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Abstract

The e,xpression of toxicity in plima,ry nìouse hepatocyte monolayer culture to the

model hepatotoxin, pa,Laceta,rnol (APAP), rvas found to be dependent on the com-

position of the extl'acellula,r' medium. Control cultures, i.e. cultures not challenged

with paracetamol, wel'e ol)seL','ecl to undergo a differential decline in normal cellu-

Iar function. This decline rva,s most apparent for the cells incubated in unmodified

RPMI 1640 rnecliurn ancl rvas attenua,ted to diffeling degrees for cells incubated in

the preserrce of more complex mcclia., e.g media incorporating added hormones and

vitamins (IIX'I-RP\4I 1640) or the sarne media rvith an altered sulpliydryl amino acid

balance (CI\'I-RPÀ'II 1fj40). A ¡ra.r'a.cetamol-induced cytotoxicity rvas more readil¡'

observecl rvhen hepa,tospeci[Lc function rvas ma,intained in uitro.

The glutathione clepleting agents diethyl maleate (DElt,I) and buthionine

sulphoxirnine (BSO) r'u'ele usecl to investigate the role of glutathione (GSH) in

paraceta,rnol-induc.ecl cvtotoxicit.'y in primary nrouse hepatocyte cultures. DEIVI did

not augnelLt a dose relatecl pa,r'a,ceta,nìol-induced cytotoxicity. BSO pretreated cul-

tutes rvete observed to undergo a rnod.est, non-additive, increase in parcetamol-

mediated cellular toxicity.

The elTect of polysubstrate rnonooxygerìase (PS\,IO) activity on paracetanr.ol tox-

icity was investigatecl in the hurlan hepatoma cell line, HIl1. The lorv basal PS\,IO

activity of I{}I1 rnonolayer cultnles rvas incluced in uitro by treatment of cells with

the cytochrome P-.148 specilic inclucer, B-naphthoflavone. The specific induction of

cytochrome P-448 isozyrne activit.y, observed as an increase in 7-ethoxycoumarin

deethylase (7-ECOD) activitv in contrast to no induction of ethylmorphine N-

demethylase activity, resulted in a, close-related cytotoxic response to paracetamol

becoming evident. Iu corttla,st, no APAP-mediated cytotoxicity rvas observed in

ur-Linduced I{I{1 cultules.

Investigatiols into thc role of both extlacellular and intracellular calcium in hep-

atotoxicity rvere unclelta,lien in thc primary rnouse hepatocyte cell culture system. A

dose-related bipliasic increase in the free cytosolic calcium concentration occurred

in cultures incubatetl in the plescnce of norrnal medium calcium. Initial rises in



free cytosolic calcium lvere observed prior to any measurable alteration in cellular

function normally associated rvith cytotoxicity (increased LDH leakage and I(* ef-

flux) and the extent of cha,uges in the concentra,tion of free cytosolic calcium posi-

tively correlated with the sevelitv of the subsequent lesion. Incubations of primary

mouse hepatocyte cultures in the plesence of EGTA and promethazine did not result

in any dose-related increa,ses in free cytosolic calcium concentration and dose-related

decreases in cellula,r' via.bility to paracetamol rvere also abolished. These findings are

discussed in relation to curl'ent speculations in the literature regarding the role of

calcium in cellular toxicity.



Aims of the Present Study

1. To develop and verify the plirnary mouse hepatocyte monolayer culture system

as a suitable in uitro moclel for hepatotoxicity using the well characterised

hepatotoxin, para ceta,mol.

2. To investigate the nse of a, huma,n hepatoma cell line (HHr) as a suitable model

for tl're expression of Ä,PAP-incluced hepatotoxicity in uitro.

3. (a) To analyse events a,ssociated rvith the advent of hepatotoxicity and to

correlate these phenolnena in a causal manner to the ultimate expression

of cellulal toxicity.

(b) To manipulate conclitions associated rvith the advent of cellular toxicity

in order to modify the severity of the resultant lesion.
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Toxicology, broadly defined as the study of the harmful efects of
drugs on a target olganism., is a rnultifaceted discipline encompassing biochemistry,

epidemiology, pathology, cytology, pharrnacology and other areas. One of the most

pressing needs in toxicology a,t plesent is to redress the paucity of data regard-

ing the mechanisns by rvhich various chemicals produce toxicity. Such knowledge

will ultirnately lead to the developrneut of more effective clinical stategies to treat

toxicity.

A universally accepted vierv of the moral considerations associated with human

experimeutation to obtain toxicological data has necessitated a great deal of data

being obtained from the use of lorvel animal systems. Although the use of whole

body testing of dlugs ancl chemicals is generally considered to yield invaluable data

about an agentts acute and chronic potency it is now becoming increasingly evident

that whole animal systems have many lirnitations with respect to the elucidation of

a toxicant's rnode of action.

1.1 Alternative Models in Toxicity Studies

Over many years alternative moclels have been, and are still being, developed

to circumvent some of the anlbiguities of rvhole animal studies and to eventually

lead to systems rvhich rvill be both quantitatively and qualitatively predictive of

human toxicity. These principally include isolated organ preparations, tissue slices

maintained er uiuo, isolated cell suspensions and primary or propogatable cell/tissue

culture systems.

Of particulal intercst to many toxicologists are systems which utilise material

derived frorn the liver', the major olgan of xenobiotic metabolism in uiuo.

There ellectively exists a hierarchy of toxicological test systems of hepatic origin

depending on sensitivity, predictive value and relatedness to knorvn in uiuo parame-

ters. Subcellular systerns, e.g. miclosomal and S-9 fractions allorv good mechanistic

resolution particularly of cllug meta,bolic profiles and have both the greatest degree
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of control of exper.imental conditiols and the least variability of results. However,

the toxicological value of subcellular systems is limited by a lack of integration

bêtrveen tlie metabolism and disposition of a chemica,l.

The perfused liver a,nd liver tissue slice preparations are systems that retain

organ structural integrity to a gleater extent and would be expected to have an

increased predictive value. These systems, ltorvever, suffer from important techno-

Iogical ancl methodological shortcomings relating to a limited viability period of a

few hours, reproducibilty and statistical sampling considerations'

Cellular test systems can be considered to give an intermediate level of toxicolog-

ical resolution incolpola,ting both the metabolic capabilities of subcellular systems

and. the cellular structure normally found in more complex systems. Freshly isolated

suspension cultures of hepatocytes have been used extensively for investigations of

drug metabolism in uitru (Thurman & I(auffman, 1980) because of an ease of prepa-

ration and a comparable meta,bolic profìle to the intact liver. The use of isolated

hepatocyte suspension cultures ena,bles a determination of both the metabolism and

the toxicity ôf an agent in the same system but there are some limitations to their

use which must be talien iuto consideration. Isolated suspension cultures lack a

higher organisational level, e.g. the cell-cell contact which is normally found in

the intact otgan and have a short viability period of only a ferv hours restricting

their application. The proceclure used to isolate cells may result in damage to the

plasma membrane and associated proteins with a resultant leakage of cofactors and

enzymes. Care must be ta,lten with investigations employing this techniclue since

cells use<l imurccliatelv a,fter isola,tion rnay have.had insufñcient time to recover from

isolation trauma theleby potentially inlpairing cellular function in the short term

(Grisham, 1979; Bissell eI rt.I.,1973; Phitlips et ul',1974).

Bstablished ceII lines, e.g, hepa,tomas, have an increased period of viability

i,n uitro and are more ea,sily ma,intained than prirnary cultures but are known to

lose many of the differentiated firnctions normally associated with the intact tissue.

Propogatable cell lines generally have the characteristics of partially transformed or

irnmortalised cells thereby lirniting their toxicological predictive value.
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Primary hepatocyte monolayer cultures have an increased longevity over per-

fused organ or isolated suspension preparations and are generally allowed to recover

from the trauma of isolation by incubation for some period without drug challenge.

Monolayer cultures ale knorvn to maintain several differentiated üver functions (TAT

activity, BSA productiol and secretion) and may also provide a useful model for

the study of xenobiotic metabolism and resultant toxicity. From a methodological

viewpoint cell culture systems are generally devoid of many of the variables associ-

ated rvith rvhole animal studies such as alterations in blood flow, hormonal factors

and nervous system controls. It is also possible to determine a uniform chemical and

physical incubation medium rvhich can be manipulated rvith respect to the dosing

and exposure of nutrients or xeuobiotics. The extent of xenobiotic biotransforma-

tion, alterations in cellulal fiurction and the advent of toxicity can eventually be

assessed using various enclpoints including intracellular enzyme leakage, alterations

in metabolism, plesence of SCB's, induced DNA and pr:otein adduct formation.

There exist irnportant lirnitations associated with the use of cell and tissue cul-

ture methods in toúcology. These include the inability to study effects at the

organisational level in. man or to account for pharmacokinetic properties that may

result in target orgar. toxicity. Culture techniques must also be rigidly standard-

ised to produce compa,rable results before any relevance can be sh.orvn to animal or

human toxicity.

L.2 Role of the Polysubstrate Monooxygenases in Tox-
icity

It is now becoming increa,singly evident that many toxic substances cannot

iriitiate toxicity per se but recluire rnetabolic activation to short-lived reactive inter-

mêdiates in order to exert deleterions effects on the cell (Mitchell & Joilorv, 1975;

Mitchell et aL,1982; Ciuengerich & Liebler, 1984).

Pivotal to tlie pÌocess of meta.bolic activation in the liver are the Phase I biotrans-
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formation processes including oxidation, reduction or hydrolysis. The major group

of Phase I metabolic reactions are catalysed by the mixed function oxidases (cy-

tochrome P-450, polysubstrate monooxygenase, PSMO1). This enzyme system com-

prises the haemoprotein cytochrome P-450, a fl.avoprotein (NADPH-cytochrome P-

450 reductase) and an essential lipid component (phosphatidylcholine). Cytochrome

P-450 is a genelic term. used to describe a family of haemoproteins consisting of a

Fe-protophorphyrin ring as a prosthetic group and a single polypeptide chain, the

composition of which is dependent on the particular cytochrome P-450 isozyme be-

ing considered. Essential to the catalytic properties of cytochrome P-450 are the six

ligand binding positions of the ilon(Fe) atom of the haem component. Situated in

a plane are four liga.nd intcractiorrs betrveen the Fe atom and the protophorphyrin

ring with a free ligand binding position above and belorv. Cytochrome P-450 is

dependent on a cysteinyl moiety fol activity in one of the t'wo remaining free ligand

binding positions. When a substrate is not present the other final ligand is proposed

to be oxygen from a number of sources, including H2O.

An example of a substrate hydroxylation reaction is believed to proceed as follorvs

(Figure 1.1). The substlate binds to tlie ferric form of cytochrome P-450 which

is then reduced by an electron frorn NADPII cytochrome P-450 reductase. The

reduced ferrous state of the enzyrne substrate complex is then capable of binding

molecular oxygen. A second electron leduces the ferrous oxygen cytochrome P-450

intermediate (FeO!+) rvhich results in the cleavage of the dioxygen bond and the

loss of one atom of rvatel. The electrophilic nature of the proposed perferryl oxygen

species ("activated oxygen") is capable of insertion into a carbon-hydrogen bond of

the substlate to procluce tlte corresponding alcohol. The hydroxylated metabolite

is then released and the cytochlorne P-450 returns to the ferric state.

In contrast to an oxiclation reaction, reductive metabolic reactions are believed

to proceed by competition of the substrate with oxygen for the electrons supplied

by NADPH. As a consequerìce reduction reactions often require either anaerobic

conditions or a lorv oxygerì tension.

lDesignates all founs of microsornal cytochrorne P-450 but is used in conjuction with trivial
nomenclature titles to avoicl confusion tvith previous publications.
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Figure 1.1

Schematic Representation of Substrate (S)
Hydroxylation by Polysubstrate Monooxygenase
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Various compounds are knorvn to inhibit, inactivate or activate cytochrome P-

450 activity by diflering rnechanisms. Metyrapone or CO can inhibit cytochrome

P-450 by binding to the haem Fe preventing subsequent binding of molecular oxy-

gen. Numerous competitive substrate inhibitors act by binding to tlie active site

and the metabolites of some compounds are known to bind to the same site with

higher afrnity than the parent compound (e.g. piperonyl butoxide). Destruction of

oxidase activity by degradation to an enzyme form with no catalytic activity, termed

cytochrome P-420, is also ltnorvn to occur, e.g. AlA-mediated alkylation resulting

in stluctural alterations to the haem moiety.

Some inhibitors have been used to selectively modify various cytochrome P-450

isozymes with resultant rnodulations of toxicity both in aiuo and in uitro (Rudd eú

a/., 1981; Jackson, 1982).

The ability of the hepatic rnicrosomal mixed function oxidase system to met-

abolise xenobiotic chen'ricals can be substantially increased by the prior exposure

of animals to a variety of chemicals. This plocess is commonly known as the "in-

duction" of cytochrorne P-450. These compounds have widely differing structural

characteristics and chemical properties and include hypnotics (phenobarbitone, PB),

halogenated polycyclics (Aroclor 125,1), environmental (malaoxon, paraoxon) and

endogenous (hydrocortisone, dexantethasone, polyamines) agents. There appear to

be at least four distinct cla,sses of inducers rvhicir separately induce differing sub-

sets of cytochrorne P-450 isozyrnes. These are the phenobarital, polycyclic aromatic

hydrocarbons, steroids including pregnenolone-16a-carbonitrile (PCN) and ethanol.

Current evidence suggests tirat the induction of cytochrome P-450 activity occurs

by de nouo synthesis of the apoproteil via an increased level of transcription rather

than a decreased rate of protein degradation (Atchinson & Adesnick, 1983; Hardwick

et o.1.,1983).

At least three structula,lly rela.ted isozymes of cytochrome P-450 are induced

with phenobalbital in the rat. Th.ese forms are commonly designated cytochrome

P-450a, cytocluome P-450b a,ncl cytochrone P-450e. Cytochrome P-450a appears

to be a minol isozyme margina.lly inducible by both phenobarbital and 3-methyl-
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cholanthrene (3-MC). All of these forms of cytochrome P-450 are inducible in the

rat by the polyclilorinated biphenyl mixture Aroclor 1254.

As many as 20 different rat liver isozymes have been proposed to exist in the

PB inducible cytochrome P-450 family, constituting the largest subdivision of the

PSIvIO group of enzymes, although the exact number remains a matter of speculation

(\,Iarx, 1985).

Accumulated evidence suggests that, in contrast to the phenobarbital class of

inducers, 3-MC a,ntl other polycyclic aromatic hydrocarbons interact witir speciflc

receptors which undergo a tra,nslocation into the nucleus directiy resulting in an

increased level of expression of structural genes at a specific genetic locus, the Ah

locus (Legraverend et a\.,1982). Adrninistration of 3-lvlC and other PAH's results

in the induction of aryl hych'ocalbon hydroxylase (AIIH) activity in "tesponsive"

as distinct frorn "ulLresponsive" rnice and is inherited as an autosomally dominant

trait, Ah+ versus Ah-.

The 3-\4C inducible isozymes rvere originally termed cytochrome P-448 because

of the CO difference spectrum of reduced liver microsomes was shifted from 450nm

to 448nm in chronically treated animals. Thcse forrns are designated cytochrome

P-450c and P-450d in the rat and cytochrome P1-450 and P2-450 in the mouse.

An inducible AIIH activity in human lymphocytes indicates the presence of a simi-

lar enzyme system in man. The cytochrome P-450d and cytochrome P2-450 forms

appear to be more rea<lily induced by isosafrole, anoth.er inducer of PSMO activ-

ity. Immunological clitelia suggest a degree of structura,l similarity between the

cytochrorne P-450c and cytochlome P-450d rat isozymes but not with the form also

slightly induced by 3-À{C in the rat, cytochrome P-450a.

Presently it appears that inclucers of PSI\,IO activity act by increasing the coor-

dinated expression of cytochrome P-450 genes. Various techniques are being utilised

to examine these effects and it has been suggested that AHH inducibility may be

associated with a susceptibility to certain carcinogens. Further investigations will

reveal the relative importance of the structural and. regulatory cytochrome P-450
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genes and their products in toxicology, carcinogenesis and teratogenesis

L.3 Polysubstrate Monooxygenase Activity in
tured Hepatocytes

Cul-

Although the pledominant function of the PSMO class of enzymes is one of

detoúfication these enzyrÌìes also have a critica.l role in the conversion of numerous

chemicals to biologically reactive intermediates. Consequently the usefulness of cell

culture systems as potentially predicative models in the study of compounds which

undergo such a transfolmation largely depends on the extent of expression of the

microsomal oxygenases in uitro.

Many studies have indicated a rapid loss of PSMO activity er uiuo to usually

undetectable levels rvithin 72 hours (Reese & Byard, 1981; Paine et al., 1979a;

lVlaslansky & Williams, 1982). Guzelian et aI. (7977) reported that monolayer hep-

atocyte cultures lose approximately 80% of their cytochrome P-450 content during

tlre first 24 hours in uitro and g0% cluring the first 48 hours. Taken to extremes this

can lead to a situation rvhele isolated cells or, more likely, cell lines bear little or no

resemblance to the cells from rvh.ich they were initially derived.

Several major alterations to mammalian hepatocyte physiology are known to

parallel the accelerated loss of PSMO activity in culture. A dedifferentiation or

'foetaüsation' process involving a loss of the typical polygonal morphology of liver

parenchymal cells is particularly eviclent (Grisham, 1979).

A correlation betrvecr-r the clecline in PSIvIO activity in uitro and other cellular

biochemical indices reura,ins relatively obscure. Spectroscopic studies liave indi
cated that the erLzymatically ina,ctive degradation product of cytochrome P-450,

cytoclrrorne P-420, does not increase under conditions which result in lowered cy-

toch.rome P-450 activity (Grisham, 1979). Paine and Legg (1978) have reported

that no obvious collela,tion exists betrveen haem oxygenase activity and the loss of

cytochrome P-450 content in cultured rnonolayer hepatocytes.
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An important relationship does exist between endogenous and exogenous haem

and PS\{O activity. Grandchamp et aI. (1981) have suggested that cultured hep-

atocytes contain discrete compartments for newly synthetized haem and that this

compartmentalisation can vary substantially depending on factors that affect cy-

tochrome P-450 formation and turnover. Other evidence suggests a requirement for

exogenously added haem for PSIUO activity. Engelmann et a/. (1985) found an

ability to induce cytochrome P-450 activity in primary cultures by numerous agents

was dependent on exogenously added 1.0 ¡r.M haem and 0.1 plvl selenium.

A proposed mechanism for this effect may be the incorporation of haem into

the cytochrome P-450 apoprotein under incubation conditions which result in hep-

atocyte nutrient imbalance. \'\¡ork by Evarts et aI. (L984) has indicated a marked

difference in the intracellular half-lives of cytochrome P-450 apoprotein and haem,

40 hours versus 22 hours, substantiating this vierv. These workers have also reported

an inverse relationship betrveen tlie decline of cytochrome P-450 activity in culture

and the activity of ALA synthetase, the rate limiting step in haem synthesis. CeI-

lular ALA synthetase activity rvas observed to remain elevated in culture for three

days. I{orvever, the adclitior of exogelous haem did not result in an increase in

cytochrorne P--150 a.ctivity. Basal PSN,IO activity, i.e. activity in the absence of

any inducing agents, appears to be the product of many different hormonal and

nutritional factors and rernains a,rr important and active area of research in cell

biology.

Many studies have been concerned with the techniques recluired to prevent this

decline in PSÀtIO activity rvhich poses the greatest obstacle to the general applica-

bility of cell culture technologv to toxicological studies.

Michalopoulos eú r¿l, ( 1976 ) first reported a moclerate enhancement of hepatocyte

function in culture rvith cells platecl on collagen substrata. This technique resulted

in an increasecl cellula,r' plating efliciency due to the negation of residual charge

usually associated rvith culture dishes. In.creased cellular function rvas observed as a

consequence of increased cell-cell contact in monolayer. Advances on this techniclue

h.ave been reported rvhich utilise floating collagen membranes or collagen coated
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nylon mesh. These techniques effectively increase the total cellular surface area

exposed to incubation medium providing increased nutrition in culture and reducing

the possibility of anoxia.

Several early reports indicated a hormonal requirement for the prevention of

PSMO activity i,n uitro. A "cockta,il" of vitamins and hormones including insulin,

glucagon, testosterone, oestlogen, ALA, c-tocopherol acetate and thyroxine was

slrown by Decad et ø1. (1977) and Bissell & Guzelian (1979) to maintain PSMO

Ievels at close to in uiuo levels. These studies were subsequently confirmed by

Dickens & Petersen (1980) rvho indicated that PSMO levels were maintained at

approximately 40% of ín uiuo levels after 24 liours in culture. The necessity to add

these supplements to solutions used during the l'repatocyte isolation procedure was

further stressed by Paine and Legg (1978).

Otlier studies have shown an inductive effect of the glucocorticoids on PSMO

activity in uitro (Guzelian et uL,1979; I(remers eú a/,, 1981; Belleman, 1980). Of

particular importance ale hydrocortisone (\,Iichalopoulos et o/., 1976) and dexam-

etlrasone (Laishes & \\¡illiams, 1976; Althaus et aL,1979; I(remers et a\.,1981). The

addition of either dexarnethasone or liydlocortisone has been observed to result in

an induction of specific cytochrome P-450 isozymes. Generally the glucocorticoids

have been shown to have profound effects on the functional integrity of hepato-

cytes increasing longevity in culture, cell attachment efÊciency and TAT activity

while maintaining a typical polygonal parenchymal cell morphology (Richman ef

al.,1976).

The basal level of cellula.r meta,bolic capabilty also a,ppears to be dependent on

certain critical hormonal com¡ronents in the nutrient medium, e.g. insulin (Laishes

& Williarns, 1976; Strans, 1981) and glucagon (Brorvn et aL.,1983).

The nutritional status of' hepa.tocytes in culture has been the subject of many

other studies. Bissell & Guzelian (1979) ascribed the rapid decline of PSMO ac-

tivity in culture to medium a,scorbic acid levels indicating that this compound is

particularly labile under standard culture conditions. Supplementation of growth
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media with L-ascorbic acid at an optimal concentration of 0.4 mM resulted in an

approximate two fold increase in cytochrome P-450.

The presence of sulphydlyl amino acids in incubation media (e.g. cysteine and

cystine) has been suggested by numerous independent studies to have an impor-

tant effect on cellular oxidative capability (Nelson & Acosta, 1982; Paine & Hockin,

1980; Lake & Paine, 1982). Paine and Hockin (1980) observed a significant decrease

in the cellular cytochrome P-450 content of primary rat hepatocyte monolayer cul-

tures with the inclusion of 0.2 mNI cystine into the incubation medium. Subsecluent

studies by the same gloup indicated that the exclusion of medium cystine decreased

GSH concentration to approxirnately 30% (cf. freshly isolated cells) but this de-

cline could be plevented by inclcasing the concentration of an efficient alternative

sulphydryl source, methionine, frorn 0.1 mM to 0.5 mM (Allen et aL,1981). These

observations may be related to tlie production of thiyl and hydroxyl free radicals

during cysteine or cystine (auto)oxidation (Saez et al.,1982). These species are

known to be capable of dislupting cellular integrity. Holme eú a/. (1983) incubated

hepatocytes in the absence of cysteine or cystine but in the presence of dexametha-

sone and ALA and observed an induction in the PB form of cytochrome P-450 but a

decline in AI-IH activity (P-448 isozyme). Such studies indicate a complex relation-

ship betrveen cytochrome P-450 isozyme activity and the composition of external

incubation medium.

An active area has been the effect of substituted pyridines and structurally re-

lated conrpounds on hepatocyte PI\{SO activity in aitro. Paine et al. (1979a&b)

have indicated that nicotinamide, isonicotinamide, metyrapone and other pyridines

prevent the loss of PSX,IO contcnt in hepatocyte monolayer cultures. The incorpo-

ration of such compouncls into incnbation media to maintain hepatospecific function

has since been adopted by other rvorliers (Bdrvards et a\.r 1984). Hockin and Paine

(1983) have postulatecl that ligancl formation of the pyridines to cytochrome P-450

inhibits degradation and the consecluent loss of activity. The judicious use of sub-

stituted pyridirres is advocated since these compounds are kuorvn to inhibit PSMO

activity in a wide va,riety of systems.
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Dalet et al. (1983) and Osimitz & I(ulkarni (1985) have noted that the ad-

dition of polyamines to media; for example spermine, spermidine or putrescine,

stimulate hepatocyte oxiclative metabolism to differing degrees. Specific hepatocyte

grorvth factors, mole Benelal glorvth factors, serum peptides, retinoic acid and other

humoral factors are also logical candidates for addition to the culture medium of

monolayer hepatocytes and are yet to be fully investigated.

Early reports genelally considered propogatable liver cell lines to have an altered

microsomal monooxygenase prolÌle in comparison to cells of primary origin. Owens

and Nebert (7974) observed the presence of only an AHH activity in both rat Reuber

Hepatoma H-35 and nrouse I'Iepatorna B\,V 7756 cell lines either in the presence or

absence of inducing agents. This rvas believed to result in a decreased sensitivity

and limited any potential use in toxicological studies.

More recently, however, othel reports have suggested a more complete repertoire

of PSt\,IO activity in other hepatoma cell lines indicating that such cell lines may be

more capable of detecting toxicity mediated via active metabolite formation. \Miebel

eú ot. (1980) have shorvn that trvo different rat hepatoma cell lines, derived from the

Reuber H-4-II-E line, each contained either a cytochrome P-450 or a cytochrom'e

P-448 activity exclusively. Interestingly, the degree of PSMO activity correlated

with the degree of cellular differentiation, based on morphological criteria. A hybrid

cell line (HF 1-4) appeared to express both types of activity. Ferro et ¿/. (1984)

have confirmed these findings rvith a human hepatoma cell line, MHrCr, where

both cytochrome P-450 and cytoclu'ome P-448 activities were present as either the

constitutive or inclucible forms.

