutathione 5
trsnslefases Phenols and dibydrodiols may readily be conjugated with glucuromc
acid and sulfate, and excreted via the kidney or bile- duct. The glutathione
conjugate can be excreted in bile and, after conversion to mercapturic acids, be
excreted by the kidney. In addition, being " reactive, electrophilic molecllles,
el'mxides‘cap bind to and modify cellular macromolecules such as DNA, RNA and
proteins with pl;ssi\?le resulting toxic and carcinogenic effects (Nebert, 1982).

¥ Thé diveni;y of substrates for’ this enzyme system and the variety of

rmsfnrmatmns that it effects makes it a umque ‘enzyme system among hvmg
orgauums It brings about chemical chnnges both in phymologlcnlly important
_substrates such as fatty acids, steroids, and proataglnndms, and. also in a host of”
‘foreign substances such as petroleum products dmgs, pasucxdes, lnnes!hetdcs, and
chemlcal ifiogens, as well as miscell organic 1b Iy mund

on the laboratory shelf (Coon and Persson, 1980).-
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* ‘The activity of hepatic mixed function oxidases can be enhanced or-decreased *
‘by treating the animal with various chemicals or environmental agents (Coon and

Persson, 1980). Different effects result. The rate of ex¢retion of a chemical may be
increased. It may :be rendered more or less "nctive pharmacologically or
toxwologlcally It is currently recogmzed that at least 10 sub-members of the cyt.
P-450 Imlly exist, and that different xenobiotics induce dlﬂerent cyt. P-450s. The
different cyt P-450 members are distinguished on the basis of their spectral

b b ificiti

(in some cases), molecular weights and

.immunoiogical reactivities (Bres’mick et al, 1984). It \has Lecome increasingly
apparent ‘that different forms of cyt. P-450 may géherate different ratios of

metabolites from the’same substrate. Two major sibmembers of the cyt. P-450

'»I‘a.ynily are designated -as cyt. P-450 and cyt. P-448. These are induced by

(e-g. phen ital, PB) and polycyclic aromatic (e.g.
3 ylcholanth 3-MC), respectively (Alvares et al., 1987; Breshick et al.,

iﬂs_ll. Various groups have shown that purified cyt. P-§50 ‘snd . cyt. P-448 |

hydroxylate substrates like biphenyl, 2 laminofl

lalp , each at predomi different

n-hexane, and b

positions thus producing different metabolic profiles (Jefcoate, 1983). Differences

in Lhe-m:pnbolite profile of a polycyclic hydrocarbon or other foreign chemical

reflect p sumed diff L in the acti ites of various forms of cyt. P-450 and
in the nature of tile intermediates formed. Differences in the reactivity of these
intermediates might therefore result in marked dissimilarities in the toxicil;y or
of a given d (Nebert, 1982). . . '
N

1.4. Ensymes of th I and Phue II Detoxication

“
Dewxncnuon is l'reqllently not the act of a single enzyme but the resnl! of

'sequenual ‘action by several of ‘them. Benzo[n]pyrene, for example, i sequentially
. subjected to oxidation by the cyt. P- 450 oxidases lo Iomr an epoxide| hydmuan of
- the epoxlde catalyzed by epoxide hydrolue to form a diol, and a s cond. nn;e of

idation  to yield a diol-epoxide before the f i i7 a powerl‘nl
At

P L P

lectrophile and cardi is complete”’ The sub jon of the



epoxide could be catalyzed by glutathi to form the dil

! thickther con,ngnte with GSH, or by enzymic hydration of the epoxide nng
catalyzed by epoxnde hydrolase (Jukoby, 1980).

1. Mier | Enzy of Phase I Metabolism of Xenobioti

litl.l. NADPH-cyt.c reductase [

- NADPH-cyt.c reductase is a flavoprotein and is‘llocalized in the endoplasmic
‘reticulum of the cell, Fhis Navoprotein supplies electrons from NADPH for the
oxidative reactions mediated b); cyt. P-450 (Masters, 1980). The hydroxylation
cycle mediated by cyt. P-450 requires two electrons to be introduced into the cyt.
P-450 molecu‘ dlmng substrate biniding, oxygen binding, and/the concomitant
intramolecular oxxdmon-rednclxon steps leading to the final products of the
reaction. It is known that NADPH-cyt.c reductase is necessary for this process,
but it is not known whether it is sufficient in the micfosomal Bystem for suppling
both electrons. The oxidation-reduction states which NADPH-cyt.c ruductue
'undergnes during cntnlytlc turn-over hnve been the subject of much dlscnsswn
{Masters, 1980).

1.4.1.2, 7-Ethoxyresorufin O-Deethylase

7-Ethoxyresorufin .is

cyt. ‘P-448, while untreated -and
phenobarbital treated rat liver microsomes exhibit negligible activity (Burke et
al., 1077). Lo

1.4.1.3. Benso[a]pyrene Hydroxylase

Cenlin forms of cyt. P-450 have associated aromatic hydrocarbon hydroxylase
(AHH] activity mduced by polycyelic aromatic hydmeubnns The assay for AHH
activity with the use of b a)

product formed has remmned a relative index of BP mutnbolum Benzo(n]pyrene
hydroxylase can both detoxify polycyclic hydrocarbons as well as ncuvate them tu
more carcinogenic forms (Whitlock nnd G:lbom, 1082).

iallyp O-deethylated by liver mi from &
° riféthylch lanth treated rats -

(BP) as sub  and 3-hy BP as the”




1.4.1.4. Epoxide Hydrolase - L

Epoxide hydr is linked functionally and perhaps lly with mixed
- funetion_oxyg es in liver endoplasmi i It hydrolyzes arene oxides, ‘

-

which are formed as reaction intermediates during several, perhaps all, aromatic )
' .
hydroxylation reactions and produces aromatic dihydrodiols (Oesch, 1073).

1.4.2. Mi | E: tes of Phase II Metabolism of Xefiob

1.4.2.1. GSH S-Transferases

& The transferases ue<; family of detoxifying -gnzyms that catalyze the
. conjugation of the sulfhydryl group of reduced glutathione with a wide variety of ¢
o lectrophilic sub The jone adduct formed in the first step is usually :

. cqnve’rted to a mercapturic acid derivirivg which is excreted via®the kidney

(Boyland and Chasseaud, lbﬂh). In rat the mnjo( portion of the activity ls in the,

cytosolic fraction of the hépatocy ‘, but ,GSH S rase, activities have also
- been observed at a lower level in microsomes and mitochondria (Mannervik, et al.,
1083). ; 3

I 1.4.2.2. UDP-Glucuronyl Transferases

}IDP-,Gluc_.n‘rénylr _transferases are located in the endoplasmic reticulum of the __
cell and catalyze the conjugation of ; variety of endogenous and exogenous
compounds with UDP-glucuronic acid thereby renaerin[ the ]?MI;CLI more water-
' soluble and more readily excretable via the kidney (Jefcoate, 1683). _U_'DP-
glucuronyl transferases function in close association with the microsomal mixed
function oxidase system, since many substrates hydroxylated by the latter are
“then subjected to conjugation. The enzymes can be induced. by 3-MC, PB, or

stilbene oxide (Jefcoate, 1983). ;
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1.5. Mgta‘bollnmsof Alkylated Naphthalenes ,
Few inveatigati ing the biotransformation of low mol weight
3 aromatic hyd b like and alkylated hth have been |,

conducted. This is probably due to their lower carcinogenic potential when
compared to polycyclic hydrécarb_ons such as benzo[a]pyr;zne and 7,12-dimethyl
benzanthracene. - Boyland (1950) proposed that aromatic hydrocarbons are
meubolizedivia. epoxides. The ' latter may give rise to dibydrodiol-epoxide
inte}mediates (Daly et al, 1972; Wong et-al., 1980). These reactions all .involve
the cyt. F;450-linked1 monooxygenue system (Coon:and Persson, 1980).
¢

. The Appnrent K for 2, B-dlmethylnnphthnlene for coho salmon liver microsomes ; 3
" was found to be 15.3 4l /nnd that for naphthalene to be 300sM (Schuell et al.,
1980). Salmon x_n‘et‘nl‘aolize 2,6-DMN-'€0 naphthols and dihydrodiols, pxubnbly .
through reactive eﬁoxida intermediates (Malins fet al., 1679). Orally administered
2,6-DMN w\u'rndily taken up and metabolized by coho salmon, and both the

hydrocarbon and its metabolites ‘were found.in liver, musele, blood and brain of
DMN-exposéd fish (Collier et al., 1983)._Among dlﬂe{ent species of fishes there is
a-marked difference in the primary mgtsbolum of nlkyhted naphthalenes. Alkyl

idation of 2,6-DMN : predomi over aryl oxidation in starry flounder,

e "i»’wlz’e'reis‘ aryl oxidation is dominant in .coho salmon’ (Collier et il 1083). Sea
urchins metabolize ili(yl substituted aromatic hydrocarbons primarily through
aromatic ring oxidation (Malins und Roubal, 1982). The bile of the non-induced
rainbow trout exposed to nqueous [“C]2 MN" has a greater ratio of 2-

” hydroxymethylnaphthal to dlh drodiols than ﬂm of the p-naphthoflavone
* induced trout (Mehncon and Lech,.1984). }Naphlhoﬂnvone pretrented trout have

greater i of total boli and 5
d|hydrod|ol metabolites of 2-MN in the bile (Melancon and Lech, 1984).
Considerable work on. the bolism. of methylated naphthal (especially

dlmethylnnphthnlenes), has been done on marine life, but less has been reportéd in
mnmmals In mice 2. MN causes pulmonary toxicity (Griffin et'al., 1983). Grimes
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and Young (1956) studied the metabolism of 2-MN in-rabbit, rat, guinéa pig and

mouse. They reported the jon of “ halene-2-carboxylic acid and the

dihydrodiol of 2-MN. Kaubish et al. 11972)‘ provided further information by

synthesizing 2-methyl- and 1 Z-dlmethyl-nnphthalene 1,2-oxides and their phenolic

rearrangement products, and compnred Lhem to the phenols produced by rat
hepatic mi; ; They luded that the [c ion of arene

oxides with slkyl subsmuents on the oxirane rmgs did not appear to be a major
pathway for hepatic metnhollsm Migration of methyl groups as well as apparent

migration of oxygen occurred during i of methyl substi .arene
oxides, The ratio and nature of rsomermuoanroducts varied wrth reaction

i

that multiple. pathw, are op

3 renrrangerrrents. Major produ’cﬁ of 1 hylnaphthal 2-methylnaphthal

in these

&Y
and 1,2-dimethyl-naphthalene with guinea pig microsomes were 1-naphthoic acid,
. 2 hthoic acid and 2-methyl-1-naphthoi aéid, espectively. Breger et al. (1981)
isolated three isomeric dihydrodiols from rat a‘nd runbow trout. microsomal

incubations which were identical with those obtam{ed from the urine of rats fed 2

" MN. Inin vitro studies.the formation of rpgtaiml{tes was reduced by incubation
in the\ presénce of carbon monoxide, omission “or NADPH, or use of heat
denatured microsomes,' implying the involvement, of cyt. P-450 linked mixed
function oxidase activity. Pretr with” phenobarbital or -naph

selectfVely altered the-rate of formation of specific dihydrodiols by rat Ilver
rrncrqsomes (Breger et al, 1981). Recently, -2-hydroxymethylnaphthalene and’
three isomeric dihydrodiols shown to. be m; 3,4—dih‘ydroaiol, 5,8-dihydrodiol, and
7,8-dihydrodiol of 2-MN. have been isolated (Breger et al., 1983). This-suggests
- that the cyt. P-450 dependent mixed function oxidase system can form epoxides
on an aromatic rin‘g with an alkyl group attgched to lL.
fn rat, the ma]or urlnnrymelnbuhle of 2MN was the ‘glycine conjugate of 2-
napthoic acid suggestmg extenswe metnbolum of the alkyl group (Melancon et al.,

1082). Minor products were dihydrodiols, indicating some ring oxidation as well
(Melancon‘et al., 1082). »
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In guinea pig, the m‘ajor niinury metabolites wer’; oxidative products of the
methyl group of 2-MN, namely z-nnphthmc acid nnd its glycine and glucuronic
acid conjugates (Teshima et al., 1983) These studies suggest that oxidation of the

“ methyl group rather than ring oxidation ls_ths major reaction which facx!:}'am the
urinary excretgn of metabolites. S-(7‘-Melhyi-l-n3phthyl)_cysleine. and glucurox\:i‘c

acid and sulfate conj of 7-methyl-1-naphthol, were also identified

as minor

urinary metabolites (Teshima et -al., 1983). &

A summary of these transformations’is shown in Figure I-3,

', s .
Pulmionary and hepatic microsomes from DBA/2J mice metabolized 2-MN to

three dihydrodiols and 2-(hyd: byl)naphthalene wheress renal N
du ’?, d hyl) \! but no d ble dihydrodiols (Griffin
et al., 1083). . o U By .

. 1.6. Binding to Cellular Macromolecules

The incubation of napl‘nh_nlene, or l-nabhtgﬁzl with Tat_liver n}icgosomes in the
_presence of s‘NADPH-rcgeneraling system lealls to the formation of reactive
metabolites’ which bind irrevusibly to protein. It. was suggested that either
quinone or semiquinone metabolites were involved (Hesse and Mezger, 1979). A
recent study with isolated hepatocytes supports the :uggesuon that the toxicity of
I-naphthol may be mediated by the formation of 1,2-naphthoquinone and/or 1,4~
B nnphihqquinan_g,_ which may then undergo one electron red‘uction to

naphthosemiquinone radicals (Doherty et al., 1984a)., These, in turn, may

covalently bind to important nelﬁlar mdcromolecules or enter'a ‘redox cycle with =

molecular dxygen thereby generating active‘oxygen species (Doherty et al., 19843)

Itis noteworthy. however, that i m mice the Clara cell is a target for the c-ytov.oxlc

actions of 2-MN, which binds \rreverslbly to the cell microsomal proteins (Griffin

et al., 1082, 1983). Lung hssua, has a low capacity for metabolizing xenobiotics,
and glutathione concentrations in viva_are not much- depressed. In vivo
compounds ‘whi‘ch depress glutathione concentrations in liver m:{-, after a large




Figure 1-3:
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.. dose, cause effects in the Iuﬁp, including a decrease in glutathione. This suggests

that active metabolites are transported from the liver (Buckpitt and Warren,
" 1083). el 5

1.7, Reduced Glutathione (GSH) and Detoxication > .

~ Boyland (1950) suggested that polycyclic’ aromatic hydrocarbon metabolism

proceeds vias epoxide@prene oxide) formation. This is mediated by microsomal

mixed function oxidases (Jerina and Daly, 1974). Epoxldm can react with GSH in
a reaction cmlyzesl by a series of enzymes known 23 GSH S-transferases. Booth
et al. (1961) showed that conjugahon of GSH with naphthalene required not only
. the presence of liver microsomes and NADPH but also/the presence of rat liver L~
' . cytbsol which contains the GSH S-transferases. The- lormm‘.lon '3[ epoxides ‘which H
can react with GSH, " has also been demonstrated for other polycthc
! KR N hydrocnrbdns (Grover et al, 1972). Most epoxides are reactive and therefore

» potentially toxic to biological systems~Phe intrinsic stability of the epoxide with

- respect to spontaneous isomerization to t.ke‘ phenol or hydration to form the
dihydn(diol, and the relative affiglties of the different enzyme systems for a
particular. epoxide in different species may decide which route of metabolism is
dominant, and may regulate the potential toxicity of the epoxide to biological
_systems (Grover ‘et al, 1972; leriia et al., 1974). The formation of epoxides and
diol-epoxides is thought to be of great importance in carcinogenesis by polycyclic.
aromatic hydrocarbors, and diol epoxides ‘are regnr'ded as ultimate carcinogens in

.most cases (Sims et al, 1074). : . 2

‘The liver is an imp organ of b ion and, app i , GSH
levels are rellhvely high (about -170 mg/lOOgI in rat liver (Chmesud 19786).

: Messurement of hepnuc GSH 'deplenon, or even extrahepatic GSH depletion, can
provide a useful indication of the protective role of GSH against potentially toxic
compounds (Chasseaud, 1976). Hence, GSH may be regarded os an endogenous
proteétivq agent with which‘drugx, pesticides, and other ren'ctive compounds (tlm‘\ 4

bility to lent] _l?ind to biologiesl mfe lecules) react to form *

have the

’ conjugates which are readily excreted.




