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B ABSTRACT | e

“Acrolein may be' a_causative. agent of. hepatic netrosls-during the °

bimransk;rrﬁation of allyl alcbho]. ‘It has also been lmpl)égtsd In hemorhagic

cysmls of the. bladder induced by the anti agaht ] 4 . The
. mechamsm 6f cytotoxicity is believed lo |nvolva DNA and proleln alkylallon oo
AZQ, 2,5-dliazifiny-3,6:57 ine)-1,4 one, 182 lipid-
- soluj:l'e antitumor agent lhat b

successfully completed Phase. Il drug lrlals

The ism- of oy ici _\ls‘ believed to involve DNA cross-nnklng

; Huwevev the 1ollowmg evndence using lsolated hepamcyles suggas;s (nat the .

cyto(oxmny may lnvolv;:ﬁdatlva stress. Isolated rat hapa(ocyles were preparad‘ d

‘and mcubated wnh acroleln or AZQ

1 Hepamcyta cytotoxicity lnducad by acmlaln ensued 10|Icw|ng deplétion” et
of cellular GSH. No GSSG wasformed.”. Ghetn? <1

t
X 2. The addition of the reducing agent DTT to’ hepa(ocytss prelncubated
- with acrolem prsvemsu cy!omxu:lr—\ .

3.\ ialdehyde, ‘a-lipid peroxidation metaboli was formed during’ -

either acrolein or allyl:aleohol incy “ wm-n p

4. Although maJondnaIdehyds formannq could be prsven(ed by the -
presence of anlluxndants -and desferrioxamine m Ng,ugz)‘atucyta incubate,
. cytotoxicity was only delayea £ " ' «. 3
5. The xamhlne oxidase Inh:buur allopunnol did"not Inhlbl( acroleTn .
induced ||pld peroxrdanon or prnlé‘bt against cytotoxicity. d

. Acroleln readily induced ca2* release by lsolated ‘energized

. mltochundrla lntramnochondnal NAD(P)H was not affected Indicating tha'/”

" ‘xidafive stress was: nof lnyalved. The reducing.agent DTT could prevent the




N,

.

L4 ralaase A reversible alkylation of proteins involved in Caz* release could be
memechanlsm Involved. - - - s N R

Thasa results suggtm two- mechanisms. of cytotoxicity induced i:y

—. acrolein. - "One” InvoMng llpld peroxldaﬂon and another. slowsr mechanlsm :

~ Involving alkylation. - ¢ g
" BIAZQ : ’ ' ' s . e
1. Hepatocyte cytotoxicity induced by AZQ ensued following depletion of
GSH. JEhm o P .
o f B Inqubatlon of AZQ with isolated rat hepatocytes sllmula!ed cyanids- :
roslstam Iration and st  oxidized GSH to GSSG.” The GSSG
levels remalned high, as GSSG was nat reduced back to GSH Thls was |ound

‘to be the result of * reverslbla’“macllvauon of GSSG reductase
3. No-malondialdehyde wasvormed e :

4. Ifthe hepa:ocylas were oompmmlsed wlth azlde t6 'Inhlbn mta;ase. g

cytotoxld'ywas increased 1o-fold* - 2 . 2

/ .. 5. AZQ readily Induced Ca2+ rsleasa by isolated

" the release. Hzoz.hrmnd by redox cycling may therefore cause mitochondrial
‘Ca¥* release. :

Lt Thase results suggest thax under aarobic eondhlons AZQ partk:apms in

futile redox cycllng ‘and oxygen activation. The' H,oz lorrned may madiats cell

dsam in oompmmlsad cells.

the it olAZQandcatalasaAalayed,”k
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. o 3 CHAPTER 1

v ) Introduction - i |

o ¢
1.1 Xenoblotic Metabolism : o .

1. 1. 1 Introduction

2 “Over the last two centuries, mankind ;éspent an increasing amount of
N in the mént of emicals in order to benefit his sxlslancg. ’
% These- products range from' ind i to phar Is to
i \ ;_ - o the- wi ust; of y In our envlronment.

the human body is continuously axpused to a wrde range of subs!ancas whlcn N

loYelgn compounds (Mason et al.; 1985). As a result, the body has déveldped .

\

machanlsms to axcreta these 1ora|gn campounds ln order to-prevent their !axlc
effect. The major routas for excretion is into the ,urine .and blle the lungs;
.y salivary glands, nails and hair are other minor axcratovy royl\es (Briggs and
Briggs, 197:1). )

; 3 b 4
being excreted have to be water soluble. Because the majority of chemicals

ped the ¢ lity to I most stics into different
molecular structures. These are usually mord polar water-soluble derivatives of

which rapid excretlon Is favored, This concspt of xenoblo(lc matabollsm has led .

bt 3 )
two phases, namely "Phase | in which new functi groups-are

into -the

and "Phase Il metabolism* or

. o b \ are not.natural _of the body, ly termed o S of .

Since excretion requl}es transportation via' body fluids, the compoilnds '

that get aocasé to the body are nonpolar lipid-soluble substances, mé body has

to the now well ¢ theory that < are i in




: (rans(ovmatlon may produca an |hcraase in toxic metaboﬂles resulzmg m\‘

: chemleel Induced llssua injury. Two wovklng hypothases for.chemical Induced:

0.

. ;
. Phase | oli camprlse‘s.oxlda(iops, reductions and”
hydrblysls which generally results in the introduction of smalffunctional groups
siich as hydroxyl, carboxyl, amina r thiol into the parent 'c"qmpodnd (Parke,

. 1978). This results in a slightly more water—sélublé metabolite than the parent .

I il Phase 1l m i >- still further the polarity of

: -\
the metabolite. The Iatter phess odeurs by the enzyme catalysed addmon of

small sndogenous molecules including glucuromc acid or sulfate and glycme or

glutathione, to the Fhase | melabqlltes “making- the molecule less IIpnphulc. :
more polar ‘and hence more raadlly excreted from the cell (Parka 19731 4

jn some Instances, the xennblotlc bu}qan may bébas such

avarwhslms tha cells da'anse capabll(tles or in other cases the’ metabolic™

tlssus Injury have_been suggested to Include the covalent,blndlng thsory and

the oxldatlveslrssstheory i s 5

1.2 00va|o;\t blndl!\g theory

It has been known for & long time that certain chemicals, after administration

(5 / N A
to- experiryagtal animals, can react with cellular macromolecules. However, it

was not ‘untll‘3947. when ‘Miller and Miller demonstrated cévaient,lﬁlndlng‘

the hep: gen N,N-dimethyl-4 and fiver”
proteins, that the covélgnf blndln’g-thaory 'was eéia‘bllshéd (Miller and Miller,
19‘47) The logic behind (hls theory re\'ibl\?es arouind thé observatlon that
binding ls related ‘to toxicity. This lhaory suggests thal carclnogenssls is
Inltlalsd when electrophilic, metebomss interact with nuclecphchc groups nt i

. macromolecules. Evldanca\gcr this genaral mechanism-is basgd on" the




correlation between the amount of covalent b‘inding of atoxicant to proteins and
the extent of toxicity. p-erelore, if the formation of the toxic sle&mpr'rlllc
metabolite_is prevented or if h‘isqemoved before it can bind to a target’

toxicity is p 1 An. le.of this is in the now classic
studies ln‘&vlng the toxicity of the analgesic drug euu_imlno.phen. whieh

poduces centrilobular liver necrosis in man-and other susceptible specles
(Davié et al., 1974). AEetamlnophen is thought to be melat;oll_zed by the.
cytochn':ma P-450 sy"stam to-a. highly. reactive” electrophilic mgl»qub“te,
k N-aqétyl-p—bepzoqulnonslmlna (NAPOI); If large doéqs of acetominophen are

given to expe | animals the detc ing p ys may become
allowing !he reactive melabollle to covalently blnd 16 nuclenphlllc sites of
mcromolemlas and cause necrosls (Moldeus et al., 1978) Potter ot nl., (1974) )

d that induced hepatic fecrosis in hamsters oould
- be prevented by pretreating tNl animals with piperonyl buloxlg‘le, an;}nhlbhor of
the.cytochrome P-450 system, or Incn s toxld;y by 3 y e, an ke

Inducer of the cyioc_hron\o P- 450 metabollzlng syslsm Indasd

acetylcysmne, a sulfhydryl agent knWn to blnd to NAPQI has been found r&

be in the fhent of m toxicity in humans (Plpamo and

Bresseénbrugge, 1976). In ganaral the covalent binding \‘eory has ?mma

widely aocepted asa mochanlsm for cellular toxicity.,
f A




\

* drug-induced hemoiyéls'iln ‘humans with deficient erythrocyte

b . : ’4:

1. 1.3 |Oxidative stress theory

Oxldatlve stress has been re!errsd 1o as toxicity rssulﬂng from intracellular

oxidant formation which results in t 3 to~

chrcmolsculas (Rossi et al., 1986). This was first hypothesized ,t?axplain -

evels of

gl )-6- y imalarial drugs such as priffiaguine,
capable of generating’ active oxygen species, 'Were developed to combat *

- malarial ‘infection when it'was found: that the malarial .parasite: showed a

surprisingly hlgh susce_pllblll!y to oxygan toxlcl!y (Beutler 1959). Glutalhluna

. has a direct role in prolectlng red blcod cells frdm nxlda(lve damage, hut it must

be In its reduced form (GSH): Normally, GSSG s p d from n

by reduction with NADPH to GSH, cat iyzed by rac Red
cells depend on tha pentose phoSphate shum to pmvlde NADPH, and since the

p y is in. gl 6 y defici

erythrocytes, these cells are prone to toxicity by the antimalarial compounds.
“The most important example of compounds which are able to form active
I_oxygeh spséles are redox cyclers, such as qulnones.a In the presence of
molecﬁl& oxygen.'wsduood quinones are capable of c'enerallna superoxide
radicals (Op") Via redox 'c;cllnq between quinone, ssmlqul'néne radical and
hydroqulnone Figure 1.1 sxempllﬂes |h|s\nna electron reduction of a quinone

(1.4 ¥ ‘, to Its free radical and hydvoqulnuns with
moleculav oxygén as the oxldlzlrﬁ agent. SInco most semlqu!none radicals
react mp|_<,!|y» with molecular ‘oxygen to fotm superoxide (Patel. and Wllsn_n.

'1973), the bmo,els of aulbxl_daﬂon of the se;nqulnoﬂo 16 the quinone can yield




s.omlqulnoni'
l\_ldlel_l




large quantities of 0, (Kappus and Sies, 1981). Hence, no stable reduction -
products are formed except under anaerobic conditions. Quinone redox cycling

(
can be catalyzed by a variety of fla f NADPH-cy
P-450 NADH-cytog ) b and NADH

oxidoreductase (lyanagi and Yamazaki, 1970) or dlreclly by Imracallular

aloctron eamers such as ascorbate or glutathjone (Welers and Sies, 1983).

The enzy or r o! 02 yields H;05. Oy" can then

rsam ‘with H202 In. a process catalyzed by traca _metals (M) to.form" hydroxyl
radlcals (HO') [aq 4] and slnglsl oxygen (‘Oz) [eq. 5], (Bsauchamp and

Frldovlch 1970) Those' rsacﬂons 1ormlng (HO') and/(’oz) are IIIustralad balow

/+

- 05" + M+t '—>Mm+;02 [eq:1 - o
S OF 407 +2HF  —>H05+0; [eqi2)
M+ 4 H0 + Ht: ——> MM + HO- + Hy [6q3)

i : v
K " Oy +Hp0p + HHMeLGaL 5 HO- +0,+H0 [eq.4] .
o 3 % - . <
< T ‘02'.+H202.._M“_'>0H‘+H0~+‘02 (eq.51_“

Slnoe both (HO-) and (10,) are stmng ux»dlzlng.aasms they are probably lha

‘ species ble for ) j* induced enzyme | Inamlvatlon
e llpld peroxldatlon Lnd DNA strand breakaga (Halllwell and Gunevidge, 1983) ’

P i N




57, (Jacob and Bharava, 1962), Rohbell in-1964 then ‘demcnma(ed the Isolation

o i

¢
1. 2 Rat HepatocytesToxicology

121 Introductlon \ ' E —

- - The diver plays a major role in xancbloﬂc matabolslm mainly’because of
. two. characteristics. One, because of its blood supply, the liver tends to receive

[}
_hlghsr concentrations of: xenoblollcs than do” most Other organs and sacondly it

is the major site-of drug metabollzlng enzymes, Earlier studies showed lhal the i " A

events of xenoblotic-induced toxlclly In Isolalsd hepatocytes wnd to uccur ina

; . slmular sequence to those observed dunng (he develupmsht ol hepamtoxlcl(y in :

: vivo, suggestlng that Isola(ed hepatocytes can as a use{ul modl for the s(udy of -

o

in vivo hepatoloxlcl!y (Fry and Bridges, 1979) As® a result, hepatocylea balh in

. suspension and in culture have recently:been extenslvaly used- for xenobiollc
|-
- metabolism studles |

- . . | .
- Early attempts to isolate hepatocy l‘heus‘e of force

and subsequently, perlus!o_n’ot the liver with Caz*-ll 'a(h{ K+ chelatcirs‘ These.
methods however, were unsuccessful, in oblalnlng“vlnbla cells in high ylelds

of fat cells by’ dlgssllng adipose tissue wllh a collagsnaselhyalumnidase
mlxtura Following this, Howard and Pesch (lQGS),\dascnbed the' Isolation of

« -viable aduit rat hepatocytes by dlgestlon of “liver sllyﬁm
aolxagenase/hyaluronidase Berry and Friend (1969) Iimproved this method.by
|

. perfusion method has been modlr ed by various goups to suit apecltlc goals
' The lschnlque used ‘in lha praser( it study was Inlroducad by Moldeus (1978),

introducing a liver parfuslon technique using thls ~enzyme mlxture.

f' v



and oompnses of a\&lu-step perfusion method involving perfusion of the I:var

with a Caz*-chelatlng solution first, (ollowsd by. a collagenase mixture i

% . containing C#+. The result is a ion of '

» cells with little contamination of other cell types. The characteristics of the
freshly-isolated cells are described in table 1.1, . 2
i~ Frashly isqlatéd in ' while maining viable 101' - :

only approximately 10 hours have the advantage of retaining their * ' "
Y,, ysio gical cha ( ot al, 1978). Culturés of viable

hepalor.ylas tend to lose certain specialized functions as the culture time

S '
I The Ibili o' aﬂer divlslon may also maka

i cuﬂuvsd hepatocyles unsunabls as a model for in vlvo hspatotoxlmty studies.
’ i - .
/ e . X ol . L 3

/o121 “Cellular Defense System
s

4 1.2.2.1 Glutathlons © , - ¥ e

) The hepatocyte has-several to nd the cell of toxicants and of

\ N

\ these, con]ugallon with GSH is probably the most Impqnam GSH is a

tripemlds of glutamic acid, cysteine and glyqne with the following structure:
>

: ¢
- ) INHZ g ' & N
Hoo@cucuz-cuzco -NH-CH-CO-NH-CHy- coou . Lo

L . CHy'SH" !

)‘-glulémylcystelnyl@yclne

' X This_nucleophilic tripeptide found in all tissues may be-conjugated with

many. types of xendblotics. Substrates for this reaction must possess an -
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' TABLE 1.1 Ci

istics of freshly,

hepatocytes.

‘Recovery

Trypan Blue - exclusion ]

“Glutathione

NADPH(NADPQNADPH) v
* - “NADH/(NAD+ +.'NADH)

7=ATP " :

[e7% .éonsumption K

Cytochrq{né P-450

- Cells "with blebs

2 - 4x107 cells/g’ liver

90%

¥ }
50 nmol/108. cells

0.8

o‘z\?’;"

§

©20 nmol/108 cells '

12 nmol/108 célls per min

0.25 nmol/108 cells

<5%

A
v

Moldeus et al.,1978 .
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:eiamphmc centre ml:h binds covalently with the nucleophilic sulfur of the
cysteinyl group of the the GSH to yield a conjugate. The formation of
.g[ul.alhlons S-conjugates can z‘)ocur either directly or catalyzed by glutathione
S-transferases, a group of u/tusollc'unzymas with broad substrate spec'iﬁcgiss .
(Jakoby and Habllg, 1980). The conjugate then undergoes removal of
glutemate and glycine followed by acetylation to yiéld mercapturic acid. The
ability of GSH to directly reduce free ladlqals with_ the c(‘mccmltqm Iarmatlon of
thlyl radicals and GSSG has bsér; speculated, however, the extent to which this
reacton ccaurs'in yio's stil unknown. - :
Along with con]ugallon with grany (u)ud v pre
as a’'result of Phase | drug metabolism, GSH !.s also involved in the

i Y

-

detoxification of hydroperoxldés (0'Brien, 1988). Hydroperoxides are powerful

oxidizing agents, and can oxidize compounds oontalnlnb SH groups, as can the
“free radicals formed during hydré ¢ isdussed laer). GSH
has been shown to play an important role inthe protection of cells from these
peroxides by eﬂlng as the cofactar for the euymé ﬁmhiom peroxidase. This

resulls'ln_lhu conversion of-the peroxide to HzO or alooQoI andof GSHto

GSSG.  Since ¢ of GSSG is ) cells have a
mschanlsh to extrude the disulfide h‘om the cell andlor 1o reduds it back to GSH
with the ald of the enzyme, glula(hlana reductase and NADPH

Because of the efflux of GSSG and GS-conjugate during oxidative mres‘é and

wovalanl blndlng. the ability of the -cell to resymheslze GSH may ' be
n by a lack of b As a result, toxicity Is found to ensue after

GSH depletion = by xonnblolics Since the suppiy of cystelnn appears to be the
rnte~||mltlng ‘step in nepatlo of cysteine
like N ylcy may protect cells from oxidative




. stressand be of benafitin the treatment of acalamlnophan‘tpxlcny (Piperno ‘and
Bressenbruegge, 1976i. Hence GSH serves a protective function against both

'stess and ole philic-attack by reactive intermediates during
+  xenobiotic metabolism. ’
el i
1.2, 2. 2 Superoxide dismutase #2:
) Superoxide dismutase (SOD) is thelfirst line of de'ense agalnst supemxlda_ )
" radicals (0y). Sl 2 the or . of -

4 . " ’

uper by the g i oL

SO ] 20/4BH — - 5 W0+ 0,

% o W ~ -

e In hepatocytes, there are two types of SOD: iha Cu/Zn-contafning anzyrﬁe

located in the cytosol, and the Mn-ocntalnlné-enzyme found mostly- in thé

P mitochondria (Weisiger and Fridovich, 1972).
1 .