The potential use of huma,n hepatoma cell lines to screen compounds has been

furtlrer advanced with the report of Buenaventura et al. (7984) indicating that hep-

atoma cell lines are capable of activating procarcinogens and ultimately producing

genetic lesions, e.g. an observable increase in sister chromatid exchange (SCE) rates.

Dearfield et al. (L983) have also advocated the use of b.epatoma cell lines in genetic

toxicology.
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Despite technological shortcomings the transient induction of cytochrome P-450

Phase 1 reactions can be a useful tool to increase the rate of metabolism and/or the

amount of a compound'converted to its reactive metabolite. As a direct consequence,

the severity of any lesion formed can be potentiated aiding investigations into the

events associated with the advent of cellular toúcity.

L.4 Biochemical Mechanisms in Toxicity and Cellular
Necrosis

L.4.L Role of Lipid Peroxidation in Toxicity

Lipid peroxidation, i.e. the peroxidative damage of plasma, ER and mitochon-

drial memblanes, has been irnplicated as amechanism of lethal cell injury for many

years. Although the liver necrosis elicited by carbon tetrachloride remains the best

characterised example of lipid peroxidation as a causal event in cytotoxicity several

contrary studies have indicated otherrvise (refer Castro et aL,1986). Nonethelesq,

as also observed for palaquat and nitrofurantoin-induced cytotoxicity, the peroxida-

tion of lipids remains an early event in toxicity and has consecluently received much

attention.

Calbon tetrachloride undergoes cleavage of the C-Cl bond, via a cytochrome

mediated oxidation, to yield the trichloromethyl radical. This very unstable species

is capable of covalertly binding to proteins or initiating a process of autocatalytic

peroxidation by attacliing the rnethylene bridges of unsaturated fatty acid side chains

of microsomal and pla,sma mernbrane lipids.

Lipid radicals are also ca1>able of reacting rvith molecular oxygen yielding re-

active oxygen species, e.g. superoxide radicals and hydrogen peroxide, initiating

peroxidative decomposition of phospholipids. l\{any cellular processes are disrupted

as a direct consequel.ce, e.B. altelations in the morphology of the endoplasmic retic-

ulum, loss of mixed function oxidase activity and an inhibition of protein synthesis,

presumably leading ultimately to cell death.
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Perhaps the most important concept in experimental pathology and toxicology,

until recently, has been tltat lipid peroxidation may be a universal mechanism for

the production of liver cell injury. The causal role of lipid pdroxidation in CCla-

mediated hepatotoxicity has been challenged, for example by in uiuo studies, which

indicate that antioxidants can significantly inhibit CCl¿-mediated pentane evolu-

tion without any observable decrease in CCla-induced liver injury (Castro et al.,

1986). These studies have also been supported by other evidence, for example,

in halothane and paracetamol-induced hepatotoxicity. Various studies using these

compounds have dissociated the two events of lipid peroxidation and cell death in

various model systems (Stacey & I(laassen, 1981; llarman & Fischer, 1983; Mitchell

et aL,1985) indicating that lipid peroxidation may be a result rather than a cause of

hepatocellular necrosis inclependent of the mechanism that initiates damage (refer

Section 1.5).

In these i¡.stances an arnelioration of cellular toxicity can be observed utilising

various agents rvithout a concorììmitant decrease in the extent of lipid peroxidation,

or similarly, antioxidants are capable of reducing the extent of lipid peroxidation

without any perceivable reduction in toxicity (Plaa & Witschi, 1976). Furthermore,

a number of dlugs including fulosemide, 1,1-dichloroethylene, bromobenzene and

dimethylnitrosimine produce hepatic necrosis rvithout any measurable lipid peroxi-

dation (Plaa & lVitschi, 1976).

A common mechanisrn underlving cell death in many instances rvhere lipid per-

oxidation has been observed is the imposition of acute oxidative stress to which

hepatocytes are palticularly vulnerable. The generation of activated oxygen species

accompanies the metabolism of mauy PSMO substrates with tlie consequent produc-

tion of activated oxygen species including superoxide and hydroxyl radicals. These

species are inactivated by intracellular nucleophiles, of which glutathione is cluanti-

tatively the most important, and also by intracellular superoxide dismutases. Under

conditions of severe oxidative stress intracellular stores of glutathione are depleted

and if secondary cellular defense mechanisms are compromised lipid peroxidation

may result. The lipid peroxidation produced by active oxygen species has been hy-

pothesised to lead to, in severe irLstances, gross membrane damage and has been put
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forward to explain the deleterious effects of these species

The ubicluity of cellular mechanisms rvhich protect against damage elicited by ac-

tivated oxygen species; for example, superoxide dismutase, catalase and endogenous

antioxidants, in eukaryotic organisms suggest that oxygen rad.ica,ls are deleterious

species. Horvever the exact role of activated oxygen species in toxicity has yet to be

fully elucidated and still remains controversial. Although not specifically examined

in this study, these avenues are currently being pursued in our laboratory.

L.4.2 Covalent Binding of Electrophilic Metabolites

Boyland (1950) first proposed that the cova,lent binding of metabolically acti-

vated reactive species could lead to subsecluent cytotoxicity and rvas used to explain

the toxicity of otherwise biologically inert polycyclic aromatic hydrocarbons. The

covalent modifrcation of cellular macromolecules; by alkylation, arylation, acyla-

tion or via peroxidising rnetabolites, perhaps resulting in a depletion of intracellular

stores of glutathione, is implicated in altered enzyme activity.

A theoretical distinction can be drawn betrveen cellular damage occurring due to

covalent modifrcation or oxiclative stress and lipid peroxidation. In the former the

reactive intermediate directly attaclis critical cellular targets rvithout production

of activated oxygen species. In practise it appears that the trvo mechanisms are

difficult to distinguish and toxicity occurs only after cellular GSH is significantly

depleted.

Various studies have denlonstrated that the extent of cytotoxicity of different

metabolically activatecl comporurds correlates well with the amount of covalent bind-

ing to cellular macrornolecules e.g APAP (Jollorv et al., 1974). It has been this

persistent correlation that has in-Lplica,ted covalent rnodification of cellular proteins

as an important mecha,nism in cellulal toxicity.

More recent stuclies rìow suggest that the extent of covalent binding per se may
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not be as important as the covalent modification of critical cellular targets repre-

senting a minor propoltion of total cellular covalent binding (Devalia & Mclean,

1983; Devalia et a\.,1982; Streetet et a/', 1984a; Smith & Piperno, 1979).

A finat conclusior. is that although a drug may be observed to'covently bind,

initiate lipid peroxidation or produce an oxidative stress such an observation does

not mean that this is horv toxicity is mediated.

L.4.3 Role of Calcium in Cytotoxicity

1.4.3.1 Intracellular Ca2*

It has long been recognised that an accumulation of Ca2+ intracellularly occurs

in a wide variety of cells undergoing irreversible necrosis irrespective of the mech-

anisrn by whicli necrosis is initiated. This may include injury from, for example,

isclraemia or frorn the action of toxins (Trurnp et aL,1980).

Recent rvork fi'orn many groups norv indicates that the role of Ca2* in cell death

may not just be a passive one, associated with the equilibration of Ca2* across a

concentration gradient, but may have a causal relationship (Farber, 1982a).

Ilitial studies implicating lipid peroxidation and covalent binding as important

consequences of CCl.r rnetabolism and an obligate recluirement for the expression of

toxicity have been placed in doubt by tlie studies of Recknagel and colleagues (Reck-

nagel, 1983) indicating that under anaelobic conditions (i.e. no lipid peroxidation)

the metabolism of CCl4 did not result in any discernable alteration to normal cel-

lular fulction despite extensive covalent binding of CCIa metabolites. In a parallel

study Casini et al. (1982) 'were able to shorv the presence of experimental conditions

where Iipid peroxidation and covalent modification of cellular constituents are not

necessarily associated with bromobenzene cytotoxicity in isolated rat hepatocytes.

The postulated role of decornposition products of lipid peroxidation (e.g 4-
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hydroxyalkenal) as putative 'second messengers' in cytotoxic events linking, in the

case of CCla cytotoxicity, lipìd peroxidation near cytochrome P-450 and more distant

alterations in cellular function have also been discounted (Recknagel, 1983). Carbon

tetrachloride appears to initiate lipid peroxidation and covalent binding proximal to

cytochrome P-450. This has been supported by work using spin trapping techniques

to localise trichloromethyl radical adducts to cellular lipids (tai et aL.,1979).

As a consequence of these studies the dilemma arose as to horv such a localised

evelt could have such rvidesplead ramif.cations on the whole cell. Moore eú ø/'

(1975) were able to shorv that hepatic microsomal vesicles can actively sequester

Ca2* ions and that this secluestration can be inhibited in uiuo by the administration

of CCI+ (Moore et aL,1976). Microsomal Ca2+ secluestration rvas inhibited by up

to 85-90% of control levels and occurred very soon after administration of CCI¿.

The applicability of this research to other cytotoxic agents has been shorvn witll

sinrilar rvork using brornotlichloromethane (Lowrey et a\.,1981; Brattin & Walker,

1984; Canbon-Glos et a/., 1984), t-butyl hydroperoxide (Jones eú a/., 1983; Bellomo

et al.;1984a&b) and menadione (Nicoteta et o/., 1985). These studies also indicated

that Ca2+ pump inhibition occurred at the mitochondrial and plasma membrane and

that a coordinated activity at these sites is necessary, in part, for the maintenance

of free cytosolic Ca2+ lvithilÌ a narrow concentration 'window'.

Iltracellular Ca2* and, in particular, free cytosolic Ca2+ is known to play an

important role in ltumelous cell functions; for example, cellular division and pro-

liferation (Sasaki anct }Iidaka, 1982), control of metabolism (Trump eú a/', 1980;

KIee ef c/., 1980), maintenance of cytoskeletal architecture (Jewell et a1.,1982) and

nornral hormonal ïesporì.se (\,Iurphy et a\.,1980). Abnormal perturbations in free

cytosolic Ca2* homeosta,sis are knorvn to have profound effects on cellular function

in many cell types including an inhibition of protein synthesis (Mandl et a\.,1982)

and disruption of the cytoskeleton resulting in bleb formation (Jervell et a\.,1982).

Accumulated experimental eviclence now associates a rise in free cytosolic Ca2*

concentration tvith changes in hepatocytes subject to a wide variety of chemicals
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which induce cytotoxicity by diverse means; for example, APAP (Moore eú ø1., 1985),

menadione (DiMonte et aL, 1984b; Thor eú a/., 1984) and t-butyl hydroperoxide

(Bellomo et d1.,1984b). The plocesses by which an increase ìn free cytosolic Ca2+

is achieved in these systems have not yet been fully characterised and may involve

a contribution from Ca2* stores in the mitochondria, RER, SER and extracellular

compartments.

It does appear that alterations in free cytosolic Ca2f may be a potential can-

didate to explain the myriad of effects observed during cellular necrosis. The im-

portance of work in this area must ultimately be determined by its suitability for

modification by pharmacological, or other means, resulting in a clinically reliable

method for the prevention of drug-induced toxicity.

t.4.3.2 Extracellular Ca2*

It has been known for some tirne that isoiated heart preparations undergo sudden

tissue damage when subject to Ca2+ repletion after a period of Ca2*-free perfusion

(Hearse et a1.,1978). llearse et al. (1978) suggest that, on morphological criteria

and enzyme release cha,racteristics, a similarity exists betrveen this phenomenon

and the tissue injury observed rvith reoxygenation after a period of anoxic perfusion

or reperfusion after a peliocl of ischaemia. These workers relate tissue damage

induced by extracellular Ca2+ repletion or by oxygen to processes associated with

mitochondriai calciurn uptalie and an increase in cytosolic Ca2* with a subsequent

loss of cellular and subcellulal membrane function. Similar results have also been

obtained by Acosta el a/. (1983) using rat myocytes in primary culture suggesting

that maximal injury, by lealiage of intracellular LDH, was evident after restoration

of cells to normocalcaemic medium and rvas also accompanied by an increase in the

Ca2* content of the treated cultures.

Although an appalent agreernent exists regarding a role for extracellular Ca2*

in myocyte toxicity the relevance of this research to hepatocyte toxicity remains

relatively obscure. Considerable conflict and controversy is associated with studies
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on the role of extracellular Caz* in chemically-induced hepatotoxicity.

Schanne eú a/. (1979) were the first to propose a caúsal role for extracellular

Ca2* in chemically-induced cytotoxicity. Utilising primary rat hepatocyte cultures

these workers wete able to acheive greater than 50% cytotoxicity in uitro to ten

different, non-metabolically activated membrane toxins in the presence of 3.6mM

extracellular Ca2*. As a consequerìce of this and other studies shorving decreased

toxicity to phalloidin, CCIa, bronobenzene and galactosamine without extracellular

Ca2+ Farber and co-workels proposed a trvo stage process incorporating an initial

lesion follorved by an influx of extracellular Ca2* as a common functional occur-

rence in cellular injury (I(ane et a1.,1980; Casini & Farber, 1981; Farber, 1982b).

Of particular interest in tl'Lese studies is the finding that hepatocytes exposed to the

calcium ionophore, 423187, rvere irreversibly damaged only in the presence of extra-

cellular Ca2* . This finding supported the proposition that an influx of extracellular

Ca2* across a steep concentration gradient is necessary for the expression oftoxicity.

A similar independent stucly by Chenery eú o/. (1981) also investigated the effect of

extracellular Ca2* on the toxicity of CCI¿, CBrCl3 and 423187 in primary rat hep-

atocyte cultures. In Ca2+-free medium the ext,ent of enzyme leakage and formation

of memblane blebs rvas recluced rvithout any alteration in the extent of metabolic

activation of these compounds. The Ca2+ ionophore was also found to potentiate

CCI¿ toxicity in the presence of physiological concentrations of Ca2+. It should be

noted, however, that the lindings of Chenery eú al. (1981) are equivocal due to the

poor experimental techniclues used (e.g. unorthodox cell culture procedures) and a

lack of adecluate methodological documentation.

Contrary to the results obtained by these groups several other studies have

dernonstratecl that different livel' cell toxins are more toxic to hepatocytes in the

absence of extracellular Ca2*. Smitli eú a/. (1981) rvere able to show a potentiation

of injury in isolated rat hepatocyte suspension cultures to CCla, bromobenzene, and

ethyl methanesulphonate (ElvIS) rvhen incubated il Ca2l-free medium.

A similar result has been observed by Fariss and Reed (1985) for bromobenzene,

EMS, 423187 and adliamycin in cornbination with 1,3-bis(2chloroethyl)-l-nitroso-
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urea (BCNU). This study utilised a procedure to separate viable cells, by centrifuga-

tion through dibutyl plithalate, after treatment to monitor changes in intracellular

Ca2+ and I{+ due to toúcity.. It should be stressed that the study of Fariss and Reed

(1985) examined indices of toxicity in the viable cell fraction with respect to the non-

viable cell plus medium fraction. The authors claimed this enabled a distinction to

be made between causal events and resultant effects in toxicity. Bromobenzene,

EMS and adriamycin-BCNU each resulted in an accelerated loss of viability in com-

parison to controls, without an accompanying increase in total cellular Ca2+, when

incubated in the absence of extracellular Ca2*. The toxicity of hepatocyte suspen-

sion cultures to 423187 in this study, however, was observed to be dose-dependent

only in the presence of extracellular, Ca2+ and was accompanied by an increase in

cell Ca2+ content. In contlast to previously reported findings (Schanne et al., Ig791,

Chenery et a1.,1981; Stacey & I(laassen, 1982); Jervell et al. (1982) reported that

423187 rvas found to be toxic to hepatocytes rvhen incubated without extracellular

Ca2*. Fariss and Reed (1985) have rationalised these contradictory findings by in-

dicatating that 423187 has a complex action, at different intraceliular sites, rvhich

are dependent on the dose and tirne of exposure.

In an earliel study Fariss ef r¿l. (1984) presented evidence that hepatocytes

incubated in the absence of extracellular Ca2+ are depleted of mitochondrial and

cytoplasmic GSI{ to a greater extent than controls. Associated rvith intraceliular

depletion of GSH was alr accelerated excretion of GSH and GSSG from the cells indi-

cating that undel these conditions the cells were subject to an oxidative stress. The

authors deduced that these factors may have an important effect on the capability

of the cells to cope rvith external chernical insult.

Recently, rvorli presented by Acosta ancl colleagues have shorvn an amelioration

of Cd2+-induced cytotoxicity in plimary cultures grown rvithout extracellular Cazt

using both biochemical (Acosta & Sorensen, 1983) and morphological (Sorensen ef

o/., 1984) criteria to assess toxicity.

Explanations have been put forrvard to resolve the conflict in this area and have

been concerned predominantly r.vith experimental methodology. Farber (1982b) has
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suggested that tlie majolity of studies indicating a potentiation of CCIa toxicity

to hepatocytes in the absence of extracellular Ca2* have used isolated suspension

cultures. Under tliese culture conciitions an elevated dose of CCla is required, in

comparison to monolayer culture techniques, to observe cytotoxicity. An increased

ratio of cells to medium and shortel exposure times are usually associated with hep-

atocyte suspension culture techniques which may limit the interpretation of results

obtained with this system. Fa,riss ef al. (1985b) have put forward the hypothesis

that the presence of vitamin E, usually an integral component of primary monolayer

hepatocyte cell culture media, dictates the extent of toxicity'

It is evident that significant gaps exist in our understanding of the role of extra-

cellular Ca2* in the mechanism of cell injury and that only future work will resolve

these conflicts.

L.5 Paracetamol as a Suitable Hepatotoxic Probe

Paracetamol undergoes metabolism primarily by both Phase I and Phase II re-

actions yielding the suphate and glucuronide conjugates. The glutathione conjugate

is formed after mixed function oxidase catalysed oxidation and secluential conjuga-

tion with free intracellular reduced glutathione (Hinson et a|.,1982). These cellular

mechanisms are usually suflìcient to protect normal cellular function. However, in

the event of APAP overdose both Phase I and Phase II reactions become saturated.

Many studies indicate that APAP initiates hepatic lesions by conversion to a

higlrty reactive electrophilic cluinoneimine metabolite (Mitchel. et a\.,1974; Corcoran

et a\.,1980; Dahlin et a\,,1984) via a specific P-448 or A}IH-inducible isozyme of

cytochrome P-450 (Steele et al.,1983). The putative toxic metabolite, N-acetyl-p-

benzocluinoneimine, usually forms a nontoxic conjugate at the meta position with

the nucleophilic tripeptide glutathione (GSH) at therapeutic doses. Higher doses of

APAP rvill result in a clepletion of iltracellular GSH (Mitchell et aI., 1973b) such

tlrat cytotoxicity becomes eviclent rvhen GSH levels are less than approxirnately 20To

2T



of norrnal (Acosta et a1.,1985; Halman & Fischer, L983).

A large body of data relating to modifications of intracellular GSH content and

the extent of subsequent toxicity indicate the importance of glutathione in APAP-

induced cytotoxicity.

Hogberg & Kristoferson (1977) observed in isolated rat suspension cultures a

direct correlation between the extent of intracellular GSH depletion by DEM and

APAP and tl're leakage of intracellular enzymes. More recently a potentiation of

APAP-induced toxicity has been observed in primary rat hepatocyte monolayer

cultures pretreated rvith buthionine sulphoximine, BSO (Hue et a|.,1985). BSO is

a potent inhibitor of the rate limiting enzyme of GSH synthesis, 7-glutamylcysteine

syntlretase. lvliners et aL (7984) have also shown that the depletion of intracellular

stores of GSH in uiuo by pretleatment with BSO results in a signficantly increased

Ietb,ality for mice exposed to APAP in conparison to controls.

Puri and Meister (1983) rvere able to artificially elevate intracellular GSH con-

centrations in uiuo by'aclministering a cysteine derivative of the compound (C-2-

oxo-thiazoline-4-carboxylate) a,s vell as monomethyl and monoethyl esters of GSH.

Sucir GSH derivatives are readily perrneable into the cell. The former acts as a pre-

cllrsor to GSH synthesis rvhereas the monometliyl and monoethyl esters of GSH are

hydrolysed intracellularly to yield the free form. Both approaches have been shown

by these rvolkers to substantially increase cellular GSH and to prevent GSH deple-

tion ¿n uiuo by the knorvn GSH depletors DEIvI and APAP. Wendel et al. (7982)

have also used a novel approach to circumvent lack of GSH permeability intracellu-

Iarly by delivering GSH entlapped in liposomes preventing GSH depletion and lipid

peroxidation by APAP in uiuo.

Massey and Racz (1981) rvere able to show that prior administration of N-

acetylcysteine (NAC) to isola,ted mouse hepatocytes resulted in a reduction of APAP

toxicity and a concurrent increase in the amount of glutathione conjugate formed.

This indicated that the mechanism of NAC protection of APAP toxicity was by

acting as an exogenous sulphydryl source and increasing the amount of glutathione
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synthesised. N-acetylcysteine has also been administered 'ín uiuo to mice, either

as a free drug or entrapped in liposornes, resulting in an increased LD5s to APAP

(I(hairy et aL,1983).

Several elegant studies by Spielberg and co-workers (Spielberg 1980, 1983 &

1985; Spielberg & Goldon 1981a&b), using lymphocytes derived from glutathione

synthetase deficient patients, have demonstrated the importance of glutathione lev-

els in the cell for the maintenance of cellular integrity when subject to chemical

insult. These studies indicated that lyrnpliocytes heterozygous for glutathione syn-

tb.etase, with decreased intracellular GSH levels, yet still capable of metabolically

activating APAP and other (hepato)toxins, weïe more prone to cytotoxicity.

Ilolme eú ¿/. (1984) and Albano ef o/. (1985) have investigated the eflects of

NAPQI in isolated suspension cul.tures of rat hepatocytes and found that the cellular

effects of NAPQI are com.mensurate with its postulated role as the proximate toxic

species of APAP. A great deal of controversy still exists as to the mechanisms by

which NAPQI elicits an observed cytotoxic event. Work undertaken predominantly

in the laboràtory of Mitclietl and colleagues has suggested that covalent binding of

th.e APAP rnetabolite is one of the princípal events required for the manifestation of

APAP-induced cytotoxicity (l\fitcliell, et aL,1973a; Corcoran et a1.,,1985). A reduc-

tion in APAP covalert binding, for example, by the addition of the supplementary

sulphydryl souïce N-acetylcysteine, results in an amelioration of toxicity (Massey

and Racz, 1981).

Contraly to these finclings otlier studies indicate that the two events, namely

covalent bincling of APAP meta,bolites and cell death, can be dissociated (Streeter

et a1.,1984a&b; Holme et a1., 1982b; Devalia et a1.,1982; Devalia & Mclean, 1983).

Mclean and Nuttall (1978) have also suggested that the critical events associated

with the advent of APAP toxicity may occurr after observed covalent binding of the

APAP metabolite and lipid peroxidation.

It appears that tlie current consensus regarrling covalent binding in APAP toxic-

ity is that th.e covalent rnodilication of critical cellular targets in comparison to total
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covalent binding is more importa,nt for the ultimate expr'ession of cellular toxicity

(Devalia and lvlclean, 1983).

Many authors have detected lipid peroxidation as a result of APAP-induced tox-

icity both in uiuo (trVendel and }leidinger, 1980; Wendel et a1.,1979) and í'n uitro.

However, there eúst several conflicting reports concerning the role of Jipid peroxida-

tion in APAP hepatotoxicity. Anundi et aL (1979) have attributed APAP-induced

cytotoxicity to lipid peroxidation occurring after the depletion of intracellular GSH

stores. Harman and Fisclier (1983) utilised primary hamster hepatocyte cultures

as a sensitive model to examine the effects of APAP i,n uitro and concluded that

although APAP caused both GSI{ depletion and lipid peroxidation the latter was

rnore likely to be a consequence of cell damage than a recluirement for toxicity. A

recent study by Mitchell et aL (1985) confirms the conclusions drawn by Harman

& Fischer (1983).

Mitchell eú ¿/. (1985) examined the temporal relationship between GSH de-

pletion, lipid peroxidation and cell membrane damage in primary rat hepatocyte

monolayer cultures exposed to APAP. Leakage of intracellular LDH was observed

to precede lipid peroxidatiorr and both of these parameters occurred prior to GSH

depletion, indicating that lipict peroxidation was not a causative factor in APAP

toxicity. Hohne ef ø/. (1982a&b) have also suggested that lipid peroxidation is a

relatively late event in the toxicity of isolated rat hepatocytes to APAP and that

tlie inhibition of lipid peroxidation in this system with cysteamine did not afect the

extent of cellular damage.

N-acetyl-p-benzoquinoneimine (NAPQI) is known to exist in a resonance state

with its semi-quinoneimine ladical forrn. The free radical state is considered a much

more biologically reactive species (Rosen ef a/., 1983). de Vries (1981) has proposed

an alternative theoretical rnechanism for the toxicity of NAPQI and APAP based on

this information. The model proposed a production of hydrogen peroxide (HzOz)

as a product of APAP oxidation and that the NAPQI free radical in the presence of

oxygen should generate superoxide ('O2) and hydroxyl radicals (OH') via the Fenton

reaction. These species a,re linorvn to have potentially deleterious effects on cellular
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function (Woltr et a1.,1986) and can lead to cellular toxicity. Rosen et al. (1983)

were able to show that cytochrome P-450 mediated oxidation of APAP in a ham-

ster microsome preparation produced a free radical species and H2O2 implying a

role for activated oxygen in lethal cell injury. Some experimental evidence has been

forthcoming to implicate oxygen radicals, e.8. 'Oz and OH' in APAP and NAPQI

induced cellular toxicity. Studies investigating the exact nature of oxygen-radical

mediated cell death are currently in progress in our laboratory.