Nearly all of the glutathione-in tissues is present as reduced glutathione (GSH)
with less than 5% of the total being present as glutathione disulfide (GSSG). This
thiol redox status is maintained by intfacellulsr GSSG reductgse god NADPH

\ .(Reed and Fariss, 1984). Depletion of GSH by rapid conjupmn can cause GSH

syn esis 4t rates upto 2 to 3 pmoles/h/g of wet liver tissue (White,” I010) _The
Tiver GSH content in rat und diurnal or circadian variati 5nd is altered
by starvation and chemical lrestments The diurnal variation in hepatic GSH

content results in the highest GSH Ievels in thé hight and early morning and

lowest levels in the late afternoon with ma.xlmum vanntwn of as much s 28%
30% (Reed and Fariss, 1084).

A general pathway for GSH turnover is shown in fi gure'l 4.Experiments carried

“~Gut using mice indicated that admmu!rstmn of GSH or cysteine before and after

a dbse of 2-MN greatly dlmlnlsh!d the toxicity of 2-MN, while the administration
of diethyl maleate (which depletes GSH) before 2-MN ' enkianced the. toxicity of 2-
MN (Teshima et al., 1983). 2-MN has been shown to conjugate with GSH.in the

» presence of guinea pig liver 9,000g suﬁematnnt and, when 2-MN was given to

guinea pigs orally at a dosé of 500mg/kg body wt., the cid soluble sulphydryl
fractior in the liver decregsed by "40% {Teshima et al, 1083). It is possibl that
some of the ring oxm‘ntlon metabolites of 2-MN are responslble for its

effects, and that these are detoxified by conjugation with GSH and cystei

d earlier, ’ GsH 1jugati yLsone of the main pathways of detoxnl‘ica‘on

of xenobiotics in\\ ammalian species.

1 8. Methumog,lohin

The ability of hé‘mﬂglobm (Hb) to bind rEVerslbly W|th oxygen is cllled~

*®oxygenation". Un: er_ certain coqdltmns the iron of; the haem moiety binds

i oxygen so closely that it is. unable to dissociate and 4is therefore not available for

respiration. Oxidation of Hb, in-which the iron of the ﬁlem moiety is bivalent

_ferrous(ll), to the trivalent ferric {[[l) form results in its transformation into &

. : ”
brown' pigment called methaemoglobin (metHb), which can accumulste in.red

Q
KO
.




Figure 1-4: A general pathway for GSH
turnover
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“arnino-substitution (M-Type Hb and Hb Freiburg) (Béue, 1082).
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cells. It is éritical to the physiological function of Hb that the ferrous (II) should

not be oxidized to ferric(Ill), as metHb is not able to bind oxygen. In normal

ditions metHb is it being-formed within erythrocytes
but is reduced back to ferrous(ll) enzymatically (Jaffe, 1964). This is done within
the cell by a speclhc NADH-metHb red . which maintains a physiol

metHb concentration at about 1% of the total Hb present (Jaffe, 1964). Usually

’ hi{;h amounts of metHb of pathological importance can result (i) when the rate of

formation and the amount of metHb overwhelm the physiological reducing
enzyme system; (ii) when there is a genetic defect in the intraerythrocytic enzyme
system that normally reduces metHb or (iii) from the presence of an abnormal

Methaemoglobinaemia can also result from. exposure to certain toxic agents or
drugs such as phenols nrylammes, hydrazines, nitrites, copper, sulphononmxdes,

haeroglobin ‘(Beutler, 1985). Toxic h lobi ia is ch ized by

glycerin, and phenacetin. All these accelerats the oxidation of.

eleviited levels of the globin component of Hb without any NADH-metHb

reductase deficiency. Newborn infants and those up to about '3 months of age
have a tendency to form metHb and are thus particularly sensitive to these
oxldlzmg substunces (Bauer, 1982). Normally, after pmlonged s_tmldlng4
oxyhaemoglobin- is converted to metHb whigh is browm. _N,[etHb formation also
accompanies some forms of haemolytic anaemias, so that metHb is found in the

serim-and urine, both of which turn browg.




“ - carried out. It was

1.9. Purpose of Study

The fabolism of hthal in biological systems has been periodically
in Is and - fish (Melancon and Lech, 1979; Buckpitt and
Wnrren 1983).The in vitro and is in vivo metabolism of 2-MN has been reported in

rats; mice, guinea pigs and in marine species (Breger, et al., 1981; Griffin et al.,
1982; Teshima et‘nl., 1983; Melancon et al, 1982; Malins et al, 1970). A
- comparative study of the fate of naphthalene and 2-MN in mammals and fish

indicates that inducers of hepatic monooxygenase activity s\lch. as f#

or | electi ly altered the rate of formation of

specific dihydrodiols by hepatic microsomes (Breger et al., 1081; Melancon et al.,
1984 Griffin et al., 1983). Similar studies on the metabolism of 2,6-DMN, ‘either

“in vitro ‘or in {nw, in mammalian- systems (apecxally in rall have not_been

studies to the dimethylnaphthalenes which are .one of the most abundant

components of crude oil. In addition, dimethylnaphthalenes have been shown to
y 2 :

be toxic to some marine species (Anderson et al., 1974).

In - the present. study, 2,8-DMN was selected as a representative

. dimethylnaphthalene because (i) hardly any work has been done on its metabolism

in mammalian system. (ii) .the. 2,6-position of the methyl groups gives a

_ symmetrical molecule which might li}riit the number of metabolites. (iii) 2,6-DMN

is' available as a radioactive compound. 2,6-DMN is only one of ‘ilie several

possible_isomers. It may be viewed as a model but alone cannot tell the whole
story. ° - *

The metabolism and toxicity of 2,6-DMN was investigated using primarily rats

or liver mi es obtained theref: The et boli of 2,6-DMN was
d in liver mi isolated i d rats as well as rats that had

been pretreated with a variety of agents known to alter the hepatic mixed
furfetion oxidase activity.- This was done in the hope of identifying the possible
._pathways -by “which the different metabolites -are formed. Binding to

idered both’ i and i ing to extend these .
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macromolecules, depletion of GSH, and metHb formation ;re generally indicators

of toxicity ofa d. Hence, such ph were ined to di .
‘the potential of 2,6-DMN as a toxic compound. ' \ c
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Cﬁdpter 2
Materials and Methods
2.1. Materials

‘The followin; chemicals were purchased from Aldrich Chemical Co., Milwaukee,
Wisconsin:  2,6-dimethylnaphthal i

disulf lithium
aluminium hydride, acetyl chloride, pyridine and o-phenylenediamine.

Sodium ‘phenobarbital = was obtained fl:om J.T. Baker- Chemical Co.,
Phillipsburg, | N.J(US.A). - 3 ent

NADP*,
dehydrogenase (type N), DL-isocitrate (type 1), reduced glutathione and oxidized
glutrfthion:, ‘were obtained from Sigma Chemical Co., St. Louis, Mo. Cobalt
protoporphyrin IX was purchased from Porphyrin Products, Logan, Utah (USA).
All other chemicals were of the highest grade cow‘éinlly available.

2,&Dimezhyl[s-“c]nnpmhﬁene (specific, activity 2.1 méifmmole) was
purchased from California Bionuclear Corporation, Sun Valley, Ca. The
radiochemical purity \l this compound was shown to be greater than 98%gby
High Perfe Liquid Ch

hy (HPLC) on a C,g yBondapak (4.6 x33

mm) reverse phnqe column \using acetonitrile:water (20:80) which was changed in a_

stepwise gmdie‘ntrw acetonitrile:methanol:water (60:10:30).
o Sl & .

-

3




'and slowly neutralized whlle hot with 2M ium hy . The
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2.2. Methods " -

2.3. Symheshvof standard metabolites of J,O-DMN

2.3.1. 2,6-DM-3-Naphthol

2,6-DM-3-naphthol was synthesized by the method of Fieser and Seligman (1934)
and Vogel (1966).

First, 2,6-di I h 3-sulph was prepared (Feiser and Seligman, )

]934‘) by melting 55g of 2,6-DMN in a 250ml flask with constant stirring at

135-140°C (o:l-bath) Concentrated H;SO, (38ml), preheated to'100°C, was added
slowly After four hours, 10ml more " of the acid was added and the stirring and
heating were continued “for one-half hour longer. The mixture #ns poured into
160ml of water and the 3-sulphonic acid which sepnrned on coolmg was collected
by filtration (the 4-sulphonic’acid passes into the mother hquorl The solid was
taken up in hot water, the solutmn was filtered from a little unchnnged 2,6-DMN

salt -of 2,6-DM-3-sulphonic acid d as large, colourless plates. The
preparation of the'naphthol was done by the method of Vogel (1968). 30g of KOH
and 1.25ml of water were heated to mfielt in a 100ml nickel crucible. When the

« temperature reached to 250°C, the flame of the Bunsen burner was removed.

Immediately 14g of powdered jum 2,6-DMN-sulphonate was added. The
flame was replaced.’and the stiff pns'.y mass was stirred till the temperature

reached to 300°C in 5 to 10 mim. After “frothing, the mass becnme clear, The/

temperaturé was raised to 310°C for 5 min. The flame was removed and the
material was pushed down from the sides into the. cr\i’cjble and was heated again

for 2 min at 310°C. The mass was allowed to cool to become pasty and was added - _

in small portions to 250ml of water containing crushed ice. The residual material ";

in the crucible was extracted with water and added to the contents of the beaker.

The: naphthol was };recipitatad by slowly adding concentrated HCI with stirring.

 The metabolites of 2,6-DMN were prepared according to established procedures, .-

J .
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The .sclution was warmed uptil the finely d'lvjded precipitaté. of the naphthol
coagulated. It was cooled on ice and then filtered: The precipitate was washed
into a beaker containing, cold water. Enough 5% NaOH was added to dissolve the
prﬁiﬁ&ej the presence of 0.28g of sodium hyposulphite (to prevent any
oxidation). Any insoluble traces were Temoved by filtration and the filtrate was
acidified with acetic acid and warmed to precipitate the naphthol. It was cooled
on ice and filtered. The precipitate was dried by préssing the filter paper and then
finally under vacuum. The melting point was found to be 172-174°C (reported
melting point 170-174°C). Yield 40%.
.

The structure of 2,6-DM-3-naphthol is shown 'in figure 2-1.
~ ‘-

2.3.2. 2,6-DM-3,4-Naphthoquinone

2, B-DM-S, phthoqui .wu synthesized by the method of Cassebaum
(1957). 6.8g of 2, &-DM &naphtho] was dissolved in 760 ml of acetone (solution A).

Solition B contained 23,05 “of Fremy's salt (potassium nitrosodisulphonate)’

dissolved in 1520ml of water and 380ml of 0.15M potasstum phosphate
(monobasic). Solution B was added to A while étirring ona !mgnetic stirrer. The )

2,6-DM-3-naphthol ipitated out and then redissolved, followed i diately'
with the precipitation of orange crystals of _2,&DM-3,4-nnphl.hoquinoneA The
nnphthoquinono was washed with ethanol and then recrystallized from ethanol.
The melting pmnt was found to be 150-152°C, (reported melting pomt
151.0-151.4°C). Yield was 5.2g (81%). 3 &

‘The structure of 2,6-DM-3,4-naphthoquinone is shown in figure 2-1.
-t

2.3.3. 2,0-DM-a,d’-dlhﬂr&-s,{-dlhiﬁroxyﬂn Ht?nolene
2,6-DM-3,4-dibydro-3,4-dibydroxynsphthalene was -prepared by reducing 2,6-

DM-3,4-naphthoqui with lithium inium hydride by the method of Booth

et al. (1950).° '

X
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Figure 2-1: The chemical structures of
synthetic metabolites of 2,6-DMN
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2,6-DM-3,4-naphthoquinone was dried under vacuum and 4.0g were placed in
the thimble of a Soxhlet apparatds. Anhydrous ether (200ml) was placed in the
flask of the apparatus with 1.0g of lithium aluminium hydride aéd refluxed until
all the naphthoquinone appeared to be extracted. The ether®al solutio/n was cooled
and Smll'water and 30ml of 2N sulphuric acid were added slowly to decompose‘the

excess ofﬂl}iﬂmﬁiﬁﬁninium hydride. The ethereal layer was separated b):

. centfifugation, and. the residue extravted with ether. The:combined ethereal

extracts were washed with 2N NaOH and evaporated under nitrogen. The residue

was [irst crystallized from benzene and then from cyclohexane. The melting point

- was found to be 107-108°C-(reported melting point 107-108°C). Yield 1.2g (30%).

The te of 3,4-dibydro-3.4-dibydroxy-2,6-DMN is shown in figure 2-1.

2.4. Confirmation of Structures of Synthetic Metabolites . “

‘2. ) Ultraviolet Spectroscopy _ .. «
“ Ut bsorb for each synthetic standard was obtained on a Hitachi
dual, length sp ph The d was dissolved in ethanol and

wavelength scan was performed from- 200 nm to 400 nm. Matched cﬁv‘ettes with
lem pathlength were used. ™

g . \
2.4.2. Infrared Spectroscopy

2.4.2.1. B,LbM-ﬂ,Lnlphthol

The infrared spectrum of 2,6—DM-'3,4—nnphthol is shown in figure 2-2.

. ‘ X i //
.8) Two peaks are clearly observed at 3595 and 3323 em™ and- attributed to an

OH group. The first peak is due to a free.OH group and the low Eeqnem’:y pesk is
attributed to a H-bonded OH group. )

b) Peaks appearing around 3000 cm™ are due to {CH) of the aromatic rings,

and absorptions observed around 2900 em’! are attributed to the stretching mode
s e

of {CH) of CH;. - . e

=

.
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°3000 cm’!

¢) A peak is observed ai T642-cm™ and probably is attributed to the {C=0) of
the carbonyl group as a result of Aum-oxidation of the OH group.’

d) Gmup of peaks are nbserved in the range 1615-1447 cm are attributed to

AC=C) of the ﬂromatlc rmgs
,1 ‘ r
2.4.2.2. S,B-DM-S,A-nuphchoqulnon'e

The infrared sp of 2,6-DM-3,4 hth qui is shown in figure 2-3.

a) Asymmetnc stref.'chmg made »(CH) of phenyl rings. appear in the vicipity o[

. b) {CH) of CH, groups are observed around 2000 cm™,

) Two characteristic pesks are observed at 1606 and 1685 cin ure\ntllbuted

to the carbonyl groups AC=0). 5 P

d) Pairs of absorptigna appear in- the region of 1450-1603 ‘cm'l and \are

attributed to ring stretching absorption {G=C) of the pheny! rings.
2.4.2.3. S,LDIhydro-ﬂ,l-dlhydroxy-z;B-DMN

The infrared spectrum of 3,4-dihydro-3,4dihydroxy-2,6-DM is shown in figure

2-4:
~

a) Two peakg are_observed at 3580 and 3455 cm’! and these are attributed to
OH groups. The high' frequency peak is due to free OH groups, and the low

' '_frequency (one is attributed to H;bunded OH groups.

'b) {CH) of the aromatic rings appear around 3000 em’l.

¢) YCH) of ‘aliphatic protons are observed at’ fﬂAl and 2864 em™,

d A strong pesk is clearly- observed at 1703 em’! and is attributed to {C=0)
& .

-
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- 3
oba carbonyl group. The ct?rbonyl group most probably arose frém auto-oxidation

of an OH group.
= - & t

— v
€) Absorption patterns appear in the range 1612-1448 em™! and are attributed to

AC=C) of the aromatic rings.

2.4.3. Nuclear M: ic R

H Fourier Transform NMR for synthStic metabolites were performed on a
Briker WP8) NMR' apectrophommeter using a protqn heqnency of 80 MHz at

ambient temperature.

The 'H FT NMR spectrum of 2,6-DM-3-naphthol.is shown in figyre 2-5. .

N.M:R. (CDC1y): §2.37 (s, 3H), 2.44 (s, 3H) » N
3.95 (s, 1H), 6.96 (s, 1H)
7.11 (dd, 2H) 7.38 (s,1H),

i '7.52 (s, 1H).

The H FT NMR spectrum of 2;6-DM- &naphthoqumone is. shown in l'|gurc 2-6.
P

N.M.R. (CDCly): 5 2.0 (s, 3H), 2.38 (s, 3H)
7.38 (dd,2H), 7.82 (s, 1H).

The 'H FT NMR* spectrum of 34-d1hydm-3 4:dihydroxy-2,6-DMN is shown m/

figure 2-7.

N.M.R. (GDCL): 5 1:95 (s, a0, 2.31 G, W, «

289 (s, 2H), 4.48 (dd, 2H),
6.16 (s, 1H), 6.80 (s, 1H),
7.13 (dd;2H).