S present -in almost’ all mammallan cells.and is mostly

in p Its main function is the removal of H20,

fram the cell vid the loilowing reaction: ’ . .

-

~—

2H,0, —calalase . 2H,0+ 0,

‘Catalase is a E: protein with pi h Tas its i

= ~groi1p. An ;musua] charéétenmlc unique of catalase which differs from other

*hdematin dervatives'is that it d%nnoi be reduced even by such powerful




reduclné ‘agams as sodium. hyposulfite. Catalytic decomposition of hydrogen
peroxide oceyrs '\Kwhen iron is in the ferric form. Hepatocytes ‘deficient in
. catalase activity ﬁay bé obtained by treating the cells with sodium azide. Tﬁls
resﬁi(s in the lcrmaﬂon of an azide-catalase complex which can be reduced to *
L. ) the ferrous form by H202. renderlng t}ﬁe catalase IHRC(IVB (Keilin and Hartree,
1945). P . . :
. 1. 2. 2. 4 Glutathione peroxidase ' .
: ," ! (GSH-Px) ¢ 2 me' of gen
P (R OCH) by the (ollowmg equatlons (Little
and O'Brlan 1956) { . ‘\}

and organlc hyc

E . L
: p - R 5 3
o : "HOOH + 2GSH —GSHPX > assG +2 Tl
ROOH -+ 2GSH ~ —GSHPX » GSSG. + Hy0+ROH o
5 - 3 5 -
- vwow ow, Sy 3.' . 5 4
‘\ 2 i P Essential to the action of GSH;Px on?}iydroperuxidas is'the Ievel of GSH-
which is malnlelned hy de novo synthesis of GSH as well as hy the mduclmn of
GSSG to GSH  with NADPH The latter o is 6d by i

'_(eductasa, an snzymo found in the cytcsal and mltochondna NADP* is Y

- malintained In its raduced form by gl -6 dehy of the

pa{\wsg phosphate pathway, Isoci ydrogenas 'and other-enzymes’ of

' the Krebs cycle-(Reed, 1986; Eggleston and Kesbs, 1974). The catalytid site'of -

o " GSH- F'xbcontalns selenocysteine (Forstrom et dl., 1978) ;'snd its activity car'; 'vary )

7 with !he amount c( selenjum In the diet (Coombs and ?onmbs. 1984). GSH-| Px
acts In‘concert wlm catalase, to remove Hz03, but has a much “lower Km for -*

-




o

\ .
Hz0 than catalase. Therefore, at high GSH and relatively low peroxide levels,’

Ha0, is decomposed by GSH-Px faster than by catalase (Jones et al., 1981).

1.2, 2.5 Vitamins E and"A .

Vitamin E is a one-electron dénor. The hydroxyl group of the banzede ring of
vitamin € (vit-E-¢ OH) acts as a reductant, upon oxidised with free radlcals. and
generates a vitamin E free radical (vit-E-O.):

©

5 " ROO + VitEOH ——> R-OOH + VIE-O- "

The rasull_ing ‘vifamin E radical may then be raducad back to vitarin E by

pnlar dornors such_as ascorbic acid (A}'.l‘g)‘(Packer etal., 1979)'hnd/ar GSH:

: .+ VIE-O- + AHp'———> AH- + VItE-OH )
WHEO- + GSH —=> GS + VLE-OH
* The raéulllng vitamlj1 C radical is in turn snzyma(k_:ally reduced back to
vitamin C by NADH-dependent systems, while the glutathi_one free radicals form
GS;SG which can then be reduced back to GSH by glutathione re::luctasex

'Tha antioxidant activity shown by carotenoids (vitamin A) has been related to
«;l"nair capacity to quénch oxidant species such as slhglet_ molecular oxygen
w (Foote and Denny, 1968). Apparently, cis-carotene reacts with ‘Oz,v ylelding an

excited whichi su ; S its-energy by  reversible

tot _This cha isti¢ inherent of isthe:

basts for ns protecnve role against damage initiated by visible Ilght as well as

its possnble use in lhe ent of certain 3 i (Cad_anas,




. Ty
1885). It has been sug that  dietary could be protectivg,
agams( cancer. ¢evelopment (Cadenas, 1985). . N
& . . " RN T

1. A:! Role_of cellular Ca2+ homeostasis In toxicology N
_ The intracsililar conceftration o! Ca2+ plays a major role in the regulation of
Inte,_u_a_ry_as well as’motile and secretory cell finctions (Duncan, 1976). As

d in fig. 1.2, its 1in the cytosol is rigorously controlled by
active comp: n into the ‘ratlculum and mitochondria,
" b& the plasma and by calclum blndlng to spaclﬂc prmelns i
Includln§ calmodulln (Caraioll. 1987). | Ca2+ .‘ is is ¢

regul@g by a cycllc mechanlsm (Ipvolvlng Caz' uptake by’ an alectroganlc

ruthenlum red fensitive. unlponer and Ca2+ raleasa, which Is proggblyA

by a Ca?y/H+ antip The latter appears to be ragulalpd bythe ~
redox level of ial pyridine niicieotides (Lehninger et al.; 1978),
anhough a recent study has shown that thlo!s may -be imponani in
Ca2+. (DiMome etal., 3. ) In addition, fhg

_existence of a Ca2+/Na+ anllponer rnay also contribute to Ca2+ efflux in liver,
mitochondria. The active transport of calcium ions through,the endoplasmic

reticulum and plasma membrane is mediated by Ca2+-stimulated "

Mgz*-depandem ATPases whlch both appear to. depend on.free sullhydryl
groups for acﬂvlty (Moore et al., 1975).

Recently, a role for cytosolic:ionized éaloium as a mediator in cell |n1ury has
boen suggasted Drug-lnducad hepatocyte toxlclty has been asso&alad with
an in

mobilization of Imrecallulav Ca2* stores as well as Influx of extracellular Ca2+
(Benomo and Orrenius, 1§8j). -The 3 by which. A Ca2+

y Ca2+ re whlch ‘appears to involve the
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Figure 1.2 Regulation of intracsliular calcium
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mediates toxic cell In ry may involve i with

components such aa in and tubulin and activation of hydrolytic enzymes
such as'| ses and 3 (Ni and Orrenius, 1987). Hence,
these events may represent an efrly and common step in drug-induced toxicity.

24 Aims oA -

The major ob]scllve of this thesis is to detevmlne the importance of
}\ﬂon and oxidative stress in the.toxicity of xenobiatlcs us[ng isolated rat
both as ther f system andﬂargal calls

Chemlcal-lnducad tissue injury has been suggested to occur through )
y arid oxidat) stress. However, the relativec of each of
these In Inducing cy 0 ity are still being debated. . The major :
part of this study Is-to §-the bi 2 s Isa,:dlng iu

ir;xlclty when "lsolaled Jpat H are to which

theoretically are good eandid%:r lelher a]kylatlnn or oxldatlve stress. _
“ In the present study, the effects of i and acrolein exp to

_isolated rat hepatocytes will be presented in order to illustrate the parallels

between the effects ol'thes@ two agents in the development of cytoloxlcity'

(figure 1.3 shows thelr truc ure) .” D isa inone, which

theorétically can undargo vedox ‘cycling vla the activated semlqumone and

"

acrolein is the reported e inter in'the r of allyl alocho|

* Atterations in Ca2+ homeostasis have bean suggésted to be critical in the.

initiation of Irréversible chs}nlcal-!nQuced injury.. The other part of this thesis e ‘

focuses on the ability of the twodnqul compounds to dlsnipi cellular 0gé+-:
homeostasis. To accomplish this, Isolated rat liver mitochondria were used 1o~
monitor Ca2+ fluxes Upon exposure to the chemical agent. :




Figure: 1.3
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CHAPTER 2
MATERIALS and METHODS

B

2. 1 Materlals ¥ -

21 ‘\ Chemicals
Sodium azide, ﬁydmgan { 2,4-dinif i y
foxide, Mutathibne, oxidized ione, potassium cyanide, cy
ascorbic amq, rotanone, succinic acnd mchioroacehc acxd thiobarbituric acid,

and hy i were

from Sigma Chémical Co. , ST. Louls, Missouri .
Catalase, albﬁnln. ccllagenasa. NADH, NADPH and hepas wera

btalned. from Dorval Quebec'.* .

Allyl alcohol, mstaphusphoric acid, salramn 0 and arsenazo I, were -
purchased from Aldrich Chenlcal Co., Mllwaukee, Wlsconsln R )
_ Acrolein was obtalned from BDH Chsmuﬁs. Toronto. HF'LC solvams .

. ﬁera obtained. trom Caledon, Georgetown, Ontario. . P
. ».
i A

2.1.2 Glﬂs

AZQ was pvovlded by the'National Cancer Insmuta Bethesda, Maryland«

Dsstsrﬂuxamlna was provided by. Clbg Gelgy Canada LTD., Mississauga,
‘Ontario.

Lazaroid U-74500A was provxded by UpJohn Company. Toronto Ontario.

] ;




2.2.1 Pr n of rat

‘19

2. 2 Methods related to hepatocyte studies

o,

2. 2. 1.1 Isolation of rat hepatocytes
Male Sprague Dawlay rats (Charles River, St Constam Quebec)
welghmg 200-225 g were used for the preparation of hepatacytes. They were
1

given food and water ad libitum.. lsolated rat hepatocytes  wéke prepared

: &ccording to the.method described by Moldeus et al., 1978. Four diffefent

: Nacl 0.4 g KC0.2 MgSO4 7H;050.06 g NagHPO4.2H,0; 0.06 g KHaPOZ;

N

buffers were, used. Buffer A (200 mi) was a modified Hanks buffer, pH 7. 4 [80g

2197 g NaHGO ,' in a volume of, 1 litre] contaln!ng 0.5,_ mM

is( j-tetracstate (EDTA), 2% albumin and 12.5 m\
Hepes. Buffer B (1 ml) was the same modified Hanks® buffer contéinlng

0.075% collagenase, 4 mM Cac!z and 12.5 mM Hepes. Buffer C (200 ml) was_'
a Krebs-Henseleit buffer,.pH 7.4, [6.9 g NaCI; 0.36 Ll K'Cl: 0.13 g KHgPOy; 0.295°

g MgSO4-7H0; 0374 g CaClH,0; 0.2 g Ncha‘, in a volume of 1*litre] '

containing 2% albumin and 12.5 mM Hepes. Buffer.D (400 ml) was the same
Krabs-HenséleH butfer %ontaining 1\2.5 mM. Hepes. All solutions were
equilibratad' with ca&bogen gas (95% Og, 5% CO,) and heated to 37°C prior to
use. . : .

. ‘
The apparatus used for all perfusions was setup as shown In fig. 2.1. It

of an ! cted with Teflon |ublng to a steel cannula,
plastic rack- contamlng two vertical tubes with a horizontal bar at the top and a

' plastic screan at'the bonom placed in a beaker, and a mlfer pump.. The flow,

’ through the cannu!a was led by the gas p

_ The rats were anasé(hetlzad with ether, and the peritoneal cavity was

¢

— A

¥
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*opened by a midventral incision. Heparin (500 units in 0.1 ml) was injected In

the caval vein. , A ligature was applied around the pdnai vein, an Incision was
made and the cannula was immediately inserted allowing the liver to be
barfusad with buffei'A. The inferlor vena cdva was then cut to allow (G the
outflow of the psﬂusate to waste and the liver was excised 1rom the body. After 4
min of peduslon with buffer A the: plasllc rack was placed in another beaker
containing buffer B. Buffer B was recuculated for approximately € min while the
pressure was kept constant (10-15 cm Hz0). I:\Mhs end of the perfusion, the

liver was remaved 1brm the cannula and Immersed in butfer C. The capsule was

.then cut opan and tha cells were dlspevsed with a pa!r of tweezers and gentle .

swlrhng, followed by ‘filtration through cotton gauze. The cail suspenslon was
then distributed into plas\lc centrifuge tubes and centrifuged (two times) at 50 x
g for 40 seconds. The supernatant (containing cell debﬁ& and non-parenchymal
cells) was discarded and the loose cell pellet was re- suspended Iin buffer D
and éountsd ina ,. counting chamber (Hauksley,-London,
England) Using™ IoW power light micro3ctpe (40 x).

2.2.1.2 Incubation of hspatocytes L

After isolation of the hepatccytss the sedimented cells were dllu(ed in-

butfer D to a final concentration-of 1 x 1oe cslls/ml The calls were plpanad (20 .

. mI) Imo round bottom flasks fitted on a standard -taper dlsilllatlon adaplar for ﬂve

ﬂasks which'was rotated {30 rpm)-on a rotary evapormor with lha ﬂasks dipplng

down in the thermos(ated water (37°C). C gen gas was

applied to the surface of the incubation medlum through the central vacﬂum exit

ol the Cells were p ¢ for 30 minutes befére the start of

each experiment at whlch ﬂma recovery "om the. shock o{ the l!olaﬂon -

pl was" d. Waier agenla were dissolved in’




dimethyl-sulfoxide (DMSO) and added to the hepatocyte incubation in a volume
of 50 pi or less.

2.2 1.‘8 Determination of viabllity

Cell viability was determined by trypan blue penetration. This procedure
monitors the integrity of the plasma membrane arﬁ is both sensitive and easy to
padonr;. Aliquots of cell suspension (100ul) were added to gn equal vqllime of.
0.5% trypan blue (;IIN: dissolved in buffer D) and examined ‘using a low power

light mlcroscnbe (40 x). The percentage of cells téklng up the stain were

: ot A ‘
: as the of_nonviable cells. were
when a il ’ isolation p btained a yield of cells with -
. L % . \ " i
) 85% or greater vlagl_ljty. ) " .

2. 2. 1. 4 _Determination of glumlhlom (GSH) and oxldlzong luta-
thione (GSSG) in hopltocytn .

Determination of raduced and oxidlzed glutalhlone was carried out by
|

‘high=p Tce liquid as ribed by Reed et al., (1880).
An allquol of P 8 ml Incubaﬂon mixture was mlxed vigorously with 0.2 ml
solution of 25% wiv acid. Atter (5min, 600 x g,

room temperature) \n pvedphata the protein, 0.5 mi of supernatant was added
lo test tubos eomalnlng approxlmatsly 20 mg of so‘lum blcamonala, 1ollowed
immediately with-the addmoo of 50 p! of Iodoaceuc acid solution (15 mg/ml
H20) and Is}t for 60 minutes in the dark,” A 0. 5_ ml solution of
1-fluoro-; 24-d|nltrﬁbenzene (DNP) (1,5% v/v) in absolute ethanol was added *
and allowed to react for 4 hours at room temperature in the dark to fprm N DNP

" derivatives. N-DNP der(vatlvas of standard GSH and GSSG were also Icrmed
ina §Imllar way as dascrlbpd above. o

T A v A I
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Separation of DNP-derivatives were ..- d on a Waters

améne liquid 0 column. (50 pl) were injected with a
Wisp 710 A automatic injéctor.. The solvents wéte delivered with a 660 salvent
programmer solvent dslivar;' sysler‘m The column was washed with 80%
methanol and then equilibrated for 5 minutes with a solvent system contalning
640 ml; methanol, 160 ml water and 200 mi from a solution c@(t}lnlng 272 g
sodium acetate’trihydrate, 122 ml water and 378 ml galcial acetic acid. The ’
elution of DNP derivatives of GSH and GSSG was carried out using the same

solvent systam as described, for 15 minutes at a flow rate of 1.5 fnl per minute.

) The eluted compuunds_ were. detected at 365 nm using a Waters Model 440

absorbance detector. The signals from the deteclor were lntagrated and

recorded on a Waters Data Module. After slutmn the column was washed for5

5 \Wlth 80% methanol - before analyzlng the .next sample The
concéntraﬂons of GSH and GSSG in the samples wera calculated from lhe
respe(mva standard curves and are expressed as nmoles GSH/ﬂ)\6 cells, + SE

of at Ieast '3 separate experiments. -

B .