Gerson ef a/. (1985) repolted that tlie antioxidants promethazine and vitamin

E were capable of protecting cultuled rat hepatocytes from APAP toxicity and that

the severity was potentiated by the glutathione reductase inhibitor BCNU without

any effect on the covalent binding of the metabolite. The authors further argued that

the killing of the cells by OII' radical and H2O2 was dependent on an endogenous

source of ferric (fea+¡ ion. Addition of the Fest ion chelator, deferoxamine (DFO)

consecluently resulted in a marlied decrease in toxicity. The addition of supplemen-

tary FeCl3 restored toxicity presumably by competing for and saturating available

intracellular DFO.

The results obtained by Gelson ef a/. (1985) have recently been criticised by

Smith and \{itchell (1985) who rvere unable to shorv an eff.ux of biliary GSSG (an

extremely sensitive indicator of oxidative stress) in Fischer 344 rats subject to toxic

doses of APAP in uiuo. Criticism of the previous study was also dependent on the

authors not fully characterising the chemical and biochemical changes accompany-

ing oxidant stress in uitro. Investigations, commencing towards the end of work

described in this thesis, are being undertaken in our laboratory to determine the

role of these species in toxicity.

Tl'Le efÊcacy of antioxida,nt treatmer.t as a protective measure against APAP

cytotoxicity and hence the component attributable to oxidant stress remains con-

troversial. Miller and Jollo'rv (1984) and Romero-Ferret eú a/. (1983) failed to observe

any detectable GSSG formation after APAP rvas administered in uiuo and ascorbate

was unable to prevent ensuing toxicity or decrease the extent of cova,lent binding.

fn contrast Corcoran eú ø/. (1980), Lake eú o/. (1981) and Dah-Iin et al. (t0Aa) have
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indicated a1 inhibition of the covalent binding of the reactive metabolite in ai'troby

ascorbate. A difference betrveen the test systems used in these confl.icting studies

may be of potential importance.

Alalyses of the sites of APAP covalent binding after metabolic activation has

revealed a preferential modification of protein cysteinyl thiol groups (Streeter et al.,

1g84b; Hoffman et a1.,1935). These observations are of particular interest in the

elucidation of the mode of action of APAP-induced cytotoxicity since it is genera.lly

acknowledged that protein sulphydryl gioups are recluired for the maintenance of

both enzyme conformation and catalytic activity. ATP-dependent Ca2* uptake by

the plasma membrane and the endoplasmic reticulum is known to have a sulphydryl-

,d.ependent functional moiety (Chavez et a1.,1985; Bellomo et al', 1983 & 198aa).

Tsokos-I(uhn et al. (1985) have reported that this enzyme is prone to inhibition

in uiuo by various arylating/alkylating hepatotoxins, including APAP, providing a

potential link betrveen the covalent binding hypothesis and aitered Ca2+ homeostasis

hypothesis of cellular toxicity.

As Mitchell et al. (1985) state;

'Reuíew of the published literature on acetaminophen hepatotonicity reueals there

is a lack oJ agreetnent on the mecltanism of cellular injury by the drug./ Clearly

aclditional studies o,re rerluiretl to clarify the serluence of euents leading to the recouery

or death, of hepatocytes in acetarninolthen poisoning.'
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Chapter 2

GENERAL MATERIATS
AND METHODS
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Animals used in these studies t¡/ere either adult ma,le LACA strain mice (20-30

g) or male \Mistar rats (200-300 g). Animals were obtained from the University's

Central Animal }Iouse and were maintained on a standard food foïmulation and

water ad, libitum. No experiments involved food or water deprivation. The sources

of the chemicals and drugs used in these studies are outüned in Appendix A. All

surgical procedures used to isolate hepatocytes were carried out between 8.30 and

g.00 a.m. to minimise any diurnal variation in PSMO activity and cellular GSH

Ievels.

2.t Cell Culture and Associated Techniques

2.L.L Isolation of Rodent Hepatocyte Parenchymal Cells and Pri-
mary Hepatocyte Monolayer Culture

The procedure follorved rvas rnodified from that of Seglen (1972 & 1973) as

initially outlined by Berry and Friend (1969). Ail solutions were sterilised by auto-

claving or flltration through 0.22 pM filter (Miltipore, MA, U.S.A.). Sterile and/or

aseptic techniclue was used throughout all procedures.

The surgical procedure was essentially the same for either the isolation of rat

or mouse hepatocytes and was comnenced rvith laparotomy resulting in the liver

being exposed. Connective tissue between the liver and the surrounding tissues

was disjoined, carefully avoiding any damage to liver structure. The intestines were

moved laterally to expose the portal vein. Trvo loose ligatures were placed about

the portal vein in preparation for cannulation. The cannula was inserted into the

lumen of the portal vein rvhich was exposed by a fine cut between the two ligatures

and pushed past the proúmal ligature and tied into place using the same ligature.

The preparation of isolated mouse hepatocytes required the cannulation of 3 livers

in parallel to provide sufficient material for each experiment. The inferior vena cava

was cut distal to the renal veins and perfusion of the cannulated liver(s) was carried

out immediately.
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Physiological media used during the isolation of hepatocytes were buffered with

10 mM HEPES buffer and/or equilibrated with an air/co2 mixture (95%:5%) in

the presence of 25 mM HCO|

Perfusion consisted of two phases; the first being a preperfusion with a modifred

Krebs-Henseleit solution without calcium at 37oC for 10 minutes and at a flow rate

of at least 10 ml/minute, This was followed by a recirculated perfusion, using com-

parable conclitions, with Hanks BSS medium containing 70-100 U/ml collagenase to

digest the intercellular matrix. Appendix C outlines the composition of the perfu-

sion media. The media used in the preparation of isolated hepatocyte suspensions

were supplemented with cofactors so as to optimise the cellular PSMO activity at

the tirne of plating, refer Appendix F.

After pelfusion with collagenase swelling of the liver capsule was evident. Dis-

association of the ì.iver capsule and filtration through inert teflon mesh of 70-150

¡rM (Spectrum Medical Industries, CA, U.S.A.) resulted in a suspension of predom-

inantly single cells. The resultant cell suspension was subject to a selective centrifu-

gation step with llanks BSS without calcium and with 1 mg/ml BSA at 50 xg for

5 minutes. Non-viable cells remaining in the supernatant were discarded and the

procedure was repeated rvith the cellular pellet which consisted of the remaining

viable cells.

An assay of cellular viabilty by the exclusion of the vital dye trypan blue and

uptake and metabolism of INT (Section 3.2.1) was carried out on the resulting cell

suspension. Cell preparatiorrs 'ivith a final viability of less than g0% were rarely

obtained and never used. A typical yield of betrveen 2.0-8.0x108 viable mouse or rat

hepatocytes was usually obtained by tiris procedure. Cell suspensions with a frnal

viability of 95% or greater were used for subsecluent studies.

The final cell suspension rvas resuspended in incubation medium and plated at

0.8-1x106 viable cells/ml on collagen coated culture dishes in a total volume of 3

mls (refer Section 2.t.2). Cells were routinely incubated in an air/COz (95%:5%)

atmosphere (I(evatron lvlodel 595 C02 monitor, I(evatron Model 102 Cell Culture
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Incubator; Sydney, Australia) at 37oC without drug challenge for a period of up

to 3 hours to allorv cellular adherence to the collagen substratum and to select for

metabolically competant cells. After this incubation period the cultures were rvashed

with prewarrned incubation medium to remove non-adhered cells and reincubated.

Cultures were typically exposed to various modifying treatments and to APAP, in

0.0I% (v/v) DNIF, soon. after rvashing procedure. Control cultures concurrently

received an appropriate volurne of solvent. The incubation medium was replenished

every 24 hours after initial plating.

2.L.2 Preparation of Rat Tail Collagen Coated Cell Culture Dish-
es

The collagen substraturn on lvhich hepatocytes were cultured was prepared by

a modificaton of the methods of ltlichalopoulos and Pitot (1975) and Iflebe (1974)

and involved the treatment of freshly dissected rat-tail tendons (approximately 8

gm) by stirring overnight at 4oC in a litre of 0.2% glacial acetic acid. Insoluble

material was removed by filtration through a Buchner funnel and the soluble collagen

was precipitated by the addition of I0% (./u) NaCL Collagen was isolated by

centrifugation at 10,000 xg for 15 minutes and reprecipited by adjusting the pH

to 8.0 with concentrated NI{4OII and 20% (v/v) ethanol (AR) and centrifuged at

10,000 xg for 15 minutes at 4oC.

To 1.7 ml of sterile collagen stocli solution, at a typical concentration of 2-5

mg/ml, was added 0.4 ml of a 2:l mixture of 10x incubation medium concentrate

and 0.34M NaOI{ to yield a final collagen concentration of approximately 1.6-4

mg/ml at pII 7 .4-7 .6. The collagen gel rvas allowed to form as a uniform layer in 2õ

cm2 Falcon culture flasks. Tlie folmed gel rvas rvashed rvith one change of incubation

medium prior to the plating of hepatocytes.

Purified collagen solution (Vitogen I00TM, Flow Laboratories, VA, U.S.A.) was

utilised in the same nanner, i.e as a moist gel substratum, for the experiments

examining the role of calcium in palacetamol-induced cytotoxicity in oitro.
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2.L.9 Culture of Human HHr Hepatoma Cells

The mycoplasma-free human hepatoma cell line, HH1, was the kind gift of

Dr. I(. Dahlenburg from the Institute of Medical and Veterinary Science, Adelaide,

South Australia. The HH1 hepatoma cell line has been previously characterised by

Fowler eú al. (1983).

HIII hepatoma ccll monolayers were grown in the presence of unmodified Way-

mouths MB 752ll medium on 25 cm2 Falcon culture dishes without the use of col-

lage1 gel substrata. The presence of nutritional supplements to the growth medium

(Sections 2.1.5 & 2.1.6) including holmones and vitamins were found to inhibit the

growth of hepatoma cells in culture and resulted in an observable decrease in the

cellular viability of untreated cells during the incubation period.

Established hepatoma monolayer cultures rvere subcultured by washing with pre-

warrned Hanks BSS prior to the digestion of the monolayer with trypsin/EDTA' The

trypsinised monolayer rvas harvested to yield a suspension of HH1 hepatoma cells

which wete resuspended in an appropriate volume of incubation medium, replated

at a lorver density (1:5) an<l gïowll to confluence before the commencement of the

experiment. The incubation neclium rvas changed every 24 hours and the cellular

viability was observed by the lealiage of intracellular LDI{, th.e effiux of cellular

I(+ and the hydrolysis of INT vital dye (Section 3.2.1) as for primary monolayer

hepatocyte cultures.

2.L.4 Incubations of Hepatocyte Suspension Cultures

Studies using isolated hepatocyte suspension cultures utilised mouse hepato-

cytes prepared as previously described in Section 2.1.1.

Suspension hepatocyte cultures rvere incubated in Erlenmeyer flasks of 25 ml

which r¡/ere pre-gassed with CO2 f air (5%:95%) prior to and during the incubation

periocl. After the adclition of the cells, usually 8x105 viable cells/ml, the relevant

31



drugs were add.ed in a total volume of no greater than 10% of the final volume. The

flasks were sealed to mailtail a 5% COz Io 95% air atmosphere' This was shorvn

to be adequate for the'maintenance of pH during the incubation period.

Flasks were placed. in a GalJenliamp oscillatory water bath and incubated at

BToC and 80 oscillations/minute for the duration of the experiment' Flasks were

then removed from the bath and samples were taken for the appropriate assays.

2.L.5 cornposition of llormone Modiffed (HM) Incubation Med-
luIl1

Studies incorporating hormonal modifications to the hepatocyte growth medium

were based on the stucly of Decacl et al. (1977). The incubation medium, usually

waymouths MB 752/1, rvas supplemented witli 5% (vlv) Fcs, 150 u/I insulin,4

mg/ml d.examethasone, 10 m\,I ornithine, 10-dM 7-aminolaevuünic acid, 5 mg/ml

oleic acid, 5 mg/rnl DL-a-tocopherol acetate, 10-6M testosterone and B-17-estradiol,

100 mg/ml spermine and 3.5 mM nicotinamide.

Thyroxi¡e rvas not incluclecl in these studies based on the report of Smith ef

a/. (1g82) suggesting a clecreased PS\4O activity in culture in the presence of this

hormone.

Hormone modifiecl culture rnedia used during the course of these studies liave

been.designated IIIVI-RPI\{1 1640 arrd Hl\{-Waymouths MB 75211'

2.L.6 composition of sulphydryl Amino-Acid Modified (cM) In-
cubation Medium

Modificatio¡s to culture media involving an altered sulphydryl amino-acid bal-

ance were based on the report by Paine & I{ockin (1980). Sulphydryl amino-acid

mo,ilified media were pïeparerl using a RPMI 1640 Select-A-Amine Ifit (Gibco,

Grand Island, NY, U.S.A.) an<l consisted of HM-RPMI 1640 rvith an absence of
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cysteine and the addition of 500 ¡rM methionine.

Sulphydryl amino-acid modified culture medium used during the course of these

studies have been designated CI\,I-RPNII 1640. The composition of cell culture

incubation media used during these studies are outlined in Appendix B.

2.2 Assays on Hepatocyte Monolayer Cultures

2.2.L Determination of Isolated Hepatocyte Metabolic Capability
using INT

Tlie ability of freslily isolated hepatocytes to metabolise INT was used as a

qualitative index of cellular hydrolytic activity and of a more general metabolic

capability. Hydrolysis of INT was also used as a cluantitative index of cellular

viability although absolute values for cellular viability have not been presented in

tlris tlresis. The procedure used rvas that of Weisenth al et ø1. (1983) as also reported

by Alley et aI. (1982).

Dissolvecl INT prepared in double distilled water to a concentration of 10 mg/ml

was sterilised by autoclaving. The solution was added to an alicluot of freshþ iso-

lated hepatocytes to a final concentration of 1 mg/ml and incubated at RT for 15

minutes until a red colour lvas observed. The proportion of viable cells was assessed

microscopically using a haemocytometer.

A modifred procedure rva,s aclopted for hepatocyte and hepatoma monolayer cu-

lures with the incubation time in the presence of 0.1 mg/ml INT being extended

to 1 lrour at 37oC under standard cell culture incubation conditions (Section 2.I.1)

prior to the evaluation of viability microscopically (Olympus IIú, Japan).
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2,2.2 Lowry Protein Estirnation

' 
Monolayer cellular protein rvas determined by the methotl of Lowry eú ø1. (1951).

Folin ald Ciocalteau's Reagent was adjusted to 2N immediately prior to use. So-

lution A was prepared daily by adding to 100 ml of 13% NazCOs, 3 ml 4% NaI(

tartrate and 3 ml2% CuSO¿.5}iz0 in this order and mixing immediately. Bovine

serum albumin was used as standard with a standard concentration range of 0.0-

100.0 pglml.

Cell digests wele prepared by rvashing collagenase harvested monolayer cultures

twice with Hanks BSS and trvice with S% (rv/v) TCA. Approximately 1x107 cells

were dissolved in 1 ml of 0.1 N NaOH and heated to 40oC for 10 minutes if required.

A 0.1 mI alicluot of cell digests rvas brought to a final volume of 1.5 ml by the

adclition of 0.66 N NaOH to rvhicli was added 1.5 ml of solution A and vortexed.

After exactly 10 minutes 0.5 ml of Folin-Ciocalteau reagent was added and mixed

thoroughly. The solution rvas incubated at RT for 30 minutes and the absorbance

read at 625 nm usìng a Bausch and Lomb Spectronic 20 spectrophotometer.

2.2.3 Estimation of Paracetamol and Paracetamol Metabolites in
Culture Media by HPLC

The concentration of paracetamol and paracetamol metabolites were deter-

mined by the methods of Horvie et ¿/. (1977) and Moldeus (1978). Paracetamol

glucuronide, sulphate, cysteine, glutathione and unconjugated paracetamol stand-

ards were obtainecl as gifts from Dr. R. S. Andrews of \Minthrop Laboratories,

Sterling-\Minthrop, Nervcastle, England.

One ml alicluots of incubation medium rvere added to 0.5 ml 3N PCA and protetn

was removed by centrifugation at 5000 xg for 10 minutes aI 4oC. A 15 ¡zl aliquot

of tire protein free supernatant was subjected to analysis by HPIC for paracetamoì.

and paracetamol n-retabolites. The sarnple was chromatographed on a reverse phase
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p-Boldapak C16 column (\Maters Associates Inc., Massachusetts, U.S.A.) with the

solvent system consisting of water:glacial acetic acid:ethyl acteate (98:1:1or 97:1:2).

The flow rate was 1.4 ml/minute (Waters'Model 45 Solvent pump) and the detec-

tor was either a \Maters Model 440 UV detector or a Jasco UVIDEC-1O0-V UV

spectrophotometer (Japan Spectroscopic Co. Ltd., Japan) operating at 254 nm.

2.2.4 Determination of Intracelluar LDH Leakage

Assay for the leakage of intracellular LDH into the extracellular medium was

based on the method of Bernstein & Everse (1975).

The substrate buffer was prepared by adding 5 ml of lactic acid (AR) to 125 ml

distilled water to which rvas added 15 ml 2-amino-2-methyl-l-propanot (AMP). The

pH was adjusted to 9.0 rvith concentrated HCI and made to a final volume of 250

ml. The substrate buffer rvas stored in 20 mI lots at -20oC until required.

The assay solution consisted of 15 ml of substrafe buffer and 80 mg of NAD.

Prior to use 1.5 ml aliquots of the assay solution rvere heated to 37oC. Either 50

or 100 ¡ll of LDII sarnple, obtained frorn the incubation medium, was analysed for

activity by monitoring the change in absorbance at 340 nm using a Unicam SP1800

(Pye-Unicam Ltd., cambridge, trngland). Activity was expressed as IU of LDH

activity per mI of incubation medium. The activity at each time point was the

accumulated LDII activity released to that time point.

2.2.5 Determination of Intracellular K+ Content and K+ Effiux
into the Extracellular Mediurn

Monolayer I'repatocyte or hepatoma cultures were harvested by digestion with

colJ.agenase or trypsin/BDTA, respectively, after an appropriate incubation period.

An aliquot of the cell suspension rvas centrifuged at 50 xg for 5 minutes at RT and

the supernatant was discarded. The remaining cell pellet was resuspended in L ml

of 0.1 M Tt'is HCt (pI{ 7.4), vortexed, and centrifuged at 50 xg for 5 minutes at RT.
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The cell pellet was resuspended in 0.5 ml of double distilled water and precipitated

by the addition of 0.5 ml of 6% (w/v) PCA and recentrifuged at 5000 xg for 10

minutes at RT. A suitably diluted portion of the resultant supernatant was used

for the estimation of I(+ concentration using either a K* selective electrode (I(401,

Ion 85 Ion Anaiyzer, Radiometer/Copenhagen, Copenhagen/Denmark) or an BEL

Model 150 Clinical Flame Photometer.

Extracellular I(+ rvas d.etermined from samples obtained from the non-cellular

component of the incubation medium. Incubation medium was diluted before mea-

surement of I(+ concentration rvith a I(* selective electrode (K401, Ion 85 Ion

Analyzer, Racliometer/ Cop en hagen, Cop enh agen /D enmark).

2.2.6 Estimation of Intracellular Reduced Glutathione (GSH)

The procedure for the cletelmination of reduced glutathione was a modification

of that previously clescribecl by Cohen and Lyle (1966) as verifled by Hissin and

Hilf (1gZO). All proceclures were ca ried out at 4'C unless otherrvise stated. Assays

for iltracellular recl.ucecl glutathione content rvele performed immediately after the

generation of the sample.

Aliquots of harvested cell suspensions (0.2 ml) were added to 0.5 ml ice-cold 30

pM EDTA pH 8.0. The samples weïe deproteinised by the addition of frth volume

25% (wlv) metaphospholic acid and centrifuged at 5000 xg for 10 minutes at 4oC.

A supernatant alicluot of 0.5 ml was then diluted to 2.5 ml final volume with double

distilled water and a sufficient volume of 0.25M Tris HCt (pH 8.0) was added to

adjust the final assay pI{ to 8.0. To the assay mixure 0.1 ml of 0'2% (w/v) OPT

in redistilled methanol rvas aclded, mixed thoughly and allowed to incubate at RT

for exactly 25 minutes. After this period the fluorescence was read at an excitation

wavelength of 350 nm ancl an ernission wavelength of 420 nm using a Perkin-Elmer

LS-5 luminescence spectlometer (Perkin- Elmer, Buckinghamshire, England). The

fluorescence of sarnples generatecl in this manner was stable at RT for I hour.
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2.2.7 Analysis of Extracellular oxidised Glutathione (GSSG)

The procedure used for the analysis of oxidised glutathione was a modification

of the procedure outlined by Hissin and }Iilf (1976).

A 0.5 ml alicluot of mediurn supernatant was deproteinised by the addition of

ft¿h volumelS% (rv/v) TCA and centrifuged for 10 minutes at 4oC. The pH was

adjusted to 8.0 by the addition of 0.1 ml 1.0 M Tris HCl, pH 8'0. Autooxidation

of reduced glutatirione was preverÌted by the atldition of 0.2 mI of 0.2 M NEM and

incubated at RT for' 30 minutes. To the resultant assay volume 0.15 mI of 2 M NaOH

was added to bring the final assay pII to greater than 10 units. A total volume of

1 ml was then subject to OPT derivatisation'

The OPT assay contained 2.8 rnl 0.1 M NaOI{, 1.0 ml sample and 0.2 ml of 2

mg/ml OPT prepared in redistilled methanol. The assay was incubated at RT for

exactly 15 minutes prior to reading the f,uorescence at an excitation wavelength of

834 nm and an ernission rvavelength of 428 nm using a Perkin Elmer LS-5 lumines-

cence spectrometer (Perliin-Elmer, Buckinghamshire, England).

2.2.8 Analysis of Intracellular FYee Cytosolic Calciurn Concentra-
tion

2.2.8.L Loading of Hepatocytes with Quin-z/AM

The procedure is essentially the sarne as tliat described by Tsien et al. (7982)

for the measurement of free cytosolic calcium in lymphocytes. Other methodolog-

ical refinements have subsecluently been reported by these workers and have been

incorporated in the present study (Rink kPozzan,1985; Tsien et a1.,,1985).

All solutions used in the determination of free cytosolic Ca2f concentration by

the quin-2 methocl were prepâ.red rvith water having a conductivity of less than

15¡r,O. The purity of cluin-2/A\{ rvas examined by comparing the fluorescence at
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the emission wavelengths of 430 nm and 500 nm at an excitation wavelength of 340

nm in cluin-2 Buffer C (APPendix C).

At each time point the medium supernatant was removed for the analysis of

cellular viability. The supernatant rvas replaced with 3 mls of HM-\Maymouths

MB 75211appropriately modifiecl to suit the experimental design. Quin-2/AM was

added to the supernatant to a final concentration of 100 pM and with less than

0.I% (vlv) D\{so a,nd incubatecl at 37'c for 15 minutes in a 5% co2l95% ur

atmosphere. Monolayer cells rvere subsecluently harvested by incubating the cultures

for 30 minutes in the preserÌce of an additional 2 ml of incubation medium plus 70

U/ml collagenase.

The resultalt hepatocyte suspension rvas centrifuged and resuspended in quin-

2 Bufer A (Appendix C). This rvashing procedure was repeated to ensure that

minimal extracellular quin-2/FA remailed'

2.2.g.2 Fluorescence Measurement of Intracellular Quin-2/FA

All fluorescence measlLements rvere carried out at 37'C in a stirring cuvette.

The solutions aclcled to the cuvette were prewarmed to 37oC-

Prior to the mea,surement of specific intracellular cluin-2/FA-Ca2+ f'uorescence,

at an excitation wavel.ength of 3.10 nm a,nd an emission wavelength of 500 nm (Perkin

Elmer LS-5 lumi¡escence spectlometer, Perkin-Elmer, Buckinghamshire, England),

the autofluorescence of unloaded cells vas determined to allow identification of the

component of fl.uolescence not attributable to the quin-2/FA-Ca2+ complex.

Loaded hepatocytes were lysecl by the addition of 15 pglnld saponin with the

resultant fluorescence, F, representing specifically bound quin-2/FA. Excess calcium

was adrled to a frnal concentration of 1.0 mM (F-o,) followed by the addition of 10

¡.r,M DETAPAC to determine fluorescence attributable to heavy metal binding. The

addition of MlClz, at an alkaline pII, to a final concentration of 100 ¡.rM yielded a
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F-¿r, value and the free cytosolic calcium concentration can be determined according

to Tsien eú al. (1985) using;

lCo"+lu:roffi

where k¿ = apparent dissociation constant of the quin-2/FA-Ca2+ complex in a

physiological medium.

2.2.9 Assessrnent of PSMO Activity in Whole Cells in Culture

2.2.9.1 7-Ethoxycournarin Deethylase Activity

The activity of 7-ethoxycoumarin deethylase in primary hepatocyte monolayer

cultures was determined by a moclification of the method of Greenlee and Poland

(1e78).

At each time point the incubation medium was removed for further analysis and

replaced rvith incubation mediurn containing 100 pM 7-ethoxycoumarin and 132

¡rM salicylamide. The acidition of salicylamide prevented the further conjugation of

the deethylated product, 7-hydroxycoumarin, as previously described by Grisham

(1979) and Thurmau & I(auffma.nn (1980), refer also Appendix G.

Monolayer cultures rvere incubated in the presence of 7-ethoxycoumarin and

salicylamide under standard cultrue conditions for 1 hour. After this incubation

period the rnedium rvas rapidly removed and the reaction immediately stopped by

tlre addition of 
-!tÀ 

volume 15% lw lv) TCA. Protein precipitated by the add-ition of

TCA rvas pelleted by centrifugation at 5000 xg for 5 minutes at RT. The metabolite,

7-hydroxycoumarin, was extracted from a 1 ml alicluot of the supernatant with 2 ml

of chloroform by vorteúng for 5 minutes and then centrifugation at 5000 xg for 5

minutes at RT to separate the organic and aclueous phases.