2.4.4. Mass Spectroscopy

oy o
Deétermination of mass spectra was carried out on a VG 7070HS double

. focussing mass specttometer equipped with a 2035 data system. A direct insertion

probe, which was Lieated if necessary to obtain a spectrum, was used to introduce
all samples. The ionization chamber temperature was 200°C and fons were
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generated by electron imﬁnct using 70 eV.electrons. Mass spectral data from

perfluorokerosene.was acquired into the dat:nystem. This was then used to creal

a calibration file for the mass calib of data from sub:

samples. High
resolution ‘data were obtained in the presence of perfluorokerosene calibration
peaks using a resolving power of 8,000-10,000; low resolution data were obtained
in the absence of perfluorokeroséne and a resolving power of approximately 1000.
Whenever possible 8 series of consecutive scans was averaged using the data
system. Fragment ‘ions were ignored.if less than 29% intensity,

> A
2.4.4.1. 2,6-DM-3-naphthol

The mass spectrumn ol‘ 2,6-DM-3-naphthol is shown in figure 2-8.

spectrum="172 [y ) ‘molecular ion (most aburdant ion),
171 W' = H),°H of the OH group.
167 (W' - CH).

i J . ) 141 ' - 200 -

128, 116.

2.4.4.2. 2,6-DM-3,4-naphthoquinonet

. The mass spectrum of 2,6-DM-3,4-naphthoquinone is shown in figure 20.

Mags spectrum= 186 (l’),'mhqulu ion,
P .
168 (' - C=0) most sbundast ion,

.

- 143 Q' - C=0, - CHp, "
116 (' - 2xC=0, - CHy, o=
129,

2.4.4.3. 3,4-dihydro-3,4-dihydroxy-2,6-DM
The mass spectrum of 3,4-dibydro-3,4-dihydroxy-2,6-DM is shown in figure 200, !

Mass spectrum= 180 (M’) molecular iom, -
172 Q' - HO), \n %
g 144 O - H,0, - C=0) most abundaat fom.
129 (most mbundant ion—~ CHy),
g Y 116 (nle\qb\mdmb o = CHy = CHp);
169, 89.
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5 2.4.6. ‘Ch | Tests to C etic Standards with In vitro

- Formed Metabolites of 2,6-DMN
2.4.5.1. 2,6-DM-3-naphthol . B
- A HPLC profile of synthetic 2,6-DM-3;mphlhol is shown in figure 2-11.

To confirm that 2,6-DM-3-naphthol is a phenolic derivative of the"2,6-DMN, it
was converted to 2,0—DM~3~naphlhyl acetate in the !ollqwin; manner. 15mg of
2,6DM-3-iaphthol was dissolved in 0.5ml pyridice and then 0.5ml of acetyl
chloride -was added. Tho’r:lclign was immediate. Excess pyfidine was reacted
with dilute HCL. The precepitated acetate derivative was filtered and washed with
several volumes of water. The naphthyl-acetate was dimlved“in chloroform.
Aliquots of  2,6-DM-3-naphthyl acetate and 2,6-DM-3-naphthol  were ,
“ch hed on thin layer(silica gel 250um, 20x20cm) contsining a UV
indicator. The™ plate was developed with benzene:acetone (2:1). R, values for 'the

N naphthol and theacetate were 0.78 and 0.87, respectively.

The test was repeated with synthetic 2,6-DM-3-naphthol mixed wiih the
radioactive compound oWtained aftet separation ‘on HPLC by injecting an aliquot
from an ethyl acetate extract of a microsomal inctibation of 2,6-DM(8-C|N.
Maximum radioactivity (51% of total radioactivity of the metabolite) was
obtained at an R, value corresponding to that of 2,6-DM-3-naphthyl acetate. 22%
of the briggnl radioactivity was associated with the 2,6-DMs3-naphthol. There
was no other radioactive band on the plate. The remaining 27%- of the

radioactivity was presumably lost during workup.

2.4.5.2. 2,6-DM-3,4-naphthoquinone

A HPLC profile of synthetic 2,6-DM-3-naphthoquinone is shown in figure 2-12.
x . ; i
It is known that the o-quinomes react with o-phenylenediamine to yield
quinoxalines (Vogel, 1968). Therefore, to demonstrate that the quinone formed jn
vitro '@ncnbllions of 3,6-DMN is an ;Hulinone (3,4-quinone) the ‘following method
. was used.’ a g g
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'20mg of 2,6-DM-3,4-naphthioquinone was dissolved ih 0.25ml of glacial acetic -

lacid. An equivalent ,amount of o-pheny ine (in 0.1ml was

added. The reaction mixture was kept at 35°C for 15 min then cooled ‘o room
temperature and diluted with 2ml of water <o precepitate the quinoxaline
derivative. The solution was filtered and the quinoxaline derivative was

recrystallized from dilufe ethanol. The crystals were dried under vacunm’. An

sliquot of the quinoxaline derivative was '.dissolved in methanol ‘and .

chromatographed on thin layer (silica gel 2504m, 20x20cm) with UV indicator,
along with the sliquots of the quinone and the quinoxsline. The plate was
acid (45:5:1). The R, values' for the
were found to’be 0.52, 0.72,

quinone, o-phenylenediamine, and the
.

and 0.92, respectively. | T

Radiolabelled ~2,6-DM-3 4-naphth
injection of an aliquot of an ethyl acetl};: extract o_t a microsomal incubation of
2,B-DM[S—“C]N. It was mixed with the cold quinone and was treated as ;ie‘cribed
above. Masimum fadioactivity (46% of the total radioactivity of the metabolite).

h hed with the qui line derivative. 28% of the ;rigiusl

radioactivity was associatéd with the 2,6-DM-3,4-naphthoquinone. There was no
other radjoactive band on‘he plate. The remaining 28%% of the ndlonctmty was
presllmlbly ]ost, during workup.

2.4.1 .8. B,{-Dlhydr(»a,l-dlhdtoxy-s 6-DMN
A HPLC prome of syntheuc 34—d|hydro-3 4-dihdroxy-2,6-DMN is shown in
ligure 2-13. 5

The dibydrodiol was converted mco the 3-naphthol' by using the method of
Béoth and Boyland (1958). Thie synthem compound (20mg) was dusolved in
0.Iml methanol and 3ml of 2N HCl wée -added. Two 1.5ml- puftlons were

- removed into separate test tubes and one of the tubes was placed in a boiling.
i water-bath for imm to convert the dihydrodiol into the naphthol The tube was

cooled to room lempersture snd both tubes were :xtenswely extracted with 2ml

R
was obtained from HPLC, after

B
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portions of ethyl acetate. The ethyl acetate extracts from the respective tubes
were pooled and reduced to 0.Iml. An sliquot of each was chromatographed on a

_ thin- layer plates with! UV indicator. The plate was developed with

behzene:dioxane:acetic acid (45:5:1). The dihydrodiol (RJ: 0. ?l) in the acidified- ~

heated ructmn mixture was converted into the S-nnphthbl (R‘.—. 0.66).

Radioactive 34-dihydro-3,4-dihydroxy-2,6-DMN obtaLned t‘m HPLC at the
rete'hlmn time corrtspondmg to synthetic dihydrodiol w: subjecled to the above
expenment in the presence of the unlabell d. Most o' the radioactivity
(44%] was transferred to the R, value o! the nnphth I 17% of the original
radxonctivn.y was associated wnth the 3,4-dihydro-3;: 4-d|l§ydro -2,6-DMN. There '
was 1o other radioactive band ‘on the plate. The remaining 30%. of the

radmnuv:ty was presumably lost during the acid and heating trestment.

2.5. Pretreatment of Animals " b P -
Male Sprague Dawley rats (225-250g) and male - CD-1(20-30g) mice were

purchased from Charles River: Canada. Animals “vere housed (3/csge) on

bardwood ‘bedding with food and water available ad libitumi. Rats in gmups of

three were pretreated with a variety of biotics. Sodium phenobarbital (PB)
was sdministered .as a ‘0.1% solution in drinking water for 4 days: 3-

K Memy:lcbola.nthrene (3MC) was dissobved in corn oil (20mg/ml) and administered
. ip. as 2 daily injections (40mg/kg body weight). 26-DMN was dissolved in corn
oil (02.5mg/qnl)\;§d ini: i.p. for 3 tive days| (200mg/kg body '

weight)..Prudhoe Bay Crude Oil (PBCO) was orally intubned“or 3 consecutive -
dsys (5ml/kg body weight). Control snimals were given eﬂuul amounts of

Ivitg vehicle. * Animals_were fasted overnight after the ﬁqul treatment nnd
killed on the following -day. , |

-

-
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2.6. Preparation of Mlcroaomes

Rats were killed by cefvical dislocation. All of !he following procedures were ’

performed at 0-4°C. Livers were removed and perfused through the portal vein *

with ice-cold 1.15% KCl to remove blood. Livers were blot-dried and weighed.
Each liver was minced into fine pieces with’ scissors and homogenized with 3
volumes (w/v) of O.IM potassium phosphate’ buffer (pH 18 i s hand
homogenizer (4 to 5 strokes), followed by homogenization with a*motor-driven
Pouer Eljevhem izer. The h was ifuged at 10,000g for 10
mm in a Sorval RC-2B centrifuge (using GSA rotor). The supernatant was

decanted, filtered throughcheese :cloAth and centrifuged at 105,000g for 15 min. *

The rgicrésomnl pellets were resuspended,in 0.IM phosphate buffer pH 7.5 by
gentl: hor?r ization with a hand genizer (4 strokes), 'and n.-cenuiluged at

105, Oﬂﬂg for 60 min. The supernntanls were discardéd and »the pel]els were

ded by b ization io 0.}M bul‘fer ina volume gqual to the
\nitial welghl of the liver. The washed microsomal suspenslom were [rozen in
suitable aliquots at ~80°C (Rahimtula et al., 1679). Protein was estimated by the
method of Lowry et al. (1951). -

2.7. Microg'oma'.l Incubation Conditions -

Unless otherwise specmed. incubati ixtures consisted of 0.1IM phmphnie
buffer pH 7.4, microsomal protein’ (lmg;m ), 0.2mM of 2, B-DM[S-“C]nnphtlmlene

- “ind a oiml NADPH-regeneraung symm consuhng of 50mM MgClz, 50mM DL

isocitrate, 5mM NADP*, nnd 8. 5 units of isocitrate dehydmgenue Corrmpondmg

blanks were without ‘the regenemtmg system. lncuhntxons were carried out !or 20

\mm at 371°C in s total volume of 2ml. Renctmns were smpped with 4ml of ice-cold
ethyl acetate. The mixtures were shaken nnd the ethyl acetate layer separated by
cdhtrifygatioy. “Thé’ aqueous Iayer was ‘extracted repeatedly with' ethyl acetate (5

‘m 10 hmes) until no miore-t r-quuvny was demled in_the ethyl .z( tate extracts.
.The ethyl aceme extracls were combmed /oncantnud und nitrogen and

liquid y.

chromatographed by thin layer and bi gh:




447

-~

: +
2.8, Determination of K |

The K for 2,6-DMN was determined using microsomes l‘wm'_ four groups of
pr!!.reuled ‘rats [PB] 3MC,and 2,6-DMN as well as control microsomes).
Incubations were carried out for 10 min at 37°C with shaking and contained in a’
total - volume of 2ml;  2mg microsomal protein, 50uM to 250uM
2,6-DM[8-“C]nnphthalene 104! of acetone and 0.2ml of a NADPH-regenerating

’ system. Incubations were terminated by the addition of 4ml of ice cold ethyl ..~
acetate followed by shaking. The ethyl acetate extracts were concentrated and
chramnognphed on thin layer (s:lu.-a gel 250pm 20x20cm; developed in’ hexane)
- 7 to separate 2,6-DMN from its metabolites.” The solvent system separated
unmetabolized 2,6-DM[8-'*Clasphthalene (R; 0.90) from all metabolites which
! B remained at the grigin. The gate of pmducuon of metabolites was linear for at
least 10 min. When reactions were carried out for different concentrations of 2,6-

. DMN, the results 'gnve a linear Linewenver-Buxke plot.

£ 2.9. In Vitro Study of 2 D-WN Metuboham

- Incubation mixtures consisted of 0.1M plmsphuﬁe buffer pH 7.4, mlcrosomnl
f : prolem, (1mg/ml), 0.2mM of Q&DM[&I‘C]nnphthnlene and a NADPH-

#% ing system. C

blanks wg&w:thout tka regenerating system.
Incubations were carried out for 20 Min at. 37°C in a total 'volume of 2ml.
Reactiong, were stopped with 4ml df xce-cold ethyl acetate. The mixtures were
shaken and centrifuged: to separate the ethyl acetate layers. The aqueous layer

was extracted repeatedly with ethyl acetate (S to 10 tnges) until no‘more - ,. °
o radioactivity was detected in !ue ethyl acetate extracts. The combined ethyl i
% acetate extracts were concentrated under nitrogen and chromatographed on thin
3} . layer or high for liquid ch
4 o \ :
L -
5
-
Y . i
’ L} i
- ‘ "d
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2.10. High Perf: Liquid Chromatograpk .

) Separation of 2,6-DMN metabolites was performed on a P.E.-3x3 (4.6x33mm)
Cyg-uBondapak d-ph lytical column with no guard columa. Al
samples were filtered through a 0.45sm Millipore filter (Millipore, Bedlord A,
U.S.A.) prior to th!}swemon il ¢ colump. The sample were injected with o
Rheodyne injection vnl?h\(Mod 7120). The solvents were delivered with a
Perkin-Elmer Series 4 qulkd Ch h Mi lled solvent
delivery system. Analyses were cysried out &b room temperature. utilizing
mobile pluu o u:elomtrlle water (3:07) whleh was changed stepwise (m stages) to w

were effected using different
gradients over a 25 mm/ume perwd in the following manner: acetonitrile:water
(3 97) at a flow rstecFa,Sml/mm for 1 min, acetonitrile:water (20:80) at a flow
D rate of a.Oml/mMr l‘P‘%ne!tonltrlle.melhmol.wnter (60:2:38) at a flow rate of

1.2ml/min for 20 n_lin, and finally itril hanol 3 min.
@rhe cohlmnvlls equilibtated with acetonitrile:water (1:99) at s flow rate of

2ml/min for 2 min prior to injection ®f the sample. The pressure never exceeded

16 MPa during any analygis. The eluted compounds ‘were detected at 254nm using

a Perkin-Elmer model LC-85 B dual beam specl;yhowmeur. controlled through - -

a Perkin-Elmer L-C-A | with variable gth. The signals from the
detector were mteylted on the Perkin-Elmer 3600 Data System through s
Perkm-Elmer Chrom:lognphlcs 2 (CIT?2) software package. Data and graphics

" were recorded on a Perkin-Elmer 660 Graphics-Printer. The eluted radioactive
fractions (30 sec each) were collecteq :llsing a LKB fraction collector. A- L5-85
Beckman Scintillation counter was use‘ to measure radioactivity of lhe‘ eluted
fractions after addition of 10ml of-*Scintiverse® scintillation cocktail.
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2.11. Determination of Phase I and Phase I Microsomal Ensyme

Activities 2 -~

" * . .
Liver microsomes from untreated and treated rats were yed'and were obtained

as mentioned in section 2.5. All enzyme activities were measured in quadruplicate.

2.11.1. Measurement of Zt. P-450 Levels

Cyt. .P- 450 levels were measured as described by Omura and Sato (1964). A
total volume of 5ml contained 0.25mM phosphate buffer pH 7.5, 5mg mncm§omal
protein, and a few mg of sodiiim. ithionite.! The contents of the tube were gently
mixed _nnd distributed equally ‘in*two cuvettes (1-cm pathlength) which were
placed in'the sample and reference cell compartments of 'q dual~w§velength
spectrophotometer. A baseline was recorded between 400nm and 500nm. The
sample cuvette was, then saturated with 30-40 bnhhl'& of carbon monoxide. The

~ spectrum was recorded again’ Sevéen 400nm and 500om to determine the -

maximum sbsorbance peak at 450nm ‘(fer PB l.ype) or 448nm (for 3-MC type)
The cyt. P- 450 content was determined by using: the extinction coemcxent of *
otmM™! em™. - — &

2.11.2. Benzo[s]pyrene Hydroxylase

!l Y ylase activity was d by the method of Nebert and

(}elboih (1968). Liver microsomes (0.1mg protein/ml) were placed in a test tube
along with 100mM. phosphate buffer (pH 7.5), 80sM benzo[a]pysene in 20p1
acetone, and water to make the final volume to 0.9ml. Samples were'_preincuhated
at 37°C for 2 min in a shaking water bath. The reaction was started by adding -
10041 of a NADPH-regenerating. After 10 min, the renc!iol\wss stopped by the
addition of 4.25ml of acetone-h (1:3), and immediately mixed by vortexmg

After centrlluganon, 2.5ml of the upper layer was lunsferred to a clean tube nnd

-2.5ml oNN NaOH was added to it. After vortexing and” centnfugatlon, the lower

aqueous phase was used to read the fluorescence with excitation ‘at sosh%nnd
emistion at 522nm. Samples were measured against a standard curve consistiig of

+ vatious ¢o ions of 8-hydroxybenzo[a) in lN NaOH.
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2.11.3. 7-Ethoxy fin O-deethy

7-Eth o activity was d by the method of Pohl
and Fouts (1980). A total incubation volume of 1.25ml contained liver microsomes
(0.1mg protein), 0.32mg boyine serum albumin, and:1.5sM 7-ethoxyresorufin.
Th; sample was prein‘cubned at 37°C for 2 min, before initiating the reaction by

addition of 150 ] NADPH-regenerating system. The reaction was YPM after

10 min by adding 2.5ml of methanol. Precipitated proteip was centrifuged. down,

and the of the was d with excitation at 550nm
4nd. emission at 5850m. The amount of product produced was calculated against a

. J 5 \
standard curve of various con:_enjrsngns of resorufin. )

2.11.4. NADPH-Cyt. P-450 Reductase ~

NADPH‘-cyt.P-dSO‘ reductase was assayed using™cyt.c as an external electron
ageeptor as described by Phillips and Langdon (1962). The reaction was casried
out in a Iml cuvette containing in a total volume of Iml: O,Iml- potassium
phosphate buffer (ph 7.7), 0.1mg rat liver microsomal protein and 40:M cyt.c.
The contents were miixed and preincubated at -30°C in a cuvette in a remraing
spectrophotometer and a baseline'recorded at SSOQ;L The reaction was started by
adding 0.1ml of a NADPH-regenerating system, I:(the increase in absorbance at.
550nm was recorded for at least 4 to 5 min. rate of cyi.c reduction was

by using an extincti fficient of 21mM™! em!.

