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ABSTRACT

Massive overdosage of acetaminophen, a common anti-
pyretic analgesic drug, has recently been found to in-
duce acute liver necrosis and liyer failure in humans.
The specific biochemical lesion, however, whereby cova-
lent binding of the toxic metabolite of acetaminophen
with macromolecules precipitates cellular death, remains
incompletely understood. The therapeutic efficacy of
cysteamine in reversing acetaminophen hepatotoxicity has
not been established. In an attempt to elucidate‘the
biochemical mechanism of acetaminophen-induced hepatic
necrosis, the present study was undertaken to evaluate
the possible changes in lipid peroxidation and the con-
comitant alterations in microsomal enzymes. The protect-
ive action of cysteamine was likewise assessed in the light
of these biochemicai pafameters, and electron mieroscopic
study was performed concurrently to correlate the changes
in the fine structural features of the liver with the
- changes in the microsomal function.

In the‘present investigation, male hamsters were di-
vided ihto four groups: 1) saline-control group; 2) cys-
teamine-control group (treated with cysteamine 200 mg/kg
i.p.); 3) non-protected acetaminophen-poisoned group
(treated with acetaminophen 600 mg/kg i.p.); 4) cystea—

mine-protected acetaminophen-poisoned group (treated with
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acetaminophen 600 mg/kg i.p., followed one hour later
by cysteamine 200 mg/kg i.p.). At six, twelve, eight-
een and twenty-four hours, the animals were sacrificed{
liver sections were prepared for electron microscopy,
and microsomal fractions were isolated for biochemical
assay.

Results showed that significant enhancement of
lipid peroxidation occurred in the non-protécted acet-
aminophen-poisoned group, as contrasted to the cysteamine-
protéctéd group. Glucose 6-phosphatase activity was
markedly suppressed at six, twelve and eighteen hours
after acetaminophen overdosage. Cysteamine treatment
completely prevented the curtailment of NADPH-cytochrome c

reductase and glucose 6-phosphatase activities in the pro-

tected group, and partially maintained aniline hydroxylase

activity. Cytochrome P-450 level was unaltered in both
the non-protected and cysteamine-protected'grbups at the
respective time intervals.

Electron microscopic examination revealed dilation
of the cisternae of the granuiar endoplasmic reticulum
(GER) associated with partial loss of membrane-bound
‘ribosomes, at six hours after acetaminophen overdOsage.v
At twelve hours, vesiculation of GER and hyperplasia of

agranular endoplasmic reticulum (AGER) occurred, poly-



somal disintegration became accentuated, and fatty in-
filtration and vacuolation were evident. At eighteen
and twenty-four hours, increased numbers of myeloid
figﬁres appeared, and sinusoidal congestion and vacuo-
lation were prominent.

In the hepatocytes from cysteamine-protected animals,
slight distention of the GER occurred at six hours. At
twelve hours, partial ribosomal disaggregation and limit-
ed 1lipid accumulation were 6bserved. At eighteen hours,
pblysomes reassembled around the GER.

Evidence is presented in this study thét lipid pero-

xide formed in vivo may facilitate the microsomal oxidation

of acetaminophen to the toxic metabolite. NADPH-Cyto—
chrome c reductase is likely to be the locus within the
NADPH-cytochrome P-450 electron transport chain suscep-
tiable to lipoperoxidation. The free-radical-related
lipoperoxidation may mediate the impairment of in vitro
drug metabolism, as reflected by the depressed aniliﬁe
hydroxylase activity. Cysteamine treatﬁent‘attenuates
lipid peroxidation and the consequent derangement of micfo—
somal enzymes.

The histopathological consequences of abnormal phos-
pholipid metabolism and distribution are manifested by

" the extensive accumulation of lipolysosomes and myeloid
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bodies, asvﬁell as marked vacuolation, at the advanced
stage.of necrosis. The occurrence of myeloid bodies
constitutes a secondary lysosomal response to the acute
pathogenic stimuli, suggesting that the toxic metabolite
of acetaminophen may be sequestered within the vesicul-
ated membraneous inclusions. Cysteamine treatment pre-
| vents any significant derangement of phospholipid meta-
bolism, as evident from the absence of these’morphological
cortelates of_acetaminophen-induced secondary phospholipid-
osis, The maintenance of the normal polysomal profile by
cysteamine administration-explains the concomitant enhance-
ment of microsomal enzyme activities.

| It is coﬁcluded that the facilitatory interaction
of 1ipi&'peroxidation and microsomal oxidation of acétaw
minophen may be the primary event of acetaminophen hepato-
toxicity. tCysteamine protects against acetaminophen-induced
liver necrosis by inhibiting the formation of the toxic

metabolite.
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CHAPTER I
INTRODUCTION

Acetaminophen *(paracetamdl, N-acetyl-p-aminophenol,
p-hydroxyacetanilide), a common antipyretic analgesic, appears
to be quite safe within the normal therapeutic dosage, even
though some toxic a;tions including agranulocytosie (Lloyd,

1961) and hypersensitivity dermatitis (Henriques, 1970) have been
observed._ However, suicidal and accidental overdosage with
acetaminophen causes acute liver damage leading to fulminant
~centrilobular hepatic necrosis andkliver failure (Davidson
and}Eastham, 1966; Prescott et al, 1971; Clark et al )and in
some cases, renal papillary necrosis and renal failure as well
(Khrishler, 1967: Boyer and Rouff, 1971). 1In the United Kingdom,
acetaninophen poisoning has become critical over the last de-

' Cede and hOSpital admissions for acetaminophen overdose‘have
been estimated to be 7,000 per ennnm and the mortality rate to
(be abqut 1 per cent. (Volans, 1976). The apparent incfease in
the abuse.of the analgesic, as reflected in the higher inci-
dence of acetaminophen poisoning, warrants a more v1gorous
appra1sal of possible hepatotox1c and nephrotoxic effects of
prolonged use of the drug. Moreover, the development of better
emergency therapeutic measures in preventing hepatic failure in ‘

severely poisoned patients is considered mandatory. This, in

* Acetaminophen is marketed in Canada under the proprie-
tary name of Atasol (Horner )etc.
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turn, necessitates more extensive clinical trials to evaluate
the relative therapeutic potencies of various antidotes, as well
as more experimental animal studies to elucidate the biochemical
mechanism of acetaminophen hepatotoxicity.

It is controversial whether renal failure occurs concomit-
antly with acetaminophen-induced hepatic necrosis, and more
significantly, whether acetaminophen, the active metabolite of
its precursor, phenacetin, plays'any role in the pathogenesis
‘of'phenacetin-induced analgesic nephropathy. Chronic administra-
tion of phenacetin has been associated with renal papillary
netrOSis (Levin et al, 1961; Koutsaimanis and Wardener 1970),
which invariably precipitates careinoma of the renal pelvis
(Jacobs, 1962). Granted that the analgesic properties of phena-
cetin depend upon its metabolic conversion to acetaminephen in.
the liver, this would not exclude the possibility that acete-
minophen may,also‘mediate the nephrotoxic effects ascribed to
the parent compound.‘ Krishler (1967) cited one clinical case
of renal papillary necrosis substained in a patient who had
taken the analgesic for six months at a daily consumption rate
of 11 to 18 grams per day. Although the studies of Schnitzer
and Smith (1966) in rats failed to demonstrate any renal lesions
caused by acetaminophen, Boyd § Breczyk (1966) observed conges-
tive and degenerative changes in the renal tubules after acefa-
minephen,and phenacetin treetment. Hence caution should be
exercised in the distribution of the drug with respect tovthe

nephrotoxic potential for chronic use and abuse.
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The validity and reliability of various biochemical data

in determining the prognosis of hepatic failure and coma has
been discussed in quite a number of studies. Liver function
tests revealed that elevation of serum levels of glutamic-
oxaloacetic and glutamic-pyruvic transaminases occurred maxi-
- mally 3 to 5 days after ingestion and therefore proved to be

of limited value in predicting the likelihood of liver damage
(James gg al, 1975). By contrast, Prescott et al (1976) found
that plasma paracetamol level correlated well with severity of,
poisoning in man.  Even though individual variability in suséepi
tibility to acetaminophen hepatotoxicity exists, plasma concen-
tration pf the free drug in excess of 250-300 mg per 1' at four
hours‘after acetaminophen ingestion (Prescott et al, y971), as
‘well as bilirubin level and prothrombin time ratio greater than
4 mg % ,ﬁand 2.2 respectiiely (Clark et al, 1973), were invariably
associated with liver damage. Unconjugated hyperbilirubinemia,
showing'that the hepatic capacity to form sulfate and glucuron-
ide conjugates is impaired, has been observed in man following an
‘acute hepatotoxic dose of acetaminophen (Davis et al, 1975).
This may be explained by the décreased bilirubin uptake, de-
pression of UDP-glucuronyl transferase or depletion of el
glﬁcuronide itself. Histological examination of liver biopsy
specimens during the recovery phase fevealed centrilobular |
nec?osis oflali lobes and fibrosis, but no cirrhosis was evident
(Clark et al, 1973). Likewise, ﬁassive and confluent necrosis
of all lobules was observed upon necropsy in patients who died

of hepatic encephalopathy and fulminant failure.
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None of the measures of therapy advocated in the treatment
of acetaminophen poisoning have been demonstrated unequivocally
to reverse the incidence of liver failure. Although Farid (1972)
reported that hemodialysis enhanced the plasma clearance of the
drug, it is not certain if the rate of elimination is related
directly to the severity of hepatic failure. The cumulative clear-
‘ance . of acetaminophen is apparently limited by its distribu-
tion into the total body water (Gwilt et al, 1963).