. 2.2.3 Dete of (MDA) in

“Lipid p ion was by 1 mi aliquots

>
'rar:(éhe hepatocyte - incubation mlxkure and measyring thiobarbituric-acid
g'sulistances (MDA) by the method of Otto|enghl. (1958). Aliquots of 1

ml incubation ’mlxmr_g were diluted to. 2 ml with déionized water. 1 ml of 35%

reac

trichloroacatic ggld (TCA) was ther added followed by 2 ml of 0.75% aqueous
thiobart;l'luric' acid and the contents’ mixed. The tubes VMB then placed in a
boilé\g‘ water bath for 15 minutes. ‘After cooling, evaporation losses were
replaced by addition of water followed by 2 r}ﬂ of 70% TCA. After a 20 minute
;;erlud‘tp allow for complete extraction of the colour adsorbed on to the protein




- 24 & ' (o
pellets, the tubes werg cen(yliuged for 15 mintues. The abrorbance of"the
supernatants were read in a double begm DU-7 Beckman spectrophotometer at

% 2 . « T
* 535 nm. Blanks, containing the incubation medium plus the chemical agent

being studied but, without cells, were aiso p and their
subtracted from those of the complete Incubatloné‘. Re§ults éra e)gprqssed as
the change in absorbance or optical density (OD) per |05pslls. s
s S a
2.2.4 Prep of . ~
2.2.4.1 of liver C fraction'and-

$9 fractlon from rats .
Microsomes were prepared from male Spvlugua-Dawlay rats (200-250.g),
as described by Ernster et al., (195'2) with the exéeptlon that the food and water
was given ad libitum.  Animals‘were Kiled by cervical dislocation followed by
perfusion of the liver through the porl‘al vein with ica-cold 0.9% saline lo' re_nia,vs
) bloo&. The liver was excised m;m the body, blotted dry and weighed. Al steps
were carried at 0-4°C. ' liver was then immersed in 3 volumes (w/v) of 0.1M

potassium phosphate !::3&

by a hand: Potter-Elvehjem l{omuganiisr. The

r (pH 7.4),'minced into fine pieces with'scissors and

was then srred to ifuge tubes and i at 9000 x
g for 10 minutes in a Sorval RC-2B centrifuge, using a $S-34 rotor. 1th
.supernalam (designated the S9' fraction) v'ias decanted, filtered throixgh
cheesacloth, and centrifuged at 105,000 x g for 75 minutes in a Model L5-65B
Beckman ultracentrifuge, equiped with a 50 Ti rotor, .T'hlis supernatant V\;as
-daslgna(ed the 'cytosollc'lracﬂon and frozen at -80°C. The microsomal pellet
was rgsuspended in 0.1M phosphate buﬂef pH 7.4 by gentle hémogenuallon
with a‘hand ?pmogenlzer and centrifugated at 105,000 x g 1§r 60\‘ minutes. The




*> u 3 . .
- pellet was by ion in butfer in a volume L e
i equal to’ the initial weight of the fiver and 4rozen in suitable allqunts at -80‘0. 7
/_' Protein i was p as by , (1972) uslng N
«  bovine serum albumin as a standard.
. / \
: 2.2.5 D of oxygen ¢ btion by and
microsomes - g .
Y S ; ¢
Oxygen ion was measured p withaClarkoxy- & - 2

gen electrodé (Yellow Springs Instrument Co. Inc. , Model 5300) InaZml
chamber, maintained at 37°C. Before use, hepatocytes, &t & concentration of 1+
" LX 106/cells, were kept&t 37°Cin Krebs—Henselelt buﬂsr mmalnlng 125 mM’
’ * Hepes (pH 7.4) and allowed to equlllbrats with 95% air and 5% CO,. KCN (1
mM neutrilized with HCI) was added lc. inhiblt mitochondrial respiration. <
-Oxygen consumption by microsomes was conducted in the same manner
p dsscnbed atlove except that the butfer used was 0.1 M Tris-HCI (pH 7.4) and
A ) NADPH was added to supply reducing equivalents for lhe[ylochwms P-450
= reductase system. Results are expressed as nr_nules 92/105 cells/min for.

7 hepatotytes, and'nmoles Op/mg in/min for. £ standard error of

at lvast three separate experiments. g -

& . 226 Enzyme assays ' s s o
« - - "t
2.2 6.1 ' of alcohol dehydrogenase activity

L d
Alcohol dehydiogenas ) activity of rat Ilvar cytosol was measured at

25°C as described by Hukans and Moare, (1987). Tha reaction mixture wés © -
of 90mM (pH7.4), 40mM KCl, 0.5 mM NAD*
~ .tha,-\alcohol substrate as indicated and rat liver cytosol in a final volume of 1mL

~
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ADH adlyty was followed by monitoring NADH production as the increase in

o absorlbfance at 340nm in a DU-7 Sp > . Values were
exprsssed as nmol NAD+ reduced/min/g liver + stanczard error of at least three
separate experiments..

B . .

2.2. 6.2 Determination of

yde dehydr activity
Aldehyde dehydrogenase (ALDH) activity of rat liver S9 fraction was
. i by the production of NADH at
340 nm, as descﬁbed by Mitche|i apd Peterson (1988). The S9 ALDH activity -
was assayed, at 23°C, in a 1.0 ml rea;nidn mixture containing 100 mM sodium_-
phosphate;buffer (pH 7.4), 1.0 w NAB*, 2.0'mM pyrazole énd rat liver S9

pr(fel Tha reamlon was started by the addition ef the aldehyda substrate. /

Values were expresssd as nmol NAD+ redl g protein + standard error C

of atjaas.( ghree separate experi- mems. F . &

; ‘ 2.2.6. a Defor of ' e activity ]

T /7 Glutalhlone reductase achvny was measured as described by Carlberg .y
’ and Mannervik (1985) /Ths raactlun was camad om in a 1 ml cuvette and
: contained 0.5 ml of 0. 2 M potassium phosphate buﬂer (pH 7.0) containing 2 mM
- T EDTA, 50 ul of 2mM NADPH In 10 mM Tris-HCI (pH 7.0), 50 pl of 20 mM GSSG
) and deionized water to give a final total volume-of 1 ml. The reaction was ! _'
initiated by the addition.of rat liver cytosol te the cuvane Glutathione reductase )
activity was 1ollowad by monitoring ms oxidatjon of NADPH inaDU-7 Beckman I

- double baam gpeetrophotmeter-at 340 nm at roam temperature. choumarol

. (100 pM), was included in the reacﬂon ml)Qure to Ir'mlbit NADPH oxidation due

. ) DT-diaphor 'activity. DT: iap the reduction of quinones to

; ‘r!ydroqulnonss by NAD(P)H (Iy_anagl and Yémasakl. 19701 nValuas were
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expressed as nmol NADPH oxidized/min/mg Lroxein + standard error of at least
three separate experiments> ' {

o
2. 3 Methods related to

Bes

2.3.1.1 of rat liver mi -

lal Ca2+ h

of rat liver mito la ! ~*

v

“Mitochondria were prepared fmm male Sprague- Dawlsy rats (225-250 g,

fed ad Ilbltum) as dsscnbad by Bellomo et al,, 1984, The rats were killed by.
decaphatlon and the abdominal cavity was opened. The liver was lmmadlately
per(used with.cold 0. 9% NaCl solution and placed in a homogenization medium
containing 210 mM mannltol 70 mM sucrase, 10, mM Hepes, (pH 7.4) (MSH
buffer) and 1 mM EDTA. Liver tissué was mlnced with sclssors and
homogenized wnh a Potter (glass teflon) humogsnlze( in a total volume of
88-100,41 (1: 10 homogenate). - The homogenate was 1hen caniniuged for 10
min at 4°C at 400 x gina Sorvall RC-2B cenmiuge The supernatant was then
ce;(mluged at 9000 x g for 10 min. The resulting pellet was was{wd by

- resuspension in EDTA-free MSH buffer followed by, centrifugation at 9000 x g

for 10°min.” The final pellet Was, resuspended in a small \voluma of EDTA-free
MSH bufer. Protein " was ed by the Srd method

(Bra'dlord. »1976)\wlth 'bovlna serum albumin -used as a standéfd. The

mitochondrig! suspel ion was kapl.on ice and used immediately.

2. 3. 1. 2_Incubation of mitochondria . = %

Mitochondria were incubated (1.mg/ml) at room temperature in MSH
buffer i 3uM and 5 mM F

was Included..

> o

°
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A AN
in order to maintain mitochondrial pyridine nucleotides in a reduced state and to
induce the release o!‘endbqenous Ca2+ (Frei et al., 1985). Succinate was useci
as the energy supply for-mitochondria. CaCl, at & concentration of 50 nmolffng
of mitochondrial protein was then édded to the, mitochondria and allowed to
rincubate for approximately 5 min to allow ifr the\Ca2+ to be (akan'up by the

mitochondria.

2. 3. 2 Determinations of Ca2+ fluxes from rat liver\mNochondria

Ca2+ movements ‘across the inner mitochondrial

rane were
followed at 25°C by dual gth -spectr p y using the
liochromic dye Arsenazo NI [40° uM, "2,2"(1,8:dihydroxy-3,6:

disulfonaptithalene-2,7-diazo)-bis- (benzene arsenic acid)] (Kendrick et al.,
~T71877).” Arsenazo lll was added to a 3 mi cuvette containing the. mntuchondrial
Ineubauon mixture. Upon addn'bg of Ca2+, a blue colour appaarsd Instanny as
aresult of an interaction between the dye and the added Ca2+. This blue color
gradually returned to pink as the Ca2+ diss;:clalod from the dye éomple and’

was taken up by the were

P

continuously in an Aminco "'DW2 dual: g p
with the wavelength pair 654-685 nm. A recor in
signified a release of Ca2+ from mitochondria.

3.

12.3.3 n of : I entlal of rat liver -

mitochondria b < . X

: !‘ m r : ial was S z (Hﬂlnfm dye
seharlﬁ (o] (10 1M).as by and ror (1976) at'25°C.
Safrarin O was added to.a 3 ml cuvette tfie
mixture. Upon addtition of Caz* the absorhance'decreased as the Ca2+ was
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the mitochondria and maraby-slgnlfylng a drop in the

K animembra e potential. | Absorbance returned to original levels“thereafter -

a ion of the potential and a complete uptake
of the added Ca2+. ?ere it inan
Aminco DW2 dual gth sp q with the gth pair
533-511 nm. A decrease in absorbance s!gnlﬁed adrop in the mitochondrial

__transmembrane potential. : ) o -
v

2.3. 4 Determination of redox status of pyridine nucleotide -

INAD(P)H/NAD(P)] _in ¢ ia
Mif fal pyriding Jeoi "ware. 2t 25°C ina DW2 dual
g P with the gth pair 340-370 nm
(Lehni ot al. ‘1973) were ¢ i I

after the addition of Ca2+ to the mitochondrial incubation mlxtur% Compounds

" being leste'; were added thereafter as indicated in the figures.

2. 4.  Statistical Analyses
Statistical significance of diﬂerences.bsmesn treatment group:v. in these
studiés was determined by theStudent's t-test. The minimal level of

significance chosen was p<0.05.

= ‘
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CHAPTER 3 .
Acrolein Study

3. 1/ Introduction  —
. Y f
s -
Acrolein is a highly reactive -molecule havistg two reactive centers
consisting of a carbon-carbon double-bond and- an aldehydic group. . Ilts main

use isinthe ¢ 1n8u;try as a sy ic in diate (Patel et al., 1980).

. Acrolein Is a by-product of overheated frying oils (Zitting and Hejnonen, 1986).
a compnnent of tobacce smoke (lzard and Libetman, 1978) and éutumobile
exhaum (Llpaﬁ and Sivarin, 1982). It is also a metabolite, of the anticancer drug

y amide (Ohnc and O 1985). . w5 #
. Because of its importance, acrqlqln +has been widely studied and its

have been r Hales (1982) reported acrolein to- be

) !srétbdanlcrin pregnant Spraéua-Dswlsy rats. .Malformations ~prod{1ced by-
acrolein included edema, hydrocaphaly, open eya§ cleft palate, rhlérognalhia,
amphalocals bent tail and forelimb and hindlimb defects. - Acrolein was also

) '(ound to be extramaly bactenoloxlc (Hales, 1982) but lacked any mutﬂgsruc
activity using the ialmnuau.a_unmmuﬂum TA 1535 test'system (Hales, 1§82

»Ellanberger and Mohn, 1977) However, in some test systems acrolein causes

chromosumal damage (Au et al., 1980) il of p .
by acrolsln was raponed by 2Zolliner (1973) ‘while Patel et al., (1984) showedg
that addition of acrolein to lung and liver-micrpsomal suspension resulted in
lolall of NADPH-cy c ‘ BT I

Reld (1972), showed that metabolism of allyl alcohol to acrolein ln rats
resuhed in hepaﬂc psﬂponal nacros|s Thls necrosls as well as the bmdlng 01
V“C:allyl alcohol to periportal hapatocytes was found to have been markedly




- with lipid p ation"(Zliting and Hei 1980). GSH
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rsdu%ed by pretreating the animals with pyrazole, therefore Inhl\bl&ln‘g -the
o Ly ey ‘

bioactivation of allyl alcohol to acrolein (Reid, 1972). Ksgnoe ﬁ:‘wldlng the first

direct evidence in vivo, that allyl alcohol causes periportal necrosis through the *

covalent binding of the metabolite acrolein to periportal hepatocytes:
. ? !

" Detoxification of acrolein was then suggested to occur via conjugation with

GSH and oiidaﬁongc acrylic acid by a'ldshyds dehydrogenase (ALDH) ( Ohno
et al., 1985),(fig. 3.1). In support of this mechanism, Jaeschke et”al. (1987)

showed that allyl alcchr;l-lnducad necfosis increased If ALDH was inhibited
with disulfiram or cyanamide-. :

The mechanism of acrolein-induced éy\moxlchy Is still poorly un@qislood. :

Agrolein-induced death of Isolated rat hepatocytesor liver damage ldllowlng

perfusion is reported to be p by GSH n and to be |
Ly

. . \ .
and modification of protein thiols can result in perturbation of intracellular Ca2+

hy is ati 61 cellular hol and cell death (Nicotera and '

Orrénius, 1987). Whether acrolein lnduce'd hepatotoxicity specifically occurs as
‘a result of lipid peroxidation catélyz_ed b}‘ production. of superoxide anlons from

the xanthine oxidase system as suggastéd by Badr et al. (1986), or whetHer

- acrolein gimply alkylates vital thiol groups and macromolecules resulting in cell .

- death is still being debated.

. The aim of s study Is to Investigate the rel GSH .
lipid p and cy when isol{ad rat hepatocytes are

" J
treated with acrolein.

1
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Figure 3.1 Proposed n of acrolein inthe
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Figure’ 3.10 Formation of acrolein-DNA adduct
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3.2 RESULTS ;

2.7 Hapnlocy‘ll srdln

3 2.11 Effects of Acrolein on the Viabllity of Isolated Rat
Hepatotytes . ¢ A g
« § ; ’

; " Addition of acrolein at aconcentration of 250 and 500 MM to isolated.rat™
o ! hepatocytes resuted In the appsarance of surface blebs followed by cell death
a2 hou\rs and 1 hour respectively, as assessed. by Arypan blus penetration 4

' (figure 3.2). A dose of 50 M acrolein was found not to significantly affect

hepéjoy'lé viability within 120 minutes (p>0.1) while_higher ‘doses caused cell
o = s 5 S

death in a time-dose dependent manner. ¥ "
Both and disulfiram are reported to be pétent inhibitors of

dehiy (Marchner and Tottmar, 1978; Vallari and Pietrunzko,

]982). the enzyme repo_nsd 1o be responsibléfor metabolizing acrolein to the
moré hydrophilic and less reaciive acrylic acid (Rikans and Moore,1987). Table

. -
3.1 demon that p of fes with either. ¥ or
Sl disulfifam i éd the st ty. of i to lein-induced
y Concentr of a pi y. subtoxi dosa of 50 uM acrolein:

* caused-100%cell death wlthln 2 hours of ln bation.. Hspatocm viability was
nol slgnltlcantly ukarad trom that of umreated oells when either dlsummm or

,oyanamlde were Incubnled dlone’ for a 2 hour incubation psnod (p>0.1). ‘, :

'} Depletion of GSH by preing : epate with Y acld also

sbgnlﬂcamty increased umlermnmcea tylotoxldly (P<0.001) (table 3.1').
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Hepatocytes (108 cells/ml) were incubated at 37°C In Krebs-Henseleit

buffer pH 7.4 contalning Hepes. (12.5 mM), with varying concentrations-of

= acrolein. Cell viability at 30,60 and 120 minutes was determined as described

in Methods (2. 2. 1. 3). Three ssparate experlmema were carried out Values
“arn mean; tstandard error.; .. . . 5 d

- f
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Table 3.1 The effect of cyanamlde, disultiram and
Mhacrynlc acid®n acrolein-induced cytotoxicity in

isolated rat hepatocyles ] A
& & . .
: F Cytotoxicity (% trypan blue uptake)
Treatment (uM) min: }0\ 60 120
Control ! . 1242 1412 1743
Actoleln (50) - 1312 16:3 2043
_ +cyanamids (200) 2243 534 100
+ disulfiram (150) - ' . 183 45:4 100
+ ethacrynic acid (500) . 20+3 . 52t4 100
'Gyanaride (200) Lo g . ‘tate 152 L1943
Disulfiram (150) : g 1242 152 183
x Elhacrynlc acid (500) e ow 1412 16£2  20%3

! - fi .
. & Hepatocytss (108 cells/ml) were preincubated at 37°C for 5
mindtes in Krebs-Henseleit buffer, pH 7.4, with either cyanam(de
elhacrynlc acid -or. disul Where ‘ind d lein.‘was then
added' 13 the' incubation ‘mixture. ‘Cell viability ‘at 30, 60 and 120
minutes was determined as described in Methods (2. 2. 1. 3). Three
separate a}perl‘ments were carried out. Values are means standard
error

N
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> Recently, Mitchell and Peterson (1988) reported .that gcroleln was not a
substrate for ‘either mitochondrial or cytosolic ALDH bul. was instead a potent
inhibitor. Our results With rat liver 59 confirm this since oxidation of acrolein
could not be n.neaspred spectrophotometric by the production of NADH.
However the addition of LO. mM GSH to the ALDH assay medium containing
1.0 mM acrolein and 1.0 mM NAD* resulted in an ALDH activity of 7.2 + 1.1

nmol of NADH formed/ min/mg of.protein. Therefore, in the presence of GSH,

.- acrolein .was found to be a good substrate for ALDH}Presumably'eIlﬁer the . +

GSH - acrolelrlw coﬁjugate was a substrate for ALDH or. GSH protacfed ALDH

from inactivation by acrolein.
s e 2. 1.2 Effects of Acrolalnio'n Cellulat GSH Levels

Hepatocyte GSH was rﬁpldly depleted (< 1 min) without subsequent
recovery when toxic doses of acrolein (250 uM) were incubated with the cells
(fig. 3.3 ). ;\t a subtoxic dose of 50 M acrolein however, GSH depletion. was
lmmedxa!a but dxd not go to complenon,,m GSsG lormaﬂon occurred.