2.11.5. E‘pm‘:lde Hydrolase .
The activity ) epoxide hyd was d fl ic by using

carried out in a fluorimeter cuvette in a’volume of 2.5ml which contdined 0.15M

45-oxide as 8 ( et al., 1979). The reaction was

Tris-HCI (pH, 8.7) and liver microsomes (0.125mg protein). The reaction ‘Was
initiated by the addition of 10uM of the substrate. Relative fluoroscence (with

excitation wavelength of 310nm and emission wavelength of 385nm) was recorded

as a function of time. The activity in the sample was calculated by measuring the
. Y

« -

v

\"
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ﬂuomacence of, known concentrlmns of the produel benzo[n‘]pyrened,s'

dl.hydrodml.

2.11.6. GSH S-Transferases
GSHS feraseductivity was ined ding to the method of Habig et
al. (1974), using l-chhro—i 4-dinitrob (CDNB,) as a sub ‘The reaction

was carried out in a 3ml spectrophotometnc cuvette nnd contained: 0.1M
phosphate buffer (pH 6.5), ImM CDNB and 0.3mg'liver mjcrosomal protein. A
baselifle was recorded at 340nm before initiating the reaction by adding ImM o{‘
GSH. The increase in absorbance was recorded and activity was.calculated by
ulmg an extinction coefficient of 9.6mM* em™! for CDNB. "

2.11.7. UDP—GIumrﬂnyltrlufaruu (,»

UDP- Glncuronyltnnslerue activity was assayed spec‘troﬂuoromemcnlly by the
method of Bock and White (1074). A total volume of 1ml contained 0.IM Tns-
HCI buffer (pH 7.5), SmM MgCl,, 0.5mM I-naphthol dissolved in 0. 24% dimethyl
sulfoxide, and 03mM UDP-glucuronic acid. After pmneubnmn for 2 min at
37°C, the nuhon was started by the addition of olm‘g of liver- microsomal
pvoleln.. ‘After 4 min df~incubation, the reaction was stopped with Iml of 0.6M
giy:‘im.-oAM trichloroacetic acid buffer (pH 2.2) followed by cengrifugation. To
Iml of the aqueous phase was adde':i 2ml of 0.45N NaOH-to give a final pH
between 10.0-10.5. The fluoroscence of 1-naphthyl glucuronide was determined
using. an e}eiution wavelength of 200nm and emission wavelength of 330nm.
Activity was determmed by using a standard curve constructed from vnnous
concentrations ol 1-naphthyl glucuronide. - *
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2.12. Depletion of GSH in Tissues of Rats and Mice
& A u B .

2 . ~
Rats and mice (3/group) were orally intubated with 2,6-DMN (500mg/kg body
weight; dissolved in 10ml corn oil/kg body wt.) at zero time and at intervals of 4,
6 and 8 hours (also 12 hours for rats ‘only). Control, animals received equal
amounts of corn oil at corresponding time intervals . In this and the following
experiments (unless othérwise mentioned), the animals were fasted overnight prior
to 2,6-DMN administration. Animals were sacrificed by cervical dislocation

between 4 p.m. and 5 p.m.

this and iments in order
to avoid diurnal variations of the hepatic ‘luuthione level;‘lndividml tissues

were. immediately freeze-clamped and stored at -80°C. Tissue GSH was .

"delern;ined gentillly by the method as described by Akerboom et al. (1982). The
frozen-tissue was pulverized.and an aliquot (0.2-0.5g) of powdered tissue was

v

treated with four volumes of M perchloric acid containing 2mM EDTA. The °

contents were rapfdly inixgd and.homogenized by polytron for 20 sec at maximum

amgpeed, keeping the temperature of the sample at 4°C._The-acid extracts were
centrifuged at 5000g for 5 min to remove protein. The aﬁpernltnnu contained the
soluble components (GSH, GSSG, .and acid-soluble mixed sulphides) whereas the
pellet ined acid-insolubl n;ixed di it An aliquot of the deproteinized
extract was neutralized with a solutiod of 2M KOH econtsining 03M N-
morphélinopropanesulphonic acid (MOPS) and assayed immediately. The final
assay mixture was 1ml and contained an aliquot of the neutralized sample, 504! of
o-phthaldialdehyde (OPT; Img/ml), and 0.IM phosphate buffer (pH 8.0)
containing SmM EDTA. After mixing and incubating at 25°C for. 15 min, the
fluorescence of the OPT-GSH adduct was ined at 420nm with excitation at
350nm, Values were calculated against a st rd GSH' curve (ranging !ro;:)ll
nmoles to 5 nmoles). * o 8 .

NG T




_ 2.12.1. Effect of Various Do_sa of 2,6-DMN on GSH Levels h: Rat lee‘rv

Groups of rats were orally intubated with 2,6.DMN dissolved in corn oil
(50mg/ml). The doses varied from 20mg/kg body weight to 500mg/kg body
weight. Controls received an equal amount of «corn oil. Rats were sacrificed after
8 hours and GSH levels were measured in free:ed-elamped livers as described
?rher in section 2.12. »

2.12.2. Effect of 2,6-DMN on the Levels of Hepatic GSH In Pretreated

Rats
v

Groups of 3 rats were pretreated with PB, 3MC, or.2,6-DMN as mentioned in
section 2.5 . 2,6-DMN was dissolved in corn oil, and was administered by oral
intubation (500mg/kg). Controls weré given only corn oil. Rats’z were sacrificed at
4, 6 and 8 hours after 2, B-DMN dosing. GSH levels were measured as ment\oned

4

in section 2.12.

2.12.3. Effect of Fasting .

Rats were divided into l.wo‘ groups of 3 animals each. One group was, fasted
'overnight’(as usual) and the ofher was given free access to food. Both groups were
gwen 2,6-DMN (500mg/kg body weight) in corn oil. Controls of both groups were
given corn oil only ‘Aximals were sacrificed after 8 hours and hepatic GSH levels
were measured as described in fection 2.12.
2.12.4. Effect of Cobllb-Protoporphyrln X A

A group of rats (n-:{] was injected subcutaneously wnth a single dose of cobalt~
protoporphyrin IX (leymol/kg body- welghl)ku described. by Dfnmmond and
Kappas, (1082). This dose of cobalt-protoporphyrin IX is known to decrease the
level of hepatic cyt.P-450 to 20% of controls by wzﬁnn 48 hours of administration
(Drummond and Kappas, 1082). A solunon of cobult-protopcrphynn X was

prepared by dissolving the. compound in & “small ‘volume of 0.IM sodium’

hydtoxide, and the pH was adjusted to 7.4 with 1.0M hydrochlonc acid. The final

\




- C o

volume was m‘ﬂlegnp, with 0.9% NaCl. The cobalt-protoporphyrin D(’soln!i,ou was
administered (4ml/kg body weight) within 10 min of preparation. Control animals
received an equivalent volume of saline. After 48 hours of cobalt-protoporphyrin
IX or saline treatment, the rats were fasted overnight and subdivided into two
groups. One subgroup from control and cobalt;protoporphyrin X lni&eq rats was
intubated orally with 2,6-DMN (Soomg/kg body* weight) while the other meh\
as equivalent Anvmnt of corn oil. Anymk were sacrificed after 8 hours and
hepatic GSH levels were determined a'é dw:nhed before in section 2.12.

2.13. In Vitro Bind.lng of 2,0—DMN to Hepntlc Microsomal
Protein ¥ 4 g

Microsomal inenblti’ons were carried out as described eatlier in Ee?tiol;\.7NI3:d
contained in a final volume of 2ml of 0.1M phosphate buffer pH 7.4: hepatic
" microsomal protein (1mg/ml), 0.2mM 2,6-DM(8-'*C]N,and & NADPH-regenernling
.system Corresponding hlwks lacked the NADPH-regenerating system. All the
analyses were done in qludnpulets Test tubes were capped to prevent the
evaporation of 2,6-DMN and were incubated for 20 min at 37°C in a sh
“waterbath. Reactions were stoppedby the addition of 4ml of ice-cold ethyl acetate

followed by vortexing. The “ethyl acetate phase ‘was removed. Protein in the
‘aqueous phase was precipitated with an equal volume of 10% TCA followed by
centrifngnion. The supernatant was removed, and the Brecipiute was washed
ly by mixing,'w{lh 5ml of methanol:ether (3:1) to, remove non-covalently
bound substrate nnd ‘metabolites: After each washing, the mixture was centnfuged'

Bhd the solvent vyu removed by aspiration. The washing was

until the orglmc wash .' d back d levels of radioactivi .l(usllllly a
matter of 5 to 10 washes). The pellet which consisted mainly of py‘o\ein,' was’
dissolved i;llml of 10N sodium hyd id by ight i Vation at 60°C
folléwed by neutralization with 5N HCL An aliquot of the clear solution was
_counted in scintillation fluid for radioactivity determination. :Protein was

determined with another aliquot of the dissolved precipitate by the method of
Lowry et al. (1051), using bovine serum albumin as a standard.



. 2.14.1. Incubation Condlt\onq s
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2.13.1, In Vitro Protein Binding by 2,6-DMN in the Presence of GSH
or both GSH and Hepatic Cytgsol

The procedure was the same as above (2.13) except that the incubation mixtures
contained various concentrations of GSH (ranging from 50uM to 5mM) and liver
cytosolic protein (when included)., leer cytosol was dialyzed .to remove any

endogenous GSH presént, and was used in the incubation mixture at a

concentration of 0.3mggém}, 4
2.14. Determination lof GSH and GSSG in Human Red Blood
Cells - . .

Human red blood cells weére obtained from the blood bank unit of the General
Hospital, St. John's, NF. The erythrocytes were obtained by centrifugation and

" extensively washed with uofnmc saline prior ‘to used, and ‘¥ere dll\lted in a ratio

Haemntotnt values

ot 11 (v/v] with isotonie 0.IM phosphute buffer, pH 7.
were determined and ﬁnal results’ leponed on the basis of %, haematocrit (Brown,
1076).

The incubation mixture ined liver mi | protéin (1mg/mi) from 3MC

_pretrgau&or control rats, ‘0.2mM 2,6-DMN or any one of its three metabolites 2
0

(namely 2,6-DM-3-naphthol, trans-3,4-dihydro-3,4-dihydroxy-2,6-DMN, and 2,6-
3 .
DM-32-naphthoquil It also ined 0.4ml of red blood cells, a NADPH

. regenermng system and isotonic 0.1M phosphate buffer (pH 7.4) to make the final

volume to 'Iml. Blanks were run simultanously and chked the NADPH
regenent‘\ng ‘system. Other "controls* were also run by - excluding - certain
components. All incubations were done in quadruplicate. Reactions were stopped
by taking a |liquo\l of the incubation mixture and placing it immediately in (a)
2.0M perchloric Qci@ containing 4mM EDTA for GSH or GSSG determination, or
(b) 3.9 ml distilleq ‘water for determination of methaemoglobin.




1

3
é.u 2@ Determination of GSH in Microsome-Erythrocyte Incnbsﬁol\
.
Mixtures

An shqnot (0.1-0.5ml) of the incubation mixture wa: added to an equal volume
Jof 2.0M perchloric acid containing A.OmM EDTA. The preclpluted protein was
removed by centrifugation. The acid extract zvns: treated in the same manner as
for the determination of GSH in tissues by the o-phthnlduldehyde fethod as
descnbed earlier (section 2.12)

- [ D

2.14.3. Dmmlnaclon of GSSG in Mi 9 By throcyte Meub
Mixtures s : >
. v
Autoxidation of GSH.in the lized extracts was ci by trapping

the GSH with N-ethylmaleimide (NEM). as described by Akerboom and Sies,
1082). NEM was added to an ahquot of'the acid extract of the incubation
mixture to a final concentmwn of 50mM. The mixture was carefully neutralized
to pH 8 with a solution containing 2M KOH and 0.3M MOPS. Excess NEM was
removed by extraction with. 4 voll‘xme!‘ of diethyl ether. The &xtrﬁctinu was

repeated 5-8 times. Traces of diethyl ether were removed by bubbling nitrogen
Lhrcmgh~ the sample. An appropiate aliquot of this was used to d;ermine the
concentration of GSSG by the method as described by Akerboom and Sies (1982).
An aliquot of the NEM-fre¢ sample made up to 1ml with 0.1M phosphate buffér
pH 7.0 was placed.in a cuvette. 1041 of 100mM EDTA and 10s1 NADPH
(dissolved in 0.5% NaHCO,) were also added with m;lx‘iug The baseline level of
NADPH sbsorbance at 340nm was d. After equilibration of & X
to 25°C,, the reaction was started by the addition of 5l of‘.glutntbione reductase

“(the commercial enzyme was diluted to give 20 units/ml in 0.1M phosphate buffer

. pH'7.0, containing 104M NADAPHL The rate of decrease of NADPH in the sample

-was d ined. For the ént of standard GSSG, buffer. containing
7 4 3 i LA

5nmole of GSSG/ml replnce{lﬁg sample. | .

)

“ e




2.15. D ination of Meth lobin (metHb) Formation

_The spectmpho!om’elrie ope-wavelength (b;omn) method was used to determine
erythrocyte metHb levels (Salvati et al., 1981). Incubations were carried out as
described in section 2.14.1. An aliquot of the incubation miture wj' diately”
] transferred to a test tube contsining 3.9ml of water which botlf stopped the’
reaction and haemolyzed the red blood eells. Affer 5 min, 4.0ml of 0.15M
pbosphate buffer (pH 6.6) was .added. Two 3ml aliquots were transferred to two
test tubes, named C, ang/Cy. 20% Bo{i;sium ferticysnide (0.1ml) was added to
. tube C; while mixing. After 2 min the absorbance of both the tubes was measured
at 630nm, using phosphate buffer and water as blank. These absorbances ‘wert\LJ
designated as A,, and Ay, Then 0.Iml of 5% potassium cy@e was added to
sboth the tubes n_nd \n_llxed, Absorbances were again recorded at 630nm fc_:r (J_2 :ng
.Ca, and the absorbance. were recorded - as A2b and Ash. respectively. The )

concentration of metHb was calculated as follows:
Methaemoglobin (percent of total pigment) .
A~ =100 (A, - Ay) 1 (Ky - Ay) : v
¥ 3 2.16. Statistical Analysis

The data for all experiments were analysed by group t-test in which each
 treated group was compared against the ding control. When
were more thaneone the analysis of variance was performed and was followed by

group t-test between the ébxlrol and treated groups.
/ .

- \:I
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Chapter 3
- o Results

3.1. Percent of Total Metabolites Formed

i R a—
v

Table 3-1 shows the extent of metabolism o}?,&DMN by gat liver microsomes

in vitro. The results give the percentage of the total metabolites that are formed .

with each mi type. Me ites were by TLC on silica gel plates

which were developed in hexane Thls solvent system separates | 2,&DMN lrom all

its metnbohtes, which remam at the ongm

The results show Phat highest metabolism of 26-DMN in mtra occurred wnh
liver microsomes obtained from PB pretreated ‘rats (30%) The percent
metabolism of 2,6-DMN by liver microsomes obtained from pretreatment with
PBCO, 3-MC, and 2,6-DMN were 24%, 20%, and 14%, respectively. These values
are significantly higher than those obtained from liver-microsomes of control (%)

or torn-oil (i.p.) pretreated rats (7%}:.