| Activatéd charcoal hemoperfusion depends for its ultimate
success upon early referral of patients, since acetaminophen
could only be removed effectively from the plasma while freely
circulating (Wilson et al, 1973a). Activated charcoal or chol-
estyramine ingestion failed to reduce the amount of absorption
~of the drug even when administered as early as one hr. after a
small dose of acetaminophen. However, intestinal absorption of
the analgesic was‘delayed following massive overdosage (Dordoni
et gl, 1973). Forced diuresis may precipitate acute'pulmonary
edema (McLean et al, 1968) as acetaminophen itself'has an anti-
diuretic action (Nusynowitz and Forsham, 1966). The apparent
uncertainties and complexities manifested in the treatment of
acetaminophen poisoniﬁg necessitates a fundamental réview of
the biochemical mechanism of its heptatoxicity to provide a more
rational basis for the pursuit of appropriate and effective
therapeutic measures.
" Research in the area of chemical carcinogenesis has impli-

cated the formation of chemically active arylating metabolites
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as the causative factor responsible for malignant transformation

and tumour development (Miller and Miller, 1966; Magees and
Barnes, 1967). It soon becomes increasingly evident that normal
nontoxic therapeutic agents may also evoke their toxicological
responses and produce pathological lésions by converting to
highly reactive intermediates which may combine covalently with
various tissue macromolecules, including nueleic acids and pro-
teins (Gillette, Mitchell and Brodie, 1974). Mitchell and his
colleagues (1973a), in a series of experiments, presented evi-
dence that acetaminophen-induced hepatic necrosis is caused by
the conversion of the drug to a highly reactive toxic metabolite
catalysed by a cytochrome P-450-dependent microsomal mixed func-
tion oxidase. It is conceivable that irreversible covalent
linkage of the toxic metabolite with vital cellular constituents
may lead to loss of functional integrity of various organelles
and perturb the regulation and control of the various metabolic
"activities and bioenergetics. Preferential localization of
radioactive acetaminophen in the endoplasmic reticulum may well
reflect direct injury to the cell organelle (Jollow et al, 1973).
Parallelism between the magnitude of covalent binding with microf
somal proteins in vivo and in vitro and the degree‘of hepatic
necrosis further supports the theory of tokic metabolite forma-
~tion (Potter et al, 1973, Jollow et al, 1973). The kinetics

of covalent binding revealed that the biochemical lesion pre-
ceded the cytopathological events by two hours. Upon electron

microscopic examination, acetaminophen-induced hepatic necrosis
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is characterized by ribosomal disaggregation and vacuolation in

centrilobular hepatocytes (Dixon et al, 1971). That the microso-
mal cytochrome P-450-requiring enzyme system mediates the cova-
lent binding is evidenced from the observation that in mice,
pretreatment with phenobarbital and 3-methylcholanthrene,
specific inducers of microsomal drug-metabolizing enzymes, poten-
tiated the degree of hepatotoxcity and covalenf binding (Mitchell
et al, 19735; Jollow et al, 1973). Conversely, inhibitors of
the synthesis of cytochrome P-450, the terminal oxidase of
microsomal electron chaih, for example, cobaltous chloride and
piperonyl butoxide, alleviated the hepatic injury and reduced
the covalent binding.r

‘The hepatic metabolism of therapeutic doses of acetamino-
phen occurs by cytochrome P-450 catalysed-sulfation and glucuroni-
dation of the p-hydroxyl group (Brodie and Auxelrod, 1948).

Davis et al 1975)‘found that unconjugated Hyperbilirubinemia
attributed to impaired conjugation 6f acetaminophen and biliru-
bin preceded the covalent binding of the toxic metabolite and
further exacerbated hepatic paranchymal cellular necrosis. Tran-
‘sient hypqglycemia, indicating disturbance in carbohydrate
metabolism, has also been noted in man (Record et al, 1975).

In addition to hepatic glucuronidation and sulfation of
acetaminophen and urinary excretion of glucuronide and sulfate
conjugates, the alternative detoxifying pathway for the active
metébolite appears to be related to glutathione metabolism.

Hepatic glutathione has been shown to conjugate with exogenous
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compounds and mercapturic acid conjugates have been identified

in the urine of some animal species (Jagenburg and Toezko, 1964).
De nov® synthesis of glutathione tends to maintain the gluta-
thione pool. It is evident that glutathione will conjugate with
the toxic metabolite of acetaminophen and renders the latter
harmless. Mitchell et al (1973 b) showed that when the gluta-
thione pool was depleted to 70% in mice, arylation of the toxic
metabolite with the microsomal proteins occurTed. A summary of
the metabolic pathways of acetaminophen is given in Fig. (1).
HiS hypothesis of the glutathi;ne-related detoxification mechan-
‘ism is supported by the effects of modulators of glutathione
'Synthesis on covalent binding and hepatic necrosis. Accordingiy,
v'pretreatment‘with cysteine a precursor of glutathione, decreased
the extent of covalenf’binding in vivo and liver damage. On the
~ other hand, prior administration with diethyl maleate, an
inhibitor of glutéthibne biosynthesis, enhanced the hepatotoxic
effec?s of acetaminophen and the accompanying ¢ova1ent binding.
lﬁ vitro studies further confirmed his findings. However, it
‘is not clear whether glutathione S-transferase mediated its con-
jugation with the toxic metabolite (Boyland and Chasseaud, 1969).
It is perhaps relevant to note that glutathione depletion re-
~flects a loss of total glutathione (GSH and GSSG) rather than
an increase in the glutathione peroxidase-catalysed Metabolic
conyersion to the oxidized species (Mitchell et al, 1973).

In summary, it is evident that the magnitude of covalent

- binding and the severity of hepatic necrosis depends on the
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level of glutathione (GSH), which in turn‘is determined by the

relative rates of de novo synthesis of glutathione from cysteine
and the formation of glutathione conjugate with the toxic pro-
duct. Hence Potter and his colleagues (1973) proposed that the
fundamental role of glutathione is to protect important nucleo-
philic sites, especially membrane-bound thiol groups of proteins,
against electrophilic attack by alkylating metabolites of ace-
taminophen and other drugs. The therapeutic implications of

the central hypothesis of glutathione availability of acetamino-
phén-induced hepatic necrosis are obvious, since thiol nucleo-
-philic agents such as cysteine, glutathione and methionine, may
protect against liver damage by replenishing the glutathione
pool. McLean and Day (1974) found that dietary supplementation
with the sulphur-containing amino acid, methionine, offered.
protection against acetaminophen-incuded liver injury, and the
susceptibilities to acetaminophen poisoning in animals were re-
lated to the nutritional status, since yeast-fed rats exhibited

a thirteen-fold decrease in the L D of paraCetamoi. Although

50
methionine may exert its protective effects by stimulating the
X-glutamyl cycle of glutathione metabolism at the membrane

level, the extent of variation of liver damage seen in rats would
render any critical evaluation of McLean's data difficult, if

not impossible. Furthermore, the relative ineffectiveness of
glutathione itself in reversing liver damage (Gazzard et al,
1974) unless given in massive doses (Benedetti et al, 1975)

suggests that some other regulatory factor may contribute
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equally towards the pathogenesis of acetaminophen poisoning.
Cysteamine (ﬂmwmcaptoethylamine), another SH-containing
compound, has been shown to be more effective than cysteine in
preserving liver function in mice, although it only brought
about a partial repletion of glutathione (Strubelt et al, 1974;

Gazzard et al, 1974). Prescott and his colleagues (1974) repoft-

- ed the first successful treatment of acetaminophen overdésage in

man with intravenous chtamine and, more recently (1976), claimed
that cysteamine was more‘effective than methionine and penicilla-
‘mine. The mechanism of protection afforded by cysteamine is

not certain, although isolated liver perfusion studies in rats
demonstrated that it inhibited microsomal cytochrome P-450-cata-
lysed oxidation of the drug to the toxic metabolite (Harvey and
Levitt, 1976). More extensive clinical studies with methionine
and cysfeamine are required to establish the therapeutic efficacy

of these SH?compoﬁnds and possible toxic side-effects.

RATIONAL AND OBJECTIVES
OF THE STUDY

Although the data of Mitchell and his coworkers (1973 a
and b)‘compel one to conclude that the biochemical mechanism of
acetaminophen-induced hepatic necrosis consists‘bf covalent |
binding of the toxic metabolite with vital ceilular maéromolecules,
when the hepatic glutathione stores are depleted, the toxic
‘metabolite hypothesis fails to explain the specificity of bio-.

chemical processes whereby the irreversible binding leads to
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cellular necrosis and death. If the covalent binding theory is

indeéd valid in explaining acetaminophen heptatoxicity, it is
expected that the plasma concentration of free drug would not
correlate with the degree of liver injury. In support of this
view, Mitchell and his colleagues (1973) noted that pretreatment
with phenobarbital potentiated the hepatic necrosis and enhanced
the clearance of the drug from the plasma. However, clinical
studies revealed that the plasma paracetamol level at four hours
after‘acetaminophen overdosage predicted quite accurately the
Pfognosis of hepatic faiiure (Prescott et al, 1974).' It is diffi-
cult, if not impossible, to réconcile these discrepancies other
thah by invoking species differences in the relative enzymatic
activities of metabolic pathways in the liver. Successful
clinical studies with cysteamine (Prescott et al, 1976) and
methionine (Crome et gl) make it unlikely that the mechanism of
acetaminophen detoxification in human differs qualitatively from:
that in certain species of animals '
Circumstantial evidence tends to suggest that lipid peroxif
dation in vivo of the membranes of the endoplasmic reticulum
- may mediate the hepatotoxicity consequent upon acetaminophen
ovefddsage. Walker and his associates (1974) found fhat,die-
tary supplementation with vitamin E (£ -tocopherol) . spemed to
protect acetaminophen-intoxicated rats from liver damage and
“the antioxidant properties of vitamin-E against lipid peroxi-
dation are documented in quite a number of studies (as reviewed

by Tappel et al, 1972). Moreover, peroxidative decomposition
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of the membranes of the endoplasmic reticulum has been proposed

by quite a number of investigators as the causative factor res-
ponsible for hepatotoxicity of a variety of chemical agents,
such as carbon tetrachloride , ethanol, hydrazine and phosphorus
(Recknagel, 1967). It is worthwhile, therefore, to delineate
the mechanisﬁ of 1lipid peroxidation in vivo and to evaluate the
relative significance of the lipid peroxidation hypothesis and
covalent binding theory in acetaminophen hepatotoxicity.