- Since GSH depletion upon addition of acrolgin was very rapid, the effect
of allyl alcohol on GSH levels was also monllored as GSH depletion is slower

with allyl alcohol because acrolein availability is less (Ohno et al.,1985).

Figure 3.4 confirs this report and shows “thf when the ALDH, (inhibitor, ‘<

cyanamlde is included in me cell incubate, ‘allyl alcohol-lnduced GSH
depletion (fig. 3.5) as well ascyto(ox(clty (fig. 3.4) Is increased.
-

3.2. 1.3 Effects of ThielvAgents on Acrolplﬁ-inducod Cytotoxlcn'y_

Various thiol agents wére compared for their effectiveness In preventing
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Figure 3.3 GSH depletion induced by acrolein in isplated hspémcyles.
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[ cytes (108 cellsimi) weré incubated at 37°C in Krebs-Henseleit ~

buffer pH 7.4, containing Hopes (125 mM), and varying eoncanlm!lons of,
acrolein. At times indicated 0.8 ml aliquots of cell suspensions were movod
and total GSH levels were de(armlned by-HPLC analysis as desc ibedin
Mathods (2. 2, 2). Three snperale experiments were carried out. VB’uss are L

means + standard error. . g |

|
»
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Figure 3. 4. Enhancement of allyl alcohol-induced hepatocyte cgotoxici!y by - ’
cyanamide.
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Hepatocytes (108 cells/ml) were preincubated at 37°C for 5 minutes in

Krebs-Henseleit buffer, containing Hepes (12.5 mM), pH 7.4, + cyanamide (200
HM). Allyl alcohol (150 M)-was then added where indicaied and cell vigbliity at

¢ 30, 60 and 120 minutes was as ibed by A (2.2.1.3).
Control represents cells + cy i Three sep: i were,
- * carried out. Values are means + standard error. - % . 5
i + e .
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Figure 3. 5. Potentiation of allyl alcohol-induced GSH depletion by
cyanamide in isolated rat hepatocytes. < '
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Hepatocytes (108 cells/ml) were incubated at 37°C in Krebs-Henseleit
buifer pH 7.4, containing Hepes (12.5 mM), + cyanamide (200 uM). -Allyl
alcohol (150 uM) was then added as indicated in the. figure. At the times
indicated, 0.8 ml aliqupts of cell suspensions were removed and total- GSH
Isvels were delormlned by HPLE analysis as described i Melhods (2.2, 2).
*.Control p samples & Three sep: 5. wre
carried out, Va‘lues are maans + standard error. .

M
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subsequent cytotoxicity initiated by acrolsin fn Isolated hepal‘d?:iles (fig. 3.6).
Cells wete first preincubated for 10 minutes with 250 pM acmlg.;ellov’ved by
washing (gentlé f ion 50 x g and r

P ‘esh Krebs-
Henselsit buffer, containing 12.5 mM Hepes) prior to treatment with various thiok
reagents. As shown in fig 3.6, addition qf 2 mM dithiothreitol, pomplete’
protected (p<0.061) the cells from 250 uM acrolein since no loss of cellular
viability was observed within the 120 minute incubation period. However, if the
introduction of dithiotgreiml was delayed for 20 minutes, ﬁa slghillcant
protection of acrolein-induced cytotoxicity was found (p>0.1). Addition of 2mM

GSH or N-acetylcysteine’ caused a significant delay (p< 0.01) of the

cy\o!oxncnly in 250 uM-acrolein-treated hepatocytes but-was" lpss effective thar
duhmmrenol N- Acetylcysmlne was more efféctive than GSH (ﬂg 3.6).

3.2:,1.4 Effeots of antloxidahts and desferrioxamine on’ allyl
alcohol * apd ! yt in d .rat hepato-
cytes N
. T
- Allyl alcohol-induced necmsls of perfused rat liver has been reporlsd to .
be p by the i o' lipid peroxidati (Badr et al., 1986), as '8
ined by malondialdehyde (MDA) Table 3.2 shows that the *
addition of a toxic dose of allyl alcohol (250 uM) t6 hepatocytes also induced '
the pi n of MDA, Pretreating p acytes with fow ¢ of the
yd (BHA) or Lazaroxd U 74500 (Braughler et
el.,\1987) s:gmfcanlly delayad (p<0 005) cell death. MDA formation dué to allyl
alcohol was totally Inhibited when these antioxidants were included In the
‘. ion (table 3.2). D i an Iron trapping dgent, was glso 1ouf\d !
~to inhibit lipid peroxidation and allyl alcohol-inducad e y y
'




Figure 3.6 P ion of lein-induced & toxicity by thiol
reagents. - s
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| _Hepatocytes (108 cells/ml) were preincubated at 37°C in Krebs-Henseleit

: : butfer, pH 7.4, contalning Hepes (y2.5 mM), for 10 minutes with 250 M acrolein.”

_Either 2 mM dithiothreitol (DTT),. 2 mM glutathione (GSH) or 2mM
N-acetylcysteine was then added and the viability was assessed.at 30, 60 and
120 minutes as described in Methods (2. 2. 1. 3). Three separate experiments
were carried out. Values are means  standard error. '
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Table 3.2 F of and allyl alcohol-
ey by BHA and
Lazaroid U-74500A

Cytotoxicity (% trypan blue uptake) MDA

. (OD 535 nm
: i . 1106 calls)

Treatment * min: 30 . 60 120 120
Control 122 1412 173 0.05£0.01 ,
Allyl alcohol 2113 6215 100 . 0.52+0.08
+ Desferrioxamine 15:2 . 2243 2583« ¥ 0.08£0.02
+BHA % 1943 2743 5515 0.0740.02 <
+ Lazaroid U-74500A 16£3 . 2043 264 . 0.0740.02. -
Acrolein 18:3 5615 100 0.48£0.07
+ Desferrioxamine 1743 27+4 ° 7245 - -0.08+0.02
+BHA . 18£3 35+4 8816 0.06201
+ Lazaroid U-74500A 1743 313 8216 ~0205£0.01

Hepatocytes (106 ’c'eus/ml) were preincubated at 37°C in
Krebs-Henseleit buffer pH 7.4, containing Hepes (12.6 mM), for 5
with either desferri i (100 uM), BHA (100 uM) or

uM) was then added to ‘the mixture as .indicated and viability was
assessed at 30, 60 and 120 minutes -as described in. Methods®(2. 2. 1.
3). At the end of each experiment (120 minutes) a 1 ml- aliquot of
cell. suspension. was taken -to determine formation  of

alondi de (MDA) as described in hods (2. 2. 3). Three
separate -experiments were carrjed out. Values are means * standard
error. = i R
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was significantly (p<0.001) prevented.

Addition of a toxic dose of acrolein (150 pM) to hepatocytes caused the
formation of MDA which could be p if either of the antioxi BHA or
lazaroid U-74500A or the iron chelator desferrioxamine was also included in
the Incubation medium (umxoé.z). However, unlike allyl alcohol, cytotoxicity was
delayed to a relatively Iessér extent. )

3.2.1.5 Effect of allopi on hepatocyte cy ‘/by
allyl alcohol or nc'ralnln_ =

Allopurinol, an inhibitor of e oxidase, 'p. | hep
against allyl alcohol cy y and pi MDA formation {table 3.3).
However, pretreatment of the cells with (1°mM) had no

effect on acrolein-induced cytotoxicity (b>70.'1) or on the formation of MDA

V-(p>o.1).,Because of this difference in 8"yl_alcohol and acrolein toxicity, the
 effects of p on alcohol d activity dgfthe hepatocytes were
¥ Alcohol dehyd “activity of rat liver cytosal was found
surprsingly to be markedly inhibited by - imethylsulfoxide (DMSO), fhe solvent
normally used to dissolve allopurinol. Table 3.4 shows that when allyl alcohol
or-ethanol concentrations were added tc; rat |]ya‘r cytosol preincuﬁated with
imM DMSO, ADH activity was slgnl_ﬁcanlly inhibited (p<0,05). DMSO also
against allyl alcohokinduced hepatocy! city (table 3.3).
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Table 3.3 Prbtection of and allyl alcohol-i
hepatocyte cytotoxicity by DMSO and allopurinol
v

Cytotoxicity (% trypan blue uptake) MDA
(OD 535 nm
1108 cells)
Treatment min: 30 60 120 120 °
None . 122 1482 1743 0.06£0.01 .
Allyk-aleohol— 2143 6245100 0:5240,08
+ Allopurlndf + 1543 -32+4 35%5 0.1210.04.
+DMSO 1413 - 2313 2644 0.09£0.03
- Acrolein w 183 5615 - 100 . 0.48%0.08

+ Allopurinol ~ 1743 536 100 '+ 0.5040,09

) Hepatocytes (106 '?:ells/ml) were _preincubated at '37°Cin

. Krebs-Henseleit buffer FH 7.4, containing Hepes (12.5 mM), for. 5
minutes with either dimethiylsulfoxide (BMSO) (1 ‘mM) or allopurinol -
(1 mM) dissolved in, DMSO (1mM). - Acrolein (150 HM) or aIIylzalcoAhol
(250 pM) was then added to the ‘mixture as  indi d and

viability was assessed at 30, 60 and 120:minutes as described in
Mdthods (2. 2. 1. 3). At the end of each experiment (120 minutes) a 1
.aliquot of cell suspension was taken -to determine formation of
alondialdehyde (MDA) as described .in Methods (2. 2.-83). ., Three
separate experiments were carried out. Values are means + standard
error. B » b
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Table 3.4 Inhibition of rat liver aicohol dehydrogenase by
-allopurinol
-
' Treatment ALCOHOL DEHYDROGENASE
(umol NAD* reduced /min/g liver)
ETHANOL ALLYL ALCOHOL
10 mM 1'mM
o
: NAD* + cytosol ——0:6240:06————0:45+0:04——
. < : ; &
< ,'/ NAD* + cytosol + pyrazole © 0.2310.06 0.1240.05
‘ NAD* + cytosol + allopurinol 3 0123006 . =  0.12:0.08° e
| B T ! ;
! NAD* + cytosol + DMSO * 0.22+0.06 0.15£0.06

_ NAD* + cytosol + allopurinol ® 0.60£0.04 0.41+0.03 .

. Rat fiver cytosol was incubated in 90 mM potassium phosphate butfer, pH?73, *
and 40 mM KCI contalﬁing 0.5 mM NAD* and 10 mM ethanol or 1 mM allyl
alcohol. Pyrazole (0.5 mM), allopurinol (1.0 mM) and dimethylsulfoxide' (DMSO)
were added as Alcohdl y ¥ activity was d as
described In Methods (2. 2. 6. 1) and expreséed as, pmol NAD* reduced/min/g

“liver. Three separate experiments were caméd out. Values are means *
standard error.

Abreviations: . E
g 2dissolved inDMSO .

) \ - Pdissolvedin acetonitrile




47

3.2.2 Mitochondrial Ca2+ Studles *

3. 2. 2. 1 Effect of acrolein on Ca2+ homeostasis of Isolated rat
liver mitochondria

As illustrated in fig. 3.7, respiring mitochondria were able to uptake and
retain added Ca2+ ( 50 nmol/mg of mﬂochondrlal protein) for at |aasl\§

~minutes. he “addition of acwen “at 250pM or higher to Ca2+ loadéd

-caused- a

p collapss of the transmembrane pmenllal
followed by Ca2+ release. The amount of time belwsen acrolein addition and
Ca?+ release was dose-dependent.” A dose of 50uM acrolein did ‘not effect the

_transmembrane potential nor the ability of tha mitochondria to re(aln Ca2+,
Addition of EGTA, a Ca2+ chalator to 2504M acrolein treated mnuchondrla
inhibited Ca2+ cycling arid restored the transmembrane potential (fig. 3.7). This i

indicates -that the inner mitochondrial membrane was not irreversibly

depclanzsd (Masini et al., 1986), hence |ha acrolein-induced collapse of the .
.

is not due to m damage of the mitochondria but
rather to a n and gy-draining Ca2+ cycling. . The NAD(P)H
/NAD(P) redox status of the mi after acrolein

“treatment. '
“ Ethacrynie acid (500 uM) addition to ensr@!zad_mitochondrla results in the
of ‘mi di GSH (M and Reed,1982), but does not effect

Ca2+ i -by i dria within an ion period of 10 minutes (fig.

3.8). However, 50 uM acrolein addition to Ca2+ loaded mitochondiia

- prelncubated with e!hacrynli: acld caused Ca2+ to be (eleasad (fig.3.8).
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Figure 3. 7 Sequence. of events of mitochondrial Ca2* release (A),
(ransmembraﬁs potential (B) and NAD(P')H oxid'a(ion (©).

leer mitochondria (1 mg/mi) were incubated in MSH buffer pH7.4 at 25°C = °
(3-uM) and i (5'mM). Caz' (50 nmol/mg) was then
addad to mnochanddal suspension and allowed to equilibrate for approximately
5 minutes followed by the addl(lon of acrolaln Concentrations of acrolein
added were (a) 50 uM; (b) 250 pM); (c) 500 M and (d) noneg, Trace (x)

___represents NAD(PJH oxidation upon addition of 0.5 mM_ oxaloacetate. EGTA

(1mM) was added where indicated.. Ca2+ release; transmembrane potential
and NADPH was as in Methods (2. 3. - T

‘8,and2. 3. 4, raspek:tlvsiy).
o ¥ 4
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Lo Figure 3.8 F iation of acrolein-induced mi ial Ca2* release by

ethacrynic acid and cyanamide.
s 5

50 nmol Acrolem
Ca2+

Ca2+
release s
T 8Ae54.685 :
2AU :

lesr mituchondﬂa (1mg/ml) ‘were incubated in Msﬁuﬂer pH 7.4
containing ‘foténone (3 uM) and succinatg (5,mM): Ca2+ (50 nniB¥mg) was then .
added to the mitochondrial suspension and- allowed to' equilibrate for
approximately 5 minutes. Additions were made as follows (a) acrolein (50 pM);
(b) ethacrynic acld (500 M) + acrolein (50 uM); (c) cyanamide (200 puM) +
(acrolein 50 uM); (d) ethacrynic acid (500 UM) or cyanamide (200 M) or none.

% Ca?+ release was morni as described in Methods (2. 3. 2).

g
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Figure 3.9 Effect of dithi itol (DTT), glutathi (GSH) and
N-acetylcysteine on Ca2* uptake and retention in .acrolein treated
mitochondria. I . -

5t E
50 nmol -
. 2- .
Cf & ~ -
C32+
uptake
| -0Ag54.685 — - o
=02 AU

acrolein . . %

Liver mitochondria (1' mg/ml) were preincubated in MSH buffer, pH 7.4 .at
25°C,\contalnlng rotenone (3 tM) and sugcinate (5 mM) with 250-uM acrolein
for 4 toinutes. Additions of thiols were made as follows (a) none; (b) DTT
(1mM); (]°"GSH (1mM); and- (d N-acetylcystelns (1mM). Ca2+ (50 nmol/mg)
was then added 1 minute: after the thiol reagent as Indicated in the figure. Ca2+
release was rronitored as described in Methods (2. 3.'2).