3.1.1. Dhtrlbution of Microsomal Metabolites of 2,6-DMN

Table 3-2 summarizes the results for 5 major metabolites produced in ti)e
metibolism of 2,6-DMN by’ rat liver microsomes from control and variously

pretreated rats t‘r’l vitro. Tl_ie results give Lhe., of indi
on the basis of the total metabolites (as 100%) that were recovered on HPLC. The

metabolites were separated on a 3x3 C,; reverse-phase .culumwmed in

Methods (2.10). . \)
g

T fdentity of the ites was determined by ison with synth




Table 3-1: Percent of total metabolites formed by liver microsomes from
untreated and pretreated rats.

metabolites formed % metabolism

s )

Control . .05 6.0+0.50 * .- -
Control (corn-oi1) . ‘bx’gu_.ur Crawag0
) . 3.080.20 3042.0

3-HC g 2.040.21 20+2.1 ’
2,6-DMN : 1.420.16 1441.6

“paco ) 2.410.20 243270

;.
ln:uhanondre performed in mud,p‘lgli;;;ze r.ur 20 min and contained per
ml:200 M Z.G-M[U-QO.-]N. 1 mg.mjcrosomal protein from control or variofly
-pretreated rats and a nADPH-regene/raNng s_‘ystem. After incubation,
ethyl acetate dxtracts of the rea‘c’{"on mix were spotted.on TLC plates
which were developed in hexane. Details are described in Methods (2.10).
Percentage hetabolism was calculated as the fraction of radioactivity
present in the reaction ‘m{x that remained at the origin of the TLC plate

X 100, !

A | .

.
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ki standards on HPLC. The mmbélim as well as.the synthetic standards were

’ ol(l?ly\!epnnble by HPLC using the column and solvent system described in .

o~

. 3.2. Determination of A o %

Methods (2.10) The eliant’ system used also separated 1- gnd 2-naphthols (see
#ligure 3-1) suggesting that if isomers of 2,6-DMnaphthols were formed in the
inclibation mixture they might also be separated.

There ‘was no change in the number of bo formed when |

r&(n conl.rol animals (Figure -3-2) were substituted with those from poimals
" treated wth PB (Flgure 3-3), 3-MC (Figure 3-4), 2,6-DMN (Flguf'ks) or PBCO
(Figure ?6) ’l‘he quantity, howeyer, of the mdmdn\al metabolites changed with

each microsome type 2,6-DM-3,4-naphthoquinone; 26—DM~3—nuphthol and 34-

. dlhydw—.’i 4-dxhydroxy-2 6-DMIN were/ the nmor metabolites identified. They

constituted sbout 80% of the’ total metabolites tkﬂ were recovered on HPLC.
Liver microsomes from PB or PBCO p treated rats i d the jof of
3,4-dihydro-3,4-dihydroxy-2,6-DMN siguificantly (to 24% and 17.2% respectively

E

of total melnbohts) as compared to controls (7.8%). Similarly, 2,6DM-3-

nnphtbol ion was i d significant] wn@ liver micro: from'3-MC
*(19.9%) or PBCO (18.2%) pretreated rats, as compared to_control

(10.6%). The unidentified metabolites I (retention time 13.23 min) nnd v
.(retention. time 17.84 min), respectively increased arnd- decreased with

pretreatments when colmpared to controls. - =
. .

o PN g o " - .
. ¥The apparent K, Values for 2,6—DMN with hepatic microsomes obtained after

dil’fgr‘e‘nl_’ ment regimens were d d (Methods 3.8). The results were
determined by the Li er-Burk method (Fig, 37).- The st szp@j

were determined b}"/hé melhod‘ of Johansen and Lumry (1061), using an Apple I
computer programme (Enzyn} Kinetics I). The K for 2,6-DMN using control

ines

microsomes was found to be 110sM; snd the V was 16.7 nmol/‘m/mg
protein. Pretreatrent with 3-MC led to a lower K| of 'lOyM and a lower V.
Pretreatmeni with PB or 2, G-DMN led toa hugher Vi but with a h|ghel‘K o!

y
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340aM and 240uM, rapectwely The best adapted sysbem, whlch maximizes
‘max/ K was that induced by PB. . M

3.3. Effects of Pretreatment on Hepatic Microsomal Phase I and -
Phase II Ensymes of Rat : .« »

The effects of PB, 3-MC, 2,6-DMN or PBCO pretreatments on hepatic cyt.
P-450 levels and some phase I and phase II activities are shown in Table 3-3.
Levels of hepatic cyt. P-450 were increased with pretreatment of snimals with PB
(4-!nld), PBCO (2-fold) and with 3-MC (36%). There was no significant i increase
A . m thé levels of cyt. P-450 when animals were pretreated with 2, B-DMN . P .

- Pretreatment of animnh with different inducers caused a sig‘niﬁcnnt induction of

some mixed function qkidnge activities. 'I-Etht;xyrmruﬁn O-deethylase activity
xowed i ! induction after with PBCO (12-fold), followed by ;
increase of 11-fold after 3-MC, 2-fold nher PB and 70%_ aftér 2,6-DMN

pretreitments. Activity of b [alpyre > b y was. also ifi nt B
d by p nt of aiiimals as pared to controls. There was an 11-

fold incréase in the case of PBCO, 7.5-fold for 3-MC, 4-fold for 2,6-DMN and 3:

fold for PB. Epoxide hyd Pctmty nlso d Z-fcld by p r of -

rats with' PBCO and 3-MC, and by SO% with ‘PB There was no significant

increase in the activit; wnh 2,6-DMN Al the

g sngmhcnntlymcreased the }evels of the liver microsomal, flavoprotein NADPH-
cyt.c reductagp activity as compared to controls (Table 3-3).

The levels of two groups of the phase I xicati enzymes from
namely, GS;{ S-transf and UDP-gl 1 f were also elevated  °
- with various pretreatments. There was a 100% increase in GSH S-transferase
:activ‘ity with 3MC and PB pretreatments, and a 38% increase with 2,6-DMN and
' . " PBCO pretreatments. Similnrl;'. UDP-glucuronyltransferase activity was also

.

elevated. A 3.5-fold mcreue was observed with 3-MC pretreated microsomes,
while PB, PBCO and 2 6-DMN premnmanu increased t( nctwuy hy (2-fold),>
. 34% and 34% respectively. N . o K




Figure 3-7; Lineweaver-Burk plots of 2,6-DHN me tabo ize
by hepatic microsomes from control™and pretreated rats.
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- Experiments were performed as described in 2.9, 2.10,

5 ’ o el
< The units of V and V__  are nmols of metabolites formed.min:"mg,
protein'i, * wx ” / ’

- The units of K‘-’ and S are uM and mM respectively. &f

- The ba'r’s represent + SD.
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3.4. Depletion of GSH in Mice

Buckpitt and Warren (1982) showed uut. the administration of nlphthxl'ene
(400rg#ykg body wt.) to mice depleted GSH in liver, kidney sad lungs. Griffin et
8l. (1981,1983) showed that a pulmonary tokic dose of2-MN (400mg/kg body wt,
i.p.) administered to mice significantly depleted GSH in the liver and lung and, to
a lesser extent, in the kidney. ‘mhene the effects of 2,6-DMN on the levels of
GSH in different tissues, maleCD=1 mice wgre tdministe{ed' an oral dose of 2,6-
DMN (500mg/kg body wt.) by intubstion. Animals were sacrificed at time
intervals of 0, 4, 8, and 8 hours after 2,6-DMN administration. Leve}. of GSH

were measured in different freezed-clamped tissues as'described in Methods (2.12).

Figures 3-8 and 3-9 show the results. A marked decrease in hepatic levels of GSH'
‘was observed. This depletion was maximum 6 hours after 2,6-DMN dosing, and
reached 2.05+0.35 umols/g wet #t. of liver from a control value of 3.3410.80.

Four h.olm after 2,6DMN_ ldminislmion. an elevation of GSH was observed in
the eye (2.0410. npmzl]’ wet wt.), but by 8 bours the level of GSH came down
to 002% 0.05smols/g wet wt. and then rose to 1. 47;t0 M;mols/; wet wt. 8 hours
alter tlosmg Nakashima (1934) also observed a depletion of GSH in the liver and
eye lens of rabbits treated with naphthalene, but our results were not statistically

significant for eyes.

-~

In kidney no significant GSH depletion was observed. In fact, 8 hours after 2,6-
DMN administration_ there was sn igcresse in the level of GSH from 0.154+0.05
(control at 8 hours) l;) Q‘24;|:0‘0§ o UQ\I! Similarly, an increase in the
level of GSH in the lung was Sbserved after 4 hours of dosing with 2,6-DMN. The
results for lung and kidney (FI; 3-9) were not statistically signifi :nntly different
from the control.

) - .
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Groups of 3 mice were sacrificed 4,6 and 8 hr after oral dosing with
2,6-DMN (500 mg/kg body wt. in corn. 041) or yehicle alone. GSH levels
were measured in duplicate in the liyer and eyes of each mouse as
described in Methods (2.12). )

Results are mean values is.nv.

#Indicates significant difference in values From control mice. (t-test
for group dats, P<0.05). k.




Figure 3-9:

EfToct o7 2.6-DHN administrition on kidney and lung of mice
-

GSH (ymel/g
© welwt)
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(.roups of '3 mitce were sacrificed 4,6 and 8 hours aftef oral dosing with L
5 /6-DMN (500 mg/kg body #t in corn 011) or vehicle alone. GSH levels LA
-:re measured in duplicate ¥n the kidneys and lungs of each ‘mouse as .
. _ described in Methods (2.12) . .

Results are mean values + S.D.
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.sacnﬂ:ed 8 hours after administration-of the various doses of 2, &DMN nnce' .

3.5. Depletion of GSH in Rat . = Qe

Figures 3-10 and 3-11 show the levels of GSH in tmn of rat treated with an
oral dose of 500mg/kg body wt. of 2,6DMN Ivy intubation. A mnked durem in
hepatic GSH levels to 2% of control values was observed within Shours after = - ¢
2,6-DMN administratign. There were no signifiéant changes in the GSH l‘evek of
lung, kid;uy or eye, when compared to controls. There was an elevation in GSH
levels of eye after™®hours of 2,6-DMN dosing as compared to jts coryespondiog -
control. However, the 6 hours control rats group had GSH levels lower than the

cont'mh"éf 0, 4, 0or 8 hours. “Fhe'discrepancy in this case is not clear. . " o N

3.5.1. Effect of Various Doses of 2,6-DMN- : .

. LS‘* @ 2 A
‘The. uigts ‘in Figure 3-12 show theteffect of various doses of 2,6DMN on' =
hepauc GSH levels. of rats. Control ats received. com~on| only Ammlll were . -

munmum depltﬂon of he atic GSH wis observed lt this time penod (Fl;ure .'M] A

Results are mean +D. (or three 1 g Il doses lbov: / .
body wt. caused maximal depletion, but-least standard devn(wn was | observed P
with s dose of 500mg/kg body weight. s Al
. p ) - h % 2

3.5.2. Effect of anou Preue-tmenh ghlu o8 > S

Figure 3-13 shows the depletion ol GSH in liver by 2,6DMN lﬂer pretrullmnl
of rats with various is inducers of microsomal mixed luntllon oXidases. Cvnlrol rals
were given corn-oil and others the inducers dissolved euther in :om-ml (3MC wd
2,6-DMN) or m-(l'.er (PB). The inducers in, the doses given to rats did not lower . .
the level of GSH in theliver. 2,6-DMN was given orally (500mg/kg Hody wt.) by

~|ntublﬂon, and rats were sacrificed at lm\e “intetvals™ of 4,8, and 8 hours, Resfls ~ /
" are shown a3 % of GSH‘Q the corn-6il nontrn] livers. There was no depletion at 4

hmlrs when PBor 2 B-DMN were used 4s inducers. However, significant loss of ) -
‘G was observed 8 hours sfur ldmmutrllmn nl an ‘oral dose of 2 B-DMN Only #
*in the cise of SMC pretreated rats was there a very submnhﬂ reducllon:ln Gsll

¥
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< Groups of 3 rats were sccriﬂ:od 4,6 and 8 haurs after oral dns{ng with
> # + 2,6-DM (500 mg/kg body wt in corn oﬂ) or vehicle alone. GSH levels
..« were meastired in duplfcaté in the 1{ver and eye of, elch u! as described
} “ %, - in Methods (2.12). 3 R
¥ Results are uun yalues +°5.0. _» § ’ , o .
*Indicates a stgnmunt dﬂler!nc- fron ulue c’nntrul rats (t-test, ‘.
for pdur; P<0. DS) ﬂ 4‘ . 3
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Groups of .3 rats were sacrificed 4,6 and 8 hours after oral dosing with

" 2,6-DMN (500 mg/kg body wt in corn of1) or vehicle alone.’ GSH levels

: /" . were measured in duplicate in the kidney and luge of each, rat as

v g described 1n Methods (%..12). -

. .i'!bm are mean Vl\uei + 5.0,
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i Groups of 3 rats were sacrifiCed 8 hours after oral incul

¢
- Figure 3-12:.
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> varying doses of 2,6-DMN 1n corn of1 or corn of1 alone.
in the 1iver of each |nd|v!du|l rat was measured in duplicue as

described {n Methods (2.12.1).

Results are means : $.0. for 3 rags
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levels (nearly 80%) by 4 hours and this GSH .depletion continued till levels ~
reached to 15% of coptmh by 8 hours. It seems from the reaults that metabolites
of 2,6-DMN produced by,_s-M(; pretreatment might effect the de novo uynthuiahx
e GSH bec‘mm'uigniﬁcmt d®Metion (ss early as 4 hours after the dose) is observed.
v i
3.5.3. Effect of Futlng

\Fl.!hng enhances_ the }zepnwwxich of several chemicals and such acnued
. hepnoxm)y has been-extended t8chemicals that are capable of depleting GSH
/ (Reed and F&i&:, #084). There is critical level of GSH befow which toxic eﬂecJu
* became manifest (Mitchell et al., 1073). Fasting is known to o;ecreua the liver—
GSH content in rats (Jaeger et al., llﬁl) and since all the experiments were
' performed on overnight fasted rats, it was essential to demanstrate that the loss of
hepatic GSH was-solely due to z,o:DMN administration and not to any other
i factor(s) caused by fasting. - . U A
e Figure 3-14 shows the results. After 2?-DMN adminfstration, GSH levela in the |
liver of rats whlch\wore not fasted overnight decreased from 2.35 to 1.2 umols/g
wet wt., a loss of 49%. In rats which were fasted overnight béfors dosing with 2,6-
DMN, the level of GSH went down from 1.45 to O.Mpn_ml_;/g wet wt, 8 loss of
& 45%. The total content of hepatic GSH il; the fed snimal was twice that in the
fasted apimal but tha;‘pnmrn of depletion was the same in both groups. Thus, the
results confirm the conclusionsf that depletion of GSH is truly due to-the
administration of 2,6DMN. The resulis also indicate that fasting does not
4 aggravate the effects of 2,6-DMN in depleting hepatic GSH as the proportion of
loss il; fed and fasted animials were not siguificantly different. )

|
v, 3.5.4. Effect of Cobalt Protoporphyrin IX - K
\ 5

A sub dose of cobalt byrin IX lox:nu is known to decrease
Yy the lanl of cyt.P-450 to of controls within 48 hours of administration
' (Drnmmond and Klppll, 1082). An experiment was performed to show that in
vivo metabolism of 2 o-DMN by liver cyt. P-45) was essential for hepatic e
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Rats were  {intubated with z.‘é»um (500 mg/kg body wt in corn oil) or
vehicle alone. Groups of 3.rats from each treatment regimen were
sacrificed 4 hr, 6 hr and 8 hr after dosing and 1{iver GSH levels were
measured 1n duplicate in individual 1ivers as described in Methods

Results are mean values + S,D. and are expressed as a nerunng‘tnrn
ofl trute'd‘rnts. 1008 TSH = 15240.18 umol/g ut wWt. ”
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L / Effoct of feeding, fastiog or Co-Hema pretrestment on hepatic GSH -
257 . V.« leweis of rat following 26-OMN sdmiaistralion
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» Groups of 3 untreated-fed, untreated-oyernight fasted and Co-Héme-
overnight fasted rats were intubated with 2,6-DMN (500 mg/kg body wt in
corn of1) or vehicle alone. Rats were sacrificed 8 Br after treatment
and GSH levels in“indivijual 1ivers were determined in duplicate as
- described in Methods (2.12.3 and 2.12.4).