The importance of phospholipid in maintaining the function-
ai infegrity of the microsomal drug hydroxylating enzymes is
emphasized in a number of studies (Jones and Wakil, 1%67; Strobel
et al, 1970). 'Lipid peroxidation and drug hydroxylation share
the same componénts of hepatic microsbmal NADPH-cytochrome P-450
electron transport chain (Lu et al, 1969). NADPH-cytochrome c
reductase (hemoprotein cytochrome P-450 reductasé), has been
shown to participate in both the lipid peroxidation as well as
ﬁicfosomal hydroxylation of steroids, drugs and fatty acids
(Pederson et al, 1973). ‘Likewise, cytochrome P~450, the terminal
oxidase of the electron tfanspbrt.chain, depends for its reac-
tivity upon its intimate association with membrane,phospholipidSVF
(Chaplain and Maxmering, 1970). In view of the relationship between
lipid peroxidation and drug metabolism, it will be interesting
to determine if these processes occur simultaneously in acet#-
‘mihophen-induced hepatic necrosis, since Potter et al (1973)

. sugéested that the toxic metabolite of acetaminophen may be an

N-hydroxyl derivative. Fufthermore, acetaminophen may be acti-
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vated at NADPH-cytochrome c reductase site or the cytochrome

P-450 site to produce free radical-like reactive intermediate
which may affect oxidation of the drug itself. Attempts are
made in this study to localise the sites of activation and lipid
peroxide formation induced by acetaminophen and to define more
vigorously the relationship between microsomal 1lipid peroxida-
tion in vivo and oxidation of the drug in the liver.

Glende (1972) furnished evidence to support the contention
that carbon tetrachloride-induced liver damage andvmicrosomal
lipid peroxidation in 1122 mediated inhibition of microsomal
drug-metabolising activities in vitro towards lipid-requiring
substrates, including aniline and aminopyrine. Castro et al
(1968) claimed that lipoperoxidative process could be dissociated
from the curtailment of in vitro drug metabolism. If acetamino-
phen-induced hepatic necrosis involves peroxidative damage to
the membranes of the endoplasmic reticulum, it will be pertinent
to investigate the relationship between the extent of lipid
peroxidation in vivo and the depression of in vitro drug meta-
bolism. It is even possible to determine the pofentiating effect,
if any, of acetaminophen on NADPH-dependent or ascofbate-linked
lipid peroxidation in vitro and this may throw some light on the
mechanism of possible acetaminophen-induced lipoperoxidative
process.

| It remains to be established that cysteamine protects
against acetaminophen hepatotoxicity by virtue of its inhibitory

effect on the microsomal cytochrome P-450—cataiysed oxidation of
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the analgesic to the toxic metabolites (Havey and Levitt, 1976).

Alternatively, cysteamine and cystamine (with which cysteamine
exists in equilibrium in vivo) may protect the organism from the
deleterous effect of free radicals produced during lipid peroxi-

dative damage to the liver microsome, since in carbon tetra-

]
chloride-induced hepatic necrosis it has been demonstrated that

cystamine acts as free radical scavenger in decomposing CCl

3
- generated at the NADPH-cytochrome c reductase site and maintain-

ing the integrity of the sulfhydryl and disulfide groups of
membrane proteins (Castro et al, 1973). It is anticipated that
the study Qill elucidate the protective mechanism of cysteamine.

For the sake of clarity, specific objectives of this study
are summarized as follows: |

1) to evaluate the_possiblé role of microsomal lipid peroxi-
dation in xi!g and in vitro as the determinant in acetaminobhen
hepatotdxicity, as reflected by the conjugate diene absorption
(Srinivasan and Recknagel, 1973) and malonaldehyde formation
‘according to the thiobarbituric acid method (Bidlack and Tappel,
1972);

Zj to delineate the relationship between possibie acetamino-
phen-induced iiﬁid peroxidation in the liver and hydroxylation
of acetaminophen within the NADPii-cytochrome P-450 electron
transport complex;

f 3) to investigate whether acetaminophen-induéed lipoperoxi-
dative decomposition of the membranes of the endoplasmic reticu-

lun is related to the jphibition of in vitro drug metabolism;
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4) to evaluate the antioxidant properties of cysteamine

in preventing acetaminophen-induced liver injury;
5) to correlate the alterations in microsomal function with
concomitant morphologic changes involving the endoplasmic reticu-

lum as examined by electron microscopy.

IMPORTANCE OF THE STUDY

o The incidence of hepatic necrosis and fulminant hepatic
failure"and death frombacetaminophen overdbsage has increased
exponentially over the last decade in the United Kingdom
(GaZzafd et al, 1976). 1n sharp contrast to the acute and
répid development of loss of consciousness upon massive over-
dosage with sedafives and aﬂtidepressants,‘hépatic encephalo-
‘pathy‘and failure would not occur until 2 to 3 days after inges-
fion of the analgesic. Clinical management of patients with
severe acefaminophen poisoning is further complicated by the
consideration that some psychiatric patients simultaneouély
vcohsumed alcohol, aspirin, D-propoxyphene, barbiturates and
benzodiazepines which are knowﬁ inducers of hepatic microsomal
enzymes (Prescott, 1976) and hence the likelihood of potentia-
tion of thé acute toxic effects of acetaminophén is very’real}
Although it is difficult to predict the occurratecﬁ.acetamiﬁo_
- phen overdosage = . in Canéda in the future, the ever-increasing
- popﬁlarit& of the drug necessitafes a more careful assessment
of the fundamental mechanism of liver injury caused by toxic dos-

age of the analgesic, in an attempt to develop a rational'and
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specific therapy towards alleviating the risk of liver failure.

The biochemical mechanism underlying acetaminophen-induced
liver necrosis has been elucidated by Mitchell and his co-
workers (1973) that acetaminophen is converted to a chemically
‘reactive metabolite via the cytochrome P-450-dependent mixed
function oxidase of the liver. Pharmacokinetic analysis of the
disposition of the drug in human revealed that therapeutic doses
bf acetaminophen is extensively metabolized to the glucuronide
and sulfate conjugates and only a small proportion js excre- |
ted in the urine as the unchanged form (Levy § Yamada, 1971).

-In addition, urinary metabolite of acetaminophen forméd by its
'Conjugation with the endogenous glutathione pool in the liver
was identified to be acetyl-cysteine conjugate (mercapturic

acid) of the drug by mass spectrometry (Mitchell et al, 1974).
’Thisvreinforces the view that arylation of vital hepatocellﬁlar
macromolecules by‘electrophilic toxic metabolite of acetamino-
phen upon exhaustion of glutathione stores constitutes the causa-
tive féctbr in acetaminophen hepatotoxicity, and that the hepa-
totoxic pathway of acetaminophen in the liver in humans is
similar to that observed in other animal species (mice, rats

and hamsters). Accordingiy, the activity of the hepatotoxic
route for the covalent binding of the reactive intermediate with
the microsomal proteins reflects directly the extent of confuga—
tiop of acetaminophen with mercaﬁtufic acid (Jollow et al, 1974){
These findings may be relevant in extrapolating the results

obtained in animal studies to assessing " the probability of
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liver failure in patients with acetaminophen overdos age.
However, the molecular mechanism of the interaction of this
toxic metabolite with vital cellular constituents remains to be
determined. If the essential function of glutathione in humans
yﬁnd animals is to protect important nucleophilic sites from
electrophilic attack by the highly chemically reactive inter-
mediate,‘it is difficult to conceive the apparent failure of
glutéthione itself to prevent effectively the development of
hepatic necroSis (Gazzard et al, 1974). Sulfhydryl protecting
agents such as thioctic acid likewise did not significantly reduce
the extent of hepatic necrosis caused by acetaminophen (Gazzard
et al, 1974). As a natural extension of the "toxic metabolite"
hypothesis expounded by Mitchell and his colleagues, the funda-
mental,bibchemical mechanism of acetaminophen-inducéd hepatic
hecrosis may be similar to that postulated for carbon tetra-
chloride poisoning and ionizing radiation injury, in that free
radicals fprmed in situ may contribute significantly towards
the pathogenesis of cellular necrosis and death. It is perhaps
“more than fortuitous that cysteamine, an established radiopro-
tective agent against radiation-induced damage, also profects
against acetaminophen hepatotoxicity (Prescott et al, 1974).
Lipopefoxidafive damage to the membranks of the endoplasmic
reticulum of the liver is likely the sequel to the,covaieﬁt
binding of the toxic metabolité. Hence this study is specifi-
caliy designed to evaluate critically the mechanism of microsomal

lipid peroxidation underlying the cytopathological sequence of
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events of acetaminophen poisoning. It is anticipated that know-
ledge derived from understanding the speéific biochemical lesion
responsible for acetaminophen-induced hepatic necrosis will help
clarify some of the apparent discrepancies occurred invanimal
studies.

Clinicians have not agreed on the minimum effective dose
of cysteémine in treating acutely acetaminophen-poisoned patients.
Although cysteamine was effective in preventing hepatic failure
within ten hours of poisoning (Prescott,'1976), Hugheé et al
(1976) and Douglas et glk(1976) réported no difference either
in morbidity in mortality between cysteamine-treated patients
and control groups; besides, severe gastrointestinal and central
hefvous system symptoms were observed to occur after cysteamine
administration. Accordingly, correlation of the histopathological
alterations of the liver with the biochemical changes involving
the microsomes may explain the inconsistencies identified in
clinical trials of cysteamine in treating acutely poisoned pat-

ients.
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CHAPTER 1II

LITERATURE REVIEW

Since the primary objective of the project is to determine
if 1ipid peroxidation piays any role in acetaminophen-induced |
hepatic necrosis, it seems relevant to review the recent litera-
ture on the mechanism of lipid peroxidation, both at the cellu-
lar and molecular IeVel; the implications of peroxidative dam-
age with respect to the functionalvintegrity and viability of
different subcellular brganelles, especially the mitochondria,
~ the endoplasmic reticulum, and to a lesser extent, the lysosomes;
and finally, the function of phosphblipids in hepatic microsomal
drug-metabolizing enzyme systems, with special reference to the
relationship between microsomal 1lipid peroxidation and drug

hydroxylation.