The aclueous layer rvas cliscarded and a 1 ml alicluot of the organic phase was
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re-extracted with 2.5 ml of 0.01 N NaOH/1 M NaCl for 10 minutes with vigorous

shaking and centrifuged, as previously described, to separate the phases. The flu-

orescence of the aqueous phase rvas determined at an excitation wavelength of 368

nm and an emission lvavelength of 456 nrn using a Perkin Elmer LS-5 luminescence

spectrometer (Perkin-Elmer, Buckinghamshire, England).

2.2.9.2 Aminopyrine Metabolism in Hepatocyte Suspension Cultures

Metabolism of aminopyrine rvas determined by measuring the formation of

formaldehyde by the procedure of Nash (1953). Incubations were carried out in

lrepatocyte suspension cultures (Section 2.1.4) with an initial aminopyrine concen-

tration of 5 m\4. Semicarbazide (4.1 mlvl) was also added to trap emitted formalde-

hyde. The reaction rvas stopped at the end of the appropriate incubation period by

the addition of frth volurne 15% (w /v) TCA. The resultant precipitate was spun

dorvn at 3,500 r.p.m. for 10 minutes. To 1.5 ml of Nash reagent rvas added 1.5 nl
of the supernatant, vortexed and incubated at 50oC for 15 minutes. Absorbance

was measured at 412 rtm using a Unicam SP1800 (Pye-Unicam Ltd., Cambridge,

England) within 15 minutes of the reaction being stopped.

2.2.9.3 Antipyrine Hydroxylase Activity in Hepatocyte Suspension Cul-

tures

Antipyrine hydroxylase activity was determined by the method of Bakke et al

(1e74).

Labelled laC-antipyrine rva,s added to suspension cultures of mouse hepatocytes

and incubated for a period of 15 minutes. The reaction was stopped by the addi-

tion of 0.4 ml 5\{ NaOH. The supernatant was extracted trvice with dichlorometh-

ane/ether/isopropanol (40:60:1) for 30 minutes and centrifuged at 1500 xg for 10

minutes. The organic phase rvas discarded and the remaining aqueous phase was

extracted rvith S ml of chloroform for 10 minutes and centrifuged to separate the
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phases. The remaining aclueous layer was removed and a 200 ¡tl aliquot was acidified

by the addition of 50 pl of glacial acetic acid and radioacivity dtermined by liquid

scintiilation (Beckman Licluid Scintillation Counter Model LS7500, CA' U.S.A.).

2.2.9.4 Ethylmorphine N-demethylase Activity in HHr Monolayer cul-

tures

A 25 ¡.ú alicluot of 200 mM ethylmorphine and 200 mM semicarbazide was

added to confl.uent cultures of HIII hepatoma cells per ml of incubation medium

and allorved to incubate for 60 minutes under stan.dard cell culture conditions (Sec-

tion 2.1.1). Collagenase harvested cells were precipitated with *I¿h volume 15%

(*/") TCA and centrifuged at 4000 xg for 5 minutes at R.f. A 0.8 ml aliquot of

tb.e supernatant was mixed rvith 2.2 ml Nash Reagent prepared daily. Colour \ri,as

allowed to develop by heating at 50oC for 10 minutes. Samples were cooled and

tlre absorbance was read at 4I2 tm using a Unicam SP1800 (Pye-Unicam Ltd.,

Cambridge, England).

A schematic representation of the assays carried out on primary monolayer cul-

tures in a typical expelimeutal plotocol is given in Figure 2'1.

2.3 Expression of Results and Statistical Procedures

Results have been presented as either the mean * s.e.m., unless otherwise

ildicated, when the number of independent samples (n) used in obtaining the figure

was 3 or greater, otherrvise, an avetage (n=2) was given.

Statistical analyses of generated data were performed to establish critical signif-

icance and, in general, did not assume a gaussian distribution. The data generated

was usually classified according to Siegel (1956) resulting in the use of the Friedman

2-way analysis of varialce for k-related samples distributed rvith an ordinal distri-

bution. Data was analysed using tlie SPSS' softrvare package (SPSS Inc., Chicago,
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Il., U.S.A.) on a VAX/VMS (Digital Equip. Corp., Maynard, MA, U.S.A.) com-

puter. Further statistical analyses, regarding both the ef,ñcacy of various medium

treatments on the maintenance of PSMO activity in uitro (Section 3.3) and the

effect of BSO on APAP-mediated cytotoxicity (Section 5.3), were carried out us-

ing the GENSTAT statistical package on VAX/VMS (ANOVA, Multiple Regression

Analysis). Where appropriate a logarithmic transformation of the data was used in

order to meet the required assumptions of the statistical procedure (Appendix H).

The null irypothesis, that any observed difference was attributable to chance, was

accepted if tiie significance level was found to be greater than p=0.05.
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Figure 2.1

S chemati c Represent ation of Prima.ry Hepato cyte
Monolayer Cell Culture Assay Protocol

The order in which assays were undertaken are
indicated (i.e. 1 - first, 4 - last).
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Chapter 3

Effect of Incubation Medium
Cornposition on Paracetarnol
Induced Cytotoxicity in
Prirnary Mouse Hepatocyte
Monolayer Cultlrres.
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3.1 Introduction

Many studies have implied that a complex relationship exists between nutri-

tional, hormonal and xenobiotic factors in the maintenance and modification of

hepatocyte function in uitro (\Mirthesohn & Barth, 1985; Sirica & Pitot, 1980). Of

particular importance is the retention of PSMO activity 'i,n uitro, the activity of

which is an obligate requirement for the expression of toxicity of many compounds

(Ekwall & Acosta, 1982). It is well established that PSMO activity markedly differs

between test systems and that a careful cholce of an appropriate in uitro screen-

ing system must be made to fully evaluate the toxicity of known or suspected

metabolism-mediated toxic compounds.

Although non-mammalian hepatocyte cell culture systems, e.g. chick embryo

hepatocyte, are uniquely characterised by a preservation of cytochrome P-450 ac-

tivity in uitro (.FJthats et a1.,1979) problems still exist as to the relevance of these

systems to human toxicology. In contrast, mammalian liver cell culture systems have

an extensive toxicological database but suffer from labile PSMO activity in uitro.

Maslansky and \Milliams (1982) have indicated that the most widely used cellular

toxicological screening systems, i.e. those derived from rat and mouse hepatocytes,

are aJ.so those which exhibit the most rapid decline in cytochrome P-450 content

during culture.

Three major biochemical modifications to cell growth medium have been pro-

posed to maintain PSMO levels at or close to those found i,n oi,uo. Firstly, a nu-

tritional imbalance in primary hepatocyte cultures results in reduced cytochrome

P-450 apoprotein and/or haem levels eventually lowering PSMO activity in uitro.

Many authors have supplemented growth media with additional factors to counter

this effect and treatment regimes of this type have provided any or all of the follorv-

ing:

1. precursors for haem biosynthesis e.g. 5-ALA (Guzelian & Bissell, 1976) or

haem itself (Engelmann et ø/., 1983),
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2. an increased arnino acid component in the incubation medium, or,

3. additional horrnonal supplementation (Decad et a1.,1977; Dickins & Petersen,

1eSo).

Secondly, the loss of PSIvIO activity in uitro has been attributed to an increased

rate of degradation of cytochrome P-450 apoprotein and that the addition of exoge-

nous compounds, in particular substituted pyridines, can prevent this breakdorvn.

Hockin & Paine (1983) have proposed that substituted pyridines act on cytochrome

P-450 via a ligand binding interaction thereby sterically hindering degradation of

the cytochrorne P-450 apoproteil.

Thirdly, the absence of medium cysteine and cystine has been empirically shorvn

to be associated with an increased level of PSMO activity in primary hepatocytes

during monolayer culture (Paine and }Iockin, 1980). The mechanism by which tliis

effect is believed to occur has not yet been elucidated (refer Section 1.3).

The aim of this chapt'el was to examine the efficacy of hormone or sulphydryl

amino-acid modifrcations of cell culture grorvth medium to preserve PSMO activity

in mouse hepatocyte rnonolayer cultures. The expression of APAP-induced cyto-

toxicity and APAP metabolism rvas also observed in order to validate the primary

mouse hepatocyte cell culture system as a suitable model for future studies.

3.2 Methods

The compositions of unmodifred RPI\II 1640 and both modified RPIvII 1640

media (CM-RPMI and HÀ'I-IìP\4I) are detaiied in Appendix B and Sections 2.1.6

k 2.1..5.

Hepatocytes were plated at 1x105 viable cells/cm2 on collagen coated Falcon

culture dishes as previously described (Section 2.L.7). Parallel series were incubated

in the presence of RPIvII 1640, HM-RPMI 1640 or CM-RPMI 1640 and a,llowed to
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adhere for 6 hours prior to the addition of 0.25 or 2.5 mM paracetamol in treatment

cultures. Control and APAP-treated cultures were assayed for cytotoxicity for up

to 72 hours at regular time intervals.

7-Ethoxycournarin deethylase rvas used as an index of PSMO activity based on

previous reports indicating that deethylation of this substrate is a sensitive assay

(Greenlee & Poland, 1978) which is catalysed by'several isozymes of cytochrome

P-450 each with distinct substrate speciflcities (Miwa et aL.,1984). The addition of

salicylamide (132 plvl) was included in order to prevent Phase 2 conjugation of the

deethylated product. Tlie efficacy of such treatment is outlined in Appendix G.

Most time points are the rÌìean, derived from 2 separate cell isolations, using

triplicate plates.

3.3 Results

A generalised decline in 7-etlioxycoumarin deethylase activity in control (no

paracetarnol) cultures to approxinately 20To of initial levels was observed within

24 hours of incubatiolL (Figure 3.1). None of the media were able to prevent the

overall decline in cellulal PSN{O activity. Nonetheless a slight, but statistically

significant, attenuation of this decline was observed for cells plated in both mod-

ified media in comparison to unmodifred RPMI 1640 (ANOVA; HM-RPMI 1640

vs. RPMI 1640 alone and CÀ{-RPMI 1640 vs. RPMI 1640 alone, p<0.001; Fig-

ure 3.1). A comparison of the trvo modified media indicated that HM-RPMI 1640

was the more efÊcacious trea,trnent, under the conditions employed in this study,

maintaining PSMO activity at a marginally higher level (ANOVA: RPMI 1640 vs.

HM-RPMI L640, p=Q.001; RPMI 1640 vs. CM-RPMI 1640, p:Q.001; HM-RPMI

1640 vs. CM-RPI\{I 1640, p:Q.Ql; Figure 3.1).

A differential response to APAP rvas observed in mouse hepatocyte monolayer

cultures which was dependent on the composition of the incubation medium (Fig-

ure 3.2). For example, a dose-related cytotoxicity to APAP was detected for cells
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Figure 3.1

7-Ethoxycomarin Deethylase Activity in Primary Mouse
Hepatocyte Monolayer Cultures Incubated in the presence

' of Differing Media. .

(Note: nonlinear scale, bars represent mean I s.e.m,
n:4-12 from 3 expts.)

RPMI 1640 -#

CM-RPMI 1640 --Gl-

HM-RPMI 1640 -+
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Figure 3.2

Leakage of Intracellular LDH into Extracellular Medium

' A. Unmodifred RPMI 1640

B. CM-RPMI 1640

C. HM-RPMI 1640

Control-NoParacetamol 4r

250 ¡t}d Paracetamol -1Þ
2.5 mM Paracetamol *

(Note: bars represent mean t s.e.m, n=3 from 2 expts.)
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Figure 3.3

Morphological Appearance of Primary Mouse Hepatocyte Monolayer
Cultures after 24 Hours of Exposure to Paracetamol.

Typical. fields of representative cultures under the follorving treatment
regimes at 300x magnification:

A. unmodified RPMI 1640 in the absence of paracetamol
B. CM-RPMI 1640 in the absence of paracetamol
C. HM-RPMI 1640 in the absence of paracetamol
D. unmodified RPMI 1640 I 0.25 mM paracetamol
E. CM-RPMI 1640 I 0.25 mM paracetamol
F. HM-RPMI 1640 I 0.25 mM paracetamol
G. unmodified RPMI 1640 I 2.5 mM paracetamol
H. CM-RPMI 1640 I 2.5 mM paracetamol
I. HM-RPMI 1640 I 2.5mM paracetamol
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TABTE 3.1

EFFECT OF INCUBATION MEDIUM COMPOSITION
ON THE METABOLISM OF PARACETAMOL in aitro

BY PRIMARY MOUSE HEPATOCYTES MONOLAYER
CUITURES.

APAP 0.25 mM t nmol 1 cells
IN U.
TIME
(hrs)

uc. A.HA.I,-G5TI
MTJAN 5-b;a{ M.TJAN SEM À4-UAN 5-þiM

a
RI
Po
Mn
Ie

24
48
72

67.8
124.5
141.3

5.27
24.4
17.4

7.2
15.1
22.0

0.02
0.8
0.4

33.1
36.0
39.1

0.6
0.4
2.r

CR
MP

M
I

24
48
72

36.5
106.9
129.5

6.1
L7.0
35.1

7.0
12.8
18.0

0.05
2.7
4.L

33
J,l
36

0
7
1

0.0
0.4
0.6

HR
MP

M
I

24
48
72

87.5
131.6
r57.2

20.9
12.9
23.6

7.6
15.6
24.6

0.07
1.9
2.r

33.5
Jð.O
41.1

0.1
0.7
1.0

APAP 2.50 mM (

a
RI
Po
Mn
Ie

24
48
72

56.8
123.0
155.4

18.9
23.5
24.6

9.9
18.2
23.0

2.0
3.2
1.3

34.9
37.3
39.5

1.1
0.4
1.1

CR
MP

M
I

24
48
72

46.0
t24.0
L37.5

6.9
25.8
43.4

10.0
15.5
20.8

2.2
1.6
0.4

33.2
36.2
40.2

0.7
0.7
1.3

HR
MP

M
I

24
48
72

ot
139
169

7
.1
.2

28.1
56.6
47.7

8.0
15.8
29.5

t.4
0.8
5.0

34.0
37.L
41,.1

0.5
1.5
1.6



ences between any of the incubation media used (Table 3.1). It would be expected

that the concentration of most APAP metabolites would increase for 2.5 mM APAP

treated cultures in comparisori to 0.25 mM APAP treated cultures. This was evident

for APAP-GSH formation with signifrcant dose-dependent increases in unmodified

RPMI 1640 cultures at 24 and 48 hours and for cultures incubated in CM-RPMI

1640 at 72 hours only. Horvevet, it must be stated that any APAP dose-related

increase in APAP-GSH metabolite formed in cultures, incubated in either of the

modified media, was minimal and certainly not of a magnitude expected with an

increase in added APAP of 10 fold (Table 3.1). This contrasts with later findings

presented in this thesis (refer Figure 5.6).

3.4 Morphological Characteristics of Hepatocytes Ex-
posed to APAP

Morphological characteristics rvere observed via photomicroscopy during the

course of incubation. The cellular phenotypic states, under differing treatments,

were subjectively interpreted at the time of treatment and tire findings are presented

below. Figure 3.3 represents typical plates under all treatment regimes at 24 hours

after exposure to APAP.

It was evident at 24 hours of incubation and at subsequent time points that

liver parenchymal cells incubated in RPMI 1640 alone had qualitatively the fewest

number of cells rema,ining a,dherecl to the monolayer. While it is considered to be

a late index of cellnlal viability and metabolic competance monolayer adhesion is

nonetheless sensitive and consistent rvith other indices of cellular viability. After

24 hours of incubation in this nrediun there rvas a discernable loss of typical liepa-

tocyte parenchyrnal cell morphology which included a loss of typical polygonal cell

shape and an inhibition of cell-cell contact with a consecluent lack of formation of

'tralreculae-type' structures in uitro.

The appearance of a marlied glanular cytoplasm rvas a,lso evident for monolayer
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cells incubated in unmodified RPMI 1640 without APAP after an incubation period

of 12 hours. This phenomenon r'¡/as apparent for the duration of the experiment with

the severity increasing with time in culture. For treatments where an observable

dose-related cytotoxicity to APAP was observed the incidence of granular cytoplasm

paralleled increasing APAP concentrations.

The greatest number of hepatocytes remaining adhered to the collagen substra-

tum was observed for monolayer cultures incubated in the presence of hormone mod-

ified cell culture medium. The gradual loss of typical parenchymal cell morphology

in HM-RPMI 1640 cultures was delayed, in comparison to unmodified medium, to

after 48 hours of incubation. Cell-cell contact was observed after this period but the

extent of formation of elaborate trabeculae-type structures was minimal throughout

the incubation period despite the development of some multicellular aggregations in

non-paracetamol treated cultures.

An increased number of cells remained adhered to the substratum at all time

points for cultures incubated in the presence of sulphydryl amino acid modified

medium (CM-RPMI) in comparison to unmodified RPMI 1640 medium. The for-

mation of trabeculae-like structures was apparent at between 48 and 72 hours of

incubation in cultures not incubated with APAP and appeared to be a direct con-

sequence of the maintenance of a liver parenchymal cell phenotype. Cells incubated

in the presence of either CM- or HM-RPMI 1640 were essentially comparable mor-

phologically.

The number of cells remaining adhered to the substratum was dose-related to

APAP for cultures incubated in both modified media with the development of cel-

lular aggregations between hepatocytes also being markedly inhibited by APAP in

a dose-dependent manner in the same cultures.
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3.5 Discussion

The preservation of hepatocyte function in aitro has generated much interest

and has been an active atea of research over many years with important ramifications

for the use of cell culture systems of this type in toxicological investigations. As a

result it is beneflcial to deterrnine factors contributing to the maintenance of normal

cellular function over an extended inculiation period.

Cellular PSMO activity rvas observed in this study to decline to approximately

20% of initial activity duling culture despite modifications to the cell culture medium

previously reported to maintain such activity at close to in uiuo levels (refer later).

Horrnonal and sulphydryl arnino-acid modifi.cations, as outlined by Decad ef

aL (1977) and Paine & Ilockin (1980) respectivd, were found to attenuate the

decline in activity malginally, but in a statistically significant manner (Figure 3.1).

It is of interest to note that the initiai study indicating that hormonal modification

of culture medium rvas effective in preventing the decline of cytochrome P-450 in

monolayer cultures (Decad et ul., 1977) measured the cytochrome P-450 content,

by the method of Omura and Sato (1964), at 24 hours only. Tirese authors failed to

elaborate on extended incubation periods.

The temporal changes in PSMO activity in this study, as judged by 7-ethoxy-

coumarin deethylase activity, are in agreement with work carried out by Dickens

and Petersen (1980) rvho found that hormone-modified cell culture medium had a

differential effect on 7-ECOD, BP-hydroxylase and 7-ethoxyresoruf.n O-deethylase

activities in primary lat hepatocyte monolayer cultures. Reported activities of these

eil.zymes rvere observed to decrease to approximately 40% of initial levels after 48

lrours of incubation in comparison to approximately 20% in the absence of any

medium modification.

In contrast, a conflicting stucly by Acosta eú a/. (1979) found that primary

rat hepatocytes plated on floating collagen filters and incubated in HM-modifred

medium were still susceptible to a temporally related loss of cytochrome P-450
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content, indicating a discernable variability betrveen different research groups in

the maintenance of PSIvIO activity in ai,tro. I{olme eú ø1. (1983) also examined

the cytochrome P-450 content and AHH and EM N-demethylase activities of rat

hepatocytes in monolayer culture and found a gradual decline in these parameters

to 10-15% of initial values over an extended incubation period of 96 hours which are

in accord with results presented in the current chapter.

A consensus appears that these various treatments modify but do not completely

prevent the observed PSIvIO declne in cultured rat hepatocytes. The present study

examined these media nodifications in relation to the mouse primary hepatocyte

culture system.

Primary mouse hepatocytes cultured in the presence of RPMI 1640 devoid of

cysteine and cystine rvere also obselved in this study to lose 7-ECOD activity in

comparison to other reports rvhich have used the rat hepatocyte cell culture system

(Paine & Hockin, 1980;Allen et a1., 1981; Paine et a1.,1982; Nelson & Acosta, 1982).

The first studies carried out in this alea are analogous to the situation already cited

for cultures utilising hormone modified media. Initial studies advocating sulphydryl

amino-acid modified media for the maintenance of PSMO activity in ui,tro presented

data on cytochrome P-450 content or activity at only one time point, usually 24

hours, (Paine & Hocliin, 1980; Allen et a\.,1981) rvithout further characterisation

of PSMO activity for extended periods in culture and relative rates of decline.

More recently, however, other studies have examined cytochrome P-450 content

in rat hepatocyte monolayer cultures over extended periods (Paine et aI., Lg82;

Nelson & Acosta, 1982). Paine et aI. (LgB2) have indicated that CM-medium alone

is not sufficient to preserve cytochrome P-450 content in monolayer cultures whereas

the latter authors suggest the reverse. The results presented here are in agreement

with tlrose of Paine et ul. (1982).

Despite an, as yet, incomplete understanding of the complex factors associated

witlr the retention of cellular oxidative capability in uitro several reports have in-

dicated that monolayer primary hepatocyte cultures are capable of metabolically
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activating proximate toxins to final toxicologically active species, e.g. aflatoxin

(Decad et a1.,1977), CCla (Paine & Ilockin, 1982), APAP and others (Acosta et aI.,

1980; Ekwall & Acosta, 1982).

Analysis of APAP and APAP metabolites released into the supernatant of cul-

tures used in these studies also indicates that primary mouse hepatocyte monolayer

cultures retain sufHcient metabolic capability to activate APAP, via oxidation, as

evidenced by formation of the APAP-glutathione metabolite. Cultured mouse hep-

atocytes rvere also observed in this study to metabolise APAP to the glucuronide

and sulphate conjugates.

Although dose-related cytotoxicity rvas observed for hepatocytes incubated rvith

both modifled media (Figure 3.2) of particular interest was a significant toxicity

observed fol cells incubated in the presence of 0.25 mM APAP. This concentration

is comparable to the lorvest plasma concentration associated with the formation of

centrilobular necrosis in fatal overdose victims (Prescott et a1.,1977) and is at least

an order of magnitude lorver than the concentrations of APAP used in other in uítro

studies (Hue eú ø/., 1985, Ilarma,n & Self, 1986).

Th.e onset of significa.nt dose-related cytotoxicity in CM-RP\4I 1640 and HM-

RPI\fl 1640 cultures, clearly evident a,t 48 hours after initiai challenge with APAP,

is also commensurate rvith in uiuo chalacteristics of paracetamol overdose situations

where irreversible chauges in liver function are generally observed some time after

paracetamol ingestion (Prescott et a\.,, 1977).

In conclusion, the results obtained from this, a,lbeit preliminary, study provided

impetus to pursue investigations into the mechanism of APAP-induced toxicìty util-

ising the prirnary mouse hepatocyte monolayer cell culture system as a potentially

predictive model for human toxicity.
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Chapter 4

Effect of DtM on
APAP-induced Toxicity in
Prirnary Mouse Hepatocyte
Monolayer Cultures
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4.I Introduction

The critical importance of intracellular reduced glutatlúone (GSH) as a pro-

tective agent in reactive metabolite mediated toxicity was a major concept that
emerged from early studies in the laboratory of Dr. Brodie (Mitcheil et a\.,1973b).

Numerous studies have documented the pivotal role that GSH has in determining

the extent of toxicity of a wide variety of structurally diverse metabolically-activated

compounds both in uiuo and in uitro. Examples include paracetamol (Mitchell ef

a/., 1985; Spielberg & Gordon, 1981a), the naphthoquinones (Miller et aL.,1986b),

styrene (Zitting et al., 1980), vinylidene (Leibler et aI., 1985) and many others

(Ekstrom & Hogberg, L980; Cassini et a1.,1982).

These and other studies have lead to the proposition of the 'alternative nucle-

ophile' concept for the molecular action of glutathione intracellularly. Simply stated

this concept requires that GSII act as an intracellular 'buffer' aga.inst the attack and

damage to essential protein sulphydryl groups by toxic alkylating intermediates or

by active oxygen species genelated during redox cycling. Recently, the localisation

of such damage to a crucial cellular function has been proposed by several stud.ies

as a unifying concept in molecular toxicology (refer Chapter 7).

A logical colollary is that the artificial modification of intracellular concen-

trations of GSI{ by various methods should alter the susceptibility to toxicity of

metabolicaliy-activated cornpounds. Ample evidence does suggest that this is in
fact tlre case (I(hairy et al.,1983; Section L.5), although the evidence is not neces-

sarily conclusive. For example, l\filler et ø/. (1986a) found that although starved

hamsters had a marliedly elevated hepatic GSH content the susceptibility of these

animals to APAP was also increasecl. This anomolous lack of protection could not

be attributed to an altered metabolic disposition of tlie drug in starved animals

when compared to fed animals.

The principal aim of the studies reported in this chapter was to examine the effect

of DEM pretreatment on APAP-induced cytotoúcity for the primary hepatocyte
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monolayer test system and to attempt to correlate any modifrcations in toxicity rn

aitro wití reductions in the cellular content of reduced glutathione.

4.2 Methods

Hepatocytes isolated by collagenase perfusion (Section 2.1.1) were plated at a
concentration of lx10s viable cells/cm2 on collagen-coated. Falcon culture flasks and

incubated in HM-RPMI 1640 medium for up to T2 hours.

Ilepatocytes were incubated rvithout cliallenge for 6 hours after plating to allow

cellular adherence to the substratum. Initial viability parameters (see later) were

assessed at 0 and 4 hours post-isolation. Monolayer cells were washed with fresh

incubation medium at 6 hours and DEM added at 7 hours to give a final concentra-

tion of either 0.55 or 2.72mM in treatment cultures. Cultures wereincubated for a
further hour in the presence of DEM prior to the addition of APAP at concentra-

tions of 50, 100 or 200 ¡.rM. The incubation medium was replenished at I0,24, 4g

ar'd 72 hours with the appropriate maintenance of either DEM or APAP treatment

or both.