Resu]ts are mearvalues + S.0. td B \
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deﬁlethm The results.are shown in F;igure 3-14. 2,6-DMN administration'to cobalt
ptowpd'rphyrin X pretre‘nted rats rdsulted in no GSH depletion by 8 hours

- whereas control rats suffered a 50% depletion in hepatic GSH levels within this/

penod

3. 0. Binding of 2 B-DM[B-“C]N to Mlcrnnomal Proteln ,

.
The ability of liver microsomes from control as well as PB, 3-MC, 2, &DMN or’
PBCO pretreated rats to catalyze the irreversible binding of 2,6-DMN metabolites e
to microso‘mnl proteins was determined. 2,6-DM[8-'*C|N (0.2mM) was incubated -
under the conditions.given in Methods (2.13), in-the presence or absence of a ¢
NADPH:- ing system. Negligi binding occurred if¢the incubation
_mixture facked the NADPH:-regenerating system (Table.3-4). There was a

* significAnt  increase in protein binding of 2,6DM[8-1CIN metabolites: when

microsomes from pretreated animals were- used in place of controls. Munmum
binding was 4. 13nmol/mm/m5 of protein after pretreatment with PB, followed by
3.93 after PBCO, 3.35 after 3-MC and 1.55 alter Z,B_-DMN pretrestments. In
com/yarison, control microsomes showed a binding of 0.56ninol/min/mg protein.

3.8.1. Protein Binding in the Presence of GSH

Several nscl.iv; metabejites, including many epoxides, react with glutathione to
form lutathi bolite adducts (Mitchell and Jollow, lﬂ75),’nnd it is known
that hvex is capable of metabolizing naphthalene to rentwe metabolites which
can comugste with GSH to form at least threz adducts (Smurl And Buckpm.
1083). Using incub diti as described“in Methods (2.13.1.)vArious
céncentrations of GSH ranging from 50,M to 5mM were added to the incubation -

mixture ini i from rats p. d with &MC.\‘" 5 from

3-MC pretreated rats wereI chosen because 2,6-DMN caused a dramatic drop in .

hepmc GSH levels of 3-MC pretreated rats (Figure 3-15) and also because 3-MC
gave sigaifi levéls of 2,6-DM[8-"C|N binding to

mnteln (Table 3-4). In the presence of GSH, a marked decrease in the \gading of




’l‘lble 34t Effect ef various prurenmm:s on the binding of 2, a-m[s-"c]

& . - naphthalene to liver microsomes in vurnl
g . o .
+

Microsome Type

T
- Binding to micr. protein2,

regenerating system (nmols/min/mg)
' L [ :
Control - By @ 0.22+0.07
- K T os6s0.08
s \ P
] . LI 0.23#0.01 I
. 4 : 4735057 5
<. o .
IMC " - 0,3540.08 -
- r 3.3500.39
MN . ] “ 0.2740.05
" " 1.5540.03
) b . ‘
P8CO # v : 0,3120.00
pe ’ + 3.93_0_0‘.61 .

‘total volume of 2 ml:i 0.1 M potassium phospmte bufter (pH 7.%), auu

nmol 2,6-DM(8-14CIN, 2°mg microsomal protein and 200ul NADPH-regenerating

system. Details of protein binding are describeéd in Methods (2.13).

* %Results are mean values * 5.0, for qundﬁg!ienn assays.

. K

TN

.-lsncubmons were..carried out at 379C ler 20 min and contained in a

’




- e ‘\ .
‘80 * e
2,6DM[8-1CIN to protein was observed. This decrease in binding was
proportional to an increase in- the ‘concentration of GSH (Figure 3-15). In ihe
, absence *}SH 3.8 nmols of 2 G-DM[&“C]N were bound per mg of microsomal *
protein. This value dacreued to 087:0 11 nmol/mg of protein at a GSH
concentration of 5mM. Thus, SmM GSH inhibited 2,6-DMN protein bmdmg by
more than 15% . . =

3.6.2. Prauln Binding lnrthe Prmnce of Gytosol I.lld GSH

1t has been showy by Booth et al. (l%l) ﬁnt addition of the !Olllble lractxon of

rat liver to mi 1 b hthalene and GSH d

the formation of the GSH derivative of naphthalene, namely, $¢(1,2-dihydro-2-

> hydmxy-l-naphthyl) glutathioney Therefore, the effect of cytosol (0. amg/ml

incubation vojume; dlnlyzed to remove endogenous GSH) on the bmding of
. metabolites of QB-DMIS-HC]N to microsomal protein in"the presence of various
* concentrations of GSH was examined. The ruulls are shown in Figure 3-15.
ITnclusion of the cytosol in the incubation led to a fur(lm decrease in the
A € binding of. metabolites of 2@-DM[&'-‘C]}‘I to protein. This decrease was observed
’ at all GSH concentrations but was more significant at high GSH concentrations.
Thus, the, addition of cytosol to, the incubstion mix containing SmM GSH resulted
in greater thap 95% |nhlbmon of pmtem binding, as opposed to about 75% in the

absence of cy&oml The observnuons are in lccord with Booth et nl (mﬂl]

8.7. Methaemoglobin Formation in Hllmnn E{rytprocytu

l\-O_ertlin chemicals and drllé' have lhc'upncity to greatly increase the rate at
Wigm * : which haemoglobin'is conyerted to metHb; -nd this may overwhelm the capacity . B
of the erythrocyte to reduce metHb to haemoglébin (Beutler, 1085). It was of < «°
% interest to study whethgr '.2,.6-DMN or, }li'y ot~i§s‘ tetabolites could cauge metHb
T in human erythrobytess Flgur 316 shows " the tesults,, When
eryﬁu’ocytn were incubated wnl}koth 2,6-DMN (ib +104l acetone),contiol- o
” mlerqcomn and 8 NADPH-uxuherntlnx system for 20 mm, L‘171!52 % of ’

' . L. wn
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Inhibitory effédL of GSH on 2,6-DHIB~14C N binding Lo

4
liver microsomes 7
3 In vitre
PROTEIN BINDING .
(nmol/min/mg)
2
.
1
° :
[ dos 02 1 2t H
7 6SH (mi1) .
T . S . s
7y " [B 34 Mcr. B 3+ Hicr. + Cylosol '

incubatiors were carried out at 37°C for-20 min and contained in a
total volume of 2 ml; 0.1M potassium phosphate buffer (pH 7.5), 400
nmol 2,6-DM[8-14CIN, 2 mg microsomal protein from 1ivers of rats .
pretreated with 3-MC, various concentration of GS!, 2004 o |

NADPH-{egenerat(ng syst d (when added) 0.6 mg cytosolic protein
vers of 3-MC pretMdted rats. Details of protein binding are

: ‘descrlbed i Methods (2.13). %
2Results are mean values + S.0. for quadruplicate assays.
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N P -
. . -
[ .
. .o




. NADPH-regenerltin; synem.

L] 82

oxyhaemoglobin was converted to metHb. This amounted to a rise in metHb of
about 5% as compared to metHb found in erythrocytes alone. The metabolism of
2,6-DMN by microsomes obtained from the liver of rats pretreated with 3-MC
increased metHb formation in erythrocytes to 17.1% (Figure 3-18). This increase

< in metHb . formation indicates either an .increase in the rate of 2%~DMN‘

boli An{/or ., of redctive bolite(s) .

It is known that naphthols formed from the--microsomal metabolism of
naphthalene can be l;urther metabolized . by microsomal - enzymes to bind
irreversi!;lx to .protein (Hesse ‘and Mezger, 1878). It was of interest '.o.kn_ow
whether this was also' true of 2,6-DM-3-naphthol. The results (Figure 3-18)
indicate that 2,6-DM-3-naphthol is metabolized in the presencof microsomes and
a NADPH-regenerating, syshl. When erythrocytes were inclu&ed, the ,;metHb
formed was !m‘md w be 21% and 30%;by control- and  3-MC-microsomes

respectively. The conupondmg blanks showed "ho significant metHb formation

(Figure 3-18).

Metabolism of dih‘ydrodioh is slow in rat livuﬁock et al.,' 1976). ’fhough
dihydrodiol dehydrogenase is absent. from microsomes (Ayenger et al., msé), ifa

. broduct diol is derived from a large hydrophobic molecule, it may agaiﬁ servessa

substmta lor the monooxygenases resulting in the formatibn of diol epoxnﬁes (Sims

et al, 1074) ~When 3,4-dihydro-3,4-dihydroxy-2,6-DMN was .incubated with
erythrocytu, a NADPH-regenerating system and control or 3-MC microsomes, the
metHb produced was 14% and 21% respectively. The correspondihg blanks, (no

NADPH- reg ing system) als§' produced metHb'(lO%~;nd 15% fer control-
and 3~M\C~mircosoms respectively). This increase in metHb levels in blanks (and
possibily in test) may also be-due to f ion of an oxidized toduct(s) of

dihydrodiol, 8s no met: ohsm was expected in’the blanks which hcked the

26-DM~3 4-_nlphthnqulnona is . bne of the mnjnr metabolites in the m(:vﬂrb

" microsomal metlbollsm of QO-DMN When th}s quinone was incubnted Ylllh




Figure 3.16: ' /

Formation of metHb in human erylhrocyles by 2.6~
Dt or iLs metaboliles
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Incubations were carried put at 37°C for 20 nh!nd contained in a fina)

volume of 1 ml: 0.1M potassium phosphate buffer (pH 7.4), 200 nmol 2,6-DMN

(DMN) or 2,6-DM-3-naphthol (3-0LY or 3,4-dihydrio-3,4-dihydroxy-2,6-0MH

(3,4-010L) or Z,S-Dﬁ?,l-naphthnqgnone {3,4-Q), Q4 ml erythrocytes in
< 0

{sotonic saline, 1 mg rosomal p in (MIC) from e!?her control (C), or 3-MC

- pretreated rats and 0.1 ml%of NADPH-rdgenerating system (RS). Corresponding

blanks lacked the NADPH regenerating system. Details of metdb measurement are
described 1n Methods (a.‘ls?. :

Results-are mean + S.D. for quadruplicate assays. iy 5 w

-



erythrocytes, either in the pnﬁunc'e'\@( control or 3-MC microsomes, with or
without' s NADPH. ing system, a signi amount of metHb was
forined ranging from 50% to 62% (Figure 3-16). %

. 3.7.1. Depletion of GSH in H\un;n Erythrocytes—

When hu‘mnn erythrocytes were incubated with 2,6-DMN, control-microsomes,

and a NADPHngener'?ting system ¢ ihe level of GSH in the coll was lowered from

218 433 nmoln 17.543.3 nmoles/%Haematocrit/ml incubation mixture

- (Figure 3-17). When 2, &DM &nnphthol was used as & siibstrate in the microsome-

T erythrocyte, in¢ubation mumlre, the GSH content of the erythrocytes decreased
from 26.9 to 8.7- nmolu/%Hnemamnt/ml This dépletion, which is greater than *
that caused by the parent mo{;cule, seems appropriate m cnntext with metHb‘

formation, which was higher with Q,B-DM-S-nyg‘!hOI (Flgura 3-18). A8

3 3,4-Dihydrox’y' 4-dihydro-2,6-DMN"  also ,decr\éued ﬂ_x‘e GSH  levels }

eryth i d with trol-mi and a 'NADPH-regenerating
" . system. Tlmugh the 'blauka were low 1(18.61+1.4- nmol/%Haematocrit/mil) as -
compared tq\bhnks \(wnthont NADPH-regeneralung system) of 2,6-DMN
(21.6+33  nmol/%Haematocrit/ml) "~ or  2,6-DM-: -3-naphthol ™ (26.9+2.8
nmol/%Haematocrit/ml), the inclusion of, a NADPH-regenerating system further
. reduced the levels of GSH to 10.14+1.1'T nmol/%fhemnwcrit/ml). The pattern is

similar to that of metHb formation, where the blanks were high. \"

L Iry the .case of 2, 6-DM:-3, +naphthoqlnnone, the absence or presence of a
NADPH- ating system in the mi Y yte incub. mixture did'
not affect the rapid loss of GSH from the cell. The dau are similar to that of lb‘

. expenmentn] results of metHb fo{mlhon with quinone as'the substrate.
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Incuatas were careted Jout at 31°C_ for 20 min 1 ntatned tn o total 5
voluse of 1 ml: 0.1M phosphate buffer (pH 7.4), 200 nmo) 2,6-DMN or any of. fts

i -nnbonns 0, -l erythrocytes in fsitonic saline of aicrosomal
Y . protéin (MIC)-efther from control (C) or 3-MC pretr d rats, G.1 w1
v . NADPH-regenerating system (RS). GSSG levels were de ined only in ”
. “ Incubatio rlxturn containing 3-MC microsomes. Blapks wergorun
simultaneously and tackd the HADPH-regenerating system. N :
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3.7.4. fon of Oxidized-Glutath : / d
N e - Erythrocytes: TS v ,' 27N /‘ =
One ‘of tf:e !um:uons of dsH s to preven', the ox:dsmon of physlologncnllyk,,_
- 1mportunl compounds’ in the body, in wlnch role_jt i is oxidized' to GSSG or

d with reactive bolites, it Vas therefqre of' interest 16 examine the. o +
~ release of GSSG with loss-of GSH 'in the mlerosume{ythrocyte mcubauon ‘]:
mixture. Using the 3-MC mi ythrocy bation mixture, the level of* &
GSSG was measured in ‘the presence of 2,6-DMN or one of its metnbulnes The
results (Eig. 3-17) showed an increase.in GS$SG formation but this was not hlgh ¢ £

enough to compensate for the Ilrge decrease in ‘GSH levels. The value for GSSG\ 3
b " the - incubation mmme without any addmnns was  0.9640. 2§ ¢
; s n{nol/%ﬂaemawcm/ml Wheu 2,6-DMN was added, the valuﬁ;f GSSG incressed ~ .
from_I: 7310"18 nmol/%Hnemntocm/ml (without a NADPH-regenerating system) =
.. to 4033; nmol/%HaemaLccm/ml with the nddmon of a NADPH-regenerulmg s
) o system -In the prrsence of 2, M- &naphtbol s NADPH-regenemtmg system and
'3-MC microsomes, a GSSG value of 5.02 nmol/%Haemntecm/ml wu oMuned
{ ’ The -blanks (lacking a MDPH-regeneratmg‘ system)' for 3,4-dihydre-3,4- : b
" dibydroxy-2,6-DMN and 2,8DM-3 4-naphthoqiinone wire respectively 2.604055
1 nmol/%Haematocrit/ml and 5.6940. 65 nmol/%Hmemntocnt/ml which were -
vel higher than the blanks for '2,6-DMN or. 2,6-DM- .'ﬂ-naphthol Both of them ‘had oS ;
hiN _similar pntterns of increase in metHb formation™ snd the depletlon of GSH (Figures
3-!5 and 3—17) When 2 NADPH-regeneratmg system was added to ‘the
eryth I incubati ‘mixture, containing’ 3,4—d|hydro-34-

, dihydroxy-2 6-DMN;.__there yvas an |ncrea.se\ in GSSG formation (4.83 . .
’ nmol/%Haematocrit/ml), whe:eu, addition of a NADPH—régenemtmg system” lo "
" 2,6-DM- .’#naphthoqmone did not elevnte the levels of GSSG. N - L By
~ . é® .
g
v




Chapter 4 , .

T e ! Discussion . .

4.1 In Vitro Microsomal Metabolism of 2,6 DMN . - =

Ruulu of the present mvul .kulon sEow that 2,6-DMN is converted by.rat liver
cyl P-: 4509 to a variety ot metabolites mcludmg chemlcnlly.rewtwe muuholm(!)\
tlut covnlenlly bmd to” hepnhc microsomal proteml In keepmg with all

_rnnnooxygenue entllyzed reactions, there is an” * absolute requlrement lor

m/olne"lui' oxygen lnd NADPH E ¢ 5 -

/ - & ez
There was no change in the number or types ol{ubohtes formed when

control microsomes were replaced with PB, 3-MC, 26-DMN or PBCO
microsomes. However, the mdmdulqumhuu of the various metabolites changed
wi';h- each microsome type. There w\t;r ﬁve major metabolites separated on
HPLC. Three of .these were_identified as Zs-DM-s-nsphthol 3,4-dibydro-3,4-
duhydmxy-z 6-DMN and 2,6-DM- 34—n;phthoq\unnna on\lhe basis of retention
times as compared to sy heti dards. These three boli comprised 80%
of the metabolites lormed. 3 ’

The chemically rmtive mehbolite(sf that appears upon Sxidltion of 2,6-DMN -
hy cyt. P-450 is prohubly an epaxxde Though mu\y phenols were bek;v‘d to be

" formed via direct oxygen insertion, many have been demonsln(ed to anse by wny,

of epoxide formation (Yang et al; 1977) The ntmnlle for this is'based on
expenmants by Jerina.et al. (1974) and Kaubish el al. (1072) who demonstrated

- that arené oxides of naphthalene and 2-MN served as obhgntory intermediates for
the further fl_:rmllinn of dihydrodiols and phenols. Nevertheless, the possibility .