I) INTRODUCTION

Lipid peroxidation in vivo has been implicated in a vériety
of pathological disorders including cellular aging (Tappel, 1968)
hepatic damage due to ethanol (Di Luzio, 1969), and chlorinated
hydrocarbpns (Recknagel, 1967), and more recently, carcinogene-
sis (Shamberger, 1972). It is evident that peroxidati%e damage
ﬁo bioiogical membranes of mitochondria, endoplasmic retitulqm
and lysosomes as well as erythrocytes will interfere drastically
withﬂthe regulatory and modulating function of membrane in
cellular transport phenomenon, bioenergetics of intermediary

metabolism and the molecular lipid-protein interaction.
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Mitochondria and the endoplasmic reticulum are the most
susceptible to oxidative chain cleavage by virtue of high con-
tent of polyunsaturated fatty acids and phospholipids. The
electron availability of the various phosphoryl bases, as well
as the chain length and degree of unsaturation of the fatty
acid moiety , may determine the extent of peroxidative damage.
Advances in this area of cellular pathology are derived from
model reactions of organic hydroperoxides with olefins in the
'presence of molecular oxygen. In these model systems, metal
ion-catalysed homolytic scission of peroxides leads td autocata-
lysis which proceeds by self-propagating mechanism. Although
the significance of free radical formation as the fundamental
biochemical lesion underlying chemical-induced hepatotoxicity
has not yet been unequivocably established, it is highly likely
that the propagative sequence ofvevents incurred by free radicals,
mainly the peroxy'free radicals LOO-,‘once they are produced in
biochemical systems in vitro and vivo, consists of hydrogen
abstraction, group transfer and addition. (Pryor, 1973). Sulfhydryl
and non—sﬁlfhydryl enZYmes were observed to be inactivated
by lipid‘peroxidation in mitochondrial suspensions in vitro
(McKnight and Hunter, 1966). The highly reactive intermediate,
malonaldehyde, is probably the agent responsible for inter-
and‘intra-molecular cross linking of protein-protein pblymers.
Intgrestingly enough, enzyme inactivation caused by lipoperoxi?
dation correlated closelyY with the process of radiatioh-induced

enzyme efflux (Dawes § Wills,1970) indicating that peroxides may
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mediate the enzyme release. Malonaldehyde tends to react with
€-amino groups of lysine in proteins. Chio and Tappel (1969)
showed that malonaldehyde-inactivated ribonuclease A exhibited
similar fluorescence characteristics to that obtained from per-
oxidizing polyunsaturated lipids in that the fluorescence maxi-
mum occurred at 470 nm and excitation at 395 nm.

Hunter and his coworkers (1963) observed that dilute sus-
pensions of mitochondrial preparations, when incubated in the
presence of low concentrations of ascorbafe, underwent tripha-
sic permeability changesf swelling, lysis and ultimately mem-
brane disintegration. Although phosphate-dependent and ascor-
bate-induced mitochondrial swelling both require the presence
of molecular oxygen and the activation of ferrous ion, and exhi-
bit sensitivity to inhibition by chelating agehts such as EDTA
(ethy1enediaminetetracetate) , and known inhibitors of electron
transport chain ihcluding cyanide, a longer lag period occurred
during ascorbate-induced swelling. Mellors et al (1966) and
"Hunter (1963) concluded that peroxidation of mitochondrial 1ipid
as assayed by the thiobarbituric acid method is directly related
to ascorbate-promoted membrane alterations, since antioxidanté,
for exampie, alpha-tocopherol and ubiquinol-6(reduced coenzyme
Q6), effectively inhibited the stable free radical diphenyl-p-
picrylhydrazyl in situ and the concomitant heme-catalysed peroxi-
dation of arachidonic acid emulsions. However, the lipid peroxi-
dation hypothesis fails to account for the bivalent ion efflux

and the resultant permeability changes in the case of cystamine
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(Skrede and Christophersen, 1966), as a definite lag period

existed between the release of mitochondriallprotein employed
as an index of membrane disintegration and the formation of
malonaldehyde. In contrast, cysteamine markedly stimulated per-
oxide formation but exerted little effect on the ionic fluxes
and protein loss. It appears more probable that cyStamine
alters the membrane organization by virtue of the disulfide-thiol
interchange reactions at the hydrophobic-polar membrane inter-
face. Furthermore, cysteamine, if prevented from auto-oxidation
by thiolated Sephadex, afforded a complete protection against
ascorbate-induced mitochondrial lysis and the attendant peroxi-
dation. This‘suggests that thiol reactive intermediate may
mediate directly the peroxidétion of membrane-bound lipids. 1In
this respect it is noteworthy to evaluate the relative impor-
tance of two types of proposed mechanisms responsible for the
"decomposition of intracellular peroxides. kThe intramitOChon-
drial and cytosol-localised glutathione peroxidase appears to
exert no effect on the hydroperoxides from the inner mitochon-
drial membrane, since no significant amount of glutathione could
be identified in the matrix (Green and O'Brieﬁ, 1970). The
microsomal cytochrome P-450-dependent pathway seems to prevail
in the overall scheme of cellular defence against fhe deleter-
ious effects of peroxidative products (Hrycay and O'Brien,
19713 and b).

- The lysosomes are relatively resistant to peroxidative
damage, though the release of hydrolytic enzymes such as phos-

phatases and cathepsins has been found to accompany ascorbate-
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dependent 1lipid peroxidation (Dingle et al, 1969) and irradia-
tion (Dawes and Wills, 1972). By contrast, glucose 6-phos-
phate dehydrogenase-deficient erythrocytes are extremely suscep-
tibie to peroxide attack and patients with hereditary haemolytic
anemia exhibited abnormal malonaldehyde curve (Stocks et al,
1971). It appears from current literature that antioxidants
such as alpha-focopherol confer some degree of protectioh against
fhg lability Qf erythrbcyte membraﬁe to hemolysis. Shimasaki
and Privett (1975) presented evidence that.the destruction of .
erythrocytes by hydroperoxides prepared from autoxidized methyl
linoleate was attributed to the concomitant loss of the antidxy-
genic pdtential of vitamin E in vivo. It is noteworthy that
oxyhemoglobin predisposes the érythfocyte to lipid peroxidation
formation, and that methemoglobin reverses both the lipid peroxi-
dation and the resultant hemolysis induced by hyperbaric stress
and deficiency of"drtocopherol status of mice (Osborne et al,
1973).

The ramifications of microsomal lipid peroxidation in vitro
and in vivo will be dealt in some length in the section "Mechan-
ism of microsomal lipid pefoxidation”.

In summary, the‘possible role of lipid peroxidation in the
disruption of cellular economy and metabolism is implicated in
mahy studies. Although the uitimate status of lipid peroxida-
tioq theory remains to be seen, the simplicity and scientific
elegance of the hypothesis in explaining the multiplicity of

pathological disorders at the molecular level prove to be fruit-
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ful in guiding future research in molecular and cellular patho-

logy.

I1) LIPID PEROXIDATION AS A DETERMINANT OF CHEMICAL-INDUCED

HEPTATOTOXICITY

vPeroxidation of intracellular lipids in vivo has been pro-
posed by a number of investigators as the underlying mechanism
of hepatotoxicity induced by a variety of exogenously adminis-
tered chemical agents, such as carbon ﬁetrachloride, qthanol,l
hydraziné‘and phosphorus = (Recknagel, 1967; Di Luzio, 1973).
The role of microsomal lipid peroxidation in the pathogenesis
of a fatty liver as reflected in the accumulation of triglycerides,
which can ultimately lead to cellular necrosis, is clearly de-
monstrated in ethanol-induced liver injury | (Di Luzio, 1973).
Although the plasma from patients suffering from acute and
chronic alcoholic.hepatitis failed to exhibit the conjugated
diene ultraviolet spectrum typical of in vivo lipid peroxidation,
‘prior administration of lipid antioxidants éuch‘as‘alphaFtoco-
pherol significantly reduced the plasma conjugated diene absorp-
tion, accdmpanied by an increase in endogenous lipid-soluble
antioxidants. It is clear from the data of Di Luzio (1973) that
ethanol-induced lipid peroXidation is primafily a mitochondrial
event, and that interaction between tissue lipid-soluble antioxi-
dants inciuding alpha-tocopherol andkwater-solublé antioxidant,
for 'example, ascorbate, determines the course of peroxidative
damage to vital cellular organelles. 1In tﬁis respect, the

contribution of lipid peroxidation towards fatty infiltration
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in the liver is further confirmed in phenobarbital-induced fatty
liver. Hahn and his colleagues (1975) demonstrated that the
enhancement of lipoperoxidation as reflected in the observed
malonaldehydé production and the conjugate diene absorption of
microsomal lipids paralleled quite closely the triglyceride
accumulation, both processes being abolished by an antioxidant,
N,N'-diphenyl-p-phenylenediamine.

Whereas ethanol-induced conjugated diene formation is
mitochondrial, carbon tetrachloride-induced lipid peroxidation
is primarily microsomal ih nature. Phospholipids are very impor-
tant in maintaining the functional integrity of the membranes
of the endoplasmic reticulum and reactivity of hepatic and
adrenal mixed function oxidases. 1In fact, NADPH-cytochrome
c reductase is involved in both the 1lipid peroxidation and the
microsomal drug-metabolizing system (Lu, 1969; Pederson and
Aust, 1972). In addition, glucose 6-phosphatase has beeniobser-
ved to be subject to the peroxidative decomposition of the
membranes of the endoplasmic feticulum (Wills, 1969; Ghoshal
and Recknagel, 1965). ~

The classic model of chemical-induced hepatotoxicity con-
seauent of lipopéroxidation is carbon tetrachloride-induced
hepatic necrosis (Recknagel, 1967). Although the detailed}mole-
cular sequence of events are at best speculative, it is concei-
vable that highly reactive paramagnetic molecular oxygen and
chloromethyl free radicals are very effective in attacking the

methylene bridges separating the double bonds of polyenic fatty
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acids, notably linolenic and arachidonic acids. Peroxyl free

Aradicals may be expected to undergo resonance shift to yield a
variety of complex degenerate lipid products principally carbonyl
and aldehyde moieties. In view of the close correlation of mal-
onaldehyde formation with the oxidative scission of lipids from
" membrane preparations (Tam and McCay, 1970), the thiobarbituric
acid (TBA) method has been used to assess lipid peroxidation
potential in vitro (Di Luzio, 1973; Ghoshal and Recknagel, 1965),
‘Thé specificity of the TBA method has been criticized by Bloom
~and Westerfield (1972)who showed that in the liver homogenates
from acute ethanol-intoxicated rats, increased amounts of malonal-
dehyde reflected the development of fatty infiltration rather than
the expent'of peroxidative lesion per se. Any alterations of |
'lmélonaldehyde formation varied with the amounts of polyenic fatty

acids deposited in the liver. In this respect, the conjugated

‘diene ultraViolet‘absorption provides a better index of in vivo
lipid‘peroxidafive daﬁage (Recknagel and Ghoshal, 1966), since

the complex of degenerate lipidS’were probably pro&uced by the

‘free radical attack upon the meth&lene carbons of polyunsatura-
ted phospholipids.