7-Ethoxycoumarin deethylase activity \\ras measured as previously described in
Section 3.3 in tb.e presence of I32 ¡rM salicylamide to inhibit further Phase 2 con-
jugation of the deethylated product.

Assays for cytotoxicity in culture were.undertaken at 4, 6r L0,24,4g & z2 hours
post-plating. Cellular viability was assessed during the course of the incubation
period by examination of LDH leakage into tire medium and quantification of the
number of hepatocytes rot adhering to the monolayer (Section 2.2.L). Cellular GSH

were measured by the fluorimetric method of Hissin and Hilf (1976) as verified by

Jones et aI' (1979), Section 2.2.6. Results were expressed as the amount of reduced

GSH, in nanomoles, recovered from 106 cells.
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4.3 Results

Ethoxycoumarin deethylase activity in monolayer hepatocyte cultures was ex-

amined for the frrst 72 hours and was observed to undergo a rapid decline, as previ-

ously noted in Section 3.3, to a basal level of approximat ely 20% of maximum after
24 hours (Figure 4.1). DEM, added 7 hours after plating and present in treatment
groups throughout the course of the experiment, was not observed to reduce ECOD
activity in culture in any dose-related manner (Table 4.1).

A significant dose-related APAP cytotoxicity, as evidenced by an increase in
both the leakage of intracellular LDH and the number of cells remaining adhered

to tlre monolayer (Figures 4.2 and 4.3), was apparent for cultures exposed to both
100 pM and 200 ¡rM concentrations of APAP. It was apparent that the leakage of
LDH from cells not exposed to APAP was less in these studies in comparison to
previous work. This enabled the cellular toxicity to APAP to be detected at much
lower concentrations, refer Chapter 3. A least significant diflerence (tSD) extension

of the Friedman ANOVA of the data presented in Figure 4.3 also suggested that lorv

concentrations of APAP had an observable effect on cellular substratum adherence.

APAP, at a concentration of 50 ¡llvI, was able to significantly decrease the number
of cells remaining adhered to the monolayer after 24 hours. The ability of primary
hepatocytes to adhere to the substratum thereby represented. a sensitive assay for
APAP effects at lorv doses (Figure 4.3).

The cellular morphology of APAP treated cultures was subjectively monitored
by photomicroscopy (Figure 4.4). The viabiüty of hepatocytes attached to the
monolayer was assessed by uptake and metabolism of INT and. exceeded gg% after
4 lrours in culture (Figure 4.48). As previously noted (Chapter B) a dose-related
cytotoxicity to APAP, evident as a decrease in the number of attaclied cells and an

increase in the amount of cellular debris, was observed, at 24 (Figure 4.4H-I(),4g
(Figure 4.4L-O) and T2 hours (Figure 4.4P-S). A similar decline was also observed in
control, i.e non-APAP treated, cultures although the effect rvas not as pronounced
(Figure 4.4D,II,L,P).
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Figure 4.1

7-Ethoxycoumarin Deethylase Activity of Control Primary
Mouse Hepatocyte Monolayer Cell Cultu¡es.
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Table 4.1

Effect of Diethyl Maleate on the Metabolism of 7-Ethoxycoumarin
in Primary Mouse Hepatocyte Monolayer Cell Cultures.

Incubation

Time

(hours)

7-ECOD Activity

(pmol/106 viable cells/min; + SEM)

0 mM DElvf 0.55 mM DEN{ 2.72 mM DEM

0 1e0.5(1.2)

4 113.4(2.1)

10 63.3(o.e)

24 46.7(0.5) 43.0(2.0) 40.8(0.8)

48 43.44(0.5) 44.8(0.66) 45.e(0.6)

72 44.6 48.e(2.4) 46.e(1.6)



Figure 4.2

Effect of Paracetamol and/or Diethyl Ma.leate on Primary
Mouse Hepatocyte Viability as Evidenced by the Leakage of

Intracellular LDH in Primary Monolayer Cell Culture.

A. No added DEM

B. 0.55 mM DEM

C.2.72 mM DEM

Control (0 pM APAP)

50 pM APAP

100 ¡^rM ÄPAP

200 pM APAP
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Figure 4.3

Effect of Paracetamol on Mouse Hepatocyte Adherence to
Cell Culture Substratum during Primary Monolayer Cell

Culture.

Control (0 ¡rM APAP)

50 ¡rM APAP

100 ¡rM APAP

200 ¡rM APAP
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Figure 4.4

Morphological Analysis of Primary Mouse Hepatocyte Cell
Cultures Exposed to APAP.

Typical frelds of representative cultures under the foliowing
treatment regimes at 300x magnification:

Legend:
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Figure 4.5

Influence of DEM on APAP-induced Leakage of
Intracellular LDH in Primary Mouse Hepatocyte Monolayer

CelI Cultures.

A. Control (0 pM APAP)

B. 50 ¡rM APAP

C. 100 pM APAP

D. 200 ¡rM APAP

Control (0 mM DEM)

0.55 mM DEM

2.72 mM DEM
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An analysis of the intracellular LDH leakage data, from a DEM concentration
perspective, indicated that the addition of DEM had no pronounced effect on pri-
mary mouse hepatocyte cultures per se and was not observed to significantly alter
the dose-related toicity to APAP in uitro (Figure 4.5).

These results were further reinforced by an anaJysis of the cellular GSH con-

tent of the cultures. Although monolayer or cellular GSH decreased in a significant
dose-related manner in the presence of increasing concentrations of APAP (50-200

¡^rM), Figure 4.6, the same data indicated the lack of a dose-related DEM effect on

total cellular GSH during the first 48 hours in culture (Figure a.Z). This was d.e-

spite a significant dose-related decrease in the total cellular GSH content observed

in isolated mouse hepatocyte suspension cultures during studies to assess the tem-
poral relationship of DEÌ\{-mediated GSH depletion intracellularly (Appendix D).
It should be noted that the initial total cellular GSH content of up to 15 nmol/106
cells, has been pleviously reported as an average estimate of GSH content after
mouse hepatocyte isolation (Moldeus, 1gZ8).

4.4 Discussion

Anders examined the effect of DEM on the activity of cytochrome P-4b0 in the
microsomal fraction of rat hepatocytes and found both an increase in AHH activity
at low DEM concentrations and an inhibition of activity at higher concentrations
(in excess of 2mM). The apparent lack of any DEM effect in the present study
(Table 4.1) may represent a compartmentational effect occurring as a consequence

of DEM being added to rvhole cells, i.e. the addition of 0.55 and,2.72 mM DEM may
be insufrcient to reach the ER compartment at concentrations which are inhibitory
to cytochrome P-450 activity.

The apparent lack of any discernable DEM-related effect on APAP-induced cy-

totoxicity itt uitro is at odds with the majority of investigations previously carried
otú in u'iuoand in hepatocyte suspension cultures (Anundi et al.r 1g7g; Davis et aL,
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Figure 4.6

Effect of APAP on the Cellular GSH Content of Primary
Mouse Hepatocyte Monolayer CelI Cultures.

A. No added DEM

B. 0.55 mM APAP

C.2.72 mM DEM

Control (0 ¡rM APAP) :41-
50 ¡rM APAP -{-
100 ¡rM APAP 
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200 ¡.rM APAP --*
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Figure 4.7

Influence of DEM on APAP-induced Depletion of Cellular
GSH Content of Prima¡y Mouse Hepatocyte Monolayer Cell

Cultures.

A. 0 pM APAP

B. 50 ¡rM APAP

C. 100 pM APAP

D. 200 ¡rM APAP

Control (0 mM DEM)

0.55 mM DEM

2.72 mM DEM
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1974; Potter et a1.,1974; Wendel et a1.,1982). The absence of a DEM dose-related

decrease in the total cellular GSH content over the 48 hour assay period is also at

variance rvith the significant effect of DEIVI at 0.55 mM and,2.T2 mM which pro-

duced a dose-dependent decrease in cellular GSH in suspension cultures supported

in identical incubation medium (Appendix E).

Recently Morrison et a/. (1983) have shorvn that rodent monolayer hepatocyte

cultures are capable of resynthesising intracellular GSH, depleted during the cell

isolation procedure, to greater than that of freshly isolated cells. This resynthesis

of intracellular GSH stores is believed to aid cellular attachment to the culture
substratum and also mirrors an increased metabolic competance in uitro (Vina ef

aL,1978).

A replenishrnent of cellular GSH has been observed in the mouse hepatocyte

cultures used in the present study where an increase in monolayer GSH content was

evident during the 4 to 6 hour peliod after plating (Figure a.6). The time-course of
this increase in intracellular GSH concentration is commensurate with that already
described by \4orriso:n et al. (1983). Certainly the cell culture medium used in
these studies provides an ample source of sulphydryl amino acid. precursors for glu-
tathione synthesis. Elevated levels of intracellular GSH may potentially contribute
to a reduced response to APAP because of an increased amount of GSH available
for conjugation with NAPQI after tlie metabolic activation of ApAp.

Previously published evidence also suggests that the ability of hepatocytes to
resynthesise GSH may be dependent on the culture method employed, i.e suspeision
velsus monolayer cell culture systems (Morrison et al.r lgg3). Tliis, in turn, may
determine the extent of DEM-mediated depletion of cellular GSH, a critical factor
in the magnitude of the toxic response to a particurar d.ose of ApAp.

The occurrence of distinct intracellular GSH pools in the mitochondria and cy-
toplasm, being L5% and 85% respectively, has been known for some time although
the importance to toxicology has become increasingly more obvious. Meredith and

Reed (1982, 1983) have suggested that depletion of the cytosolic GSH pool is not
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as sensitive an indicator of cellular toxicity as depletion of the mitochondriaf GSH

pool. Evidence presented by these authors has implied that the maintenance of

mitochondrial GSH is critical for protection of cellular injury caused by ethacrynic

acid (Meredith & Reed, 1982) and adriamycin/BCNU (Meredith & Reed, 1983).

Although a decrease in cellular GSH to, at most, 40% of initial levels was ob-

served during the 48 hour assay period (Figure 4.6) any DBM-mediated depletion

of cellular GSH appeared of insufrcient magnitude to alter important mitochondrial

stores of GSH thereby potentiating cytotoxicity. The subcellular distribution of

GSH under the conditions outlined was not examined in this study but may be of

particular interest in future investigations. The possibilty a,lso exists ttrat the DEM

added to cultures was rapidly conjugated and/or metabolised thereby compromising

its efficacy as a GSH depletor ovel an extended period.

In order to more fully examine the role of cellular GSH in cytotoxicity and

circumvent the apparent resiüence of primary mouse hepatocyte monolayer cultures

to the actions of DEM an extension of these studies was undertaken utifising a more

specific GSH depleting agent acting at the level of GSH synthesis. These findings

are presented in the follorving chapter.
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Chapter 5

Effect of BSO on
APAP-induced Toxicity in
Prirnary Mouse Hepatocyte
Monolayer Cultures
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5.1 Introduction

Inherent drawbacks associated with the use of GSH depleting agents which
conjugate or oxidise GSH (including DEM, diamide and iodoacetamide) are the
potential rapid resynthesis of GSH to control levels (I{osower eú a/., 1g6g; Hogberg

& Kristoferson, 1978) and alterations in the activity of Phase 1 drug metabolism
(Anders, 1978). Both of these factors are important in the determination of the
final extent of cellular toxicity mediated by reactive metabolites.

The analysis of GSH function in toxicity has been limited by the use of such

agents, consequently the development of more specific depletors of cellular GSH

content h,ave allowed further elucidation of this important function. These agents,

derivatives of methionine sulphoximine, are known to act at the level of GSH synthe-
sis with high specifrcity resulting in a greater depletion of this thiol over an extended

period. GrifÊth and Meister (1979a) were the first to shorv that Dl-buthionine-SR-
sulphoximine (BSO) is a potent and specific inhibitor of 7-glutamylcysteine syn-

thetase (7-GCS), the rate limiting step in GSH synthesis.

The mechanism of BSO action is that of suicide substrate inhibition of 7-GCS
being a result of the formation of a high afÊnity enzyme-BSO complex after the
initial metabolism of BSO (Grifrth, 1982). Sub-cellular systems indicate that in-
hibition of tl're enzyme is extremely rapid (t' = 11 sec.) and irreversible (Griffith,
1e82).

Observations into the pharmacology and toxicology of BSO suggest that the com-
pound lras very little toxicity in uiuo, in comparison to higher molecular weight ana-
logues, and undergoes some biotransforrnation in uiuo (Griffith & Meister, lg7gb).
For example, such studies have reported that radiolabel from 35S-BSO was com-
pletely recovered in the urine of mice or rats within 24 hours after oral or intraperi-
toneal administration of which 60% ¡emained unchanged and g0% of the remaining
metabolite fraction was tentatively identified as the N-acetyl derivative (Griffith,
1e82).
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The low toxicity of BSO contrasts with studies suggesting that DEM itself has

residua'l effects in whole cell preparations. For example, Stacey & Priestly (1928)
and Anundi et al. (1978) have reported that DEM treatment alone resulted in cell

death rvith prior associated alterations in normal cellular biochemistry. It must
be stated, however, that other studies have indicated DEM pretreatment alone is

insuffcient to elicit a cytotoxic event in hepatocytes (Meredith & Reed, 1gg2; I(u
& Billings, 19S4)' These contradictory findings are at present unresolved but may
be due predominaltly to the dose of DEM used.

Tlrere appears to be little documented efect of BSO on PSMO activity in uiuo.

White eú ¿/. (1984) have reported that intraperitoneal administration of BSO (2
mmol/kg) not only signifrcantly decreased non-protein sulphydryl content in male
B6C3F1 mice rvithin 2 hours but also had no discernible action on a wide variety
of hepatic and cytosolic enzyme activities including benzphetamine N-demethylase,

ECOD and biphenyl 2- and 4-hydroxylase. Studies such as tlús have indicated that
BSO is a potentially useful agent for the study of GSH action in metabolically
activated xenobiotic toxicity both fn aíuo and i,n uitro.

The aim of the current study was to examine the efrcacy of BSO pretreatment,
in relation to that already observed for DBM, in the potentiation of APAp-induced
cytotoxicity in primary mouse hepatocyte monolayer cultures.

5.2 Methods

Hepatocytes isolated by collagenase perfusion from male mice as previously
described (Section 2.L.7) rvere plated at 1x10d viable cells/cm2 in HM-Waymouths
MB-75211medium on collagen coated Falcon culture dishes and allowed to adhere
to the monolayer for 24 hours prior to the addition of 0.1 or 1.0 mM BSo in 0.5%
(v/v) DMSO. These experiments were und.ertaken in HM-\Maymouths MB 75211
rather than HM-RPMI 1640 because of increased cellular viabil-ity throughout the
culture period.
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APAP, ranging from 50 to 250 ¡"rM, was added according to Section 2.1.1 after
a further 4 hours of incubation. The addition of APAP after 4 hours of BSO pre-

treatment was based on previous studies indicating maxima^l depletion of cellular
GSH in hepatocyte suspension cultures with 0.1 to 5.0 mM BSo (Dr. R. Drew,
pers com,rn ). BSO was the kind gift of Dr. R. Drew as originally supplied by the
Chemical Dynamics Corp. (South Plainûeld, NJ.).

Appropriate assays for cellular viability and other biochemical indices were uÐ.-

dertaken at regular intervals during tire incubation period of. L44 hours (Figure 5.1).
The protease inhibitor, PMSP, rvas added at I20 hours to a final concentration of 10

pM in order to examine any effects of released intracellular protease activity on mea-

sured parameters of cellular function and toxicity. The measurement of glutathione
conjugates of APAP was undertaken as previously described in Section 3.2.3.

5.3 Results

A significant dose-related APAP toxicity, as measured by the release of in-
tracellular LDH, rvas observed in a^ll cultures in the presence or absence of BSO
pretreatment (Figure 5.1). A least scluares diference (tSD) extension of the Fried-
man ANOVA indicated that a significant increase in LDH release above control was
only found in 100 ¡,rlvl and 250 p,M APAP treated. cultures. A toxic effect fo¡ 50 ¡rM
APAP cultures was not detected (refer Discussion).

An interactive, i.e non-additive, effect of BSO treatment on ApAp-induced cy-
totoxicity in uitro was examined using the technique of multiple regression analysis
(Appendix H, Section 2.3). The magnitude of intracellular LDH release was ex-
pressed as a function of the concentration of APAP, the concentration of BSO and
incubation time. The model of "best fitt' for LDH release over time was found to
incorporate both a significant interactive effect between BSO and ApAp (ANOVA,
F=9.324, p<0.001) and a signifrcant quadratic term for incubation time (ANOVA,
F=67.83, p<0.001). Both terms are indicative of the non-linear nature of the data.
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Figure 5.1

APAP-induced LDH Leakage in Primary Mouse Hepatocyte
Monolayer CeII Cultures in the Absence or Presence of

Varying Concentrations of BSO

A. Control (0.0 mM BSO)

B. 0.1 mM BSO

C. 1.0 mM BSO

Control (0 ¡rM APAP)

50 ¡^rM APAP

100 pM APAP

250 pM APAP
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An examination of the type of interaction between BSO and APAP, using this tech-

nique, indicated that an increase in APAP-mediated LDH release was apparent for
cultures incubated in the presence of 250 pM APAP and 0.1 mM BSO and also for
100 and 250 ¡t'M APAP in the presence of 1.0 mM BSO. The extent of LDH release

under these circumstances was in excess of that expected from an additive toxicity
due to APAP and BSO separately. These results were confirmed by an analysis of
the areas under the curves for the various treatments (Table 5.1). BSO was found

to increase LDH release by only a modest 14% in 250 p,M ApAp and 0.1 mM BSo
treated cultures. A 36% and 38To inc¡ease above control in 100 and 250 pM APAP
cultures, respectively, was detected in the presence of 1.0 mM BSo (Table 5.1). At
the lower concentration, a 50-60% reduction in the ratio of AUC was suggestive of
a protective interaction, although the ANOVA showed that there lvas no statistical
significance to the interaction at this dose level.

A significant dose-dependent cytotoxicity attributable to BSO per se was ob-

served in cultures not treated with APAP (Figure 5.24). The addition of the pro-

tease inhibitor, PMSF, at the 120 hour change of medium produced little difference

in the LDH activity of cultures at I44 hours in comparison to the LDH activity
of identical treatment groups at 120 hours (Figure 5.1, Figure b.2). This finding
suggests that the intracellular LDH released into the medium was not subjected to
extensive protease digestion.

An analysis of the monolayer GSH content indicated a significant APAP dose-

related depletion for control cultures and those treated with 0.1 and 1.0 mM BSO

(Figure 5.34-C). Evident with increasing concentrations of BSO was a depletion of
control cellular GSH content, maximal at approximately 6 hours after BSO addition
and with a duration of action of under 29 hours. A 'rebound' synthesis of GSH during
the period 48 to 96 hours was apparent for 1.0 mM BSO, particularly in cultures
incubated without APAP (Figure 5.gB-C).

A marked decrease in cellular GSH content at l20-I44hours may be indicative of
the degree of culture hepatocyte necrosis at this late stage of culture since the extent
of depletion is dependent on both APAP and BSO concentrations (Figure 5.a). An
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Table 5.1

Effect of the Addition of BSO on the Rea,lease of Intracellular LDH into the
Medium

BSO
Concn.
(-M)

APAP
Concn
(pM)

Area
under curve

(AUC)

AUC
minus

AUC¡p¡p Cont¡ot

Ratio (for each APAP Conc.)
AUCgso o.7mM o¡ l omtr

AUC¡so controt

0.00
0

50

100

250

5424.6
8674.1
9188.9
12737.2

3249.5
3764.3
67L2.6

0.10
0

50
100

250

11,557.7

13068.4
13203.0
19230.8

1510.7
1645.3
7673.0

0.47
0.44
T.I4

1.00
0

50

100

250

t373t.2
14933.5
18850.1
2302r.1

7202.3
5118.9
9290.0

0.37
1.36
1.38



Figure 5.2

Effect of BSO on APAP-induced LDH Leakage in Primary
Mouse Hepatocyte Monolayer Cell Cultures

A. Control (0.0 pM APAP)

B. 50 ¡rM APAP

C. 100 ¡rM APAP

D. 250 ¡rM APAP

Control (0.0 mM BSO)

0.1 mM BSO

1.0 mM BSO
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Figure 5.3

Influence of APAP and BSO on the Cellular Content of
Reduced Glutathione

A. Control (0.0 mM BSO)

B. 0.1 mM BSO

C. 1.0 mM BSO

Control (0.0 pM APAP)

50 pM APAP

100 pM APAP

250 p,M APAP
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examination of the cellular morphology of cultures throughout the incubation period

suggested a near total necrosis at later incubation periods particularly in cultures

treated with high concentrations of APAP and BSO (Figure 5.5).

An analysis of the monolayer GSH content, from a BSO perspective, indicates a

significant BSO dose-related depletion of intracellular GSH in all cultures exposed to
BSO (Figure 5.4). Dose-related decreases in cellular GSH attributable to BSO are

evident up to 29 hours after initial exposure (Figure 5.a). This duration of action of
BSO is in agreement with previous in uiao rodent studies showing a marked depletion

of liver non-protein sulphydryls within 2 hours of administration and apparent total
metabolism and excretion of BSo within 24 hours (White et al., 1g84; Griffith,
1e82).

Associated with an APAP-mediated decline in cellular GSH content was the
appearance of the APAP-GSH conjugate in the extracellular medium. The con-

centration of extracellular GSH conjugate increased in a dose-related manner with
increasing doses of APAP added to the medium. This was most readily discernible

between the 250 pM and 100 pM APAP treatment cultures incubated in the absence

of BSO (Figure 5.64). A BSO dose-related inhibition of the absolute amount of GSH

conjugate formed and released into the medium was observed for each dose of APAP
and especially for cultures incubated with 250 ¡tM APAP (Figure 5.6). The addition
of BSO also tended to inhibit the APAP dose-related increase in extracellular GSH
conjugate (Figure 5.64&B).

Extracellular GSSG was measured to determine the extent of oxidative stress

placed on cultured cells during exposule to APAP and to the combination of APAP
and BSO' A significant dose-related release of'GSSG occurred when cultures were

exposed to increasing concentrations of APAP (Figure 5.74) and a release of GSSG

was also evident in untreated cultures during the incubation period. This appears

consistent with the observations of Eklow eú a/. (1981) using rat hepatocyte sus-

pension cultures. Although Figures 5.7BkC also indicate a significant difference

in the release of GSSG into the medium between all APAP treatment groups the
effect is not as readily discernible with 0.1 and 1.0mM BSO pretreatment. BSO per

bl)





BA

25

30

5

30

5

0

h'o

30

25

20

15

10

5

tr
L a'zo
o(Do()
-(o
8.úts
-Eãfc

I s''o

00

Friedman ANOVA

p=.o7

20 40 60 80 100 120 140

Friedman ANOVA

p=.015

Å+ 
to 40 60 80 100 120 140

Friedman ANOVA

p=.02

Friedman ANOVA

p=.005

40 60 80 100 120 140
lncubatlon Time (hrs.)

0

4
BSO

c

BSO
APAP

D

25

30

25

20

15

10

Éøzo
5E
O¡9
ä4rso:
rSõo
rÈ=-õe10
C)

5

0
40 60 80 100 120 140

lncubation Tlme (hrs.)
ss6 APAP



Figure 5.5

Morphological Characteristics of Primary Mouse
Hepatocytes in Monolayer Culture Exposed to APAP, BSO

or both.

Typical fields of representative cultures under the following
treatment regimes at 300x magnification:

Legend:

At 48,96 & 120 hours

ø.

APAP 0 ¡rM

BSO 0 mM

b.

APAP 0 ¡rM

BSO 0.1 mM

c.

APAP 0 pM

BSO 1.0 mM

d.

APAP 50 ¡^rM

BSO 0 mM

e.

APAP 50 ¡^rM

BSO 0.1 mM

Í.

APAP 50 ¡rM

BSO 1.0 mM

g-

APAP 100 ¡rM

BSO 0 mM

h.

APAP 100 pM

BSO 0.1mM

2.

APAP 100 ¡rM

BSO 1.0 mM

J.

APAP 250 p,M

BSO 0 mM

k.

APAP 250 p,M

BSO 0.1 mM

t.

APAP 250 ¡tM

BSO 1.0 mM
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Figure 5.6

APAP-GSH Formation in Primary Mouse Hepatocyte
Monolayer Cell Culture.

A. Control (0.0 mM BSO)

B. 0.1 mM BSO

C. 1.0 mM BSO

50 pM APAP

100 ¡rM APAP

250 p,M APAP
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Figure 5.7

GSSG Efrux into the Extracellular Medium in Primary
Mouse Hepatocyte Monolayer Cell Cultures

A. Control (0.0 mM BSO)

B. 0.1 mM BSO

C. 1.0 mM BSO

Control (0.0 ¡rM APAP) -{l-
50 ¡rM APAP *
100 pM APAP ---f
260 ¡.tM APAP -#
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se significantly increased, in a dose-dependent manner, the release of GSSG from
both control cultures (basal release) and 50 pM APAP treated cultures (Friedman

ANOVA; p<0.025 and p<0.05 respectively). This BSO effect was not evident for
100 pM and 250 pM APAP treated cultures (refer Discussion).

An unexpected finding was the marked dssline in the disulphide released after an

incubation period of. L20 hours. PSMF, a protease inhibitor included to determine

the extent of LDH activity subject to proteolytic degradation, was observed to
effectively reverse the decline in GSSG levels after this period (Table 5.2).