S
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P | remains that a direct oxygen insertion occurs in some circumtances (Tomaszewski _ K
et all, 1075). . . S i
M, epoxlde ydrol taly = the ’ jon of many ch Y

reuhve and highly" wxlc epondq to dihyrodiols which, in many instances, are
devoid 91' these properties, but which in other instances serve as precursors of
x even nore reactive diydrodiol epoxides (Sims et al., 1074). The mechanism of th¢
: & hydrolase reaction appears to he a nuéleophi‘lié attack by water or OH' from the
Side of the gnole‘qllE opposite to the “epoxide ring (DuBois et al., 1078).
Cnnsequenlly;, the resulting diols wsuslly have a trans configuration (Oesch, .1973).
v /

\ § Doherty and Cohen (1984) Ewe shown ‘that l—nlpthol can be metnbolued to 1,2
. snd 1 ,4-ndphthoquinones by rat lxver microsomes. It is known that
e dxhydroxynnphthnlencs may | ba readily” oxndmd to their respective quinones, i..
~'1,2- and 14-maphthoqui  (van© and Pirie, 1967). In the, present
- investigation a significant smount of Z&DMS(-n‘plithoquinone ‘was formed,
) which probably would arise either by further oxidation of 2B-DM-3-nanho| or

from Autoondiuon of 3, 4—d|hydro-3 &dmydroxy 2,8-DMN.

-

As mentioned in Methods (2.4), all three sys_thetie metabolites of 2,6-DMN were ¢
identified by - ultraviolet, - infrared, nuclear magnetic resonance and mass !
spectroscopy. The Qeuboliuf- isolated l’rgrq the microsomal incubation of 26" ™
DMN viere further analyzed by chemical tests (Methodss2.4.5) to Ngrify the
identification. Therefore, on the basis of the metabolites obtained one can suggest -

G the probable pathway(s) for their fo‘rmn‘tion in vitro. The scheme is given ia
figure 4-1. Thése metabolites are the ring oxidized products of 2,6-DMN, which

1 ’ are similar to compounds obtained from metsbollsm of 2, B-DMN i sea urchin lnd
' rainbow trout, Thic indicates: that rat liver mictgsomes also metabolized 2'0-DMN B

prel‘erentlally an the aromatic ring momy of 2,6-DMN. z
. . 2 .
- For jon of these boli in mi were - affected by various* .
p of rats. P ion -of 3,4-dibydro-3,4-dibydroxy-2,6-DMN -was

N o - v
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significant in microsomes obtained from livers of PB and PBCO.pretreated rats.
Breger et al. (10,‘8\1)}150 otserved an increase in the formation of 3)4-dihydro-3,4- ,

= dihydroxy-2-MN 'in miétosomes obtained from livers of rats pretreated with Pﬁ,

though Jerina et al. (1971) reported that the metabolism’of 2-MN by. rat liver

microsomes lend‘s to the production of’ naphthoic acids as major products and }

dihydrodiols ‘as minor products. The pretreatment of rats with 3MC or PBCO
d the fc ion-of 2,6-DM-3-1 '"'"‘asr d to control

~

" Both " also i d liver mi S bk

'(benzollnlﬁilr‘epe) hydmxy'lcse ’rétivity "(Tn!}le 3.3), imﬁcating increased attack n;n

Ind

the aromatic rings. ot_ hepatic

systems in
mammals -l:y agents such as PB and, 3-MC ‘has been shown to éhsnge the

boli by a

for several np! and apparentl different forms of cyt. ’

P450 may generute dlllerent rntxos of metabolites frnm thé same substrate
(Synder Jnd Remmer, 1982) Purified cyt. P-448 (3-MC-type\ and cyt. P-450
(PB-type) from the rat liver microsomes are both cnpnble o! metabolizing
benzo[apyrene, but cyt. P-448 is much miore active than cyt. P-450 (Yang et al,

i 1975). Yang et al. (1015) ﬁuve also shown that the induction of cyt. P-450 usually

does not result in an equal i increase among the metabolites l‘ormed the ratios of
metabolites formed with 3-MC induced ‘microsomes to ‘those formed by control
microsonies vsned by a factor of ten.’ . \ ’
« 2 # ' - \ .
Pretreatment of rats with various inducers of cyt. P-450 resulted in icreased
activity ‘of microsomal enzymes of i;hnse I and phnse I metabolism (Table'3-3).
There is an increase in the eyt. P-450 protem content of PB-microsomes as ’
compared to control or.other pretrented microsomes. However, this i increase’! in
micrdsomal enzyme activity is usually substrate specllxc, and can occir in the
abfence of an increase ‘or decrnse in the cyt. P-450 content oI microsomal
]ﬁ tein. This is dne to the ocellhence of 'several types of cyt. P 4505 and td'
selédtive increases'in a single isozyme which may not show a detectable increase in
th toth CO-bmdmg haem-protein measurement. Under some circumstances there
may be

better correlation between increase in metabohsm and chnnges in

3,
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. products involves several stepa Reutlon rates for all thue steps lnve not been Ca

absorbances of binding spectra than to total, ;yt. P-450 levels (Syntiej and
“Remmeg, 1982). It is possible that the effects of the inducers (PB, 3-MC, 2,6DMN
or EﬁCO) seen in the present Qtudy could have resulted from an oversll increase

“in induction of microsomal phase T and phase IT enzymu system.

Aposlble pathway for metabolism of 2,6-DMN \y rat liver microsomes in vllm
is shown in Figure 4-1.

Michaelis Constant, K., : o . -
) : 3 o )

The: kinetic properties of membrane-bound enzymes are not well understood,

and those of cyt. P- 450-mediateddrug metabolism are particularly- difficult to

interpret because of thexr eomplexlty The hepatic cyt P-450 system is

heferugeneous and .the avanll process londm; to the {ormntlon o oxldjzed

determined ang also it i not clelrly known which step is rate hmmng The deme

% ‘nol .ubnme activation of eyt. P-450 varies with substrate apd may vary with the

species of cyt. P-450. Apart, ‘fmm all these, various other factors d{ect the kinetic
data for cyt. P-450 mixed funchen oxidsses (Gander and ansmlg, 1982). Even oF

" under these circumstances, in most cases when the velocity of the mon ygenase -
" reaction is plotted as a function of substrate concenlnhon%i—eurvtm erﬂm‘—'—“—'

eriteria of chhnhs;Menten Kineties (Gander and Mannering, 1082).

We have qleliured the rate of 2,8-DMN metabolism by control or/éniously \S S
pretreated microsomes as a function of sub ion. As dto -

controls,” prelrutment with 2,6-DMN or PB increased both the K/ snd V.,
“‘where as 3-MC pretrentment led to‘a lower K, and lower/</ ax The best
adapted system which maximizes V. /K is that |ndu,ed by PB. Onev important
point to b garding cyt. P-450 dependent drug Ntaboli is that the
TMobserved Vinax obtained with’ utunﬁng concentrations of NADPH and drug’

substrate wnl) be much less than the theoretical V... The number of nmol of
product formed per min per nmol of cyt. P-450 should therefore not be refer;ed to
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!
s a3 the tnrnover uumher even when 'sat\nnunz' caneenhmons of NADPH and_

substrnte are used betause the turtiover number-for an enzyme requires that the
" enzyme be satui with' sub a dition which cannot be met in. 3

mlcrosomnl system (Gander and Mannering, 1982)."

. The apparent K far naphthnlene and 2, s-DMN for hver mlcrosomal
v}epnntlons of coho salmon were reported to hnoo,‘M and 15.3uM, respectively
’ (Schnell et n( 1080). The apparent K | for naphthalene with rat-tver

was fpund to b0]7°pM (Nilsson, et al., .1070},ﬁ'he K, for naphthalene is lower

with liver mi from fish as d to liver micro rom rat but the.

‘maximum, activity is only-one-third of that of rat live; microsomes|, Our data show

that’rat liver microsomal preparmons (with or without pretreatme| ts) were,  many

fold more ‘active than fish liver microsomes as assayed by Schnell \et al. (1980)
Thls may-be due.to a specxes dxn‘erence for the metabolism of 2,6-DMN for
"hepatic mixed function oxidases.

. 4.2. Depletion of GSH

The present. investigations have shown that 2,6-DMN decreases the '
concentration of GSH.in livers of rats and mice. The decrease occurred as early as

8 hours and was extensive by 8 hours, ing a glutathi depleti
o hani Naphthalene (Buckpitt and Warren, 1983; Buckpitt et al., 1985) and

2-MN (Griffin et al., 1083) have also been shown to deplete hepatic GSH levels.

is generally accepted that the dose-d dent ion-of-reactive bolites in

vivo results in tissue GSH depletion by conjugation (Mitchell et al., 1076). It has’
beén argued that a reduction in hepatic GSH conceli’tmtions below a critical value
is an essential prerequiste for reactive metabolites to reach *target® molecules in
surf cient concentrations to initiate celi damage. The depletion owSH by
2,6-DMN was pi d by pretre of, rats . with cobalt porphyTin-IX,—
s’u;gesting that GSH was depleted by cyt. P-450-gen d reactive metaboli
Several reactive metabolites are produced by hepatic microsomal mixed function

oxidases, including many -epoxides which may react' with GSH to " form
. % < ) ;

r'd & ! ‘ b e B
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glutathione-metabolite adducts (Mitchell and Jollow, 1075). The liver forms -
reactive bolites of naphthalene which can conj with GSH to form three
glutathione ndducts (Smart and Buckpitt, 1983). Phenanthrene gave "two GSH
conjugates, and *  also yielded trans-1,2-dihydro-1,2-dibydroxy-

trans®,10-dihydro-9,10- dibydroxy-phenanthrenes, which are known urinary
metabolites in the rat (Boyland and Wolf,-1950). The formation o{’bpoxides which
can react with GSH has also been demonstrated for other polyeyclic Eydrocarbons:
: (Grover et sl 19’1] The GSH conjugates are cunverted in separate stages to the
’ N- e nclds) whnch arg, excreted in the urine.

lvmur biotics are metabolized by the -aptutic” acid palhwuy after
- .conjugation with GSH This ‘conjugation.is assumed to effect the demxlﬁcahon of

-the bioti upon. tion of the GSH-conj  from the cell in" yvhxch it was
rormed (Menster, 1983) e He -

Apart from conj ion, a variety of ds can l!ndergo one electron ¢

reduction at the expense of cellular reduemg eqmvalenu to yield radicals. These
~free radicals npxdly autoxidize to gengrate the ongmal cqmpourid in a process
called redox cycling. Retox cycling leads to the‘tormation of- superoxide anion
r‘qdiesh, ‘and its further degradation products such u‘}‘lzoz, hydroxyl r;dical‘s or
singlet molecular oxygen which may, bé responsible for toxic-and / or lhe‘rnpeuzic

: = % effects (Kappus and Sies, 1081) Likely organic precursors for radical formation
~.. . include qmnone.!, i pound: cnrbon hloride etec. (Bndges et
al., 1083). -
. We have not investigated the jon of the identified three ites of
4 2,6-DMN, in vivo. E: lating from the i formation obtained from in vitro £

s -metabolic studies and in vivo deplaiiop of GSH, we speculate on the formation. of N
GSH‘/conjugnu;s or a redox cycle reaction, perhaps involving quinones and ™
. hydroxy metabolites. When various doses of 2,6-DMN was intubated orally to rats
" the.levels of GSH decréased u;idly in a dose dependent manner. About 70% of
hepatic GSH was depleted by a dose.of lEOmg/kg body ﬂ? At a dose of
Y &




500mg/kg body wt. GSH was further depleted‘ to nearly 20% of control levels. lt

ris well known that hepntxc GSH levels are decreased by the ldmmlstratlon of

{ acetarhinophen and there exists a good correljntlon between covalent binding and.

hepatic necrosis on the one hand and GSH depletmn on the other (Mitchel} and
Jollow 1075).

’!

F&stlpg causes thie liver GSH content to decrense lo about 50% of fed levels in

rats (Jnger et al, WM) Fasting also enhnnca the hepatoxicity of several

chemxcnls partlculurly those that are cnpahle of depleting GSH (Reed and Fariss,

* ., 2 1984). Our experiments on in vivo depletlon ‘n! GSH ‘were performed on overnight

fasted animals. In ngreement w:th the results of others, we also found that hepatlc

‘ GSH_levels of these animals were about nilr of those in. the fed animals. On

admlmstrntlon of 2, B—DMN\(by oral |ntubntmn) to both groups of rats, the

K percentuge of GSH depletnon was the same ‘(Flgure 3—14], mq(cntmg that fasting

had not aggravated tbe eﬂecu\of 2,6-DMN with, respect to\hepatic GSH levels.

Short term depletion of GSH nppears to be less harmful as GSH can be rapidly

replenjshed (Thor et al., 1079) elther by de novo synthesis from amino acids or by

duction of GSSG by glutathione'reductase (K and Kosower, 1976). The'

R latter has been shown in the case:of the ‘antxcancer drug admmycm which is
known to lower GSH levels. Pmtecuon nga‘mst toxlcxty is ob;erved even at low

GSH levels (25% of controls) provided that glutathlone reductase netmty was not
xmpmred (Bndges et al., 1983) I -

i il
s ) - \ e % :
- E L Oral ndmi'nistrstion of 2,6-DMN (Emrﬁg/Lg body wt.) to rats pretreated with
- PB or/ 2 6-DMN 4did not significantly alter the time cours of hepatic GSH levels
. HOWGYEI{, in the éase of 3MCp d rats there-was a sub ial reduction in
GSH leyels (nearly 60% ol control) by 4 hours and the depletion continued till
o levely /re)ached 15% of control by 8 hours. Since, cyt P-450-dependent metubolum

is nec sary for the expresslon of these biol g)cal ell‘ects, it is likely that the eyt.

P- 448 induced by 3—MC pretreatment results in the generation of a larger amount
whichs can : jugate with GSH resulting in its

of the' reactive

-




;ieplelion. 3-MC also renders hamsters more ible to inophen-induced
liver cell injury than PB (Potter et al., 1974). Morever, pretreatment of hamsters
* with 3MC increased the depletion of hébatic GSH, the covaledt binding, and
severity of necrosls (Pottcr et al,, 1974). In case of bromobenzene, cyt. P-448 (3-

MC lype) produces prodommantly the 2,3-epoxide, as shown by the formation of
2| brnmophenol while cyt. P-450 (PB-type) luds primarily to an increase in the
- Fation of 3,4-epoxide. Pre with 3—MC did not sensitize. rats to

bromobezene-induced hepauc necrosis. This is because l‘orrnanon of bromobenzene
o I3 ,4-epoxide leads fo tissue’ necrosis’ whlle formation of 2, &epoxlde’daes not
| (Farber and Gerson, 1984). Therdm'e, it is ;lso possible that mehbohtes of 2! 6-.
| . DMN produced with 3-MC pretreatment efrect the turnover of GSH This might
also contribute towards & more significant depletmn of GSH. Thg lag observed
before depletion. when PB and 2,6-DMN have been used. as mduceré suggests that
. other systems (e.g. - glucuronidation) may initially be more‘ important in
preventing }l{ depletiomof GSH. -

| As mentioned earlier, the cyt. P-450 containing mixed function oxidases are
| required for tlle metabolism of 2,6-DMN to “Various ring-oxidized products in
will ly bind to

boli duced

vitro. As a result, the reactive

. reactive metsbohtes to subsequent cell death is based on studies of bromobenzene
- a‘nd acehmmophen-mduced liver necrosis in ‘rodents (Farber and Gerson, 1084).
The extent of covalent binding of [“C]bromobenzene to the total cellular proteins
in“ prir;nq cultures of hep;wcytes ‘was proportional m‘the number of dead cells
Af!.er 18 to 20 hours, but the time course of the accumulation of covalently bound
metabolites-did not correlate with the course of the cell death (Casini et al., 1982).
Ako, brumobeniéneindnced liver.necrosis is predominantly centrilobular as is the
covalent. binding of [1CJbromobenzene (Farber-'and Gerson,: 1984). Grilﬁn et-al.
(1983) administered the radio labelled pulmonary toxin, 2-MN to mice and

did. not find a correlntlon between covalent binding: and pulmonnry toxicity.

cellular lecules: Much of the-evid implicati the covalent binding of

exnmmed the sxtent of zovalent binding to proteins in a variety of tissues, They *



However, covalent !ainding is frequently used as an el;dpoint jn studies on the
metabolism of hepatotoxins to either explain the mechanism of/action of a known

hepatotoxin or to predict the biological activity of a ‘s'li!pec!ed,cne. Hence, thé 3

covalent Eindihg hypothesis remains a. domi izing principle in mol la
toxicology (Farber and Gerson,‘l\?ﬂ@). =