That the microsomal drug metabolizing enzymes are involved

in carbon tetrachloride toxicity is shown by the observation that
pretreatment with phenobarbital potentiated the hepatotoxic o
effects, as reflected by the rise in serum glutamic oxaioacetateA
tranSaminase,curtailment‘of ethylmorphine demethylase and cyto-
chrome P-450, veésiculation of cisternae of the rough endoplasmic

reticulum and:dilation of double membranes of the nuclear enve-
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lope (Reynolds et al, 1972). On the other hand, 3 methylcholan-

threne tended to counteract certain parameters of CCl,-induced

4
“hepatic necrosis, including centrilobular necrosis,structural

de rangement of membrane-bound organelles (Reid et al, 1971),

the depression of ethylmorphine demethylase and benzopyrene
hydroXylase (Stripp et al, 1972), as well as the rise in serum
ehzymes (Swarez et al, 1972). quever, it is difficult, if not

impossible, to reconcile these changes with the potentiating

effect of 3-methylcholanthrene on hepatic ribosomal disaggrega-

tion and the decrease in the incorporation of 14

C L-leucine jinto
microsomal protein (Shah and Carlson, 1974). Consequently, |
Shah and Carlson (1974) formulated the two-site activation hypo-
thesis to explain the apparent paradox of simultaneous potentia-
tion and inhibition of CC14-induced hepatic necrosis (Gardner
and McLean (1969) by 3-methylcholanthrene, Phenobarbital induction
of microsomal enzymes and the resultant formation of toxic meta-
bolites can be correlated directly with the ihcrease in NADPH-

~cytochrome C-reductase and cytochrome P-450. It appears that if
indeed alkoxyl and peroxyl free radicals are generated 'during
CC14 poisoning, they would interact with the flavoprotein as

» expreSSed by the NADPH-Cytochromevc reductase activity and ini-
tiate the 1lipid peroxidative process. Alternatively, if the
toxic metabolite preferentially binds at the cytochrome P-450
‘locus, inactivation of neighbouring sulfhydryl enzymes and mem-

brane-bound thiol groups would finally cause polyribosomal dis-

éggregatidn. The difficulty in the two site-activation hypothe-
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sis lies in the observation that cytochrome P-450 has recently
been shown to be the intracellular site of hydrOperOXide decom-
position and free radical generation; the peroxidase activity

of cytochrome P-450 is lafgely responsible for the decomposition
of any lipid hydroperoxide generated by various metabolic pro-
‘cesses (Hrycay and O'Brien, 1971). On the other hand, Bidlack
and Tappel (1972) proposed that autocatalytic ferrous ion-depen-
- dent lipid peroxidation was associated with the inhibition of
NADPH- cytochrome ¢ reductase activity.

There has been considerable controversy concerning the rela-
tiohship of microsomal lipid peroxidation and drug-metabolizing
activities in vitro. Castro and his coworkers (1968) held that
it is possible to dissociate the microsomal peroxidative decom-
position of membranes from thé impairment of oxidative metaboliz-
ing functions of the smooth endoplasmic reticulum, although both
processes shére the.same electron transport coﬁpléx. ’N,N’;
diphenyl-p-phenylenediamine, an antioxidént, for example, redu-
ced the peroxidative process without affecting the diminutionﬁ
in the drug-metabolizing activities elaborated at the terminal
oxidase site, the cytochrome P-450 site. Nevertheless, in an
elegant series of experiments, Glende (1972) presehted evidence
that depressed drug metabolism in vitro induced by CC14 is
'linked directly fo the peroxidative damagé of the membranes ofb
thelendoplasmic reticulum, since it was observed that no change
occurred in demethylase activities when in vitro lipid peroxida-

tion induced bybascorbafe was prevented by addition of EDTA.
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In summary, available evidence suggests that hepatic micro-
somal lipid peroxidation associated with alterations in micro-
somal drug oxidation is implicated in the toxic effects exerted
by some chemical agents, especially carbon tetrachloride. It is
the purpose of next section to delineate the molecular events

undeflying microsomal lipid peroxidation.

IIT) MECHANISM‘OF MICROSOMAL LIPID PEROXIDATION

NADPH-dependent peroxidation of endogenous microsomal 1ipids
has been shown to cause alterations in the composition and quan-
tity of phospholipids, as well as lipid-protein intefactions in
the microsomal membranes (Tam § McCay, 1970; Poyer et al, 1971).
‘Tam and McCay, (1969) noted that peroxide formation was associa-
ted with the oxidative chain cleavage of the-ﬁ position of poly-
unsaturated fatty acids and of phosphatidylcholine and phospha-
tidylethanolamine, producing carbonyl-containing residuee and
malonaldehyde. The process was accompanied by considerable
oxygen uptake and the release of degeneréte polyunsaturated fatty
acids to the surrounding medium. NADPH-oxidase;catalysed lipid
-peroxidation appears to be distinguished from auto-catalytic
'oxidétion-of unsaturated lipids in that the former process de-
’pends upon the continuous oxidation of NADPH (May and McCay,
1968), oniy limited by the antioxidant properties of other micro-‘
somal cemponents, such as phosphoryl bases, as manifested iﬂ
»thefavailability of free electrons of the amine moiety (Tsai

and Smith, 1971), The mechanisticaliy "tight" coupling between
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NADPH oxidation and functional alterations in membrane bound
lipids serves to illustrate the stringent structural require-
ments of the microsomal membrane. It could be envisaged that
the insertion of polar groﬁps, principally péroxyl and carbonyl
groups, into the hydrophobié environment of the membrane, would
impose sgvere perturbations. in the molecular orientation and
structural requirements,as shown in changes in turbidity measure-
ments in brain microsomes (Robinson, 1965). Recently, the role
of phospholipids as the ihtegral component of microsomal electron
transport complex respohsible for the hydroxylation‘of steroids»
and drugs as well as the oxidative metabolism of xenobiotic sub-
stances has been recognized (Chaplain and Mannering, 1970;
Strobel et al, 1970), and there exists a definite relationship
between microsomal lipid peroxidation and microsomal mixed func-
tion oxidase system. For example, cytochrome P-450, the terminal
oxidase in the hepatic and adrenal microsomal system,‘depends
for its physicochemicalvpropertips upon the intimate association
with the membrane-bound bhospholipid and treatmént with phospho-
lipase C resulted in the loss of hydrophobicity of type I-bind-
~ing site on the hemoprotein and the concomitant ability to oxi-
’dize ethylmorphine and hexobarbital (Chaplain and Mannefing, |
1970). The biochemical conversion of cytochrome P-450 to an
inactive species referred to as cytochrome P-420 is thought to
be responsible for this change.
: The fundamental molecular mechanism of hepatic microsomal

lipid peroxidation is the area of intense research. In this
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respect the isolation, purification and identification of an

enzyme named erythrocuprein from bovine and human erythrocytes
(Morkowitz et al, 1959) shown to catalyse the dismutation of
superoxide free radical anion (McCord and Fridovich, 1969) re-
presehts somewhat an achievement in the peroxide theory. The
postulated reaction sequence is as follows:

0,7+ 0,7 + H — 0, + HO,
It has been observed that the oxidation of epinephrine to adreno-
Chrome‘by.xanthine oxidase was mediated by the membrane-bound
superoxide radical and the reduction of cytochrome c by super-
oxide anion could be competitively inhibited by supéroxide dis-
mutase. Although conclusive evidence is scanty at the present
moment, fhe ubiquitous occurrence of supefdxide dismutase in
animal(tissues suggests that it may play an important‘rolefin
protecting the organism againSt the deleterous effects of super-
oxide anion. Yamazaki and Piatte‘(1963), in a study of the
peroxidasé-oxidase reaction, proposed that the superoxide free
radical is the aciiVe intermediate in the reaction.

Fong and his associates (1971) postulated that the hydroxyl
free radical, produced by the reaction of superoxide with hydro-
gen peroxide formed from the dismutation of previously generated
éuperoxide during flavin oxidation, constitutes thé initiator
for the peroxidation process. Although no free radical has yet been
identified ig vitro and vivo, Pfeifer and McCay (1971) provided
»evidence for the generation of a component possessing the proper-

ties of a free radical during the oxidation of NADPH by liver
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microsomes. The component caused hemolysis of erythrocytes in

the incubation medium, the phenomenon being reversible by free
radical trapping agents and inhibitors of NADPH oxidation.
However, the direct intervention of superoxide or hydroxyl
free radical has not been universally accepted. Pederson and
Aust (1973) suggested the possible involvement of singlet oxygen
as the feactive intermediate responsible for the oxidation of
lipid hydroperoxides. Previously, it was reported (Pederson
et al, 1973; Aust et al, 1972) that NADPH-cytochrome c reductase,
in the preSence of Fecls and EDTA; catalysed the microsomal
lipid peroxidation in the absence of substrates with the produc-
tion of superoxide anion. The capacity to reduce cytochrome-c
- via the superoxide anion mechanism correlated with the degree
of homogéneity of the solubilized enzyme._ In addition, the sensi-
tivity of NADPH-cytochrome c reductase to inhibition of super-
oxide yield by superoxide dismutase acti#ity of erythrocuprein
was maximal at the higher pH. In this regard superoxide dis-
mutase has recéntly been reported to reverse glutathione-induced
peroxidation of mitochondrial membrane (Zimmerman et al 1973)
as well as dialuric acid-induced peroxidative damage of erythrb-
cyte membrane (Fee, 1972). Pederson and Aust (1975) showed that
xanthine oxidase-promoted peroxidative oxidation of extracted
hebatic microsomai lipids, in the presence of Feiﬂsvand EDTA,
-was_inhibited by the superoxide dismutase activity of erythro-
cuprein, as well as by the singlet oxygen trapping agent, 1,3-

diphenylisobenzoylfuran. This tends to support the view that
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superoxide anion would non-enzymatically dismutate to evolve

singlet oxygen which react with unsaturated fatty acids to prd-
duce hydroperoxideSIdﬁch_hﬁxiatq ‘the peroxidative chain cleavage
of lipids.