~ : . ] 1
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3. 3 Discussion )

The periportal fecrosis of the liver induced by acrolein has  -been
attributed to !hegeplahon of cellular non pro(em and protein sulfhydryl grcups
(Badr et al.,1986), leading to tha(mcdlﬂcatxon of cellular proteins and membrane
lipid peroxidation by an Ind]racl iron-dependent mechanism. Our'study with

isolated rat hepatocytes confirms these results as acrolein at concentrations ef

250 uM and higher caused an i of GSH,

formation and eventual cell death. Previous work by Patel et al., (1980) and

T

Rikans, (1984) suggested that acrolein was oxidatively mslabollz%d toqullc
acid by NAD+ and aldehyde dehyd'mgenase in both Holtzman and #Ischer
male rats. Thls is believed to be a detoxification pathway. as al:ryllc acld Is not
toxic to perfused rat liver (Belinsky et al., 1986). In further support of this theory,

of snhar or i two ALDH prlor to
acrolein treatment was found to increase hspafo/c;ta cytotoxicity. A recant study
By Mitchell and Peterson (1988) however reporled 1hat acroleln Is a potent
inhibitor of the high affinity ALDH lsoanzymes in both !he mitochondria and
cytosolic subcellular fractions in vitro. They suggested mat the ALDH activity
i'apun_ed by Rikans, (1984), in the presence of hqroleln was misleading since
ALDH activity was assay _ir;.'me p of B-m@ The

scenario of a B-mercéptoathanul-acralein adduct being a substrate for' ALDH

was thereforg suggssled , g

The lormatlon of an acroleln-GSH adduict In vitro " was first suggestadby R
DeMasters et al.. (1@83) Ohno st al. (1985) further suggasted wllhom arly

~avndanoe that the acrolein-GSH adduct was ] to the

acld by ALDH present in hepamcy‘tes our) results with rat liver 89 shuwed that
acrolein inhibited ALDH activity. Howevpr. acrolein was found to be a good”
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5 \
substrate for ALDH when added to th\a $9 fraction if GSH was also ad;:lad.
Therefore it is possible that in the cell, acrolein reacts rapidly with GSH. lon‘ﬁing
an acrolein-GSH adduct which is then further_oxidized to the non-toxlé acrylic
acid form by ALDH and NAD*. Inhibition of ALDH by i and' i
would prevent the oxidation of the acrolein-GSH adduct which may be toxic to

the cell. However, it is more likely that GSH’ acts by protecting ALDH from
by acrolein. Inhibition of ALDH by cy ide and di would

then increase acrolein toxicity by inhibiling its removal by ALDH.
Earlier studies I':y Badr et al., (1986) showed that loxic doses of allyl

“alcohol administered to perfused rat liver cause lipid peroxidation and liver

&

(wcroéls which could be prevented if the liver . was n‘e_ated with either

shtlnxldants or the iron-trapping agent desferrioxamine prior to_allyl alcohol

infusion. L]pld X " was there 'suggesled to i 1o the allyl
alcohak-induced necrosls Results from’this study with isolated hepatocytes
found allyl alcohol loxldty to ba most4 prevented by the amioxldants BHA and

i Iazarold U-74500A or the iron chela(or iox Upld

under these conditions was totally inhibited. Incuballon of hepatocytes with

) acrolein Inslead of allyl alcohol also caused lipid psroxldallon that was'| Inhlbﬂsd

it either s or & ta

was ‘ in the i
Cytotoxicity in this case howsver, was only delayed.

The xanthiné oxidase inhibitor inol pi lipid

and liver necrosis in llver's péﬂused \Mth allyl alcohol (Badr ot al., 1986). ‘As a

result, it was that lipid: per
|

mey hava been In].llaled by

e supsraxlds anion’ radlcals generated by xanlnlne oxidase. The latter may be”

formed !mm xanlhlne dehydrogenase as a result of increased cytosollc Ca2+
g a Ca2+ p (McCord. 1985). The addition of
allopurinol to hopal‘ocy(es treated with allyl alcohol also inhibited lipid
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peroxidaiton and prevemed or delayed toxicity. However. acrolein induced llpld

p and cy y in was not affected by allnpurlncl
This suggests that xanthine oxidase Is not gfor the lipid

Further investigation revealed that DMSO (the solvent norrﬁally used to dissolve

allopurinol) readily " alcohol y ase The alcohol
" dehy Inhibitor 4

ylpy also p d allyl alcohol-
induced hepatoi:yts cytotoxicity (Ohno et al., 1985). Therefdre, the protective
- effect of allcpunnol against hepatotoxicity induced by allyl alcohol could be due
to an inhibition of ADl'facllvn.y by the DMSO Jsed to dissolve allopurinol. The
lac} that DMSO, a hydroxyl radical scavenger, did not prevent ac{_oleln induced

y icity, and lipid peroxi in hepato ‘also that hydroxy!’
radicals are not involved in acrolein catalysed lipid
of isolated -h with adrolein (250 pM) for 10 minutes -

' 1o|iowed by washlcg and resuspendion' of the cells |n fresh Krebs-Henseleit

buffer did not affect the onset of cell death as compered to acrolein- traaled
i unwashed cells Howaever, dithiothreitol (2 mM) added -after the hepatocytes
-hgd been washad, 'prevsmed‘t_:sn death.- This suggests that dithiothreitol

the he and lein-ind ed damage.

" That other ydryl agents were ut at preventing may
" be explained by their lower lipid solubility and much lower ability to penetrate
the cell membrane. '

lﬁcubaljon -of hspalocyies with a varlety of toxic agents produces a

1
in cy ic Ca2+ ra (Orrenius and Nicotera,

1987) This evant precsds the appsarance%' surface blebs and the loss of cell
viability and’ seems to be a critical event in the devejopment of toxicity.

gst several i in Caz+ in the cell (see

chapter 1, 1.3), mitochondria appear to play a major role in regulating cellular
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Ca"’* levels, since they possess specific routes for both uptake from and release
into &he cytosol (Carafoli, 1967; Schraer et al 1973).
Acrolein addition to Isolated rat liver mnochondna resulted in the callapse\ J
of the transmembrane gotential and an immediate release of Ca2+ from the

% i ia into the g medium. F y, ial Ca2+
& release induced by various xenobiotics has been inked to the oxidation and |
hydrolysis of intramitochondriat NAD(P)H wllh resullant ADP ribosylation of the
Inner msmbrane (Frei a et al., 1985). However, mhochonfiv!al Ca2+ release by .
o acrolein is unusual in that it dis:l not cause oxidation or deplstion of NAD(P)H in

the mitochondria. Depleting the mitochondrial GSH with ethacrynic acid or

of ALDH with ’ also the ion time of the

. sequsstersd Ca?% In acrolein !r;atsd mltochundria
Addition of dﬂhlolhvellol to the mltochondde seams 1o reverse the damage
caused by acmleln without restoring GSH levels even when added aﬁer ab
l minute_period to maxlmlze the acrolein modification of ‘the mltochondna Thls
period of time was suﬂlclenl for acruleln to cause slsmpﬂon in the regulanon of
mitochondrial Caz* fluxes as Ca}*- ra|ease occurred in less than 1 minute upon
addition of 250 uM agrolein-to Ca2+ loaded mitochondria.- GSH and

N-acetylcysteine were unable to reverse. acrolein-induced damage to,.

p b of their lower reactivity and inability to

‘, e ) the inner + Allyl alcohol_ did, not-release Ca2+ from. |
mitochondria presumat}ly because of alcohol dehydrogenasé activity is absent.
ADH has been s‘hown to be located in the cytosolig fraction (Comeli , 1983).

In conclusion, acrolein is a highly reactive molecule which depletes GSH

A and protein thiols without GSSG in isolated.hepa & Depletion
<~ 6f GSH by other toxins has been as: with the elevation bf cytosolic Ca2+
(Bellomo and Orrenius, 1985) and the of intracellut and o
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phospholipases associated with cell death. Acrolein was also found to impair

the ability of the mitochondria to refain Ca2+ and could, thersfore, disrupt

cellular calcium An i in free Ca2+ levels has
oo i with the §lon of orylase b to yiase a
hich y the of into glucose (Exton, 1982).

Increase in phosphorylase g activi{y and glycogen breakdown have been
reported in acrolein treataz! hepatocytes (Ku and Bennings, 1986) and in allyl
alcohol perfused liver linksy et al., 1984)

The reversal of acrolein induced mitochondrial damage by DTT may be
due to restoration of vital sulftydryl groups on the Ca2+ transporting mechanism

which enables lhe‘ mitochondria to regulate cellular Ca2+ homeostasis.

Acrolein of may also i thiol groups on both the
plasma and endoplasmic reticular Ca2+-ATPase_pumps. Thiol groups in both

these pumps. may be assan‘t[él_ for their activity. Dithiothreitol also. pmlec(eq'

“. against acroléin induced cytotoxicity In hepatocytes after preincubating. the
célls with acrolein. Acrolein has also been shown fo cause cytochrome P-450

daslructlon' and its conversion to cytochrome P-420 (Patel et al., '1980)4,

Release 0'. iron from intracellular hemoprctélns as a result of modification by
acrolein could Inlllate lipid peroxldatlnn e.g. mrbugh a H;ber Waeliss type of
reaction (Habey and Weiss, 1934) and could explain the inhibition of lipid
peroxidation and the delay in acrolein induced hepatocyte cytotoxicity by

and Lipid ,.V can also result form the
‘autooxidationi of acrolein. A carbony! peroxy radical formed during the

7 has been to initiate lipid peroxidation. (O'Brien, et

al., 1955) Hence lipid paroxldalion may play a role in acralsln-lnducsd

3 cyto(oxlcl!y “This: role seems just one of several toxic pathways since the

of lein-induced lipid i still results In cell death:




\ s ./

Therefore these resuljs suggest that there are two mechanisms of cytotoxicity
induced by acrdlgln One involves iipid peroxidation and the other is a slower

g of thiols in y and

proteins.
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CHAPTER 4 . s
JAZQ Study
|
4.1 INTRODUCTION ‘ °
Quinone-containing antitumor agents have been shown 1o be amlva;ed to
their free radical species by a number of processes including microsomes and
NADPH-cytochrome P-450'reductase (Bachur et al., 1978), rat liver nuclél

_ (Bachur et al.; 1982), xanthine oxidase (Paﬁ et al., 1980) and Erlich ascites.cells

(Sato et al., 1977). The formation of free radical species may be deleterious to
e 4 . -
the cell., One possible mechanism would be via direct binding of that particular.

free radical Imermedlatp to vital macromolecules (Tomaz et al,, 1974). Another
possible mechanism includes ihs/ generation of reactive oxygén species.
Reduced oﬁgén derivatives such as superoxide anion (OZ°) and hydrogen
peroxide (H>Q5) have been Impheetsd in cell toxicity. Strake and Farber (1985)
showed that Hzoz can cause lnaversﬂala cell injury in cultured rat hapmomes

. Other investigators, using frashly' isolated rat hepatocytes, have demonstrated

that redox cycling such as give rise to large amounts of
0," resulting in GSH i in cy ‘Ca2+ and cell death
(Bellomo and Orrenius, 1985).

In |ha present study, the ablllty of the qulnons anticancer drug diaziquone

¥ (AZQ) to unuergo intracellular reJox cycling lhareby generating reactive oxygen

species has been Investigated, leng isolated rat hepatocytes. as the Iavqel %

system.

i
| ¢

" AZQ, [25 36 { )-1,4 sa

synthetic lipid soluble antitumor drug which was rationally designed to cross ;
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(p -brain barrier for the treatment of the central ner\}ous system tumors
(Schold-et-a74884). The two aziridine groups provide bifunctional alkylation

while the mino groups are ly allowing the
compound to cross the blood-brain barrier. Phase |l trials show that AZQ has
promising clinical activity against brain tumors (Curt et al., 1983) and
lymphomas (Case et al., 1973) ;nd is the only effective agent against 1.1210
murine leukemia cells (DﬁscoTI et él.. 1979). Preclinical -toxicologic studies in
mice, dogs and monkgys have reported the major toxicity of AZQ to be in the

i c and lymp systems . Milder toxicity was also

noted in the resplra&or_y, hepatic, -nervous and renal systems. Phase | trials
‘rsvealad bone marrow ioxlqhx and patientd developad severe ‘leukopénla and
thrombocytopenia (Hacker et al., 1982)

The mechanism by which AZQ acts s still unclear. AZQ has been shown
to be reduced to its free ‘semiquinone radical anion by several cell lines
(Gutierrez et al., 1985), by rat liver ic m and NADPH: <
reductase (Gutierrez et al., 1982). Under aerobic conditions lh'a samiqnllinor.\e

radical could ‘theoretically autooxidize to ‘the paran;\ompound forming 02"
which can lead to' cell toxicity (Fridovich, 1976). In support of free radical X
formation, Gutlerrez et al. (1986) showed that AZQ under aerobic pond'rﬂans did
cause DNA single strand breaks. On: the other hand, AZQ has also been

suggested to act as &  alkylating agent, (Massoba et al.,

1985). These authors proposed thal hydrogen bonding of the hydroqulnono
hydroxy ‘group to the adjacent azlrldlno nitrogen may facilitate lhe apenlnw!
the azlﬂdl_no ring laad]ng to the of'the im ion, & !on

and an alkylating species. AZQ was reported to Td&cé DNA interstrand
_ gross-linking In nuclel and cytotoxicity has been  correlated with the degree of
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DNA cross-linking (Szmigiero et al., 1984). Figure 4.1 Illustrates these two
possible mechanisms.
In the 10Ipwlng studies: the effects of AZQ on cellular QSH levels,
ial Ca2+ and the of H,0, In AZQ-induced
toxicity was investigated in isolated rat hepatocytes. ’
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Figure 4.1 Possible mechanismis of AZQ induced cytotoxicity
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4.2 RESULTS
4.2.1 Hepa(oéy!a Study
-
. 4.2.1.1 Effects’ of AZQ on the viabllity of Isolated rat hepatocytes

e lncubat\ionrol isolated hgp;tocyles with-500 M kZQﬂ rasults%m the B
appearance of surface blabs within 30 minutes and loss of cell viability at the
end bt 4 hour Incuba/ﬂon period as assessed by trypan blue penetration (table
4.1). The decrease in cell \Jlabillly bblained with 500 uM AZQ was gradual with
46% cell death occurring at 2 hours of incubation. A Iower dose of 200 uM-AZQ
did not cause a significant (p>0.1) lncrease in hapatocy!e cy!otoxlcily (table 4.1).
Additfon of the sulthydryl agent dithiothrsitol (DTT) at 1 hour after Incqbauon
with 500 uM AZQ treateﬂ hepétomes resulted in a delay of dyjotnxlclly atthe2 -

hour period of incubation.(table 4. 1) However, if the ‘addition of DTT was

_ delayed for 90 minutes, hapatocyle cytotoxicity caused by 500 uM AZQ was
unaltered. .
& -

" 4.2.1.2 Induction of oxygen uptake by AZQ
y -
The addition of AZQ at concentrations as low-as 10 uM to isolated rat liver
prepar: ‘ &, const 'In thé p of NADPH
(table 4.2). Increaslng the AZQ concentration to 100 M reached a saturation

point in terms of Oz consumptlon As shown In table 4 2 AZQ was also very

effactive at»s(lmula(lng piration of intact, ) in the p of

cyanide, which was added o inhibit O, uptake due to mitochondrial respiration.
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Table 4.1"AZQ cy(uloxlclty in isolated rat hepatocytes

3 C}tcwxicity (% trypan blue uptake)

Treament (time) 60’ 120" 240"
Contro calls™ 1342 16£3 2043
. +AZQ (5004M) . 20£3 - 466 100
+ AZQ (2001M) 1543 19£3  24t4
+ AZQ (100pM) . 1412 183 22+4
+ AZQ (5001M) + DTT 60 min 1943 - 28+4 100

+AZQ (500uM) + DTT 90 mini . 1943 5015 100

Hepatocytes (106 cells/ml) were preincubated at 37°C in -
Krebs-Henseleit buffer pH 7.4, containing Hepes (12.5 ‘mM), with_
varying concentrations of AZQ. 'DTT (1mM) was ‘added at 60 and 90
minutes after addition of 500uM AZQ, where indicated. Cell
viability. at 60, 120 and 240 minutes was determined as described in
Methods. Three experiments were carried out. Values are meffs +
standard error, - :




v

Table 4.2 AZQ- oxygen with liver
isolated hepatocytes and ascorbate.

Addition Buffer P Microsomal Hepatocyte
O uptake 0O, Uptake Oz Uptake
(nmol/min) (nmol/min/mg) (nmol/min/106 cells)
None 0403}\&21 87124 | 133%048
AZQ (5pM) 0.03 £(r01 1332 £71.35 5.16 £0.92
. AZQ (19uM) 0.03+0.01 17711 £1.92 9.12 +£1.50
AZQ (50pM) 8.03+0.01 28,63 + 3.49 27.24 £3.15
AZQ (100uM) 0.0310.01 27.34 £ 352 8422 +754
AZQ (5uM) 58.5£7.55 nd. . 77.53+7.31°
+ascorbate * : 3
AZQ (10pM) 102+13.45 . nd. 142,12+15.32
+ ascorbate’
Ascorbate 0.05£0.01 . nd 0.07+0.02

Hepatocytes\(mﬁ cells/ml) wére_ preincubated at 37°C in

" Krebs-Henseleit buffer pH 7.4, containing Hepes (12.5- mM) with varying
concentrations of AZQ + 2,5 mM rbate as if isolated
from rat liver were incubated (1 mg/ml) in OEM Tris-HCI, pH 7.4, 50 mM KCI

buffer containing 0.2 mM NAD(P)H with varying concanfration§ of AZQ £ 1.0
mM ascorbate. ‘Oxygen uptake was meashired using a Clarke electrode as
described in Methods. Three separate experiments were carried out. Values
are rheans t standard error.
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.
The rate of Op uptake Imaséd in a dose-dependent.manner.  Introduction of
2.5 mM ascorbate, a rsﬁuclng agent, o ‘Aza in buffer caused extensive
consumption of O, presumably as a result of a one electron reduction of AZQ to
an autooxidizable semlqulmm; (tablé 4.2). Addition of catalase near the end of
the reaction released stoichiometric amounts of oxygen. This suggests that
AZQ undergoes futile redox cycling produging 02" and resufting in H,Op
formation. Control Incubaﬂnps. which received only the DMSO vehicle di'dwnol =

show any increase in oxygen uptake:

4. 2..1.3 Effects of AZQ 'on GSH/GSSG levels In Isolated rat
hepatocytes '

As shown in figure 4.2, (A), the onset of cytotoxicity induced by AZQ was
preceeded by a dose-dependent decrease in soluble thiols. Total depletion of
GSH occurred only with & toxic dose of AZQ (500 uM) after approximately 90

minutes of 1. Lowet i of AZQ also caused a
gradual disappearance of GSH ' but atue=fiich slower rate and never to
pletion. A and nearly stoichi ic i in GSSG was

also observed with all AZQ concentrations (fig 4.2, B), thus explaining the
disappearance of GSH asan oxid'aﬂon.ol GSH. . o
4.2. 1.4 Effect of catalase Inhibiton on AZQ-Induced hepatocyte
cytotoxicity- 2 )

5 " a

H,0; Is thought to be toxic (Fridovitch, 1976) and Is converted to HxO

|

- elther by catal ssocl with the p or by glt

v
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Figure 4.2 GSH depletion (A) and GSSG formation (B) induced by AZQ in
isolated hepatocytes.