5.4 Discussion

A slight, but statistically significant, increase in APAP-mediated cytotoxicity pro-

duced by BSO, beyond the level of additive toxicity, has only been shown for the
higher concentrations of APAP in the current set of experiments (Section 5.2, Table

5.1). Nonetheless, these findings support studies which have a,lso shown an increase

in APAP toxicity both in uiuo and in uitro with the use of this compound. Miners
et al. (1984) have presented data indicating that the LD56 of APAP in male CBH
mice is decreased, from 295 mg/kg in controls to 110 mg/kg in treated animals, with
prior administration of BSO.

The apparently negative interaction between APAP and BSO at the lowest
APAP concentration is not consistent with the rest of the data which shows the
expected synergistic effect. Howevet, a least squares difference (tSD) extension
of the Fhiedman test indicates that the release of LDH from these cultures was

not significantly different from control, i.e. non-APAP, treated cultures. This may
therefore represent the limit of sensitivity of the primary mouse hepatocyte culture
system to APAP in the current study. The extent of the BSO-mediated increase
in APAP-induced LDH leakage (approx. 38% above the appropriate controls, Ta-
ble 5.1) was marginal' The lack of a greater BSO effect may have been attributable
to the level of LDH release, which reaches a plateau in the latter stages of incubation,
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Table 5.2

Efect of the Addition of the Protease Inhibitor, pMSF, on
Extracellular GSS G Concentration.

APAP
Concn
(¡rM)

BSO
Concn.
(nM)

Medium GSS Concentration
ml

Incu tion Time (hours
96 I20 144

+PMS

Control
0

0.1

1.0

0.88
0.98
2.L8

0.20
0.31

0.53

1.30
1.66
L.78

50
0

0.1
1.0

1.31
L.77
1.61

0.41

0.48
0.80

1.86
2.36
L.97

100
0

0.1

1.0

1.69
2.L7
2.00

0.63

0.71

0.85

1.97
L.92
2.L8

250
0

0.1

1.0

2.O7
2.20
2.20

0.82
0.84
7.47

1.78
2.30
2.26



suggesting that LDH release is maximal. Indeed, the addition of.0.5% (v/v) Triton
X-100 to primary mouse hepatocyte cultures incubated for six hours under, similar
conditions to those described in Section 5.2, was found to release 508 + I02IU lml.
(mean t s.e.m) of LDH into the incubation medium. This compared with a physical

disruption of cultured mouse hepatocytes under similar conditions (Ultra-Turrax,
30 secs.) resulting in the release of B4B + 11.5 IU/ml. of LDH extracellularly.

Hue eú ø/' (1985) have also reported the appearance of toxicity in primary rat
hepatocyte monolayer cultures with cells prepared from PB-induced animals. Cyto-
toxicity, evident at 24 hours after a 6 hour exposure to 10 mM ApAp, was slightly
potentiated by prior exposure to 0.05 mM BSO. These workers also indicate that
the advent of toxicity was associated with a decline in endogenous GSH levels by
70To (Hrc et aL,1985). In contrast to the investigations presented here, Hre et al.
(1985) were only able to show evidence of toxicity to 10 mM ApAp in the rat hep-
atocyte cell culture system (with or without BSO), a concentration approximately
two orders of magnitude greater than plasma concentrations normally associated

with liver injury to APAP in humans.

The rate of development of cytotoxicity for cultures exposed to APAp was com-
mensurate with that previously observed (Section 4.3) with no obvious changes in
this parameter evident with BSo pretreatment (Figure 5.1). Both the work of
Hue eú a/' (1985) and the work presented here are commensurate with the known
rate of development of symptoms to APAP-induced toxicity in aiuo. This compares
favourably with the hepatocyte suspension culture system whose limited viability er
uiuo is inappropriate for the modelling of toxic eflects which occur ovel an extended
period of time (e.g. Acost a et a\.,1980).

The study of Hue et al. (7985) also alludes to a toxic concentration of BSO at
greater than 0.05 mM (data not presented). This is supported by the current inves-
tigation indicating a significant dose-related increase in the extent of LDH leakage
to 0.1 and 1.0 mM BSo per se (Figure 5.2A'). Recently Ross eú a/. (19g6), utilising
substituted naphthoquinones, have suggested that severe oxidant stress alone may
be sufficient to elicit todcity in isolated hepatocytes, implying that depletion of en-
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dogenous GSH itself may result in decreased cellular viability, as has been previously
observed (Stacey & Priestl¡ L978; Anundi et aL,19Z8).

Intracellular concentrations of GSH were observed to significantly decrease with
increasing concentrations of APAP, in particular 100 and 250 p,M, in a,lt BSO treat-
ment regimes (Figure 5.3). BSO concentration was also observed to have a significant
effect on endogenous GSH levels with maximal depletion , to 60Vo of initial levels with
1.0 mM BSO, occurring approximately 4 to L2 hours after inital exposure to BSO.
Although this degree of depletion is markedly less than previously reporte¿ for rat
suspension and monolayer hepatocyte cultures (Romero & Sies, 1gg4; Hue et al.,
1985) and other cell types (Gaetjens eú at., lgg4; Griffith, 1gg1) these results are
compatible with the in uiuo study of Drew & Miners (1984) indicating a maximal
reduction of liver and kidney GSH content in fed C3H mice of approximately Bb%

in response to 0.8 and 1.6 g/kg (i.p.) BSO.

The formation of glutathione conjugates of APAP and release into the medium
with time is represented in Figure 5.6. This figure indicates both an increase in the
formation of the thiol derivative with increasing doses of APAP at each time point
and a comparative reduction in the total metabolite formed with increasing doses

of BSO for the same APAP dose. These findings complement those of Miners eú

ø/' (198a) who previously reported that pretreatment of mice with BSO results in
a reduction of the total amount of APAP-GSH metabolite excreted into the urine.

It is now well recognised that stimulation of intracellular GSH oxidation is asso-

ciated with the eflux of a minor proportion of the intracellular GSSG formed into
the extracellular medium. Consequently the measurement of extracellular GSSG
concentration is used as a sensitive indicator of cellular oxidant stress (Adams eú

al., 1983; Eklow et aI', 1984). An analysis of the concentration of extracellular
GSSG in the present investigation revealed a dose-related increase in the eflux of
the disulphide into the medium with APAP dose suggesting that mouse hepatocytes
maintained in uitro are placed under potentially severe oxidant stress on exposure
to APAP (Figure 5'74). These findings are in agreement with the previous report
of Albano et al. (1985) who observed APAP-induced oxidant stress and associated
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increases in GSSG formation in isolated rat hepatocyte suspension cultures. Gerson
et al. (L985) have also recently reported similar findings, without full documenta-
tion, suggesting a role for oxidant stress in APAP-mediated cell killing in cultured
rat hepatocyte cells. A potentiation of cytotoxicity was achieved by these work-
ers with the addition of the GSH reductase inhibitor, BCNU, effectively lowering
intracellular GSH levels by inhibiting the reduction of the disulphide to GSH.

The pretreatment of cultures with BSO appeared to lessen the APAP dose-

related release of GSSG most probably as a result of an increase in the basal level of
oxidant stress cultured hepatocytes are subject to (Figure 5.TB&C). This was found
to be related to a signiflcant BSO dose-related increase in the release of GSSG from
control (non-APAP treated) cultures (Section 5.2). These results suggest that this
compound had an effect on the resting cellular redox state, without altering the total
amount of GSSG released from treated cultures (Figure 5.7B&C). It is conceivable

that the extracellular GSSG concentration may represent the sum total of several
events, for example, the release of intracellular GSSG and subsequent extracellular
transpeptidation by membrane bound 7-glutamyl transpeptidases with the resul-
tant products undergoing active transport back into the cell (Meister, 1g8B). The
possibility that the GSSG released into the medium may undergo less specific degra-
dation must also not be precluded (refer later). Atthough a role for oxidant stress
is readily discernible for APAP-toxicity in aitro the exact nature of this potential
toxic mechanism and its in uiuo applicability is still controversial and remains to be
fully resolved (Smith & Mitchell, 1985).

GSSG levels measured at 120 hours dropped sharply in all incubations. The
reasons for this are unknown, but the addition of the protease inhibitor pMSF

restored the values toward the maximal levels found at 72 to g6 hours (Figure 5.7,
Table 5.2). One suggestion may be that PMSF may inhibit the degradation of GSSG
by proteases or' more importantly, dipeptidases liberated into the medium during
cellular necrosis.

The experiments outlined here have indicated that BSO pretreatment may re-
sult in a limited synergism of APAP-induced cytotoxicity in uitro in speciflc cir-
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cumstances. As previously mentioned the moderate effects of BSO in the present

experiments are most likeþ attributable to technological shortcomings in the culture
system. It is possible that further methodological advances in hepatocyte culturing
techniques, in conjunction with the use of BSO, may provide additional information
on the role of GSH in the development of toxicity.

An analysis of other toxicological parameters in the current set of experiments,
e'g the rate of development of toxicity and the concentrations of APAP required
to elicit a lesponse, vindicate the primary mouse hepatocyte culture system as

a suitable model for APAP-induced liver toxicity. Further investigations into the
molecular events associated with the onset of cytotoxicity are reported in Chapter 7.
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Chapter 6

fnvestigations into the Role of
PSMO Activity in
Paracet amo l- rned iat ed
Cytotoxicity using a
Differentiated Hurnan
Hepatoma Cell Line (HHr) and
a Specific fnducer of
Cytochroûre P- 448 (p-NF) .
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6.1 f ntroduction

The principal event of PSMO-mediated activation of protoxin in APAP-induced
toxicity was first proposed by Mitchell et aL (1973a) and subsequently found to be

applicable to a wide variety of structurally diverse compounds which elicit a toúc
response (Guengerich & Liebler, 1g84; Mitchell et a\.,,1982).

Many studies have examined the molecular events of reactive metabolite forma-
tion, with associated biological effects, in primary cell preparations of various forms.
I\fore recently, Dearfield et al. (1983) have advocated the use of hepatoma cell lines

in general, and human in particular, as useful and more convenient models for the
investigation of reactive metabolite mediated cytotoúcity.

Early studies indicated a morpliological and functional heterogeneity between

different stra.ins of propagatable cell lines although similarities do eúst (Grisham,
1976). These studies have suggested that such cell lines of hepatic origin retain ferv

hepatospecific functions as a result of a 'dedifferentiation' process on aquisition of
cellular immortality and an ability to divide in culture (Grisham,1g76).

More recent studies have indicated, however, an emergence of more differenti-
ated cell lines from both human and rodent liver parenchymal cell origin. These

cell lines express distinct hepatic rnarkers (e.g. TAT synthesis) and are capable of
metabolising xenobiotics as a direct result of an increased repertoire of expressed.

PSMO-associated activities. The expression of the full gamut of monooxygenase

activities has been the most difficult aspect of estabüshing ín uí,tro test systems for
screening cytotoxic and genotoxic chemicals, particularly in continuous cell lines.

In general it is recognised that the cytochrome P-450, or PB-inducible, class of
isozymes appear less stable than tl're cytochrome P-448, or PAH-inducible, class in
many hepatoma cell lines (Sirica and Pitot, 1gS0).

Both cytochrome P-450 and cytochrome P-448 associated. activities have been

observed in rat and mouse hepatoma cell lines with, in some instances, the formation
of biologically reactive metabolites of the parent compound (Wiebet et aI., Lg80;
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Ferro eú a/., 1984; Israel & lvhitlock, 1984; owens & Nebert, 1gz5). only recently

have human hepatoma cell lines been recognised as also being capable of expressing

suclr activities (Buenaventura et a\.,1984; Dearfield et øt., 1g86).

Dearfield eú a/. (1986) have recently shown that the human hepatoma cell line,

HepG2, is capable of metabolically activating cyclophosphamide and phosphoramide

mustard producing an observable increase in SCE rates in comparison to untreated
cultures. Such biological effects were significantly decreased by the addition of
PSMO inhibitors, SI(F-5254 and metyrapone.

These studies, involving tlie metabolic activation of cyclophosphamide by tlie
HepG2 cell line, have strongly implìed tile presence of cytochrome P-450 depen-

dent oxidase' an activity not previously reported in human hepatoma cell lines.

This rvas uneclivocally verified using a cytochrome P-450 gene clone to hybridise to
isolated cellular messenger RNA rvith the resultant detection of newly synthesised

cytochrome P-450 transcripts (Dearfield et a1.,1986).

Although the ability of PB to produce an inductive response of cytochrome p-

450 activity has not been shorvn in IIepG2 cells such a response is indicated for
tlre PAH-inducible isozyme resulting in the metabolism of benzo-a-pyrene, 7,12 dt-

methylbenzo-a-anthracene, diethylstilbestrol, aflatoxin B1 and benzidine (Dearfield
et a1.,,1983).

The use of a differentiated liver parenchymal cell line of human origin has po-

tentially greater -toxicological relevance than material derived from other sources as

indicated by previous studies (Buenaventura eú al., Ig84; Dearfield et al., 1986).

Although no cultured cell line can act as a universal substitutefor in uiuo metabolic
studies invaluable information can nonetheless be gained regarding the metabolism
and toxicologicar effects of different protoxins using such systems.

In order to examine the role of PSMO activity on APAP-induced cytotoxicity a

human hepatorna cell line characterised by Fowler et ø/. (1983) as having low basal

levels of cellular oxidative activity, rvas chosen in order to contrast studies on ApAp-
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induced toxicity in the primary mouse hepatocyte monolayer ceII cultures. Table

6.1 provides a comparison of the 7-ECOD activity in primary mouse hepatocyte

cell cultures with the 7-ECOD a,ctivity of human hepatoma HH1 monolayer cèll

cultures in both the control and BNF-induced state (for a more detailed description,

refer later). Examinatiorr of these activities indicated that the basal, i.e uninduced,

cellular 7-ECOD activity in HH1 cultures was approximately 35-fold lower than the
activity of freshly isolated mouse hepatocytes.

Previous use of the primary mouse hepatocyte culture system revealed a dose-

related toxicity to APAP evident in untreated controls, viz. cultures not receiving

treatments which potentiate toxicity (Figures 3.2, 4.5, b.1). As a consequence in-

vestigations into the role of PSMO activity in APAP-mediated cytotoxicity were

undertaken using human hepatoma cultures rvhich have a lorv level of PSMO ex-

pression yet are capable of induction of this enzymatic activity in uitro (Section

6.3).

The aim of the current investigation was to examine the APAP-mediated cy-

totoxic response in a pleviously uncharacterised human hepatoma cell line (HHr)
under a specific cytochrome P-448 inductive regime in comparison to uninduced

cultures. Utilising such a protocol the relative importance of cytochrome P-448

activity to APAP-mediated toxicity rnay be deterrnined.

6.2 Methods

The differentiated hepatona cell line (PLC/PRF/5, designated HH1, Fowler

et al., 1983) rvas the liind gift of Dr. I(. Dahlenburg (Institute of Medical and

Veterinary Science, Adelaide, Australia). Cultures were grown and maintained in
25 cm2 tissue culture flaslis with waymouths MB/752-r, 10% FCS anð. 2¡.tglml
Hoescht 33258 to inhibit mycoplasrna grorvth. The cell line was free of mycoplasma,

as judged by both autoradiographic and electron-microscopy tests.

The growth medium was changed every two days with the maintenance of the
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Table 6.1

Comparison of PSMO Activity in Primary Mouse
Hepatocyte Monolayer Cell Cultures with Human

Hepatoma HH1 Monolayer Cell Cultures.

Cellular PSMO Activity
(nmol 7-HC prod./hr/plate)

Medium Composilion Etperíments

HIGH

tow
96.0

9.0

DEM Erperiments

HIGH

tow
73.0

6.9

BSO Experi,ments

HIGH

LOW

39.6

9.9

HH1 Experirnents

UNINDUCED

INDUCED

2.8

43.5



appropriate treatment regimes. Cultures were not supplemented with additional

hormones and growth factors, Section 2.I.5 U 2.1.6, as this was found to inhibit

hepatoma cell growth

Cultures were gÌown to confl.uence prior to a 1:5 split using trypsin/EDTA and

replated. The resultant cultures were again allowed to grow to confluence, which

recluired approximately 18 hours for a 25 cm2 culture flask. Cellular viability of the

monolayers was assessed by INT uptake and metabolism (Section 2.2.1) and found

to be greater than 95% at time of use.

At confluence (t-0 hours) B-NF was added to a final medium concentration of

15 ¡rM (0.01% [v/v] DMSO) and APAP to final concentrations of 100, 250 and 2500

¡rM (0.01% [v/v] DMF). Control cultures received the same volume of either DMSO

or DMF as appropriate.

PSMO activity was assayed at regular time intervals by assessing 7-ECOD and

etlrylmorphine O-demethylase activities as previously described in Section 2.2.9. A

HPLC method (Moldeus, 1978) was used to measure the extent of APAP metabol-

ism, Sectiotr 2.2.3. A standard curve for APAP and metabolites is given in Appendlx

D.

The extent of cytotoxicity elicited rvas determined at regular time intervaJs over

the 120 hour incubation period by examination of intracellular LDH leakage and the

retention of cellular I(+ using flame photometry (Section 2.2.5). The protein content

of cells adlrered to the monolayer was assessed by the method of Lowry et al. (1951)

after being harvested from the monolayer by collagenase digestion (Section 2.1.3).

6.3 Results

Treatment of confl.uent human hepatoma HH1 cells with 15 ¡rM B-NF induced 7-

ECOD activity to a level 10 times greater than the activity in uninduced cells within

24 hours of addition (Figure 6.1). The maximum level of expression of this activity
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Figure 6.1

7-Ethoxycoumarin Deethylase Activity in Confluent Human
Hepatoma (HHr) Cell Cultures Exposed to the Cytochrome

P-448 Inducer B-NF and APAP.

A. In the Absence of 15 ¡rM B-NF

B. In the Presence of 15 ¡iM B-NF

Control (0.0 mM APAP)

0.10 mM APAP

0.25 mM APAP

2.50 mM APAP
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\I/as comparable to that found in freshly isolated anil plated hepatocytes (Table

6.1). The addition of APAP appeared not to have any dose-related effect on the

maximal expression of activity or on the duration of induction of 7-ECOD activity

in culture (Figure 6.18). An attempt was made to measure another cytochrome

P-45O-mediated oxidase activity, ethylmorphine N-demethylase, but at no time was

the activity measutable at the sensitivity of the assay (0.03 nmol formaldehyde

produced/ml incubation medium/hour).

Cornmensurate with an induction of cytochrome P-448 activity was an increased

toxicity to APAP in uitro. Both LDH leakage and I(+ retention indicated a signif-

icant dose-related effect to APAP in induced cultures (Figures 6.28 & 6.38) in
comparison to the lack of a dose-related toxicity observed in uninduced cultures

(Figures 6.24 & 6.34).

The extracellular appearance of the glutathione conjugate was fi.rst evident, aJ-

beit at low concentrations, in induced cultures exposed to the highest dose of APAP

at 24 hours (Figure 6.4). A dose-related release of APAP-GSH rvas observed in

induced cultures tllroughout the incubation period and for uninduced cultures only

at 96 and 120 hours (Figure 6.4).

Although the absolute level of PSMO activity was low in uninduced hepatoma

cultures in comparison to BNF-induced cultures this activity was still sufficient to

result in the oxidative metabolism of APAP in both the 0.25 and 2.5 mM APAp
treatment groups. The amount of conjugate formed was quantitatively less for

the same APAP treatment groups in comparison to induced cells and required a
comparatively longer incubation period to be produced and detected (Figure 6.4).

The metabolism of APAP to tlie glutathione conjugate rvas paralleled by a similar

profile for the extracellular release of the cysteine conjugate of APAP (Figure 6.5).

It is of interest to note that the cysteine conjugate of APAP, detected in HH1 cell

cultures, was not detected in prirnary mouse hepatocyte cell cultures.
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Figure 6.2

Leakage of Intracellular LDH in B-NF Induced and Control
Human Hepatoma (HHt ) Cell Cultures Exposed to APAP.

A. In the Absence of 15 pM B-NF

B. In the Presence of 15 ¡rM B-NF

Control (0.0 mM APAP)

0.10 mM APAP

0.25 mM APAP

2.50 mM APAP
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Figure 6.3
Cellular Potassium Content in B-NF Induced and Cont¡ol
Human Hepatoma (HHr ) Cell Cultures Exposed to APAP

A. In the Absence of 15 ¡rM B-NF

B. In the Presence of 15 ¡rM B-NF

Control (0.0 mM APAP)

0.10 mM APAP

0.25 mM APAP

2.50 mM APAP
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Figure 6.4

Release of the Glutathione Conjugate of APAP in B-NF
Induced and Control Human Hepatoma (HHr) Cell

Cultures Exposed to APAP.

Arrows represent med-ium changes. Expressed as

non-cumulative amounts of metabolite.

0.25 mM APAP (-pNF)

2.50 mM APAP (-BNF)

0.10 mM APAP (+BNF)

0.25 mM APAP (+ÉNr)
2.50 mM APAP (+BNF)
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Figure 6.5

Release of the Cysteine Conjugate of APAP in B-NF
Induced and Control lluman Hepatoma (HHr) Cell Cultures

Arrows represent medium changes. Expressed as

non-cumulative amounts of metabolite.

2.50 mM APAP (-BNF) I
0.10 mM APAP (+BNF) ffi
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6.4 Discussion

The HH1 cell line demonstrated a PSMO associated activation of APAP enabling

a cytotoxic response to be observed, presumably via the proposed active metabolite,
NAPQI.

The importance of the cytochrome P-448 oxidative capacit¡ otherwise termed.

AHH activity, was seen by the presentation of toxicity in BNF-induced cells but
not in control treatments as judged by two independent indices of cellular integrity
(Figures 6.2 & 6.3). This correlated closely witli the induction of a cytochrome

P-448 associated activity, measured as the deethylation of 7-ethoxycoumarin; but
not with the induction of other cytochrome P-450 isozymes.

Increased levels of isozymes result from increased rates of de nouo synthesis of
cytochrome P-450 apoprotein which can be accounted for by the accumulation of the

corresponding messenger RNA rvithin the induced cell. Gonzalez et al. (198a) ex-

amined the transcriptional activation of mouse cytochrome P1-450 and P3-450 genes

(encompassing total AHH activity) in u'iuo and levels of the corresponding messen-

ger RNA levels after an acute dose of 3-methylcholanthrene. The results indicated
an increase in both the level of tlanscriptional rate and the concentration of cellular

messenger RNA specific for these genes. Both of these parameters reachecl maximal
levels approximately l6 hours after the administration of 3-methylcholanthrene. De-

spite the limitations associated with cross-species comparisons this data compares

favorably with the maximurn induction of 7-ECOD activity in HH1 cell cultures

after B-NF treatment (Figure 6.1).

The ability to induce toxicity by the induction of cytochrome P-448 mediated

metabolism of APAP in IIIII cultures is in agreement with many other studies which

indicate an important role for the activity of this isozyme in the ultimate expression

of toxicity (Steele et al., 1983; lvlorgan et a\.,1g83; Pouls en et al.,1gg5).

Of the two indices used to examine cellular integrity, I(* retention was the more

sensitive indicating an advent of cytotoxicity at approximat ely 24 hours after the
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addition of APAP and paralleling the induction profile of 7-ECOD activity (Figure

6.2). In comparison a dose-related LDH leakage to APAP into the medium was

most clearly evident at 48 to 72 hours after the addition of APAP (Figure 6.3).

Release of the glutathione conjugate of APAP into the medium confirmed that

the metabolic activation of APAP, via the PSMO system, was greater in BNF-
induced cultures than uninduced cultures (Figure 6.4).

An absolute decline in level.s of APAP-GSH conjugate was seen in BNF-induced
cultures exposed to2.5 mlvl APAP during the incubation period (Figure 6.4). These

decreased levels may be attributable to the further breakdown of the conjugate as a

result of the release of hydrolytic enzymes, including cysteinylglycinase, during cel-

Iular lysis. Early studies indicate that liver homogenates from various species have

the necessary metabolic capacity to catalyse the conversion of glutathione conju-

gates of xenobiotics to their cysteine derivatives (Bray & Franklin, 1957). Whether

these activities are retained to the same extent by the human hepatoma cell line,

HH1, reeuires further investigation. The lack of a similar decline in APAP-cysteine

conjugate forrnation iri the incubation medium suggests that this may represent'the

terminal compound in the metabolism of APAP-GSH in HH1 hepatoma cells. That

APAP undergoes differing metabolism in HH1 cultures in comparison to primary

mouse hepatocyte cell cultures is highlighteld by the lack of a cysteine conjugate in

the latter system. This emphasises that appropriate care must still be taken in the

interpretation of toxicological data from various sources.

In conclusion, th.e hurnan hepatoma celt (HH1) provided a useful model to in-

vestigate the role of cellular PSMO activity in the e,rpression of APAP-induced

cytotoxicity. The use of material derived from humans, albeit extensively modified,

allowed for the assessrnent of the action of an agent on the metabolic apparatus of

the human cell and in turn allowed direct comparison with studies utilising liver

parenchymal cells from other species.

Further characterisation of other differentiated cell lines, i.e the abitity to induce

many different isozymes of cytochrome P-450, may lead to a greater acceptance of
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propagatable liver ceII cultures as suitable models for studies in biochemical toxi-

cology .
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Chapter 7

Alterations in Intracellular
Calciurn fon Homeostasis are
frnplicated in the Advent of
APAP-induced Cytotoxicity in
Prirnary Mouse Hepatocyte
Monolayer Cultrrres.
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7.L Introduction

A recurrent problem in the study of hepatotoxic mechanisms is the delineation

of events occurring between the initial metabolism of a hepatotoxin, an emergence of

early changes in normal celi function and subsequent diverse pathological changes.