The evidence for the mechanism of microsomal lipid peroxi-
dation is far from conclusive, however. Poyer and McCay demon-
strated (1970) Fe3+ to be an absolute requiremént for the
enzyme-catalyied peroxidative process, since the activity of
NADPH oxidase was depressed significantly by repeated washing
of the microsomal particles in iron-free media, and restored by
addition of ferric ion to the assay system. The rate of NADPH |
- oxidation was enhanced by’including ADP-Fe to the intact micro-
somes, implying that ferric ion serves as the electron acceptor.
‘Recently, the purified bromelain-solubilized (Pederson et al,
1973) NADPH-cytochrome c reductase was observed to promote
NADPH-depehdenf pefoxidation only if the ferric ion was (helated
by EDTA, ihdicating that the NADPH-requiring system is specific.
for a yet unidentified molecular species of iron. Furthermore,
NADH-depéndent peroxidation of ﬁicrosomal lipids could be achie-
ved‘ﬂy yet another microsomal flavoprotein, NADH-cytochrome
bs-reductase which also reduced Fé-EDTA. It aﬁpears that NADPH
requiring pathway operates by a mechanism which may-not'inVOlve
either the superoxide anion, singlet oxygen, hydrogen‘peroxide
or hydroxyl radical, since the singiet oxygen scavenger, 1,3-
diphenylisobenzoylfuran and hydroxyl radical trapping agent, did

not affect the peroxidation process. Likewise, the system was

less sensitive to inhibition by superoxide dismutase (Pederson
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and Aust, 1975). It was therefore concluded that the reduction

of ferric ion and the oxidation of ferrous by molecular oxygen

to form perferryl ion, F€p22+, might be the initial step in

~ the decomposition of hydroperoxide. However, Pederson and Aust's
conclusion may not be entirely valid as the extremely short-
lived superoxide produced by ferrous ion would coincide with

the equally rapid rate at which ferric ion was reduced.

V) PHOSPHOLIPID REQUIREMENT IN MICROSOMAL DRUG HYDROXYLATION
As discussed in the previous section, NADPH-dependent pero-

xidation of extracted microsomal lipids can be promoted bf the
>activity of the microsomal flavoprotein, NADPH-cytochrome c-
reductase, as well as some addifional component of the micro-
somal electron transport chain complex whose-fUnction could be
substltuted by ferric ion ch lated by EDTA. The NADPH-cyto-
v_chrome ¢ reductase has been shown to participate in both the
lipid perox1dat10n as well as the hydroxylation reaction of
‘ steroids and drugs (Lu et gl, 1969a), Recently‘the role of
phospholipid as an integral requirement for micfosomal mixed
function oxidase systems has been demonstrated in quite a number
of studies. Jones and Wékil (1967) found a:requirément for
phospholipids,'possibly phosphatidylcholine and phosphatidyl-
ethanolamine by the microsomal membrane-bound NADPH-cytochrome |
. c reductaSé,and that phosphatidylcholine and phosphatidylethanol-
-amine completely restored fhe activity of the enzyme in acetone-
~ treated microsomes. His data;suggest that the 1lipid probably |

functioned in the transfer of electrons beyond the flavoprotein -
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of the NADH-cytochrome c reductase system of the intact micro-
somes, possibly at the site of cytochrome b5, since the lipid
requirement could be replaced by ferricyanide as the electron
acceptor. On the other hand NADPH‘cytochrome c reductase did
‘not depend entirely upon phospholipid for the hydroxylation
functibn in acetone-extracted mic}osomes (Lu et al, 1969Db)
However, the reconstituted enzyme system for oxidative metabo-
lish of drugé of which NADPH-cytochrome c reductase forms an
integrai component requires phospholipid for its function and
.this aspect will be expounded.in greater detail later in this
AéectiOn. ' |
Aftempts have been made from several sources to define
more vigorously the essential components required for the drug
hydroxylation system and establish the optimum conditions for
‘the catalytic function of the mixed function 6xidase in the
- liver, as well as to study the kinetics of electron transfer from
NADPH to hemoprotein P-450. Lu and Coon (1968) reported that
a deoxycholate-soiubilized enzyme system, idehtified as hemo-
protein‘P-450, namely, the carbon monoxide-binding pigﬁent of
microsomes, hemoprotein P-450 reductase (NADPH-cytochrome ¢
reductase),'and a heat-stable factor, in the presence of NADPH
and molecular oxygen, supported the w-hydfoxylation of lauric
acid. Subsequently, the heat stable factor required for the
oxi@ation of fatty acid, hydrocarbon and drugs in a reconstitu-
ted liver microsomal enzyme system coﬁsisting of cytochrome

P-450, was shown to be phosphatidylcholine (Strobel, Lu and
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Coon, 1970). Moreover, the electron transfer from NADPH to
hemoprotein cytochrome P-450 was investigated in a series of
fast-kinetics experiments. It was found from stopped-flow
measurements that the rate of electron transfer appeared to be
biphasic, the fast component of which being attributed to the
presence of phospholipid. Interestingly enough, the recon-
'stituted enzyme system revealed some degree of substrate speci-
ficity, since Lu, Strobel and Coon (1970) found that alpha-
beanhetamine, hexane and cyclohexane proved to the most‘active
substrate for hydroxylation. More recently, the molecular
weight of deoxycholate-solubilized, partially purified, cyto?
chrome P-450 from rabbit liver microsomes was determined to be
280,000 by sucrose density gradient centrifugation (Hoeven and
Cooh, 1974), and polyacrylamide gel electrophoresis revealed
two major peptides corresponding to two sub-units with molecular
‘weights of 47,000‘and 52,000 daltons. Although Hoeven claimed
that the larger of the two fractions represented the pharmacolo-
'gically active species induced by phenobarbital; more definitive
evidence is required to substantiate his hypothesis. Further-
‘more, the stoichiometry of the reduction of cytochrome P-450 by
dithionite seemed to indicate that some unidentified electron
acceptor other than the ferric ion may be involved in the‘drug
hydroxylation (Guengerich, et al, 1975).  This unknown com-
ponent has been named factor C by Hoeven (1974). |

| If‘the phospholipids impose vigorous’requirement for the

" microsomal function, it is expected that highly organized struc-
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tural orientation best describes the enzyme complex. Prelim-

inary evidence, however, seems to indicate otherwise. Autor
and his coworkers (1972), in a study of the sedimentation pro-
perties of the reconstituted system, showed that upon gel
exclusion chromatography, the NADPH-cytochrome c reductase,
cytochrome P-450 and phosphatidylcholine : behaved as individual
molecular species rather than a tightly associated complex.
This phenomenon was further confirmed by electron microscopic
examination, suggesting that aggregation is not necessary for
the reconstituted microsdmal enzyme system to express its cata-
lytic and oxidative function. However, Showman et glf(1969)
observed that the presence of phospholipid caused the cytochrome
P-450 to undergo aggregation and form tubular elements; upon
centrifugation the level of N-demethylase activity was correla-
‘ted quite closely with cytochrome P-450 content, indicating.that
highly structured‘architecture of the complex conferred its
hydroxylating activity. It is difficult to reconcile these
apparent differehces in the data obtained. Suffice to say that
the fundamental relationship between drug metabolism and phos-
pholipid-related membrane phenomena remains unsettled.

It is even possible that different isoenzymes differing
only in their amino acid sequence or different allosteric sites
of the same oligoﬁeric protein, exist for hemoprotein.cyto-”
chrpme P-450. The importance of the intimate association of
hemoprotein cytochrome P-450 with phospholipid is emphasized

in a number of studies. Treatment of cytochrome P-450 with a
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variety of agents such as deoxycholate, phospholipase c,urea
and mercurial sulfhydryl binding agents, for example, p-chloro-
mercuribenzoate (Chaplain and Mannering, 1970), disrupted the
functional integrity of the hemoprotein and caused the conver-
sion of cytochrome P-450 to a spectrally different inactive
cytochrome P-420 which is incapable of supporting drug oxidation.
The kinetics of binding of substrate with the hemoprotein para-
1lels sufficiently closely that of enzyme-substrate interaction
and therefore any spectral change can be adduced as an alfera;
tion in the binding of the enzyme-substraté complex and the re-
sUltanf oxidation rate of the substrate. Chaplain and Mannering
(1970) noted phospholipase C treatment inactivated the hydropho-
bicity of type-I binding site capable of effecting the metabo-
lism of hexobarbital and ethylmorphine. Liebman and Estabrook
(1970) observed that isooctane-treated microsomes failed to pro-
duce type-I.diffefence spectrum upon addition of hexobarbital, |
since the loss of drug-metabolizing activities during the extrac-
tion process with nonpolar solvent resulted in the dissociation
of membrane-bound phospholipids. It may be toncluded tenta-
tiveiy that type-I binding site is hydrophobic and phospholipid-
associated, and type-II binding site is specific for carbon
monoxide. ’Recently, Philpot and Aric (1975) succeeded in iso-
lating and partially purifying two forms of hepatic cytochrome
P-450 which exhibit different reduced-, oxidized-, and carbon
mon@xidé- combined spectral characteristics. Cytochrome P-450

in fraction A was twice as active as cytochrome P-450 in fréc-

'tidn B in activating ethylmorphine N-demethylase and ?enZOpy-
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rene hydroxylase when combined with NADPH-cytochrome c¢ reductase

and the heat stable factor. Additional data are required to
ascertain the pharmacological significance of these forms of
cytochrome P-450 with different substrate affinities ig_!ixg.

In view of the apparent complexities concerning the rela-
tionship between microsomal lipid peroxidation and drug hydro-
xylation, studies performed hitherto in this area are open to a
variety of interpretations. It has been established that two
brdcesses share a common microsomal electron transport system
which supports cytochrome P-450 catalysed drug hydroxylation.

- Wills (1969) reported that aminopyrine oxidation was accompanied
by a marked inhibition of NADPH-induced‘lipid peroxidation, and,
to a lesser extent, ascorbate-induced system, and that deoxycho-
late and p4chloromercuribenioate treatment destroyed both the
aminopyrine demethylase activity and the 1lipid peroxide formé-
fioﬂ in yitro. It is highly likely that differentiallsensi-
“tivity of various substrates may be explained by the enzymatic
and non-enzymétic mechanisms. -In this respect, it is diffi-
cult, if not impossible, to reconcile the marked microsomal
 lipid peroxidation in vivo induced by overdosagetof carbon tetra-
chloride as observed by Reéknage1’(1967)‘With the inhibitory
effect of carbon tetrachloride on lipid peroxidation in !i££2~
(Wills, 1969). It should be noted that the concentration of

carbon tetrachloride in isolated microsomal suspensions is much

higher than that administered to the intact organism. Further-

more, the thiobarbituric acid method employed to determine the
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extent of lipid peroxidation potential in vitro quantitated the

amount of malonaldehyde, the degradatory product of oxidative

chain scission of unsaturated fatty acids, and not peroxide per

se. It is not certain whether lipid peroxidation necessarily

i

occurs during drug hydroxylation.