’
Hepatocytes (106 cells/ml) were incubated at 37°C in Krebs-Hensaleit
buffer pH 7.4, containing Hepes (12.5 mM), with varying concentrations of AZQ.
Where were prei with sodium azide (4 mM) for
5 minutes prior to AZQ addition. At various times, 0.8 ml aliquofs of cell
suspensions were removed and total GSH and GSSG levels were detsrmlnad
by HPLC analysis, as described under Methods (2. 2. 2). Three separate
experiments were carried out. Values are means * standard errors.
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perdxidase présent in both the mitochondrial matrix and the cytosol. Addition, of

4 mM azide to hepatocytes for 5 minutswasulis In an almost eomplgto,lnhib!toh
of catalase activity without 'any dacrease in cell viability (Rossl et al., 1988).
'Incuba(lon of 100 uM AZQ with hepatocytes pratreated wﬂh 4 mM azlds caused
a of GSH with a of GSSG (figs. 4.2,
A) and 4.2, B), followed by call death within -4 hours of Incub_atlo_n (labla 4.3).

% In order to investigate if the increase-in oxygen consumption by the

of AZQ with ascb resulted in 1 of toxicity as a result of

an Increase in.the production of H,0,, hepatocytes pretreated with azide were

incubated w:th AZQ and ascorbate. As illustrated in table 4.3, 'ascorbate greatly

enhanced the suscepnbmty of azide treated hepatocytes to AZQ.

' Concen(rgtlons of AZQ as low as 5 pM proved to be cy}cscxlc to the cells if

ascorbate was present (table 4.3): Both azide and ascorbate were not cytotoxic
to the hepalocytas/ within 4 hours of Incubatlon

Another mathod for obtaining hepatocytes with lower catalase acﬂvny Is

b); pra(reanng rats with cyanamlde £13 mg/kg i.p.)1 hour prior lo,hepalocyle

!

isolation (DeMaster 1986). Catalase in thpse hepatocytes was found to have
approximately 18% of lha activity present'in

patocytes isolated from

rats. - ‘Hepatdcytes from ‘cyanamlue treated animals were much more
susceptible to AZQ induced cell death (table.4.3). A concentration of 100 uM
AZQ caused 100% cell death within a 4 hourr'lncuball‘on period. Apdltlon of

ascorbate (2.5 mM) again ; séd the ‘cells susceptibllity to
+ AZQ:-induced cytotoxlclty _In this case, 10 tM AZQ was cytoloxlc to the calls
(table 4.3). - However, addition o! catalase (6400 U) to these calalasa deﬂclen(

hspatocytss protected them against me cy(o!ox!c effects ol AZO (10 uM) and
* ascorbate (2 5mM) (Bble 4.3).
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Table 4.3 F of AZQ:

Jaolated hep s by

_ ‘Cytotoxicily (% trypan plue uptake)

'

60,

Treatment : (time) 120" 240"
.

" Control calis L. e 1322 16%3 2043
+ AZQ (100uM) -7 1422 s 1883 2243
+ AZQ (100uM) + azide 18t3 384 100

© + AZQ (5pM) + ezlde +ascorbate ,__ 22+3 7816 100
+ azide 1412 1 81.3 2214
+azide + ascorbate 1543 1943 2243
Comrol cells 1412 18+3 2243

@cyanamide treated animals)
+AZQ (100pM) 172 2583 100
+AZQ (10pM) 5 - 14:2 203 . 234 .
+ AZQ (10uM) + ascorbate 16£3 3214 100
+ AZQ (10uM) + ascorbate + catalase L 16£3° 1913 2413
_+ ascorbate 152  18+3  23%3
% g

Hapatocytes (108 cells/mi) lrom untreated rats and from rats
treated with 13 mg/kg cyanamlde, injected 1.p.
. Isolation, were incubated at 37°C in Krebs-Henseleit buffer pH 7.4,

s cumalnlng Hepas (125 mM), with varying concentrations of AZQ.
* Azide -(4° mM), ascorbate (2.5 mM) or catalase, (6400 U), were -
preincubated for 5 minutes prior to AZQ addltion. where indicated.
Cell viability' at 60, 120 and -240 minutes " was) determined as
described in Methods. Three separate experlments 4~ere carried out.

Values are' means * standard error.

1 hour prior to
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4. 2. 1.5 Effect of AZQ on GSH racovery after htpaloby'to GSH
oxidation by H,0, ) ) (I .

,/
/

Adding H0, (500 M) directly to hepatocytes results in the rapid

_oxidation of ‘cellilar GSH to GSSG and reduction back te original GSH levels,

within 2 minutes (fig. 4.3), without any detrimental effect on cellular vl‘ablmy. This
phenﬁmena demonstrates®the actiye role uv:'glulathlona peroxidase and R

.n the ¢ of H,0, and malntenance of GSH'”
levels in the cell, respectively. . Howaver, if Hz0 (500 pM) was added 1o AZQ

" (200 uM) treated hepatocytes, GSH. recovery after the Initial depletion was

much slower (fig. 4.4). Furthermore, GSH was only restored to a level of about
30 nmol/106 cells, pp sly 50% GSH in 15
minutes. H,0,'(500 pM) addition to 300 uM AZQ lr;latod .cells further impeded '
the recovery 6' G$H (fig. 4.4). This sugi;les(s that glutathione reductase in the
presence of AZQ is less efficien} _in reducing GSSG to GSH. A further
invasﬁgaﬁuq sﬁqwad:lhal AZQ aniﬁcaﬁuy (p<0.01) Inhibited rat liver cytosc!ié

p a loss of

,glmaﬂﬁne reductase activity (table 4.4). Removal of AZQ from the cytosolic
_ fraction by extraction with ethyl acetate however restored the glutathione

reductase activity. This suggests that the Inhlbltkﬁ of the reductase by AZQ is
AzQ 0

p y were also found to ba -mofe

susceptible to H202 (labla 4. 5) Thus although hepatocyte cylotoxlclty did nof

occur with 4 mM HpO, or 200 UM AZQ ‘alone, hepatocyte cytotoxicity was
induced with 200 uM“AZQ and 500 pM H,0, together .




I

Figure 4.3 H,0,-induced changes in hepatocyte GSH/GSSG levels.
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Hepatocytés (108 cslls/ml) e Incubated at 37°C in Krebs-Hsnsele(t
butfer pH 7.4, oomalnlng Hepes, (12.5 mM).- H202 (500 uM) was added dlreclly
to the cell suspsnslon and totat GSH  (open squares) and GSSG (close
-squares) levels were determined by HPLC analysls on 0.8 ml aliquots removed .

@ ( at varlous times as described in Methods (2. 2. 2). Three separate experiments
' were oarﬂed out. Values are means  sfandard error.
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Figure 4.4 AZQ prevents GSH 1covary';ner H,0,-induced GSH depletion.
\
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Hepatncylss (108 cella/ml) ware incubated at 37°C in Krebs-Henseleit
buffer pH 7.4, containing Hepes (12.5 mM). HgOg (500 uM) was added directly
to.the call suspension after pre!ncuba\lbn with or, without \«ZO for 1 minute as

" indicated. At varfous times after Hy02 addition, 0.8 mi aliquots of cell

were ved to m total GSH levels by HPLC annlylla as

"described In Methodss (2. 2. 2). Three uaparate experiments were eamsd out.
Values are means + standagd error.

L !
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. Table 4.4 Effect of AZQ on glutathione-reductase activity of rat * —
liver cytoso[ < % i
=% .
Treatment . Glutathione Reductase
% . & S nmol NADPH oxidised/min/mg
- ? 5 ' 5 : | :
NADPH + cytoso‘x ) 767452 | . .
o 1
. . v
NADPH + cytosol + AZQ (100uM) . 4B9xdd
’ o 5P .
NADPH + cytosol + AZQ(200pM) 33.5£3.7 Y
NADPH + cytosol * 73.416.1 .
NADPH + cytosol’ + AZQ(100uM) 70.115.8 g »

Rat liver cytosol wayrncubmad in a 1ml cuvette containing 0.1 M potassium
phosphate buffer (pH 7.6), 1 mM EDTA, 0.1 mM dicoumarol, 0.1 mM NADPH-
_and 1.mM GSSG at room : Gl L activity was
. - assayed a} 340 nm as described in Methods and expressed as nmol NADPH 4 |
i oxldlsedlm"n/ma protein. Three separate experiments were carried out. Values Vi
are means + ‘standard error. .
i .

e K * Cytosol was extracted 3x with equal volu#as of.ethyl 'acalata to remove-AZQ
' / before addition of NAD(P)H and GSSG to assdy ‘reductase.
. 5 ; S

. i Yoy . '
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Table 4.5- Hy0z-induced cytotoxicity in AZQ treated 2
- isolated hepatocytes

* " Cytotoxicity (% trypan blue uptake)

LY
. Tréatment (tie) 60" 120 240"
! ) .- 240
|
Coptrol cells ) s 1382 1643 2043
+AZQ (200uM) - ’ 15:3 . 1843 24%4-
+AZQ (200uM) + HoOp (S00uM) 163 313 7115
+Hz0, (4mM) . 153 1743 2243
v -
e " Hepatocytes (106 cells/ml) were preincubated at 37°C in

Krebs-Henseleit buffer pH 7.4, containing Hepes (12:5 mM), with AzQ

(200 pM) + Hp0, (500 uM) or HoOp (4 mM) alone. Cell-viability at 60,

120 and 240 minutes was determined as described in Methods. Thrae

separate gxperiments were carried out. Values are means £ standard
 error. )




4. 2. 2 Effect of AZQ on rat liver Ca2+
homeostasis .

. AZQ was very effective at disrupting the ability of isolated mitochondria to *
retain »andsu Ca2+' Addition of 70 uM AZQ-to mitochondria resuned‘/ln the .
release of Ca2+ and !hé collapsa: of the transmembrane potandal which could
be restorad by adding 1 mM EGTA (f ig. 4. 5). nghsr concentrations of AZQ
were 1ound to be more potent at-releasing added Caz* from mltuchondria and
the decreasé in Ca2+ re(enllon times was found to be dose dependent (fig. 4.5).

Since ascorba(e was found to increase both ,oxygen uptake and
cyloloxlclty in AZQ treated hepatocytes, its effect on Ca2+ homaostasns in AZQ
treated mitochondria was investigated. As shown in fig. 4.6, asuorbata (1 mM)

d the time of Ca2+ in mitochondria compared to

AZQ alone. Ad&lqlon ol. exogenous catalase (3200 units) to both AZQ and
ascorbate treate® mitochondria delayed Ca2+ release. Neither ascorbate-nor _

>

catalase added to Ca2+ loaded mitochondria caused Ca2+ to be released
within & 15 minute incubation period. ’

witt . N b i
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Figure 4.5 Sequence of events of hi(ochondrial Ca2+ release (A) and
transmembrane potential (B) -
- .

. o
Liver mitochondria (1 mg/ml) were incubated at 25°C in MSH butfer pH
74 (3uM) and (5 mM). Ca2+ (50 nmol/mg) was.-

. *then added to the- mitochondrial suspension and allowed to equilibrate for

approximately 5 minutes followed by addnloq,ol’AZQ. Concentrations of AZQ
added were (a) 250 puM; (b) 100uM; () 70uM; and (d) none. EGTA (1mM) was
added where indicated. Ca2+ release and transmembrane potential were
monitored as described in Methods (2. 3. 2.,and 2. 3. 3, respectively).




A
v Ca2+
_ release

AAg54-685
=02AU

B -

Membrane
potential

AAs11.533
=0.02AU

4 . !
succinate _ EGTA
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Figure 4.6 Potentiation of AZQ-induced mitochondrial Ca2* release by
ascorbate
L]

50 nmol - AZQ P )
Ca2+
. 2 L
o Ca2+ {
release .
AAes4-685
=0.2AU

1 min
: -

\
\ 3 A "

\ Liver mitochondria g1 mag/ml) were Incubated at 25°C In
A 7.4, cc (3 uM) and succl

v then allowed to equilibrate for

'\\

\

\

MSH buer, pH
(5 mM). Ca2+ (50 nmol/mg) was
pp 5 minutes.
(a) 70 uM AZQ; (b) ascorbate (1 mM) + AZQ (70 uM); (c) catalase (3200 units) + *

made were, ,
ascorbate (1'mM) + AZQ (70 uM); (e) ‘ascorbate (1mM); () catalase (3200 units);

»

and (d) nonéfaé* release was monitored as described In Methods (2.3 2).
o= .
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4. 3 DISCUSSION - v

AZQ has been shown to be reduced to an autoxidizable free radical anion ..

by NADPH and rat liver microsomes (Szmigiero et al., 1984). This may occur in
the hepatocyte as the addition of AZQ to hepatocytes induced cyanide resistant

_respiration. This suggests a one-electron reduction of AZQ to the active i

which then directly with oxygen,

the parent quinone. This futile redox cycling results in the continous generation

of superoxide radicals, as a result of the interactions of the semiquinone radical
»

with O (Patel and Wilson, 1973). The superoxide radicals formed would then

or / i to Hy0,.
The is welt i with ymati ! against

toxic oxygen species. Sup the 1 of 0‘ to
H20; both in the cytosol-and mitochondrial compartments (Fridovich, 1976).
H0, is then catabolized to Ho0 “either by catalase or by glutathione
peroxidase. The reduction of HyO, by the .Ianslr enzyme uses GSH as a
cofactor; thus metabolism of H,0, as a result of redox cycling can lead to GSH

and 4 GSsG GSSG ¢ results in

cytotoxic protein mixed disulfide formation and hence hepatocytes have

developed an active mechanism to reduce GSSG back to GSH by the enzyme

tase at the expense of NAD(P)H and/or to extriide Gsse‘n'om,

‘!hecell. . . = ) & o= g \
' A toxic dose of AZQ caused =D 6 GSH ‘ in )

which could be all for by th of GSSG. doses of

AZQ also resulted'in & gradual dlsap)m\rance of GSH but at a slower rgte and

never to completion. A slight protection afforded by DTT against AZQ!indueed

- . \ > |-
: ATy

X




p y ly, can be ined by its ability to penetrate the cell and,

rapidly reduce GSSG to GSH. . On the other hand, .it may also speed up redox
" cycling of AZQ thsreby increasing H,Op formation whlch may cancel its
protective effect.

o,

In order to investigate the role of Hzoz in AZQ'induced call toxicity and to -,

I the contribution of catalase to HpO, met were

carried out using two catalase inhibi .:aziqe and ik ,', ytes in

which catalase had been inhibited were found to be more susceptible to AZQ

induced cytotoxicity. GSH was also found to be depleted at a faster rate and to
completion upon the addition of AZ_QA

Exténsive oxygen uptaké resulting in Hy0, formation occurred when

ascorbate was added to AZQ in the absence of hepatocytes. In the presence of -

hepatocytes, the marked Increase in oxygen uptake by ascorbaté was cyanide X

resistant and did not occur in the absence of AZQ. Addition of catalase when the

reaction was nearly

oxygen il that HyO5 'was the

product. Ascorbate was also found 10 greatly increase the e"ecllvenass of AZQ

at inducing cytotoxicity- in ici tes. Under these
conditions, cytotoxicity occurred at :ﬁoodold lower concentration o' AZQ.
Furthermore, AZQ-induced cy ', inthese catalase-dsficient cells could be

prevented by adding catalase to the lncuballon medium. This suggesls that

ascorbate and AZQ Interact in the medium to generate cytotoxic ccncemrmlons'.

of H30,. !
Mitochondria have been reponed to répresent a quantitatively Imponan(
cellular Ca2+ store (Scmylo et al., 1985). Dlsruptlon of mllochondrlal Cab

homacstasls may‘be detrimental to the, cell (see Chapter 1). Continuous redox*

cycling- of qulnofhas .resultlng in cellilar (oxidative stress by the formation 02 i