Moore and colleagues (lvloore et al., 1gz6; Moore, 1g80) were among the first
to recognise that the ¿n uiuo metabolic activation of a classical hepatotoxin (CCl4)

resulted in a decreased microsomal Ca2* secluestration activity. Further studies have

indicated that the metabolic activation of CCla also inhibits the transport of Ç¿2*

across both mitochondrial and plasma membranes (Tsokus-I(uhn et al.,1985; Waller

eú a/., 1983). Transport of Ca2t at these sites, in addition to the mitochondrial Ca2+-

H+ antiporter system, provide an important means of regulating the intracellular

distribution of this ion.

A rise in free cytosolic Ca2* levels, a direct result of altered cellular Ca2+ home-

ostasis, has beelL observed in cellular systems exposed to, and able to metabolise,

CCI¿. For example, Brattin and Walker (1984) have observed a rise in the basal cy-

tosoljc Ca2* concentration, from approúmately 60 nM to g0 nM, as a consequence

of CCI¿ metabolisrn and inhibition of subcellular Ca2+ redistribution.

It appears that an ability to depress Ca2+-sequestration at the plasma mem-

brane, mitochondrial and microsomal sites results in a physiologically unacceptable

rise in the concentration of free cytosolic Caz* , the level of which appears critical
for the maintenance of numerous aspects of norrnal cellular function. Current hy-

potheses on the molecular action of CCI¿ envisage the increased free cytosolic Ca2+

level as a toxicological "second messenger" with ultimate pathological consequences

(Reclinagel, 1983).

Orrenius and collea,gues have examined the mechanisms of cellular injury in
isolated and cultured hepatocytes exposed to agents which elicit potent oxidative

stress. For example, menadione-induced toxicity is believed to involve an initial
depletion of cellular free thiols (GSH) accompanied by, or follorved by, alterations
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in protein thiol groups (DiNIonte et a1.,1984a&b).

Protein thiol groups have long been observed to play an important role in the
general maintenance of protein teltiary conformation and, as a direct result, normal
protein function. IVIore recently the dependence of plasma membrane and mito-
chondrial Ca2*-ATPase pump activities on such thiol groups has also been observed

(Clravez et a\.,1985; Bellomo eú a/., 1983). Consequently a depletion of protein thi-
ols has been proposed to result in perturbations ofintracellular Ca2* concentration

when hepatocytes are exposed to cytotoxic concentrations of menadione (DiMonte
et a\.,, 19Sab; Nicotera et ul., 1985).

In addition various studies have indicated tliat the glutathione content of mito-
chondria, depleted on exposure to cytotoxic menadione doses, may affect the ability
of this organelle to actively retain and secluester Ca2+, either directly (Beatrice eú a/.,

1984) or via an effect on the redox status of intramitochondrial pyridine nucleotides

(Lelrninger et a1.,1978). Studies by Orrenius and co-workers have also confirmed

the important role of cellular GSII and protein thiols in the maintenance of intra-
cellular Ca2+ homeostasis (DiÀ,Ionte et aI.,1g84b; Nicotera et at.,Lg85). Thot et al.

(1985) and Nicotera et al. (1985) have shorvn that plasma membrane Ca2*-ATPase

activity is inhibited by a,gents rvhich complex or oxidise free thiol groups and that
this activity is restored by treatrnent with potent reducing agents, e.g. DTT.

The treatment of damaged hepatocytes with DTT after initia,l insult has been

observed to markedly inhibit the progression of subsecluent toxic events which ulti-
mately lead to cellular necrosis (Albano eú a/., 1985; Tee et a/., 1986). This confrrms

that the DTT-reversible modification of protein thiol groups observed in subcellular

systems has a whole cell and, potentially, an in uiuo correlate.

Although the secluer-rce of events outlined provides a plausible description for a
mechanism of cytotoxicity mecliated by oxidative damage the work of Moore eú a/.

(1985)' rvith APAP and NAPQI, presents some evidence indicating a more general

application of this research.

81



These workers examined the effects of APAP, and its putative major toxic

metabolite (NAPQI), in suspension cultures of hepatocytes isolated from control

and 3-MC pretreated rats. Both compounds produced a qualitatively similar pat-

tern of biochemical and morpliological disturbance but comparable toxicity was

aclrieved with NAPQI at a dose approximately 70% of. that for APAP within a

shorter incubation period (Moore et al., 1985). APAP concentrations of 2.5 and

5.0 mM resulted in an increased cellular trypan blue uptake whereas 250 and 500

pM NAPQI only eücited plasma membrane blebbing. Cytotoxic and cell surface

blebbing efects were not observed with 100 ¡rM NAPQI.

Such alterations in plasma mernbrane structure with NAPQI are similar to those

descrilred for other hepatotoxins (Jervell et aI.;1982). Jewell et aL (L982) suggest

that bleb formation under such circunstances occuïs prior to increased plasma mem-

brane permeability and not as a consequence of cell swelling, since blebbing is not

affected by changes in tlie osrnolality of the surrounding medium (Jewell et aI.,

1eB2).

Moore et aI. (L985) also observed changes in hepatocyte Ca2* homeostasis in

response to both APAP and NAPQL Increased phosphorylase ø activity \¡/as used by

these rvorliers to examine the loss of Ca2* from mitochondrial and non-mitochondrial

pools. It was concluded frorn this study that an elevation of cytosolic Ca2* was

evident to cytotoxic doses of APAP. The actions of NAPQI on Ca2* distribution in
isolated rat suspension cultures were examined thoroughly by these workers. Non-

toxic doses of NAP QI to 20 ¡r\4 rvere able to release all of the intracellular sequestered

Ca2* lvhereas lorver doses procluced a reversible release of a portion of the Ca2+ pool.

NAPQI resulted in NAD(P)II oxidation, a phenomenon associated with cellular

oxidative sttess, Jrut Ca2* release from mitochondrial stores rvas complete before

reduced pyridine nucleotides rvere signilicantly decreased.

It is known that APAP, and consecluently NAPQI, covalently interact with pro-

teins, predominantly via cysteinyl residues, Ieading to a loss of avaiiable protein thi-
ols (Streeter et a1.,1984b; Hoffman et a1.,,1985). This feature.of APAP and NAPQI
toxicity results in a decreased Ca2Ì-ATPase activity at both plasma membrane and
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microsomal sites (Albano et a1.,1985; Moore et a1.,1985). A quantitative difference
exists in the inhibition of Ca2+-ATPase activity at these different intraceliular sites.

For example, a non-cytotoxic dose of NAPQI (100 pM) promptly inhibited microsb-
mal Ca2f uptake but took longer to manifest at the mitochondrial level (Moore eú

ø/.' 1985). These considerations are of potential interest in determining the actions
of met abolically- activated hepatotoxins (refer Discussion).

As can be seen by these studies the disturbance of intracellular Ca2i homeostasis

may have important ramifications for a wide variety of hepatotoxins.

As previously described (Section 7.4.3.2) the presence of extracellular Ca2* on
the expression of toxicity has been shown to have paradoxically benefrcial and detri-
mental effects in various in aitro test systems. Early in aitro studies, particularly
by Farber and colleagues, using various hepatotoxins of differing mod.es of action
advocated the essential nature of extracellular calcium in the expression of cytotox-
icity (Schanne eú a1.,1979). These studies incorporated toxins requiring metaboüc
activation to achieve a cytotoxic effect (Casini & Farber, 1g81), potent membrane
active toxins (Kane et al.r 1g80; Russo et al.r 1g82) and mutagens (schanne et al.,

1979) and implicated an influx of Ca2* across the plasma membrane as the ultimate
causal event in cytotoxicity.

other studies, principally undertaken by Reed and co-workers, have found., in a
majority of circumstances) that the absence of extracellular Ca2* potentiates cyto-
toxicity and the presence of extracellular Ca2* ameliorates such chemically-induced
toxicity (Fariss et a1.,1984; Fariss et a1.,1985a&b). smith eú a/. (1gg1) found that
freshly isolated hepatocytes were more responsive to three different hepatotoxins
(CC14, bromobenzene and EMS) in the absence of extracellular Ca2* than in its
presence. Acosta and Sorensen (1983) have a^lso demonstrated that the hepatotox-
icity of CdCl2 is potentiated in cultured hepatocytes incubated with physioiogical
concentrations of Ca2*.

This lack of concensus regarding the role of extracellular Ca2* in cytotoúcity
may reflect the vastly different modes of action of hepatotoxins, e.g. CdCl2 versus
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EMS, such that the emelgence of a unifying theme may be impossible to discern.

Nonetheless some evidence has been put forward to explain these discrepancies.

Fariss eú a/. (1985b) have suggested that the various findings are the result of
differences in the maintenance of hepatocytes en u'itro or dependent on the particular

in uitro system used, i.e isolated suspension cultures versus monolayer cell cultures

(Smith & Sandy, 1985). Of particular relevance here is the absence or presence of
Vitamin E in the maintenance of hepatocytes er uiao and the postulated ability

of this compound to inliibit processes associated with the advent of toxicity (refer

Section I.4.3.2).

The latter of these tlvo ploposals has been investigated by Smith and Sandy

(1985) who, in a comparative study between perfused rat liver and isolated hepa-

tocyte suspensions, exarnined the role of extracelluar Ca2* in the advent of toxic

liver injury. Todcity in each system to t-butylhydloperoxide, CCI¿ and the calcium

ionophore hept afl uorodirnethyloct anedione, rvas found to be effectively independent

of perfusate or in.cubation medium calcium content confirming previous work in
the area. A direct cornparison of the effect of these compounds on hepatocytes in
primary monolayer cell culture was not undertaken by the authors.

Cells incubated in the absence of extracellular Ca2* have been shown to have

increased lipid peroxidation with decreased mitochondrial and cytoplasmic GSH

according to Smith and Sandy (1985) and Fariss ef ¿/. (1984). These authors

suggest that these parameters indicate an overall decreased cellular viability leading

to cellular degradation which is independent of toxin dose.

Recently an independent study by Beales et al. (1985) has found that high con-

centrations of EDTA ameliorate toxicity in isolated hepatocyte suspensions exposed

briefly (1 hour') to 10 mM APAP whereas removal of Ca2* from the incubation

medium has no such effect. The protective effect of added EDTA is, however,

decreased or non-existett rvith prolonged exposure of cells to APAP. This study
indicated a marked increase in lipid peroxidation was evident in controi suspension

cultures incubated in Ca2*-free medium thereby substantiating the obselvations of
Smith & Sandy (1985).
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The aims of the present study were to :-

1. attempt to resolve whether extracellular Ca2* influencès APAP-induced cy-

toxicity in mouse hepatocyte monolayer cell cultures,

2. determine whether perturbations in intracellular Ca2* more closely correlate

with cytotoxicity induced,

3. examine whether manipulation of intracellular and extracellular Ca2+ levels,

using EGTA to efectively deplete extracellular Ca24 and promethazine to
nonspecifically inhibit membrane Ca2* flux (Lichtenstein & Gillespie, 1gZ5),

alters the flnal extent of APAP-induced cytotoxicity.

7.2 Materials and Methods

Hepatocyte parerchymal cells were isolated from adult male SPF-LACA strain
mice and plated at 1x106 viable cells/ml. in HM-Waymouths MB z52lr incuba-

tion medium, with 3 ml. of incubation medium per 25 cm2 Falcon tissue culture
flask under standard cultu¡e conditions (Section 2.1.1). Tissue culture flasks were

previously treated rvith l{lvl-Waymouths/VitogenR, pH=2.6, (Flow Laboratories)
purified collagen solution in order to provide a substratum for cell attachment and.

maintenance in culture.

Hepatocytes wele a'llorved to adhere to the'substratum and form monolayers for
three hours in HM-Waymouths NIB 7521L prior to a change of medium. The free

Ca2* levels of HM-lVaym.ouths rvere 0.85 mM. In other incubations the medium rvas

supplemented with l plvl promethazine or 4.0 mM EGTA to secluester the available

Ca2*. The incubation medium was replenished every 24 hours after initial cell

attachment for each of the treatment regimes and ApAp dosages.

Cellular viability was assessecl by the leakage of intracellular LDH or I(+ (using

an ion selective electrode) at 10, 24,48,72,96 and 120 hours, as previously described

in Sections 2.2.4 k 2.2.5.
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The extent of quin-2/AM hydrolysis was examined prior to hepatocyte loading,
by analysis of fluorescence spectra (ex. 33gnm; em. 440, 500nm), and found to be

less than 75% of total. The intracellular hydrolysis'of this quin-2/AM stock was

verified by recording the emission spectrum of quin-2/AM (ex. BBg nm, em. 500nm)
in loaded cells and subtracting the emission of nonloaded cells.

The ca,libration of quin-2 fl.uorescence as a function of free cytosolic calcium
concentration ([Ca2+ ]¿) *u. similar to that described by Tsien et a/. (1g82) for
Iymphocytes and incorporated the more recent advances of Rink k, Pozzan (1gg5)
and Tsien eú al' (1985), refer Section 2.2.8. Triplicate samples were examined at 24

and 96 hours only. Cellular quin-2/FA concentration was estimated using a quin-
2/FA standard in the presence of unloaded cells and found to be in excess of 2 mlvl
assuming an intracellular water space of 0.1 ul/105 cells (Caponni eú at., rgg4).

CeÌlular PSMO activity in culture \¡/as measured as the rate of Phase 1 metabolism
of 7-ethoxycoumarin to the 7-hydroxycoumarin derivative, as previously described
in Section 2.2.9.

7.3 Results

A significant dose-related cytotoxicity was evident in cultures exposed to ApAp
(0-250 ¡rM) only when cells were incubated in culture med.ium containing a phys-
iological calcium concentration. This was apparent for both of the independent
indices used to assess cellular integrity, namely intracellular LDH leakage and K*
effux (Figures 7.7A k,7.2A).

An enhanced cellular degeneration was observed in hepatocytes incubated with
high concentrations of EGTA/low free medium Ca2* concentration ([Crr+]", Figures
7.IB k' 7.28). The loss of cellular integrity in control cultures incubated in the
presence of EGTA appeared to be sìightly greater, in comparison to equivaJent
cultures incubated in the presence of normal medium Caz*, indicating that EGTA
treatment per se did not prevent eventua.l ceII death ín uitro (Figures 71B k 7.28
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Figure 7.L

APAP-induced Intracellular LDH Leakage in Primary
Mouse Hepatocyte Monolayer Cell Cultures

A. Control (0.85 mM Cr2+)

B. \Maymouths MB 75211plus 4 mlvf EGTA

C. Waymouths MB 75211plus 1 ¡"rM promethazine

Control (0 pM APAP)

100 pM APAP

250 p.M APAP
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cf. 7.lA k 7.2A).Incubations carried out in the presence of 1 pM promethazine

resulted in no discernible dose-related toxicity to APAP and were associated with a

comparatively lower basal release of both LDH and K* from cultured'hepatocytes

(Figures 7.IC k 7.2C).

An analysis of the free cytosolic Ca2* concentration revealed significant dose-

related effects to APAP for cultures incubated in the presence of physiological Ca2+

levels only (Figure 7.3). Interestingly a biphasic increase in free cytosolic Ca2+

was evident during the 120 hour incubation period. This was particularly apparent

for the highest concentration of APAP at both 24 and g6 hours (Figure z.BA). A
significant diference in [Ca2+]; for both APAP concentrations, in comparison to

control cultures, was implicated by a least squares difference (tSD) extension of the

Friedman ANOVA across the 120 hour incubation period.

Although a variable and increased free cytosolic Ca2* concentration was ob-

served in all treatments for cultures incubated in the presence of high extracellular

concentrations of EGTA during the incubation period this effect was not APAP dose-

related (Figure 7.38). Free cytosolic Ca2* levels ([Ca2+];) io cultures incubated'in

the presence of 1 ¡l,M promethazine were maintained at relatively low or near normaJ.

levels (approximately 100 nM for hepatocytes) in comparison to comparable cultures

in other treatment regimes (Figure 7.3C). Challenge of primary mouse hepatocyte

cultures with APAP had little or no effect on this parameter in contrast to similar

cultures incubated in the presence or absence of free extracellular caJcium (Figure

7.34&8). An examination of the absolute f.uorescence values of quin-2/FA loaded

cells at identical incubation times between the various treatment groups (F^o, &
Fmin¡ equation in Section 2.2.8.2) in the absence of APAP indicated that little vari
ation in either F-or or F-¿r" could be ascribed to the presence of promethazine or

EGTA. A typical variation of approximately L0% was observed in the values of F-o,
and F-;,, between treatment groups without APAP suggesting that promethazine

and EGTA neither influenced the total amount of quin-2/FA found in the cytosol

nor, assuming a constant heavy metal ion concentration, markedly altered the k¿ of

the quin-2/FA and Ca2+ complex (data not presented).
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Figure 7.2

APAP-induced Cellular K+ Effiux in Primary Mouse

I{epatocyte Monolayer Cell Cultures.

A. Control (0.85 mM Ca2+)

B.'Waymouths MB 7521L plus 4 mM EGTA

C. Waymouths MB 7521L plus 1 ¡^rM promethazine

Control (0 ¡rM APAP)

100 ¡rM APAP

250 pM APAP
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Figure 7.3

Free Cytosolic Calcium Concentration in Primary Mouse
Hepatocyte Monolayer Cell Cultures.

A. Control (0.85 mM Caz+)

B. Waymouths MB 7521L plus 4 mM EGTA

C. Waymouths MB 75211plus 1¡"rM promethazine

Control (0 ¡rM APAP) 4l-
100 ¡rM APAP -*
250 p,M APAP 4-

[Note: Bars represent mean * standard deviation, n=3]
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7.4 Discussion and Conclusions

A significant dose-related increase in [Caz+]r preceeded any measurable APAP

cytotoxicity and the level of increased mobilisation of Ca2* into the cytoplasm at

24 hours positively correlated with the extent of subsequent cytotoxicity (total LDH
Ieakage or Ii* efflux throughout the incubation period, Table 7.1). These results

imply, but do not prove, that an early rise in [Ca2+]¿ is a causal event in ApAp-
mediated cytotoxicity.

Unpublished observations by Orrenius'group, utilising the quin-2 method of free

cytosoìic Ca2* measurement in primary rat hepatocyte suspension cultures, indicate

an increase in basal levels from 10 nM to 600 nM over a 4 hour incubation period with
the same doses of APAP as used in the study of Moore e¿ ¿r. (1985). In comparison,

an increase in [Ca2+]; from a basal level of 40-100 nM to just beloiv 2000 nM at

24 lrours (2700 n\{ at 96 hours) in cultures exposed to 250 ¡rM APAP was found

in the present study. The rnagnitude of increased free cytosolic Ca2* observed here

is greater than rises associated rvith other physiological events which also require

calcium as a second m,esselìger. For example, increases in [Ca2+1n are a prerequisite

for the actions of vatious ltolmones, e.g. TRII and a-adrenergic agonists, and can

result in a 4-10 fold increase in basal [Cut+]n from 100-300 nM to approximately

1000 nlvl in many cell types (Albert & Tashjian, 1g84; Berthon et aI., ig84).

Interestingiy the study of Moole eú a/. (1985) found, in rat hepatocyte suspen-

sion cultures, an initial release and re-uptake of mitochondrial Ca2+ followed by a
secondary release of Ca2+ into the medium in response to 18 ¡"rM NAPQI. This effect

preceeded any measurable membrane damage and was not attributable to anoxia.

Early empirical obselvations of CCla-mediated liver cell injury i,n uiuo have also

found a biphasic cellulal Ca2r accumulation to this hepatotoxin but its relevance,

as with the study of Àtloore et r¿l. (1985), to the results presented here remains

obscure. Although a biphasic increase in [Ca2+10 to concentrations of APAP rvas

noted in the present study clualitiative and cluantitative differences are evident in
cornparison to the study of Moore et aI. (1985). These include differences in the
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Table 7.1

CORRETATION BETWEEN [Caz+]; AT EACH TIME
POINT AND SUBSEQUENT CYTOTOXICITY.

Piersoir Correlation Coefrcient (r2) n=g, all treatments.

Incubation

Time (hrs)

Total LDH

released over

120 hrs.

10

24

48

72

96

720

0.0054

0.919.

0.0007

0.212

0.959*

0.979{'

0.0021

0.95*

0.003

0.166

0.991*

0.972'

* p<0.001



relative time-course of release and the amount of Ca2* liberated.

An explanation of this biphasic increase in [Ca2+]o is not directly forthcoming

from the data presented here. However, based on present knowledge, several hy-
potheses can be put forward. The initial rise in [Ca2+]; to APAP occurring at 24

hours post-exposure, which preceecls any plasma membrane damage, is most likely a
result of inhibition of intracellular Ca2* secluestration activity at the microsomal and.

(quantitatively more important) mitochondrial sites. This increase is not observed.

in hepatocytes incubated in the presence of EGTA since exposure of hepatocytes to
EGTA or low Ca2* media rvill, in time, deplete both bound and free intracellular

Ca2+ (Brostrom eú ø/.; 1986). The exact mechanism by which medium EGTA or
low extracellular Ca2* influence intracellular Ca2* content is as yet undefined.

The recovery frorn increased [Cuz+1' to near normal levels after 24 hours i1
culture, despite the continued presence of APAP, is more difficult to explain. Further
studies are recluired to fully elucidate the exact nature of this effect. Continued
protein turnover and synthesis, allreit at a reduced rate, of new and funbtional

Ca2+-ATPases may have a contributory effect. The duration of the initial rise in

lC"z+]' may thus be conside¡ed as being indicative of the length of time cellular

Ca2* homeostatic nechanisms are mad.e inefectual.

Other published evidence also implicates intracellular shifts in Ca2* distribution
in chemically-mediated cell death. Compounds which act to increase or otherrvise

alter Ca2+ secluestration at the mitochondria and/or endoplasmic reticulum, e.g

taurine and dantrolene sodiurn, have been observed to significantly decrease galac-

tosamine and CCla-mediated hepatoxicity in uiuo (MacDonald et a1.,1g85; Stein-

hauer et a\.,,1986).

Tlre latter rise in lCa2+);, evident after 48 hours in culture, coincides with a sharp

increase in plasma membrane damagé suggesting that this rise in [Cuz+1. is most
probably attributable to an influx ofextracellular Ca2*, across a steep concentration
gradient, into the cell (Figures 7.34 versus T.rAAT.2A).It may be noteworthyto
recognise that the actions of various hormones on the cell, including the hepatocyte,
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produce a biphasic increase in [Caz+1r which is dependent on intracellular Ca2*

stores, initially, and extracellular Ca2* stores, latterly (Atbert & Tashjian, 1gg4).

The finding of a reduced cellular viability, independent of APAP-related effects,

in cuLtures incubated in the presence of EGTA support the observations of Smith &
Sandy (1985) and Beales eú a/. (1985) who found an increased level of cellular lipid
peroxidation and cell death under these conditions. The current study, however,

does not support the proposal that hepatotoxins have increased potency in the
absence of free medium ca2* as advocated by Fariss et aI. (Lg8ba&b).

A current working liypothesis for the actions of many hepatotoxins, which may

also include APAP, is that dose-rela,ted alterations in normal cell function will be

dependent on intracellular Ca2* shifts, rvhich in turn are maintained by normal
concentrations of extracellular Ca2*. In summary, it appears that the absence of
extracellular Ca2+ itself does lot result in a compiete prevention of cell death,

as proposed by Schanne et al. (1979), but rather a decreased APAP dose-related

cytotoxic effect.

The inhibitory effect of the phenothiazine class of compounds, and in particular
promethazine, olt reactive metabolite induced cell death has been known for some

time. Studies rvith CCla-induced l.repatotoxicity in the rat (Rees & Spector, 1g61)

and in non-hepatic cells in tissue culture (Zimmerman et a1.,1966) have shown a
potent inhibitory effect of these compounds on the ultimate expression of toxicity,
even if administered some tirne after the initial exposure to hepatotoxin. Chlorpro-
mazine has also been shorvn to attenuate the toxicity of APAP in uiuo (Landon eú

a/., 1986) and promethazine protects against the depletion of cellular GSH stores in
rat suspension cultures exposed to APAP (Albano et a|.,1981). Although the mech-

anism of promethazine action in preventing toxicity is not well understood several
possibilities exist, refer later.

Promethazine rvas initially chosen because of its potent anti-histaminergic ac-

tivity of which an important aspect is, presumably, the ability to inhibit Ca2+

fl.ux across the plasma membrane in the latter stages of "allergic" histamine re-
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lease (Lichtenstein & Gillespie, 1975). Horvever, the phenothiazines are also potent

antioxidants as indicated by the study of Albano et aI., (1981) who found that
promethazine most likely inhibited the formation of the APAP-GSH conjugate by
scavenging the NAPQI radical prior to conjugation with GSH. This was used to
explain the increased hepatocyte GSH levels found in APAP-treated cells incubated
in the presence of promethazine.

The phenothiazines are also knorvn to alter Ca2+-ATPase pump activity at var-

ious sites rvithin the cell. Recently Vale (1985) has shown that concentrations of
chlorpromazine and trifluorperazine below 150 pM promote significant stimulation
of ATP hydrolysis which in turn is accompanied by an increase in Ca2+ sequestration

activity at the endoplasmic reticulum.

From the information obtained in the current study and present knowledge, it
is difficult to fully establisli the mechanism by which promethazine inhibits a dose-

related APAP cytotoxicity in primary mouse cultures. Further work is required to
determine whether the phenothiazines act to negate the inhibition of Ca2*-ATPase

pump activity by reactive metabolite modification, scavenge the free-radical prior to
covalent alteration of critical protein sites or inhibit Ca2* flux across cellular aud/or
subcellular membrane sites.

The action of promethazine observed in the present study, i.e. an ilhibition
of raised lCu'+l¿, is cornmensurate rvith the recent study of MacDon ald, et al.

(1985) rvho examined the structural similarities of compounds knorvn to prevent

galactosamine-induced hepatic neclosis ín uiuo. These workers found that com-

pounds with arninoethanethiol structures or compounds that are metabolised into
suclr structures irr, uiuo, inlo rvhich category the phenothiazines can be putatively
placed, are able to inhibit necrosis. These structures are knorvn to have potent di-

valent cation chelating properties sirnilar to EDTA and EGTA suggesting that the

last of the postulated prornethazine actions may be the most feasible.