When liver'microsomes from various pretreated rats were incubated with 2,8-
DMN; significant binding of 2,6-DMN metabolites to microsomal protein was
' .observed- as compared to centrol microsomes. These observnhons suggest that the
chemically reamve .metabolites ol‘l 6-DMN mny enher react with GSH or may
covalently bmd to mle)osomal pmtel}s It ﬂns |s the csse, then the protecnve
effect of GSH should .d the amount of sbolitessof 2,6-DMN available for
binding. tp' @otem To' tests tlns/ hyputhesls, liver mlﬂosumes from 3-MC.
pretreated rats were chosen because i) ngm;{cnnt covslept bmdmg was observed

' with this microsome type and (i) 2, B-DMN caused & dramatic drop in hepatic
levels of GSH of 3-MC pretreuted rats. THe addition’ of various concentrations of
GSH (nmgmg from 50uM -5mM) to the i cubation mixture markedly decreased the
covalent binding t6 microsomal proteil}zn a dose dependent manner lFiéure 3-15).
The binding of metabolites to ;ZH can oceur nonenzymatically _as well as

b enzymnncnlly in the preslx\ce of GSH-8-transferases (Chasseaud, 1976). Since the
major pamon of activity of GS?S -transferases resides in the cytosolic fractmn of
rat liver (Mannervik et nl 1983). We udded dialyzed liver cytosol to the
incubation mixture to see xl'/ it would fnrcher decrease the covalent binding of
metabolites to proteins. This was found to be the case. This decrease was
observed ,at all‘ GSH ~cunéen‘trations but was more significant 4t high GSH

U ‘concentrntions. In the/presence of low concentration of GSH, a lesser fractibn of
the formed xﬁetnboﬁ reacted with éSH whereas a greater fration covalently
bound to protem /lt is. siggested that the reactive metabolites produced by the
mlcrosomal m7éi function oxidases reacted with GSH either~ dlrealy or vm a
rwmon d by GSH S e to y|eld hi
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» “These observations for GSH binding.in vitro implicate that a similar protective
" mechanism could be operating in vivo. The rapid depletion of liver GSH levels in

¥ rats indicates that j ion of reactive tabolites. of 2,6-DMN with.GSH
2 g
w probably predominates. For acetaminophen, a large body-of data exists that

supports the hypothesis that mi initiates h lular necrosis in

laboratory animals. and in man by its!-conversion into a-highly electrophilic

metabolite, N-acetyl-p-b inoneiminywhich arylates: liver macromoleculGs.
Glutathione is thought to protect susceptible cyt. 'P‘-Aso-cqntniujng target cells by

i , preferentially adding to or reducing the quinomeimine metabolite (Smith et al,,
1983). Figure 42 shows the interactions of GSH with reactive intermediates
formed from acetaminophen as summarized by Moldeus and Jernstrom (1084)‘Ait
“least two types of metabolites, epoxi;ies and quinones, can react with GSH

|--accounting for ity depletion from hépatic tissues. Glutathione S-transferases are

| cnpable of protecting |gu|nst potenml adverse effects of epoxides. Several
s

[ of ~GSH. have been identified . which include ~
! hthal 1,2-oxide, 1 hylnaphthalene-1,2-oxide, 2 hylnaphth .. 1,2-
oxide, and also various epoxides of ph hrene,_di hylb h and

’ benzola]pyrene (Jerina, 1976). Naphthalene-1,2- oxide “;as_ found to be the best

L

b for GSH S ferases among ‘the polycyclic aromatic hydr:
“but substitution of a methyl group at either the 1- or 2- carbon atom of the

oxmne in the’ naphtﬂulene oxide led to decreased activity (Jerina, 1078).
‘anhthalene is metabohud to not only the 12—oxlde but fo dlepoxlde and
| dxolepoxlde metnbohm (Su“well et al., 1982) as well and these metabolites are
i likely to. conlugnu with GSH also: Studies have shown that in vivo GSH @epleuon

ent. hmdmg of reactive are évents
., 1982) and that GSH cnmugatee are I'orrned from naphthalene
(Jeﬂuy, et al., 1075; Jerina, 1876). Smart arid Buckpitt (1983) have shown that at

.least three GSH- adducts are “formed during the metabolism' of naphthalene by, "

mouse l.wer microsomes in the presence.of Ggl-[ and cytosolic GSH S-tmns[erases,
damonstnhn; that nucleophilic. attack by GSH can occur on the electraphnlxc

) " carbons of aphthalenes oxides.
T
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'y As shown in the present study, the administration of 2,6-DMN to rats and mice
4 f significantly decreased hepatic levels of GSH. In vilro covalent binding of 2,6~
__— DMN to liver microsomal protein was also prevented by GSH. These aburvunons
“,Au consistent with prekus s'tndm. anhthllene is three times as toxic as l- or
'.:' $ halene (Rashestyuk, 1070), indicating that substitution of methyl
;roupa for hydrogens on naphthalene may fead to a decrease in toxicity. However,
our studies suggest that this may not be the case, at least not for 2,6-DMN. .
- = - .
Onr'in\}:i{gamdiu have shown that 2,6-DM~3,4—nlphthoquinone is produced in
significant amounts. by hepatic ‘microgomes from control as well as from-—
pretreated rats.. If this is the case in vivo as well then the 2,6-DM-3, 4— .

4 nlphlhnqmnone produced could deplete the GSH' as qumonu are very reactive
towards GSH. Hq . mef ic acid tion has not been detected in vivo

" alter ldmmutrnnon of quinones to animals (Brny and Ganet 1861). The lm‘
Wn&n; does not preclude the possibility that conj’llgmon with GSH occurs as a
"= & means of detoxlfylng lnd elmunltmg reaehve qumonu in. the bile as GSH
’ copjugates (Chasseaud, 1076) In a.study of the metabolism of [“C]menndmne

- . [mnmn Ka) in p usgd rat liver it was shown that about one-third of the biliary
di d with ninhydrin-positi ds, most probably

raultmg lrpm ghluthlone conjugates. The major biliary pmdnct was the
s-glucuronide, amounting to 57%. As the UDP-glucuronyl transferase requires a

phenolic group, it is clear that the reduction step is obligatory and pr:cgda the
glucuronidation siep (Losito et al., 1067). In the cell, quinones are more likely to
Oi'E (i) undergo redox cycling to give GSSG and (ii) be reduced to hydroquinones
which could either be conju;nu«li with-"UDP-glucuronic acid or GSH. Hence, a

useful bl‘olp;ici function of conjugate formation is, of course, the ease of -

eliminatiofl of the quinona moiety from the hepatocyte. ‘Demonstration of ud_'ox

cycling by th'e‘ dione-GSH j hiodi revealed that quinone
2 B 4

= W thioether formation as such. does Dot necﬂesurily mean a detoxificgtion reaction,
. . ¢ < D oo
& . : but only a facilitation of elithination (Wefers and Sies, 1083). In general, 68“-
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acid pathway. Some recent evidence suggests that in ‘certain cases this process

that are for mutagen / toxin-forming
reactions in particular, reactive thiols (Bakke and Gustafssen, 1984). These thiols
are }ormed upon clehvnge of the cysteine conjugates @ cysteine conjugate 7-lyase
(Bakke and Gustafssen, 1984). : .

4.3. 'Forma‘fion of MetHl;, GSSG, and f)epletlon of GSH .in

Human Erythrocytes
o«

5 % 3 /
Naphthalene has been known to induce methaemoglobin formation both in

sexperimental animals andin Jman (Zuelzer and Apt, 1949). We examined the -

nbii‘ity of 2,6-DMN to induce metHb formation in human erythrocytes in vitro.
Under nogmal physiological conditions, any metHb formed in erythrocytes due to
normal cxidative processes is reduced back to Hb by NADH-metHb reductase. If

the rate at which Hb is converted to metHb sharply increases, this may .

overwhelm v the capacity  of red . cells to reduce . metHb. Toxic
me;haemoglobmaemm resuh.s from the 4ction of ox|dmng chem\cals and drugs,
which nccelernte the oxldauon of Hb (Bauer, 1082).

Our investigation§ have shown that' 2,6-DMN in the presenée of Tiver

" microsomes pr‘oducei metHb in human erythrocytes. MetHb formation was further

" elevated when.liver microsomes from MC pretreated rats were used. The data
indicate that induction of hepatic microsomal mixed l’unclion‘oxidnses by 3-MC
produces considerably more toxic metabolite(s). As shown in the in vilro
metabolism of 2,6-DMN (Table '3-2), 3-MC microsomes Iormed mgmricantly hlglm
levels of 2, 6-DM- &naphthol as compared to' control-microsomes. The increase in

* metHb formation was' accompnmed by a deplenon of GSH (Flgure .'H'L) in:

erythrocytes incubated i in the presence of fortified rat liver mxcrosomes lcontrol or
3-MC). Probnbly GSH i ls essential for ma\ntalnxngf protein sulphydryl groups in
the reduced\state, thereby p ing the Haemoglobin. Oxidation gr depleti of
eryth"ocyte GSH by ‘metabolites of 2,6-DMN, such epoxides, naphthol’ or

quinone, could result in the modification of cellular macromolecules, * .




1.

Since metabolic activation is necessary for metHb formation, we examined the
-ability of the three bolites 2,6-DM-3-naphthol, -3,4-dihydro-3,4-dihy y
2,6-DMN, and 2,6-DM-3,4-naphthoquinone to ‘induce metHb formation in

erythrocytes.

4.3.1. Studies with 2,6-DM-3-naphthol

" When 2,6DM-3naphthol was incubated in the presence of a NADPH-
regenerating system, microsomes (control or 3-MC) and érythrocytes, metHb
" formation was further increased by 75% to that caused by the pureﬁt molecule
2,6-DMN. GSH depletion was also increased. It is'known that naphthols can be
further metabolized by microsomal enzymes to bind irreversibily to protein (Hesse
and Mezger, 1970). Apcord(ng to. Doblerty and Cohen (1984) l-naphthol is
metabolized by liver microsomal mixed function oxidases to 1,4-naphthoquinone,
and an unknows product which may be the glutathione conjugate of
naphthoquinone. In addition, covalent binding of 1-naphthol to microsomal
protein was observed. According to Doherty and Cohen, (1984) the covalently
bound species is derived primarily from l,d—‘nnéhthoquinone, most likely via 1,4~

bih (Y

_and not from 1,2: Previously, Doherty et al.
(1984) have shown that the depletion of GSH preceded the onset of cytotoxicity to

’ freshly isolated hepat;ocytes obtained from PB preireated rats. Contrary to these
observations, Buckpitt et al. (1085) showed in in vivo studies thst ip.
administration of 1-naphthol to mice did n not significantly change hepatic or. renal
GSH leveis nor did it cause detectnble tissue injury. According tn them  the’
apparent ducrepsncy in :the in muo Vs in vitro reponse to 1-nnphthol may be
related' o a) the different animal specle: used b) the fact that hepatocytes were
isolated from .PB'induced rats c) the fact that héphwcytes may not al)ynys mimic
the in vivo situation. Our - observations . clearly demonstrate that- 2,6-DM-3-
naphthol is metabolized by a cyt. P-450-dependent reaction to reactive;.
‘metabolites that can oxidize Hb. Exclusion of the NADPH. g system
from’ the incubation mixture r.esulte;:l in no' metHb - formation * in “human
erythrocytes. The data support the findings of Doherty aud Cohen, (1984).that

- ¥ ()
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naphthol is further metabolized either from untreated or 3-MC pretrested
animals. Fluck et al. (lm)\ove further confirmed the findings of Doherty and
Cohen, (1984) by reporting that 1-naphthol converted to cytotoxic

fia e lites by &

c] upon the ion of

free radicals in rat liver microsomes.

4.3.2. Studles with 3,4-dihydro-3,4-dihydroxy-2,6-DMN

Metabolism of dihydrodiol is slow in Fat liver due to lack of microsomal
dihydrodiol' dehydrogenase (Ayenger et al} 1059). When 3,4-dibydro-3,4-
dihydroxy-2,6-DMN was incubated with- erythrocytes, a NADPH.
system and control or 3-MC microsomes, the formation af metHb nnd depletion of
GSH was less than that produced by 2,6-DM- s-mphthol but companbla to that
* produced by the parent ‘molecule, 2,6-DMN. Howevar, the corresponding blanks

“'oxidation of the dibydrodiol, possibly to the quinone, may be responsible for these
i :ﬂ’e;h since no metabolism is expected in the absence of a NADPH-regenerating

syatem.‘!;l—owever, the presence of a NADPH-regenerating system showed only
slightly more toxic. effects than the corresponding blanks, particularly in case of 3-
MC microsomes. It is known that diols may again serve as substrates for the
monooxygenases resulting in the formation of diol epoxides (Sims et al. 1974). Orie
can assume that this may be the case, as epoxides would cause further depletion
of GSH and metHb formation. »

4.3.3. Studles with 2,0-DM-8,4-ianhoqnlnona

26-DM~3 4-nlphlhoqu\none is one of the major meubolnu in the in vitro

micrdsomal metnbolmm of 2,6-DMN. When thu quinone was incubated with

. erythrocytes either in the ' presenee of control- nr 3-MC- mwro!nm&s. with or

. without a NADFH-regenencmg system, th:ra was a Ilrge increase ins metHb |
lormntmn and & substantial decrease in GSH Ieveh A: discussed earlier, quinones i

are known to be potent depleurs of "GSH nd to, bind covalently to.

*(without NADPH-regenerating system). had ‘similar effects, suggesting that suto-
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macromolecules. It is also known that menadione in the presence of °

yh bin will lerate the of metHb while forming menadione
semiquinone and this results in the nnerithn of su‘peroxide snions. The
superoxide aniop sppears to be the source of hydrogen peroxic!e which accounts
for most of the observed metHb formed (Goldberg and Stern, 1878). According to
Lilienblum et al. (1985) the toxicity of quinomes is thought to be mediated by
redox cycling between quinones and hyqunmonu with the intermediate
formation of semiquinone radicals. te
.

Conslderlng these findings one would expect an m:rem in GSSG formation
with GSH depletion. Our i igations showed that there was a
sighificant increase in the formlti(lm of GSSG, as well as depleuon of GSH-and

metHb formation in erythmcytes Howeve}\the increase in GSSG formation was
'no'. sufficient to account for the hr;e losu of GSH in erythrocytes. The case is
* similar to that of acetaminophen where no GSSG or lipid peroxides are observed

to be. formed during acetaminophen activation in liver. This does not necessarily

exclude radical formation since most of the GSSG formed via &~radical pm&_

would be reduced back to GSH vis< the very active GSSG réductase. In our studies
the rapid depletion of GSH may be partly due, to the fact that quinones could

form conjugates %ith GSH. Nickerson et \ak (1963) proposed an in vitro,

ischanism according to which formation of menadine-GSH is ied by

duction of di to vadiol. The latter can oxidize and give rise to
excited oxygen species. This was further confirmed by Wefer and. Sies (1983) who
concluded that the col_qugmqn of quinones’ with GSH. may not in itsell be

protective since. it ‘does not abolish lemiquinoné_lormltion. Therefore, ‘it seems
pr;)bﬂ;l-e that GSH depletion may be largely die to cdnjugntion followed by redox
eyclin?whiqh.explliu the small increase in GSSG formation. There are more Hb

o (5mM) thsn hione molecules (3mM) and GSSG is réughly 1% of

the concentration of "GSH (Kosower and Kosower, 1976) Under normal

physiological conditions, umlll lmmmts of GSSG can be npldly reduced by
glutathione reducma However, if the rate of GSSG' formation substantially
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iticreases then reductionmay not be able to keep pace due to the rate limiting
step of NADPH. regneration (Kosower va!(osower. 1976). In experiments when
only the NADPH- ing system, mi and erythrocytes were present,
there was a 100% imcrease in GSH levels as compared to the GSH fevels in

erythrocyte-microsome incubation mixtures without the NADPH-regenerating
system. It is possible that the presence of a NADPH-regenerating system in the
incubation mixture would assist \n the conversion of some GSSG back to GSH,
which may in tur either be coluu;sted or be reoxidized to GSSG Since we have

_ neither investigated the formation of free radicals nor lsoln.ed the glutathione

: conjugate, it cannot be said with certainty which of the two are the major routes
of GSH depletion 4

’

%

i




Chapter 5

Conclusions /

1. 2,6-DMN is metabolized in vitro by rat livér microsomal mixed function
oxygenases to a variety of metabolites, including 2,6-DM-3-naphthol, 2,6-DM-3,4-
nnphtlmqllin&ne, and 3,4-dihydro-3,4-dibydroxy-2,6-DMN.

2. Formation of ring oxidized metabolites of 2,6-DMN . suggests the préduction of
a reactive metabolite(s), probably an epoxide.

3. Depletion of hepatic GSH in rodents and in human erythrocytes, covalent
binding to liver xqicrusom'al"proteinq‘ and metHb formation -in erythrocytes
indidate the possible toxicity of 2,6:DMN.
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