+




and'olhsr ially ing acti

ygen spacles have been rsponed to -
cause 032+ release from mitochondria (Moore-et.al., 1986) This may bé. of

for the cytotoxic effects of these &0 i

in In(act colls. AZQ was
also found to inducg Ca?+ release from Isolated rat Ilvegmltochondna. Addition
of i the i

y of AZQ to cause Ca2+ release from
mltccnondna while !urther addmon of exogenous calalase dslayad Ca2+
4ra|aase Th:s swdencs provldes 1unhar suppontto. the theory that HeOQ -
gsneratad by lhq futile cycllngvof AZQ can induce mitochondrial damage.
Howe_ver’,)lAﬁ(P)H pxldation directly cauplea t0.AZQ radui:ﬁqn may also occur_

", (and this could lead to mitochondrial damage as a result of NAD¥ hydrolysis and

quent ADP ribosy of | proteins  etal., 1982). 7
Hépatocytes are ly Tesistant to oxidative, stress, hence pounds
capable of genéréllng intrace|lular H,0, are usuglly ot cytotoxic becduse of
the and gluathione- pel 1se-red * defense syste;rv (see

Chapter ). Our results showed that addilla"n of Hzoz o m'o‘hqpatocytes caused
an immediate oxidation of GSH to GSSG which was reduced back to GSH
within a 2 mlnute period. Hgwever, when AZQ was also present in the
GSSG (as_a result of
Hzoz addntlcn) was Impalred This could be bxplmned by our llndlng that AZQ

mcubabon medlum GSH recovery |

ly t [{ F

treated -,
with a subtoxic dose. of ,AZQ;Tére much more sensltlve‘to H,03 . mediated
Thus, h cyte ¢

L Y did not occur. wllh 4 mM

\ H202 or0.2 mM AZQ alons, alossin vlablllty dld\result when 0 5 mMH,0, and

0 2 mM AZQ were incubated with hepatocytes together. By
AZQ ‘may dergo-a
oxldlzed back

In cgncluslon, in isolated rat

to the iqui

which is

locts

\-,.




g s s .
s to the parent quinone by molecular oxygen. T/h,ls results in a futile redox cycle
: with a cohstant ‘production of cytotoxic Hp,O,. Since AZQ is also found to

. .compromise the cellular defense system by ibly i
“reductase, the cells ability to catabolize H20, is impaired. This may expiain the
_\'\ N u of hepatocytes to AZQ-mediate idative stress. '




. CHAPTER 5 e
ay . SUMMARY and CONCLUSIONS

P . N
Several groups have recently carried out studies to establish the relative *

T

importance of oxidatiye stress versus

ylation' of
particularly in lhe machamstn of quinone toxicity.~Rossi et al. (1986) compared
.a series of methyl uted b inone

dl"arlng in thelr abllity

to redax cycle and arylate They lound that "unsubstituted benzoquinones

dapletad GSH by’ arylation  whereas the fully mathylatsd benzoqulnone

e (duroqumona) caused GSH oxidation as a result of a(utlla reduc}ass catalyssd R

redox cycling rasultlng ln oxygen . Whilst the

benzoqumonss were vary toxic, duroqulnona was only toxic If tha hspatocyte
defense system was compr by inhibiting GSH: 3, with BCNU

[1,3-bis(2-cf yh)-1-nif y ), or-by ing catall with azide.
‘wagver, the potential role of stress In tes: with an

ungompromised defense system remained unanswered b‘a\cause the fully
substituted banchumone was lcund to be less smclenl;al redox cycllng

‘\,. to i whlch could also polemlally arylate
cellular nucleophxles 3

«
In another related study by MIIIar etal (1 956) the, mechanlsms by which

q exer! thelr cy y in Isolated

Inve‘sﬂgated The toxicity produced by the different naphthoquinone derivatives -

could be corre wil the-degree of GSH but no jons could
- be made about tf{s reIéﬂve contribution of arylation and oxidative stress.’

Inan attempt fo obtain a bsnsr an ing of the relative imp of

stress versus

»

ylat we studled ‘the. cytotoxic “mechanisms of -




-
acrolaln‘and Aio 1;'he choice_of these compounds was based on their ch_e;nicél
structure: ana reactivity. . 2
Acrolein is,a highly reactive electrophile which has bean reported to
ccvalenny bind to the thiols and amine groups of liver macromolecules and
, cause necrosls The._second compound, AZQ, is a fully substituted
benzoqulnune which has bgen reported to be able to be reduced to the

r'adical and i by various csllular sys&ams Sl hIS leads

to alkylation as a result of the opening of (he aziridine ring. Cytatoxmny has .
been attributed to* GNA  alky and strand breakage. However, .the

semlqu!nana ‘adlcal also 0s S0 that siress is f ly
passlbla with AZQ but not with acrolein. A companson of the sﬁectlvsness of
anrolsln and AZQ at causing hspamcyte ‘toxicity, showed lhat anrolem was the
more potent of N( two agents, causing rapid Gslneplehow and cylotcxlcity
even at low.levls. In contrast, AZQ did not cause an immediate’ GSH Hsplsﬁén
but rather a gradual oxidation of GSH to GSSG'in ‘atime and dose- depandent
. manner. Hep: yt GSH idation and cy ‘, Induced by AZp were

markedly enhanced by;Inamlvetl'oﬁAdf catalase. This suggest; that both' were

were caused by Hp0, formation produced fram redox cycling. The ability of AZQ_

.to redox cycle was confirmed by showing that AZQ Induced cyamde resns(ant\
in'isolated and in omes with NADPH.

Hepatocytes were found-to be pariigule'riy resistant to oxidative stress

because_ of their snzymaﬂé cllular defense; system which ‘can .neutralize
reactive oxygan spades Thus, the addition of Hzoz dlrecﬂy 30 the cells did no(

result In cytotoxicity as , determined by the trypan blue excluslon test. The ablllty
of AZQ to lndi.u:a cytoloxlclty In hepatocytes as a result of axldaﬂvs's 385 CoUld-—-_
therefors be explained by the Tinding that AZQ ‘also revgrslbly inactivatés




o

thereiora be dramatically affected if the po in
) i This was found to ba the case wIth'AZQ :
'From the results ob in this sludy. tross-nduiced loxlcl(y

8

GSH thereby comp ing the cellin its sblllty to prgleét'(tspll from»

the " toxic effects of oxidant speci.as.'- This was demansquled.i:y a &Iracl..‘
approach whére the enzyme activity was measured in the prasence or absence
of AZQ and also by a newly rationalized indirect approach vlaan ‘the racovary' -
of cellular GSH m isolated after Hp02 ant was |

Addition of HoO2 10 hspmocytes resulted in the immediate oxidation of GSH 1o
GSSG followed by ‘a rapid reduction of GSSG back to ‘GSH wnhm two.minutes | o
as-a result of glutalhlono-reduaase ‘action. The recovary of GSH should

was found fo be dependent on two factors: (i) the efﬂcler;cy of the compound to 'jv . & *
redox cycle and hence produce HpOj and (li) the anlllty of the oompound ‘to i
oompromlse the eellular defense system In the case u' AZQ, hepatocyte

cytotoxicity could be |ncreasad twenty fold by compmmlslng the cell with azide . - K

" theréby inactivati catslass.or couid be s 1ooiawuyfunheraudmurr g

of aseorbala. increasing radox cyclmg y .

In contrast, the mechanism of acrolein-induced cytotoxi'eity,\'naé found loj -
be d 4n GSH Thus 2

y ‘ensued once GSH was
dep\ate& Cytotoxicity fias largely been attributed (G\Ikylallon However, two

-laboratarias have Am(bulsd “allyl alcohol lhduood liver necrosis in vlvo and in

perfused rat Ilvar to acraleln diat lipid _' One pl_lha,_ Qway 523

prop for this'p '\o‘t lipid py Is the'lriteraction of Fe2+,
| released as a result of covalent binding of acrolein to heme proteins, with ]
* reactive axygen species produ y by the Ir duction of oxidase.

Evidence !or lhls hypomesls stems |rom (he t of allyl.al “b.‘_' duced

S . ©




LRI o 7.

Ilvﬁ damage by Spurir d i ‘and i Ras;ms.lrom
this study also confirm that Ilpld 'perox:datuon occura in acrolam treated

hspatocylss Howsver. lipid psrox»datlon was concluded to be only one of"

~ = \
scvaral pmhways Iaadlng to laxldty 1o"awing the addition of acrolein to -

. hepa since both antioxidants and could ;

=+ - eliminate lipid per abaaélay yiotoxicity but cell ‘death eventually

oceurred, xamhlneoxidass was also found not to cumdbule 1o the induction of
1Ipld parnxldaﬂon ‘since allopurlnol did not. inhibit acrolein induced lipid

Rasulls o' othar showlng that

and y was

Y

: Dasplta tha difference in the mechanism of toxlclty be!ween (hese two | i
agams, they werq ‘both able o disrupt mitochondrial Ca2+ homeostasis. Whllsl
. o AZO relonses -Ca2+ from ondria as a result of Hy0, ion in the

* hepatocyts, Ca2+ disruption by acrolein was unusual because Ca2* release
! without ! NADPH These results support o
Asqgga‘sﬂons made by earlier rs that both and oxi :

.. stress-induced cytotoxicity may be medla(ed through a common pathway E

' st ng'the of Ca2+
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*,_hepatotoxicit

L N " gg

REFERENCES

KE., and as a probe oi the mitochondrial
membrane pnlennal m 1976 5&. 191-197.

Au,” W., Sokova, OI\Kopnen, B., and Arrighi, FE Cytogenic ‘toxicity of ..
o, Cyiogans, Cal Ganet 190,28,
. hi £

108-116.

Bachur, N.R., Colllns. J.M., Van Echo, D.A., Kaplan, R.S., ahd Whitmore, M.
Diaziquone, plasma and csrabrospmal fluid 'kinetics.
1982, 31, S50 655.

Bachur, N. R Gordon, S. L and Gee, MV. A ganaral mechanismi for mlcrosomal
ag%anngoof quinone anticancer agents to fres radlcals Cancer Res,, 19
1745-1

Badr, M.

. , 28,

,vBallnsky. S.A., Kauffman, F.C., and Thurman, R.G. ‘Mechanism of
i
* oxygen and IYpld peroxidation. 1986, 238, 1138 1142

Beauchamp; C.; and Frldovlch I. _A mechanism 'cr 16 T pmducﬂon of ethylsna
from methional. LELQ.L_C_"IQm.. 970, 245, 4641-4646..

msky S.A., Badr, M.Z., Kaufiman, Fc .and Thurman, R.G. Mechanism of .

. hepatotoxicity in penponal regions of the liyér lobule due to allyl alcohol: Studies
on thiols and energy.status. iﬂa_nml_‘:’m._‘[hg_[. 1986, 238, 1132-1137.

Bellomo, G., and Orrenlus S:- Altered thiol and calclym humeuaasls in oxidative -
Il 5, 876-882.

_hepatocellular inju

Bellomo; G., Jewell, S.A., and Orrenius, S. - The metabolism of -menadiona
impairs the ability of rat 52er mnochondria 1o take up and retain calcium. J, Biol
* Chem., 1982, 257, 115

Bellomo, G., Martino, A., Richelmi, P., Moore, G., Jewell, S., and Orrenlus. s.°

Pyridine-! -nucleotide oxndatlnn Ca2+ cycrng and membrane damaga during tert-
butyl by rat liver Eur J, qu:%nm
1984 140, 1-6

Beny M.N., and Fnend D.S. High _geld preparatlons of isolated rat liver -

parenchymalcells J._QEILEIQL 969, 4

Bradford, M.M. A rapid and sanslhve ‘method (or the quanllﬂcﬂﬂogﬁ microgram «

quantlﬂss of rotaln ullllzlng the prlnclpla of protein dye binding.
' 1976, 72, 245

Braughler JM, Pregenzar,JF Chase, R.L., Duncan, L:A., Jacobsen, E.J., and
McCall, J.M. Novel 21-amino sterolds as potem lnhllglors of Ircn—dependenl lipid

- peroxldauon J..Biol. Chem., 1987, 262, 10438-1

. Briggs, M., and Briggs, M. ism of foreign he thmﬁxy
aagj@em&m_qf@ms_mdlqm Briggs, ..aqd Bﬂgqm M (eds ), Pp. 1-4:

William Clowes, London, 1974.

r
o perlponal regions of the liver lobule due to aIIy| alcohol: Role.of * -
i‘.Eh.ﬁrmAQQL_Ean.hﬂ.




89

- Carafoli, E. calcium Ann. Rev. Bio'ghamA,'198 .&

395-433,

igbgg{g,l , and Mannarvlk B. Glutathione reductase Mef mg; Enzymol., 1985,
A

Case, D.C., and. .Hayes, D.M. Phase Il study of azlndmylbanzoqumone in
refractory lymphuma Canger Treat. Rep., 1983,.67, 993-996.

Combs, G.F., and Combs, S.B. Tha nutritional biochemistry of selepxum Ann.
Rev. Niitr., 1984, 4, 257-280." _

Cornell, N. W Properties of alcohol dehydrogenasa and' ethanal oxidation in-vivo
Landin hspatocytes ﬂmmsm.ﬁ_o__e,.._&m, 1983, 18, 215-221.

Cunt, GA,, Kelly.JA -Kufla, C.V., Smith, B.H. Kornblith, P.L., Youn ,G. and
Collins J.M. Phase Il and pharmacoklnehc study of dlaziqune (NSC 182986)
7 - high-grade gliomas. Cancer Rg_s 1983, 43, 6102-6107.

‘Davies, D.S., Potter, W.Z., J6liow, D.J., and Mitchell, J.R. Specnesdmerences in’
hepaﬂc glutathlans de Ianon covalent bindlng and hepatic ‘necrosis aﬂsr
acelamlnophen L]__Q_SQE 1974 14, 2099-2109.

-DeMaster, E.G., Redférn, B., Shirota, F.N., and Nagasawa H.T. Dmeranhal
lé%?lt%négi rat fissue catalase by cyanamlde Biochem. Pharmacol., 1986, 35,

DeMasters, E G Nagasawa H.T., -and Shlrota, F.N. Metabolnc achvatlon of
cyanamlde to an inhjbitor of dehydrog o
Biochem, Behav., 1983,18; 273 279, . «

DI Monte,, D Hnss D., Bellomo, Eklow, L ‘and Orrenius, S. Alteratlons in.
thiol stasi durmg the of by isolated

rat hepatocytes. Arcl \h Biochem. Biophys., 1984, 235, 334-342.

Driscoll, J.S., Dudetk; L., Can !elon,G and Geran , Rl Po(ent|e| of anmumor
agems. VI AzledInyI banzoqu nones Il J.-Pharm. Sg 1979, 68, 1

Duncan, C.J. Propanles of the Ca2+:ATPase activit 01 mammahan synaptic
membrane preparatluns JL. Neurochem,, 1976, 27, 1277-1279,

E les(on. LV and Krebs, H.A. Regulation ol the ef\tcse nosphate cycle.
B_go?chguu. 974,138, 425-435. * i 3

Ellenberger, J.. and Mohn, ‘G.R.. Mutagenic activity. of majcr mammalian”
‘metabolites of Cyciophas{:hamlde (owggds saveral genes of E;mm de-
qulmhﬁnﬂ&uhﬂs.a&h

© Ernester, L., Sukevitz, P and F'alada. G.E, Enzyme relatlonshlps in lhs
endcplasmlc reticulum of rat_hvar J, Cell Biol.; 1962 1 541 -562.

-




Exton, J.H. Hegulaﬂon ol ar
Handl Ph:

A W-rand Nalhason\J A (eds.),.pp. 3~
Forstrom J.W., ZakowsRf;
of rat liver gluta(hlnna peroxndasa as
2639- 644.

Fre|.

- Frei, B., Wi
of the hy
Biochem. 1955 149, 633- 63?

Fridovich, l Oxygsn radlcals\hydrngsrn peroxide -and oxygen toxicity.

Hgadl al , Pryor, W.A, (ed:);

Fry, J.R., and Bndgas,

4., and Tap ol, ALL. Identification of the catalytic site
Biochemistry, 1978,

arhaher K.H. ﬂnd Rlcmarf
eroxida-induced release of Cal+ from rat liver mncqhendrla

In
, . Kehabian,

88 Sprlng ‘erlag; Berlin , 1982.

alanccyslem 5
~

, Winterhalter, KH. and' Richter, C. Mechanlsm of alloxan-mduced
calclum "release from rat’ Iiver mllochondna
740

iol, 1985, 26Q, 7394-

C. Quantitative and mechanlsllc aspects

In Freg
PP 239 277 Academic Press, New York

In cell

and cali’ culfures.

Glllema J.R., Mitchell, J.R., and Bl odle, B.B. Blochsmlcal mech@nlsms of drug -

JW. Thg ism of

Chasseaud, L.F., (eds) John Wilsy aqd ons Chlcheslsr,1977

dges. JW.; and

_ toxicity. A_un Rev. Pharmagg 1974 14 271.

dGullsrraz. P.| LdBlswalb'S Nalenc,
iaziquone and possible mvovsmen
dlamon gancerégg 86, 46, 5779

Guuerrez. PL Egonn M.J., and Fox,

its free radical species. Bmchgm Phar:

., and Biswal, N Reducllva activation of
5%slree radicals and the hydroquinone

Cellular acllvallun of diaziquone to
5 .34, 1449-1455.