Alternatively, the inhibition of lipid peroxidatiLn by drug
hydroxylation may be explained by the hypothesis that these two
processes_are‘competing for reducing equivalents of NADPH.

However, phenobarbitone was observed to be readily oxidized by

the hepatic microsomes and yet exerted no effect on in vitro

lipid peroxidation (Wills, 1969). The inhibitory effect of
aromatic amines and phenols on lipid-peroxidation may be explaiﬁ-
ed by their antioxidant properties of the compound itself or
the metabolite rather than competition for reducing equivalents.
In a brief communication, Pederson and Aust (1974) showed that
3,4-bezopyrene inhibited NADPH-dependent lipid peroxidation,
but not the ascorbate-induced system, only in the presence of
NADPH. However, their view would not embrace those substrates
which are neither antioxidants nor metabolized to antioxidant-
like compounds, and would not exclude the possibility that both
processes are indeed competing for reducing equivalents of NADPH.
On the contrary, increasing evidence has éccumulated that -
lipid peroxidation in vitro may be associated with the break-
downvof cytochrome P-450, the terminal oxidase mediating the
formation of the active metabolite from its precursor. Levin

et al (1973) reported that, when rat liver microsomes was incu-
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bated with NADPH, significant amounts of malonaldehyde were

formed accompanied by . the loss of cytochrome P-450. By the
use of radiolabelled delta-HS-aminolevulinic acid to label the
heme moiety of cytochrome P-450 in vivo, the loss of cytochrome
P-450 was demonstrated to be due to the degradation of hemopro-
tein, probably via the fission of one methene bridge in the
tetrapyrole ring, though no attempts have been made to identify
the radioaétive products of hemoprotein cétabolism. In addition
the destruction of cytochrome P-450 during lipid peroxidation
explains release of éarbon monoxide in a 1:1 molar ratio with
respect to each mole of heme lost (Schacter et al, 1972), and
b'the reversal of CO generation by adding EDTA to the incubation
medium, |

It is perhaps more than fortuitious that microsomal 1lipid
peroxidhtioh is associated with the breakdown of cytochrome
P-450. Hrycay andIO'Brieﬁ (1971a and b) furnished evidence
that cytochrome P-450 functioned as microsomal peroxidase cata-
lysihg intracellular hydroperoxide decomposition; since peroxi-
dase activity was inhibited by both type-1 and type-II ligands
which bind to cytochrome P-450, and thaf the increase in cyto-
chrome P-450 content upon phenobarbital treatment correlatéd
with the enhanced peroxidase activity. Whereas cystosol-located
glutathione peroxidase is responsible for catalysing the deéompbsition-
of hydroperoxides formed from membrane-bound phospholipids (Little‘
ggygi, 1970) . and ADP-Fe induced lipid peroxidation is associated

with decrease in intracellular glutathione in isolated hepato-
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cytes (Hogberg et al, 1975) membrane-bound cytochrome P-450

peroxidase may serve as the site for free radical production
and hydrogen donor oxidation. Hrycay and O'Brien (1971 a and
b) postulated a mechanism for the’reaction of linoleic acid
hydroperoxide with the thiol ligand of cytochrome P-450 to pro-
duce a high-spin cytochrome P-420. Free radical species are
implicated and during the process, glutathione,alpha-tocopherol,
ascorbate and cysteine are probably oxidized. 1In addition,
hydroperoxide intermediates probably mediate the hydroxylation
of steriods to hydroxysteroids via cytochrome P-450 (Jellinck
and Fletcher, 1970).

| Ih summéry, drug hydroxylation exhibits an absolute phospho-.
lipid requirement withinvthe microsomal electron transport chain,
Further investigations are required to delineate more precisely
the relative importance of the individual components of the
reconstituted'micfosomal enzyﬁe system in supporting hydroxylaf
tion of steroids, drugs and fatty acids. The exact relationship
bétween microsomal lipid peroxidation and drug hydroxylation

remains to be determined.
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CHAPTER III

MICROSOMAL FUNCTIONAL CHANGES DURING ACETAMINOPHEN
POISONING: CYSTEAMINE PROTECTION

Despite the wealth of studies on the covalent binding of
toxic metébolite of acetaminophen with microsomal proteins in
vitro anc_i in vivo (Mitchell et g_l_ 1973a and b; Potter et al,
1973; Jollow et al, 1973), very few reports have been published
on the specific biochemical changes following acetaminophen
poisoning. Although the two short abstracts (Thorgeirsson et al,
1973; Racz and McDonald, 1976) agreed that loss of microsomal
function correlated directly with the loss of microsomal pro-
tein, discrepancy was observed with respect to the effect of
acute hepatotoxic dose of acetaminophen on iﬁ vitro drug meta-
bolism. In contrast to the results of Thorgeisrssoh et al
(1973), Racz and McDonald (1976) found that aryl hydrocarbon
hydroxylase and N-demethylase activities were drastically depress-
ed twelve hours after various hepatotoxic doses of acétamino-
phen. Furthermore, although the data of Walker‘gg al (1974)
indicated that 1ipid peroxidation in vivo might play a role in
the pathogenesis of acetaminophen hepatotoxicity, in vivo lipid
peroxidation wa§ not quantitated.

As a corollary to the toxic metabolite theory, attempts to
develop a rational and efficacious therapeutic regimen in revers-
ing * 1iyer damage in humans have been directed towards feplen—
ishing the glutathione pool (Strubelt et al, 1974; Mitchell et

al, 1973b), as well as interfering with micfosomal oxidation
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(Harvey and Levitt, 1976; Prescott et al, 1974). There
has been considerable controversy regarding the relative

effectiveness of cysteamine and methionine in treating

patieﬁts with severe acetaminophen poisoning. .Although

Prescott (1974 and 1976) claimed that cysteamine was more
effective in preventing liver and renal failure in patients
with 4-hour acetaminophen concentrations above 300 mg per
1, Hughes et al (1976) and Douglas et al(1976) showed

that methionine treatment achieved better results than

cysteamine in clinical trials. Some of the apparent dis-

crepancies may be explained by such factors as the cru-

‘ cial‘interval elapsed between the ingestion of the analH

gesic and the initiation of treatmeht; the potentiating
effects of prior self-administration of barbiturates and

other anti-psychotic drugs, and the variability observed

.in the absorption and half-life curves. It should be

borne in mind that the’minimum effective doée of cystea-
mine and methionine haé not been unanimoﬁsly established.
The present study was therefore undertaken to deter-
mine:l) the poSsible changes in in vivo and in vitro lipid
peroxidation by the conjugate diene ultraviolet absorption

(Srinivasan and Recknagel, 1973) and the thiobarbituric

" acid method (Bidlack and Tappel, 1972)respectively; 2)micro-

somal glucose 6-phosphatase activity; 3) NADPH-cytochrome

reductase activity; 4)cytochrome P-450 level; 5) in vitro
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‘drug metabqlizing capacity as evaluated by aniline hydroxylase
activity. Morever, in an attempt to clarify some of .the inconsis-
tenciesreported in clinical trials (Prescott et al, 1976;
Douglas gi al, 1976), the protective action of cysteamine was
evaluated by examining the possible alterations in in vivo and
in xiggg‘lipid peroxidation and microsomal enzymes at various time
intervals after acetaminophen overdosage. It is considered that
model animal studies in hamsters will simulate the clinical
condition, since Jollow et al (1974) and Mitchell et al (1974)
have shown conclusively that the metabolic disposition of toxic
and nontoxic doses of acetaminophen in certain species of animals
and humans are similar, if not identical.

The histopathological feéfures of acetaminophen hepatotoxi-
city upon electron microscopy are correlated with the biochemical
changes, and treated in some detail in Chapter IV: "Protection by
b’cysteamine agaihst Acetaminophen-induced hepatic Necrosis: an

- Electron Microscopic study'.
MATERIALS AND METHODS

Animals and Chemicals

Male‘golden Syrian hamsters (Canada Breeding Farm Lab.,
Quebec) weighing between 120-130 g upon arrival were housed in
separate wire-floored cages and allowed free access to food |
(Pugina Lab Chow) and water.

. Acetaminophen was obtained from Sigma Chem. Co. (St. Louis,

MO, USA); Cysteamine hydrochloride from Calbiochem (San Diego,
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CA, USA). All other reagents were of the best analytical grade

or the best available commercial grade.

Drug Treatment

Acetaminophen was prepared freshly as a 0.25 M sﬁpersatur-
ated solution at 40°C. Cysteamine hydrochloride was dissolved
in isotonic saline solution. lamsters were divided into four
groups: 1) Saline-control; 2) Non-prqtected acetaminophen-
treated; 3) Cysteamine-protected acetaminophen-treated; 4) Cyst-
eamine-control. The non-protected acetaminobhen-treated group
was administered a toxic dose of acetaminophen (600 mg/kg i.p.)
in  jisotonic Saline. Saline-control was treated with 0.9 per
cent isotonic saline solution as a placebd. Cysteamine-control
group was dosed with 200 mg/kg of cysteaminé i.p. while cystea-
mine-protécted acetaminophen-treated group was administered'600
mg/kg i.p. of acetaminophen, followed 1 hr. later by cysteamine
treatment (200 mg/kg i.p.). The animals in the various groups
were sacrificed at 6, 12 and 18 hr. after treatment, by'VertiJ
cal abdominal incision and thoracotomy under ether anaesthesia
and the liver were quickly excised and immersed in ice-cold
0.01 M Tris-1.15 per cent KCl-buffer,pH 7.4. Small portions of
the liver were simultaneously placed in 3 percent glutaraldehyde
solution, buffered with sodium cacodylate pH 7.4, followed bf

post-fixation in osmium tetroxide for electron microscopy*.