As early as 1961, Rees and Spector stated;

"It is clear that this conclusion [regarding promethazine action on CCla-mediated

91



hepatotoxicityl carries witl¿ i.t some important implications, includ,ing therapeutic

possibilities.".

This notion may still be applicable today with the phenothiazine class, or deriva-

tives, acting as adjuncts to existing therapeutic strategies for the treatment of
reactive-met abolite mediat ed hep atotoxicity.
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Chapter 8

GENERAL CONCTUSIONS
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Primary hepatocyte cell culture technology still remains in its infancy. The vari-
ability between different research groups and the rigid controls required to maintain
standards within the sâme research group are evid.ence of this. For eîample, the
ability of sulphydryl modifications of cell growth media to maintain cellular PSMO
activity i,n aítro was initially advocated by Paine and Hockin (1980) yet the same

group latterly conceded that this method had limitations (Paine et a1.,1g82). The
absolute levels of indices of cell function and integrity, e.g. LDH release and intra-
cellular GSH content, were also observed to vary between preparations throughout
these studies.

Of particular importance in the development of toxicity is the cellular GSH con-
centration. This parameter was observed to fluctuate by a factor of two during the
course of these studies (Figure 4.6 vs. 5.3). In the author's opinion there exist
important limitations to the conclusions that can be drawn from a comparison of in
uí'tro expeúments which have utilised markedly different protocols. For example, the
findings of Chapter 3 suggest that the final extent of APAP-mediated toxicity pro-
duced in aitro is dependent, to some degree, on the composition of the extracellular
medium. An extrapolation of these findings to the results presented in Chapters 4
and 5 indicates that although a set of conditions d.oes exist that effectively models
APAP toxicity i'n uitro (Chapter 5) minor variations from these culture conditions
will most probably compromise the sensitivity of cell culture system used..

It is of even greater interest to note that in previous stu,ilies where the abso-
Iute levels of cellular GSH have been examined., in a well-defined. culture system,
the findings suggest that this parameter is not static but dynamic with respect to
incubation time (Meredith, 1g86; Morrison et al., rgBJ). Both Meredith (19g6) and
Morrison eú a/. (1983) have found that a resynthesis of cellular GSH occurs in pri-
mary rat hepatocyte monolayer cell cultures up to approximately 48 hours in uitro
and that the addition of transferrin and sodium selenite prevents the subsequent
decline in cellular GSH levels (Meredith, 1986). Up to a four-fold variation in cellu-
lar GSH concentration was observed during the course of incubation (<g6 hours) in
both studies. This compares favourably with the two-fold variation seen across the
experiments, incorporating different media, outlined here. Studies such as these will
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ultimately contribute to a more complete understanding of the factors influencing
the control of cellular GSH concentration.

Variations in initial PSMO activity of primary mouse hepatocyte cultures in the
studies presented here have been minimised. The variability of factors known to in-
fluence cellular PSMO activity such as animal housing conditions, PSMO activity as

a function of cell isolation and interstrain variability were reduced. The expression

of individual variability in the PSMO activity between animals was also minimised
by the poolìng of material from three animals, as outlined in the cell isolation pro-
tocol (Chaptet 2, section 2.1), prior to cell plating. This compares with the marked
variation, up to 3-fold, in individual human cellular PSMO content (Blaauboer eú

a/.' 1985). These workers have also indicated that cultured human hepatocytes have

different levels of PSMO activity and altered nutritional requirements in comparison
to primary rodent hepatocyte cultures.

Many factors influence the state of primary mouse hepatocytes in ui,tro as sug-
gested by the variability in response of such cells to a hepatotoxin, paracetamol,
maintained under various growth regimes (Chapter 3). The choice of hormone mod-
ified medium for these studies has an a priori appeal since it is the medium which
would be expected to most closely resemble the solution surrounding hepatocytes
in situ. However it was found that the exact composition of hormone modified
medium was critical. Hormone modifled waymouths MB T52lr medium was ob-
served to more effectively maintain control cell integrity and function in comparison
to a similarly modified RPMI L640 medium. That various factors, as yet probably
undeflned, will eventually be incorporated into hepatocyte growth media and lead to
a reproducible in uitro system for the analysis of liver toxicity is an ultimate goal for
future research. This would clearly simplify the interpretation of results obtained
using these techniques.

Besides these shortcomings conditions can be achieved which result in an in uitro
test system having many similarites to the toxicity observed in uiao. For example,
under speciflc circumstances in the current study BSO-mediated depletion of GSH
appeared to have a slight synergistic effect on ApAp toúcity at the higher, but
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not the lower, dose levels (ChapterS). The lack of potentiation of APAP-mediated
cytotoxicity by DEM may possibly be attributed to several factors (Chapter 4)
stressing the need to fully characterise a test system.

That primary hepatocyte cultures are in fact the most suitable in uitro tes|
system must be taken with some caution since this would depend on the agent
under investigation and, under appropriate conditions, other cell culture systems

and cell types may yield invaluable information. For example, in the current study
the human hepatoma cell line, HH1, was used to investigated the role of PSMO
activity in the cytotoxicity of APAP (Chapter 6). Hepatoma cell cultures induced
with B-NF can thus be considered as an in uitro equivalent of AHH-induced rats
which have been used in many studies to examine the conversion of hepatotoxins to
their active form (e.g. Moore et al.,lg8b).

Most of these studies utilised primary mouse hepatocyte monolayer cell cultures
in preference to other systems, despite being not as widely accepted and with some

technical shortcomings, based on previous studies indicating that this technique may
represent one of the most appropriate models for the investigation of APAP-induced
toxicity (Davis et a1.,1974; Ioannides eú al., rgg2). The primary mouse hepatocyte
cell culture system may also be an appropriate model for other metabolically ac-
tivated hepatotoxins, or toxicants in general, but must first be validated for each

agent under investigation.

The work presented in this thesis suggests that early changes in cellular Ca2*
homeostasis are implicated in the advent of cellular toxicity to APAP. Such an event
may also be involved in the toxicity of other compounds (Bellomo et al.,1g84b;
DiMonte et a1.,1984). That these changes are causal and pathological is yet to be
fully substantiated; nonetheless such a change in normal cell function is one of the
"earliest" known events in cytotoxicity.

The parallel of increased free cytosolic Ca2* concentrations occuring during cyto-
toxicity with similar increases taking place during the action of the Ca2+-mobilising
hormones given in Chapter 7 a,llows a useful comparison between the absolute levels

96



of increased [Ca2+1' occuring in pathological and physiological circumstances respec-

tively. Recently Bellomo et al. (1987) investigated the mechanism of such changes

in isolated hepatocyte suspension cultures under severe oxidant stress. These work-
ers were able to show that alterations in Ca2f homeostasis in such cells are not
mediated by the production of inositol phosphates, compounds normally associated

with increased [Ca2+]¿ found as a result of the action of some hormones.

Although increased [Caz+1' has been predominantly attributed to the mobili-
sation of. Ca2+ from intracellular stores by studies presented here and elsewhere

(Bellomo et al., 1987) the exact nature of these important changes has not been

characterised. Such a characterisation represents a logical extension of the studies

outlined here and may explain more fully the biphasic nature of increased [Cur+]¿
in response to APAP. The primary mouse hepatocyte cell cultures described here

may lepresent an appropriate model for the study of these changes in normal cell

function which occur over an extended period.
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Appendix A

Sources of Drugs and
Chernic ls

All chemicals used during the course of these studies were of reaqent (AR) or
pharmaceutical g1a$e.c1uality. Suppliers, including representative lot"numÈer(¡ if
knorvn, are set out belorv.

CHEMICAT
Acet aminophen / P aracet amol
Adenosine Monophosphate
Ascorbic Acid
Buthionine DL-Sulfoximine
Collagenase

Dexamethasone NaPOa
Eostrogen
7-Ethoxycoumarin
EGTA
Foetai Calf Serum

SOURCE
BDi{
Sigma
Sigma
Gift from Dr. R. Drew
Wortliington
Sigma

Calbiochem

tor No.

42F217
61F-6811
38C-6800
82F-682
003879
702637
102364

Merck Sharpe & Dohme
Sigma
Sigma
Sigma
Commonwealth Serum Laboratories [CSt]
Florv Lalioratories g71.1g-243-a

977.19-279-3
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Glutathione, Oxidised Form
Glutathione, Reduced Form
Haem
Hank's Buffered Saline Sa^lts

7-Hydroxycoumarin
Insulin
p-Iodonitrotetrazolium Violet
Lactic Acid
Diethyl Maleate
B-Naphthoflavone
NAD/NADH
Oleic Acid
Perchloric Acid
o-Phthaldehyde

Quin-2 Acetoxymethyl
Ester

RPMI 1640

Salicylamide
Spermine

Testosterone
Tetraacetic Acid
Trypan Blue
\Maymouths MB 75217

William's E

Gift from Dr. R. Drew
Sigma
Sigma
Flow Laboratories
Sigma
CSL, MeIb., Australia
Sigma
Gift from Dr. M. Roberts
Merck
Sigma
Sigma
Gift from Dr.M.Whitehouse
BDH
Sigma

Sigma

Gibco
BDH
Sigma

Sigma
Sigma
Sigma
Gibco

Flow Laboratories
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17101015

581-130-345
63F-5020

113F-3658
rLSC-7220

13F-01715

64F-0073
t24E-0762
12N7516

t23F-0444
82F-0167

61P6414
18N6016
L2470r0



Appendix B

Composition of Incubation
Media

INGREDIENT RPMI 1640

(*s/l)

200.0
56.82
20.00

WAYMOUTHS
MB 7621L
(-s/l)

75.00

60.00
80.77
L7.70
150.0
350.0
15.00
50.00
164.1

25.00
50.00
240.0
50.00
50.00
50.00

L-arginine HCI
L-asparagine H2O
L-aspartic acid
L-cysteine HCI
L-cystine, disodium salt
L-glutamic acid
L-glutamine
glutathione
glycine
L-histidine
L-hydroxyproline
L-isoleucine
L-leucine
L-lysine HCI
L-methionine
L-phenylalanine
L-proline
L-serine
L-threonine
L-tryptophan

59.15
20.00
300.0
1.00

10.00

15.00
20.00
50.00
50.00
40.00
15.00
15.00
20.00
30.00
20.00
5.00

75.00
40.00
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L-tyrosine, disodium sa.lt

L-valine
L-ascorbic acid
L-biotin
D-calcium pantothenate
choline chloride
folic acid
i-inositol
nicotinamide
p-aminobenzoic acid
pyridoxine HCI
riboflavin
thiamine HCI
vitamin 812

Ca(N03)2
KCI
I(H2P04
MgSOa.TH2O
NaCl
NaHCOs
Na2HP04
D-glucose
hypoxanthine
Phenyl red sodium salt

24.86
20.00

49.72
65.00
17.50
0.02
1.00
250.0
0.40
1.00
1.00

1.00
1.00
10.00
0.20
120.0
150.0
80.00
491.0
6000
2240
300.0
5000
25.00
10.00

0.20
0.25
3.00
1.00

35.00
1.00
1.00
1.00

0.20
1.00

0.005
69.49
400.0

100.0
6000
2000
800.7
2000

5.00
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Appendix C

Solutions lJsed During Cell
Isolations or Assay Procedures

The composition of buffers, i.e. pre-perfusion and perfusion, used during the course

of primary hepatocyte isolations (Section 2.1.1 are detailed below:

PRE-PERFUSION BUFFER

(Modified I(rebs-Henesleit'Buffer)

Component
Na+
I(+
Mg'+
c1-
HCOt
HPOI lPO24-
so?-
gluconate ion
EGTA
HEPBS
BSA
nicotinamide
penicillin
streptomycin

Concentration
L47.7 mM
3.9 mM
0.74 mM
94.7 mM
30 mM
2.5 mM
0.74 mM
2.635 glI
160 mg/I
25 ml\,I
1 slr
10 mM
1 x 106 U/l
1 elr
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PERFUSION BUFFER

(Modified Hanks) BSS

Component
Ca2*
Mgz+
haem
ascorbic acid
sodium gluconate
HCO;
7-ALA
HEPES
BSA
nicotinamide
penicillin
streptomycin
collagenase

Concentration
3mM
1.18 mM
0.65 mg/l
53 mg/I
2.365 s/I
0.35 g/l
7 tM
10 mM
L elr
10 mM
1 x 106 U/l
7 slr
70-100IU/ml

Solutions used in the determination of free cytosolic Ca2* concentration by the
method described previously in Section 2.2.8 are outlined belorv:

UIN_2 BUFFER A

Component
NaCl
KCI
MgCl2
HEPES, pH 7.4
glucose
EGTA

Concentration
132 mM
5mM
1.0 mM
25 rnM
5mM
2mM
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QUIN _ 2, BUFFER B

Component
NaCl
KCI
CaCI2
MgClz
HEPES, pH 7.4
glucose

QUIN - 2, BUFFER C

Component
KCI
NaCI
HEPES, pII 7.4
EGTA
MgC12

Concentration
132 mM
5mM
1.8 mM
1.0 mM
25 mM
5 ml\4

Concentration
115 mM
20 mlvl
20 mlvl
2.22 mM
1.22 mM
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Appendix D

Standard Curves

Standard Curve for Paracetamol añd Metabolites.

All APAP standards (APAP-glucuronide, APAP - sulphate, APAP- cysteine, APAP -

mercapturate, APAP-glutathione and paracetamol) were prepared according to the

foilorving protocol:

'Iube No. øI Standard (lmE/ml pIHuO Concn. ns/ml
I
2 2U 900 20
3 30 öÕu JU
4 4U 800 40
5 80 öu0 80
rj ru0 ÕUU ].UU
I l5u 251) 150

Aliquots o1.20p,L of internal standard (p-aminophenol, lmg/ml) were added to

each tube and thoroughly mixed. A 15¡it sample was subject to HPLC as previously

described in Section 2.2.3. A, typical HPLC profile of paracetamol and metabolites

is shown in Figure D.1 and a standard curve is presented in Figure D.2 (coeff. of

variance, 5%).
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Lowry Protein Estimation.

An estimation of cellular protein content, using bovine serum albumin (BSA) as

standard was achieved by the method of Lorvry et al. (1951) as previously described

in Section 2.2.2. A standard curve of BSA concentration versus ODzso,r- is shown

in Figure D.3 (coeff. of variance,4%).

7-Hydroxycoumarin Standard Curve.

The activity of 7-ethoxycournarin deethylase was determined by the rnethod of

Greenlee & Poland (1978) using the deethylated product (7-hydroxycoumarin) as

standard. A plot of 7-IIC fluorescence as a product of concentration is represented

in Figure D.4 (coeff. of variance,2%).

Standard Curve of Reduced Glutathione (GSH)

Solutions of reduced glutathione were prepared fresh daily with ice-cold distilled

water and kept at 4oC during the course ofthe assay. A standard curve representing

GSH concentration versus the fluorescence of the OPT-derivatised compound is

shown in Figure D.5.

Standard Curve For Oxidised Glutathione (GSSG)

Solutions of oxidised glutathione were prepared fresh daily with ice-cold distilled

water and kept at 4oC during the course ofthe assay. A standard cnrve representing

GSSG concentration versus the fluorescence of the OPT-derivatised compound is

shown in Figure D.6.

Ethylmorphine N-Dernethylase Standard Curve.

The activity of ethylmorpliine N-demethylase was determined by examining the

amount of forrnaldehyde released as a product of ethylmorphine metabolism ac-
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cording to the method previously described (Section 2.2.9). A standard curve is

represented in Figure D.7.

Free Potassium lon Standard Curve

Standard solutions of KCI (Ajax Chemicals) were made to 10, 25, 50 and z5 mM

(in distilled H2O) and diluted by either 50 o¡ 100 fold prior to measurement of I(+
as previously desclibed in Section 2.2.5
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Figure D.l

Typical Profi.le of Paracetamol (Acetaminophen) a^nd

and Paracetamol-Metabolite Standards Subject to
Separation using HPLC

A. PCA/TCA.
B. APAP-glucuronide.
C. APAP-sulphate.
D. APAP-cysteine.
E. Paracetamol.
F. APAP-glutathione.
G. Internal Standard.
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Figure D.4

7-Hydroxycoumarin Standard Curve
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Figure D.5

Standard Curve - Reduced Glutathione (GSH)
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Figure D.6

Standard Curve - Oxidised Glutathione (GSSG)
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Figure D.8

Standard Curve - Free Potassium Goncentration
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Appendix tr

DEM-Induced Depletion of
Cellular GSI{ in Primary
Mouse l{epatocyte Suspension
Cultures.

Primary mouse hepatocytes were isolated according to the method previously

described (Section 2.1.1). Cells, rvith an overall viability of greater than g5%, were

incubated under ag5% aftl5% CO2 atmosphere at a concentration of 1 x 106 viable

cells/ml in Hi\4-RPMI 1640 medium using the conditions outlined in Section 2.1.4

for suspension cultures.

The cellular content of free glutathione (GSH) was assayed immediately after

the generation of the sample, at regular intervals, by a modification of the method

of I{issin & }Iilf (1976) as descibed in Section 2.2.6.

The resultant proflle of cellular GSH content is shown in Figure E.1 and indi-

cates that a significant dose-related depletion of cellular GSH by DEM was evident

during the incubation period of 60 minutes. Depletion of cellular GSH was rapid

with maximal depletion occuring within 15 minutes of the addition of eitirer 0.55

or 2.72 mlvl DEM. Depletion of cellular GSH in DE\{-treated cultures lasted up
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to 60 minutes after the addition of DEM. Intracellular GSH concentration was ob-

served to undergo a slight increase in cultures not treated with DEM suggesting

that resynthesis of the compound occured after initial hepatocyte isolation.
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Figure E.1

DEM-Mediated Depletion of Intracellular GSH in
Prima,ry Mouse Hepatocyte Suspension Cultures

Control (0.0 mM DEM) 'o-

0.5 mM DEM .o-

2.72 rn}l{ DEM .r-
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Appendix F

Cellular PSMO Activity as a
Product of the Prirnary Mouse
Hepatocyte Isolation
Technique.

Primary mouse hepatocytes were isolated according to the method previously

described (Section 2.1.1). Livers for each of the treatment regimes were pre-perfused

separately with either Pre-perfusion buffer alone (without supplements, I(-H), buffer

containing both ascorbic acid (AA, 53 -g/1, 0.3 mM) and haem (0.65 mg/l, 1

¡rM) or with ascorbic acid added only. Collgenase perfusion and digestion of the

extracellular matrix followed as described in Section 2.1.1. Cells, with an overall

viability of greater than g5%, rvere incubated under a g5% aftl5% CO2 atmosphere

at a concentration of l-L.2 x 106 viable cells/ml in RPMI 1640 medium using the

conditions outlined in Section 2.I.4 for suspension cultures.

Cellular PSMO activity was assessed immediately after the generation of the pri-

mary mouse hepatocyte cell suspensions by assaying the 7-ethoxycoumarin deethy-

lase, ethyhnorphine N-dernethylase and antipyrine hydroxylase activities in suspen-

sion, as outlined in Section 2.2,9. Tl'te results, presented as the mean of n=3 samples,

are shown in Figure F.1.
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Pre-perfusion with a buffer containing both haem and ascorbic acid, at the con-

centrations detailed, was found to significantly increase each of the PSMO activi-

ties assayed (7-ethoxycoumarin deethylase, ethylmorphine N-demethylase and an-

tipyrine hydroxylase activities) above control levels. A differential potentiation in

these PSIVIO activities rvas observed between the various pre-perfusion media, e.g.

ethylmorphine N-demethylase was markedly increased above control levels using a

pre-perfusion solution supplemented with both haem and ascorbic acid.

Hepatocyte isolation using buffer supplemented with ascorbic acid only resulted

in a significant increase in 7-etiroxycoumarin deethylase and antipyrine hydroxylase

activities above basal levels. A significa rt increase in ethylmorphine N-demethylase

activity rvas not observed. Based on these preliminary observations all primary

hepatocyte isolations carried out during the course of these studies incorporated

ascorbic acid aud haem additions to the pre-perfusion medium.
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Figure F.1

PSMO Activity of Primary Mouse Hepatocyte
Suspension Cultures Subject to Varying Perfusion

Conditions During CelI Isolation

A. Ethoxycoumarin Deethylase Aciivity

B. Ethylmorphine N-Demethylase Activity

C. Antipyrine Hydroxylase Activity
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Appendix G

Inhibition of 7-HC Conjugation
in Isolated Mouse Hepatocyte
Suspension Cultures using
Salicylarnide.

Primary mouse hepatocytes were isolated according to the method previously

described (Section 2.1.1). Cells, with an overall viability of greater than 95%, were

incubated under a g57o ait l5% CO2 atmosphere at a concentration of 6 x 106 viable

cells/ml in RPMI 1640 medium using the conditions outlined in Section 2.1.4 for

suspension cultures.

Suspension cultures rvere incubated for 30 minutes under the follorving treatment

regimes:

A.
In the presence of concentrations of 7-hydroxycoumarin (7-HC) ranging from 1 nlvl

to 100 pNI;

1. In the presence of. L32 pM salicylamide.

2. In the absence oII32 ¡rM salicylamide.
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B.

In the presence of concentrations of 7-ethoxycoumarin (7-EC) ranging from 5 ¡"rM

to 500 pM;

1. In the presence of I32 ¡^rM sal-icylamide.

2. In the absence of 132 pN{ salicylamide.

The extent of either 7-hydroxycoumarin conjugation (as indicated in A above)

or the extent of metabolism of 7-ethoxycoumarin and subsequènt conjugation (as

indicated in B above) were examined by the assessment of free 7-hydroxycoumarin

remaining in the medium after the incubation period (Section 2.2.9. The number of

cells per incubation were quantified by examining the cellular protein content of each

flask using the method of Lowry et al. (795I), as previously described (Section 2.2.2).

The results were standardised to the protein content of each incubation and are

presented in Figure G.1.

Both Figures G.IA&B indicate that salicylamide markedly inhibits the further

Phase 2 conjugation of 7-hydroxycoumarin from either exogenously added sources

(Figure G.1A) or that produced from the Phase 1 dealkylation of 7-ethoxycoumarin

(Figure G.18). The efflcacy of salicylamidemediated inhibition of Thydroxycoumar-

in conjugation decreased at higher concentrations (in excess of 1 pM) suggesting

that the mechanism of inhibition of conjugation may be predominantly competi-

tive. At concentrations of 7-ethoxycoumarin normally employed in the assessment

of PSMO activity in monolayer cultures (100 plVI, Section 2.2.9), I32 p'M salicy-

Iamide produced a five-fold increase in the detectable level of the unconjugated

hydroxy metabolite in tlie medium.
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Figure G.1

Inhibition of 7-Hydroxycoumarin Phase 2 Conjugation
in Primary Rat Hepatocyte Suspension Cultures

A. Using 7-hydroxycoumarin as substrate.

B. Using 7-ethoxycoumarin as substrate.

'Without L32 p,M salicylamide

With 732 ¡tM salicylamide

---Gl-
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Appendix H

The Method of Multiple Linear
Regression Analysis in the
Deterrnination of Positive
Interactive Effects between
Independent Variables.

The use of multiple regression analysis is often indicated when the regression of

a dependent variable, Y, on a single independent variable, X, by linear regression

is inadequate. This may be due to the requirement to describe;

1. a function consisting of more than one independent variable, or,

2. a non-linear (curvilinear) function.

A linear dependent variabie influenced by å independent variables (ø1 to ø¡-)

can be defined as follorvs:

a¿ : þo * þtt¿t I þzn¿z+ ...+ þ*r¡x + e;

where:
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I. nói is the ith observation of the jth independent variable

2. y¿ is the fth observation of the dependent variable

3. þo,þ¡ are parameters

4. e¿ is an independent random error term, nolmally distributed with a mean of

0

5. i=Ir2,3,...rn

6. j= Lr2r3,...,1c.

Most of the inferences that can be made from multiple regression analysis

are extensions of the procedures used in simple linear regression analysis, i.e. the

use of the F-test and MSE (mean square for error) estimation of the population

variance.

A plot of the difference betrveen thê observed and predicted values for the

dependent variable (9-!) against the predicted values (!', residuals plot) may be

used to validate the assumptions required for the correct use of multiple regression

analysis. These assumptions include that tlie distribution of e is normal and that the

variance (o2) is constant throughout the data. If the residuals plot indicates a non-

linear relationship the data may be more appropriately, and accurately, examined

using a quadratic term for one, or mole, of the independent variables (r2).

The possibility of two or more independent variables interacting exists and

can be defrned by the inclusion of a n1.x2 term indicating an interaction between

the ør ald x2 variables. Consecluently, a non-linear variable influenced by three

independent variables (say; c1, xz,t), of rvhich one is in the cluadratic form, could

be generally expressed as follorvs;

A = þo * þfit I þzxz * Bsx¡n2 * þ+t I þst2 I e¿

where:
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1. cr, o2 and ú are independent variables

2. þo, . , .,þs ale palametels

3. e; is an independent random error term, normally distributed with a mean of

0.

The last ecluation could be used to define the response (y) produced by the

action of two drugs (q & cx) with respect to time (ú). This was the approach taken in

this thesis (Chapter 5). The equations can be solved for each of the parameters Be to

B5 and if PB = 0 no interaction betrveen the drugs exists (Snedecor & Cochran, 1967).

The results of such an analysis are usually presented as an ANOVA table where the

values þo to þs determine the sum of scluares due to regression and error (SSR &

SSE). The F test, where F-(mean SSR/mean SSE), can tÏ,en be used to test the

association between the independent variables and the response variable (Byrkit,

1987). Furthermore, the interactive term (ø1.r2) can consist of other descriptors

which irdicate the extent of drug interaction at multiple dosage levels. An excellent

contemporary description of the technique of multiple regression analysis can be

found in Byrkit (1987).
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