[\
Gutierrez, P.L., Friedman, R.D., and Bachur N.R. Biochemical acllvallon of AZQ

. toits free radical species.
.<Hacker, MP Hong, C.B., McKee MJ

- of-aziridiny! benzoqulnnns admlnlslere
1982, 66, 1845-1 85

s, | BF. Ci

, 1982, 66, 339-342,
Llnwm S.E., and Vrbanek, M.A. Toxmlly

<

ivio beagle dogs. Cancer Treat, Rep., '~ ’

Hales,
cyclnphosphamlde
phosphoramide muStard and acrolsin.

of
and “.its aclxve Tns(abolles Ahydro dcg laghas hamlde.

982,

e p

| f_amr_ﬂu\ o
Halllwell B and Guuegdge MC. O ygedn freé ‘radicals and iron in relation to
o  and con Arch, Biochem. Biophys.,

biol
1986, _5_§| 501-514

Howard, R.B., and Pesch, L.A.
pai nchymal calls from rat liver.

JEQQ§m1

Resplralog actwlly of. intact isolated.-
68, 243, 3105- 3109.




fos o zs By = 91

9

Iyanagl Ty and amasaki I One-slgmrun trans{sr reacuons m blochemlcal

systems. V. of g 3/ e NADH
ehydrogsnase and the- NAD(P)H dehydrogenase (DT-dlaphorase Lchm_

Blophys. Acta, 1970, 216, 282-29 .

zard, C., Liberman, C. Acrolein. Mutat Flg_s y 1978,/47, 115-138. b ’

Jacob, S.T., and Bharava. P.M. A new method for. the~preparation of liver cell '
suspsnswns Exp. Qg Res., 1962, 27, 453-467. N 22

Jaeschke, H., Kleinwaechter, C., dnd Wendel, A. -The'role of a;rolsln in allyl
+al oI induced lipid permdaﬂon and hvar cell damage in mice. Biochem.
, 1987, 38, 51-57. R s

i Jakoby," W.B., and Habig, W.H. G T‘\e Enzvmatlc .
" ngmﬁ&aum,_\qu\j Jakoby W.B., (ed Ji pp 63-94, Academlc Press,

New.York, 1980."

Jones, D.P.,*Eklow, L., Thor,-H. and Orrenlus. S Mstabohsm of hydrogen
roxide in isolated Relative. i of' catalase igld

- pero .
| glutathione “peroxidase in- d of Ha : N
-\ gm.&mnem..mma 1981, 210, 505-516." , ~ ;

\. Kappus, H. and Sies, H. Toxic drug éffects ism; :
\Hsdox cycling’and IIpId peroxldation E)gn_eﬂgm_a. 1981, ;_ 1233 1241 . -

Kellin, D:, and Hartres, E F. Froperlles otaznde catalase Biochem. J., 1945 39,
2
|Kendrick, N:C., Ratzloff, R.W., and Blaustam M. Arsenazo lll as an indicator for

“ionized calcium in- physroioglcal salt solutions: ts use for determination of the
Ca?: Pdlssoclaﬂon constant. Anal. Biochem., 1977, 83, 433-450.

|‘<u, R. H- and Blnmngs, R.E. The role of mltachondnal glutathione and cellular
grolsln 'sulthydryls - in- formaldshyde _toxicity ggtalhmne depleted | ra(
epatocytes. Amh.ﬂgsb_am._a.m_m 1986, 247, 18

. Lahntn er, AL., Vercesi, AE,, and Bababunmi E.A. Regulation of Ca2¥ relsass
from mitochondria. by the oxliiiallon redugnon state of pyridine nuclectides.. m
Natl-Acad. Sci. USA, 1978, 75, : s

W Llpari F .and Sivarin, S.J." 5] and olher

g automoblls exhausl wuth an Improved 2, 4 dlmtrophsnylhydraz e! hod. J. e

Lmle, C ,iand O'Brien, P.J. An intracellilar GSh-peroxidase wnlh a Ilpld peroxide
‘b e. Biochem. Blophys. Res, Commun., 1968, 31, 145-1 -

Marchner, H., end Tunmar. 0. A qorﬂbaraﬂve study 'on.the effects of disulfiram,

cyanamide and 1

) in rats.
, 1978, 43, 219-;;2. P " g




o i

jux from isolated rat liver
Biochern. Biophys. Acta, 1986, 852, 25-29.

Mason, H.S., North, JC and VannestFe M. ~Microsomal mixad function
of Fed. Proc. Am, Sdt, E,!Q. Bol,, 1965,
24,1172-1180. *\

Massoba M., i 'OT the reductive
activation of dnazxquone do Phgrmggg S 1985 74, 1249- 1254

McCord, J. Oxygen-derived (rse radxcals in poshschemm (\ssua injut New
Engl. J. Mgg 1)32?5 312, 159-16: g

" ‘Meredith, M.J., and Reed DJ. . Status-of the mitochondrial gool of glutalhlons in,

_the isolated hepatocyte. ,J.-Blol. Chi orn., 1982.&5_ 7, 3747-37!
Millgr, EC and Miller, J.A. The c bound”
dyes m :ha hvers of rats fed p- dlmelhy[7mlnaazabenzene Cancer Res,, 1947, 7,

- / P
Mitchell, ., ', ‘and Peterson D. of rat liver y by acrolein.
Drug M_a! ab. Dispos., 1988, _§,a7 4é \

-Moldeus, - P., Ha?berg, J., and ?rremus S. lIsolation and use of llvav cells.
Methods Enzymol., 1978, §2. 60~

loore, GA Rossi, L., Nnco( (a P., Orrenius, S,, and . O'Brien, P.J. Qulnone

toxmlly in hepato os: n'; Ies on mitochondrial Ca2+ reieass Inducad by
Benchulnone denvatwes AL.BJD&ILQ&M& 1987, 259, 2

Moors HW. Bmactlvatloy{ as a model for drug deslgn bioreductive alkylaﬂon
§msngg ~1977, Ji_ 527-532.
‘Nicotera, P., and Orrepius, S. Penurbaﬂon of thlol and calclum hamecsiasis In
cell In;ugl . Fowler,
B.A (e ), PP. 115 1 5 John Wnley and Sons, Chlchesler, 1987.

OBrlan P.J. Ra

carcinogeris and xenablotlcs The rpactlvny of these (adlcsa!s with GSH, DNA a ¥
F_a_e_B.ed,_mEM&

and unsaturatgdlipids. 1988 4,169-1883,

O'Brien, P.J./Kaul, H., McGirr, L., and Silva, J Molecular mechanism for the
mvolvamené/o? the aldehydlc melabalnes of lipid Paroxldss in cytotoxicity and”

carclnoge%s In Pharmacological Effects of Lipids Ill. Kabara J.J.(ed.), Ths
American,Oil Chemists’ Society, Champalgn 1ll, 1988. -
rg) and Ormstead K Formatlan. toxicity and inactivation of acroleln

transfcrmatlon of cyclgphospnamMs as studied in freshly IsoIated cells
from/rqg liver and kidney.- Arch, Toxicol,, 1985, 57, 99-103.

Ofino, Y., Orms!ad K., Ross, D., and Orrenius, S. Mechanis

epatocytes. Toxicol. Appl. Pharmacol., 1985, 78, 169-179.

M?sum A, ﬂ?om, 8., Ceccarel, D., Muscatello, V., and Vh;annml V. Induttion of
y

al K | alcohol
2‘ |clty and’ pro'ective zﬂems ‘of low molecular weight thiols sludled with Isolated

<



Ottolenghi, A. Interaction of ascorbic- acid and mnochondnal Ilpxds Arch. .
Biochem. Biophys., 1958, 79, 355-361. %

Packer, J.E., Slater, T.F., and Willson, R.L. )Dlrect observation of a free radu:al
interaction between vitamin E and vitamin C. Nature, 1979, 278, 737-738.

n, S., Gutierrez. P., and Bachur, N.R. Fl of ine
amlblomr reduetive cleavage. lrsa radical - 1ormal|on, and free radical
interconversions. Fed. Proc., 1980, 39, 31P. .

Park, DV Phase | matébolnta reactions in man. In Drug Metabolism in Man,‘i .
%a;god JW., and Backan AH., (eds ). PP 61 77 Taylor and Francts, London,

Patel, J.M., Ottiz, E., Kolmsletter C. and Liebman, K. Selective’ mh bition of rat
lung and liver mlcrosomal NAD(P)H-cwochrome c redumasé by acfolein. -Dfu
Metab, Dispos., 1984, 12, 460-463. . ”

Patel, K.B., and ‘Wilson, R.L. Semlqumone free radicals and uxygan -pulse
radlclysls studies of one-electron transfer equlllbna J Cng_m Soc. Féraday
. 973, 69, 31/4—825 . \. X

Patel. J Wood, d and Liebman K. The blo(ransium\auon of allyl aloohul and
acraolaln 'in rat liver and lung preparallons Drug Metab. §pg§ 1980 , 805-

Piperno, E., and Bressenbruegge, D.A. Reversal ot “experimental paracetamol
toxicosis with N- acetylcysleme ancet, 1976, 2, 738. ~ g

Potter, W.Z., Thorgeusson S.S., Jollow; D.J., and Mltcmall J.R. Acetamlnophen- .
induced ha{aauc necrosis. V. Gorrelations of hepa(xc necrcsrszcc;vflem binding - ¢
, 129 2

and glutathione depleﬂon in hamsters Pharmacol,, 1974

Reed, D.J. ed o by ‘glutathions. - g»m

Pharmacol;, 1986, 3_5 7-13 - : v o G 2

Reed, D] “Babsnn J.R;, ,Bsanx PW., Brudle, AE., Elhsf, W.W., and’ Polttar, . )
iqui ls of .

lutathlone, - gistathiona dtl‘sulrde and related thlol’é and dlsulfdes Anal.

Eggngm 1980; 106, 55-62. 3

Reid; W. D Mechanism of allyl a(cohm Induced he anc nscrosls E p gmg
972 28, 1058-108 i

Rikans, L. E Influence of agmg on tl ibility of rats to”
IQKEQLADD.[._Ehﬁme 1084, Z&. 243 249,

Rikans, -LE., and Mocra. RE/ Effect of age and sex -0 anyl alcohol

hepatotoxicity in rats: " Role of liver alcohol and aldehyde dehydrogenase
activities. ﬁanammmm tsa7 243, 20-26. i

Rabbell, M. Mstabohsm of |su|ated fat csus ,1 59 th 1964 ge_a 375-




S R

Row‘{,,,,Moor GA Orrenius, §,, and OBnen R.J. Cuinone toxicity “In
ggpalocytes without oxxdauve stress. M_qm,_mm 1986,.251, 25-

A

Rgssi;- va J.M:, Mv:.Gm, £ and O'Bnan -P.J. Nllm!uraplom -induced toxrcuy
= insolated rat hepalocylos is medvaled by Hzo mng_._ﬂnam 1988, |
press.

S Sato, 8., Iwzumx. M., Handa X, andTamura. Y. “Electron-spin resonapce
vboqunne lmNAD(P)H microsome sysle .
SOhold S.C.. Frisdman, H.S.; Bj

htimari glioma and medulldblast
+and diaziquone-based dlug cdmi

, 1977, 68, 603-608.

on, T.D.,-and Bigner, D.D. Traalmem of
@ tumior fines in athymlc mice with dlazlquone
ations.’ Cancer Res., 1984; 44, 2352-2357.

Schraer, R., Elder, J.A., and Schrasr H. Aspects of mitochondrial furiction In
E calclum movemem and calclhcallon Eed. Proc,, 1973, 32, 1938-195 4 .

Bar nd..M SonlyorAV Calcium content o( mltachondna and
5 ggdoplas reticﬂlum and Ilvar rapidly 1ro;sn in vwo ugmr_e 5, 314,622-

, and: Farber J. Ferric iron and suparoxida Ions aré r ulrsd for killing
o' cul!urad heeamcytas by hydmgan paroxide.’ J_._B_q]_,_Qngu. 1985, 260, 10098-

. Szmigiero," , R A.. and Kohn, KW. DNA strand scission and |
cross-linking by dlazrquane m uman cells and rsla(lon o cell kmlng Q_mge_(
" Res.,1984,44, 4447- 4452,

Tomaz M., Mercadn/c M., Olsen, J., and Chananle, N. The mode of interac
acid'and oxher polynuclsoudes in vi
ggghsmlm 1974 13, 4875-4858 2 i 5 S

|4

R, an
L int ion by dlsulﬁram Smm:a. 1982 2_6,(:37 639.

"\Nefers, H., and" Sies, H... Hepaﬂc [nw level' chemiluminescence. during redox

cling of menadione* and msnuduona—glula!blnne con;ugate Relallnn to
gutathlone and -NAD(P)H: T act ty

_Mem._,axm&., 1983, 224,:568-578.  ° v

. &eljsl ear R, é\ and’ Fddovlch 1 Superoxnda.drsmu(ase. J._BLQ.L&IJMI. 162

elnanen ATl ?ecraase of reduced glutathione in isolated rat
used by Acrolel rYIOnanle and the f;herm‘a/l dsgradhﬂoﬁ

gpatocytes
i ecopolymers IQ;L;_Q_@( 1980, 11. 333-34

ﬁmd cvadfs1 {

b zolinek: W
X s me\hylvmylke(ohe ﬂlmh_em,u_ag. 1973, 22, 1 171-1178.

by acrolein Nandp

study. of the mode of generanon of free radicals of daunomycin, Adnamycm and




LATE ADDITIONS

. e
u " Miller, M. G., Rodgers, A. and Cohen, G. M. Mecanisms of toxicity of naphtho-
? to isolated Biochem. F 1986, 35 : 1177-1185

Beutler, E. The hemolytic effect of pri i and related A
revlsw‘BIood. 1959, 19 : 103-139 -




Publications Arising From This Work

1. Silva, J. M. and O'Brien; P. J, (1987). Acrolein induces calcium

release from rat liver mitochondria without NAD(F)H depletion.
Abstracts of Cell Calcium I no:147, Wasil D. C.

2 Sil\‘ra, J. M., Drolet, D. L. and O'Brien P. J. (1988) - Molecular
mechanisms _of allyl alcohol’_inquced cytotoxicity. in isolated
hepatocytes. Abstracts of APS/ASPET '88, Montréal

1. O'Brien,-P. J., Kaul, H., McGirr, L. and Silva, J. M. (1988) * Molecular
hani for the involver of the y bolites’ of
lipid peroxides in ‘ cytotoxicity: ‘and carcinogenesis in
{*Pharmacological effects of lipids, Mi" ed. Jon J. Kabara, The
American Oil Chemists Society- Champaign, lllinois (in_press).
, . v ;

2. Silva, J. M. and O'Brien, P. J, (1988) AZQ-induced toxicity in

ted rat hep ytes is di by H,0,. Submitted for

publication. >
3. Silva, J. M. and O®Brien, P. J. (1988) Mechanism of

acrolein-ind d-cy ici in i rat tes.

'Submim_ed for publication.
















	001_Cover
	002_Inside Cover
	003_Blank Page
	004_Blank Page
	005_Title Page
	006_Copyright Information
	007_Abstract
	008_Abstract iii
	009_Table of Contents
	010_Table of Contents v
	011_Table of Contents vi
	012_Table of Contents vii
	013_Table of Contents viii
	014_List of Abbreviations
	015_List of Tables
	016_List of Figures
	017_List of Figures xii
	018_Acknowledgements
	019_Chapter 1 - Page 1
	020_Page 2
	021_Page 3
	022_Page 4
	023_Page 5
	024_Page 6
	025_Page 7
	026_Page 8
	027_Page 9
	028_Page 10
	029_Page 11
	030_Page 12
	031_Page 13
	032_Page 14
	033_Page 15
	034_Page 16
	035_Page 17
	036_Chapter 2 - Page 18
	037_Page 19
	038_Page 20
	039_Page 21
	040_Page 22
	041_Page 23
	042_Page 24
	043_Page 25
	044_Page 26
	045_Page 27
	046_Page 28
	047_Page 29
	048_Chapter 3 - Page 30
	049_Page 31
	050_Page 32
	051_Page 33
	052_Page 34
	053_Page 35
	054_Page 36
	055_Page 37
	056_Page 38
	057_Page 39
	058_Page 40
	059_Page 41
	060_Page 42
	061_Page 43
	062_Page 44
	063_Page 45
	064_Page 46
	065_Page 47
	066_Page 48
	067_Page 49
	068_Page 50
	069_Page 51
	070_Page 52
	071_Page 53
	072_Page 54
	073_Page 55
	074_Page 56
	075_Page 57
	076_Page 58
	077_Chapter 4 - Page 59
	078_Page 60
	079_Page 61
	080_Page 62
	081_Page 63
	082_Page 64
	083_Page 65
	084_Page 66
	085_Page 67
	086_Page 68
	087_Page 69
	088_Page 70
	089_Page 71
	090_Page 72
	091_Page 73
	092_Page 74
	093_Page 75
	094_Page 76
	095_Page 77
	096_Page 78
	097_Page 79
	098_Page 80
	099_Page 81
	100_Page 82
	101_Page 83
	102_Chapter 5 - Page 84
	103_Page 85
	104_Page 86
	105_Page 87
	106_References
	107_Page 89
	108_Page 90
	109_Page 91
	110_Page 92
	111_Page 93
	112_Page 94
	113_Page 95
	114_Publications arising from this work
	115_Blank Page
	116_Blank Page
	117_Inside Back Cover
	118_Back Cover