* The details of the procedure of transmission electron micro-
scopic preparation of hepatic tissues are described in
Chapter 1V.
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Hepatic microsomal preparation

The livers were rinsed twice with 0.1 M Tris-1.15 per cent
KC1 buffer, pH 7.4, and weighed. They were then homogenized with
a motor-driven glass Teflon. Potter -Elvehjen homogenizer in ice-
cold measured volumes of Tris-KC1 buffer to prepare 20 per cent
homogenates. The homogenates were centrifuged for 15 minutes
at 9,000 x g at 0°C. The microsomal pellet was then layered
with 1 ml of Tris-KC1 buffer and recentrifuged for 1 hour at
105,000 x g at 0°C. The microsomal pellet was then layeréd with
1 ml of Tris-KC1l buffer and stored frozen at -15°C, prior to
,performing enzyme essays, as recommended by Levin et al (1969),
to prevent any drastic loss of microsomal enzyme activities.
All enzyme assays were carried out within three days after the
animals were sacrificed. Microsomal protein concentration was

determined by the method of Lowry (1951).

Lipid peroxide analysis in vivo and in vitro

Estimation of diene conjugation of micrbsdmal,lipids in
the 1iver‘has been used by many investigatorsvto determine the
extent of lipid pefoxidation in vivo (Srinivasan et al, 1973;
Wilson et al, 1973b). The microsomal pellet was rehomogenized
in 30 ml of methanol-chloroform mixture (2:1 by volume). After
30 min.,lO ml of water was added to the mixture which was thor-
oughly agitated, and recentrifuged at 1,000 x g for 15 min.
After the upper methanol-water phase was remerd, the lower
chloroform phase was evaporated to dryness at 40-50°C under a

stream of oxygen-free nitrogen. The extracted lipid was re-




48
dissolved in 3 ml of cyclohexane and the absorbance was measured

against a cyclohexane blank in a Beckman DB-GT spectrophotometer
in cuvettes with a 1l-cm path length over the range of 290-220 nm.
Lipid phosphorus of the same sample was estimated accérding to
Rahaje et al (1973) using L-phosphatidylcholine (obtained from
Sigma Chem. Co., MO, USA) as the standard. A conversion factor
of 25 wa§ used to convert the lipid phosphorus to phospholipid
(Bauer et al, 1968). The results of diene conjugation were ex-
pressed as absorbance 232 nm per mg phospholipid dissolved - in

1 ml of cyclohexane.

Lipid peroxidation in vitro was assessed by the thiobarbi-
‘turic acid method (TBA) (Bidlack and Tappel, 1972). Aliquot of
the microsomal suspension was added to 2 ml of 30% of trichloro-
acetkﬁ. acid and, after mixing, the mixture was centrifuged at
3,000 x g for 15 min. To the clear supernatant obtained after
filtering through Whatman filter paper, was added 2 ml of an
aqueous solution of 0.67 percent thiobarbituric acid. The ré-
sulting mixture was then heated in a boiling water bath for 15 -
min. and allowed to cool to rodm temperatufe. The absorbance at
532 nm was measured against a tissue blank with no TBA added.
Malonaldehyde production (peroxide value) was‘expressed as
mmol  per .gram .of 9,000 x g supernatant protein, using the
molar extinction coefficient of 1.56 x 10 ° M} cm ™! as deter-

mined by Sinnhuber et al (1958).

‘Microsomal enzyme assays

All microsomal enzyme assays were performed on ffeshly
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isolated microsomal fractions within 3 days after sacrificing

the animals.

1) NADPH-cytochrome c reductase: NADPH-cytochrome c reduct-

ase was assayed by following the change in absorbance at 550 nm
caused by the reduction of cytochrome c (Sigma, type IV) in a
Beckman DB-GT Spectrophotometer fitted with Philips model PM
8100 flat4bed recorder, as described by CGlende (1972). The
volume of the final reaction mixture was 3.0 ml and contained

the following (NADPH being omitted in the blank): 1.0 mol KCN,

0.1 mmol Tris-buffer, 0.08 mmole nicotinamide, 0.3 umol NADPH

(from Sigma), 0.1 mmol oxidized cytochrome C (Sigma, type IV)

and microsomal material containing approximately 40 mg of pro-

tein. The reaction was started by the addition of NADPH to the
reaction mixture at 25°C and followed for 3-5 minutes. The rate
of reduction of cytochrome c was linear for 5 min. and the
enzymatic activit? was linear with respect to microsomal pro-
tein concentration. Under standard assay conditidns, NADPH -
cytochrome ¢ reductase activity (in units) is défined<as the
change in absorbance at 550 nm per min. mg‘1 of microsomal pfo-
tein. |

2) Glucose 6-phosphatase activity in microsomal preparations

was determined according to Harper (1963). Glucose 6-P-ase
activity was expressed as micrograms of inorganic phosphorus

released in 15 min. per mg of microsomal protein at 37° c.

3) Aniline Hydroxylase: Drug metabolism in vitro was mea-

sured by determining aniline hydroxylase as described by Kato
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' (1965). Flaskg containing Sumole of aniline hydrochloride and

miérosomal material containing approximately 6 mg protein were
incubated at 37° C for 15.min. with a NADPH-generating system
of 1.5 umol NADP, 20 mmol . nicotinamide, 48 umole isocitrate
and 8 ﬁg isocitrate dehydrogenase (Sigma, type I). The total
incubation volume was 4.0 ml. After exactly 10 min. the reac-
tion was stopped by adding 2.0 ml of 20 percent trichloroacetic
acid to the incubation mixtures. After centrifugatidn, phenol
was added to the clear supernatant to form the phenol-indophenol
compléx’which was measured spectrophotometricaily at 640 hm.
Enzymé activity was expressed as g of p-aminophenol formed

per g of microsomal protein in 10 min.

Cytochrome P-450 determination

Cytochrome P-450 differential speétrum was recorded in a
Beckman DB-GT Spectrophotometer equipped with zero-suppfession
control fully active so as to allow full scale expansion on a
Philips model PM 8100 flat-bed recorder to‘correspond to any
absorbance unit desired. The absorption spectfum>of the two

2+: Cco

species of cytochrome P-450, namely, cytochrome P-450 Fe
“exhibiting absorption maximum at 450 nm and cytochrqﬁe P-450 Fez+
_with abSorption maximum at 407-408 nm, could be measured after
reduction of all cytochromes by adding sodiumﬁdithionite and
aerating the sample in the cuvette with carbon monoxide, accord-‘
ing to the method of Omura and Sato (1964) . However, the diff-

erential spectrum of hemoglobin Fe2*: €O and hemoglobin Fe*

overlaps that of cytochrome P-450 to such an extent that accur-
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acy would be sacrificed. The method was therefore modified by

Schoene et al (1972) to record the differential spectrum of

cytochrome P-450 Fe2+: CO and cytochrome P-450 Fe3+

Both sam-
ples of microsomal suspensions were aerated with carbon monoxide
for sixty seconds, but to the sample cuvette was added approxi-
mately 2 mg sodium dithionite. The spectrum was scammed over the
range of 490-400 nm and revealed two separate absorption peaks,
one occurring at 450 nm due to cytochrome P-450 and the other

at 420 nm due to cytochrome bS’ Using thé molar extinction co-
efficient of 91 mM ' cn”! as found by Omura and Sato (1964)

Cytochrome P-450 activity was expressed as gmol of cytochrome

P-450 per g of microsomal protein.

- Statistical analysis of data | ]

For the purpose of comparison between the experimental and
cdntrol groups of animals, the conventionél Student's T-test was
regarded as inadequate, since it will not permit simultaneous
multiple compari$ons of the means from various groups sacrificed
at different times after drug treatment,. Hen¢e'tﬁé Scheffe's
multiple fange test for multiple comparison_of means for uneven
saﬁple size was chosen to evaluate the significant difference
among the different groups with respect to the biochemical var-
iables (Scheffe, 1959). In each case the data were subjected
to thé F-test for an analysis of variance between and withih the
groups to determine if any significant difference occurred in
“the population variances (Dixon and Massay 1957). The computer

program for Scheffe's multiple range test and F-test for analysis
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of variancewas contained in Simon Fraser University's Program

Index which is available from the Computing Centre (1976).
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RESULTS

Although the lethality of acetaminophen in hamsters was not

quantitated in the present study, most deaths from acetaminophen

overdosage (600 mg/kg i.p.) occurred within 10-24 hours of poi-
soning and were consist‘ntly accompanied by hemorrhage, featur-
ing spotted purplish-red patches in all lobes of the liver.
Similar observations were reportéd by McLean and Day (1972) in
rats. The morphological changes of thé liver at various time
ihterVals after treatment are described in Chapter 1IV.

As can be seen ih Table 1 and Figure 2, the toxic dose of
acetéminophen (600 mg/kg i.p.) significantly stimulated lipid

peroxidation in vivo, as reflected by a two-fold increase in

diene conjugation over that observed in the saline- and cystea-
mine-control at 6 and 12 hr. The maximal increase in lipid
peroxidation in vivo occurred at 18 hr. and tended to corres-
pond to the severity and incidence of liver démage. A similar
trend was found in in vitro lipid peroxidation, as indicated by
amount of maionaldehyde formed; indeed, the maionaldehydeVCOn-
centration increased linearly as a function of time (Table II
and Figure 3). |

The functional state of tﬁe microsomal NADPH-cytochrome
P-4SO electron transport chain was evaluated by determining ‘the
activities of various ehzymes. Glucose 6-phosphatase activity
was significantly (P€0.01) depressed at 6, 12 and 18 hr.
(Table III and Figure 4 ). NADPH-cytochrome c reductase activity

was also significantly (P<0.01) diminished at 12 and 18 hr.
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(Table 1V and Figure 5). On the other hand, in vitro

drug metabolism as reflected by aniline hydroxylase acti-
vity was seVerely curtailed at 6, 12 and 18 hr. (Table V,
Figure 6), despite the fact that the content of cytochrome
~P-450 was relatively unchanged throughouf the course of
acetaminopheh poisoning (Table VI). No diurnal vériation
was observed in the microsomal function in the saline-

énd cysteémine-controls (Table I-VI).

To evaluéte thé,protective effects of cysteamine, it
will be more informative to make multiple compérisions of
the measured biochemicallparameters among,saline-c@nttol,
‘cysteamine-control, non-protected aéetaminophen-treated
and cysteamine—protécted acetaminophen-tréafed groups, at
the corresponding time infervals. |

| As can be seen in Table I and I1, cystéamiﬁevtreatment
did not significantly (P40.01) reduce lipid peroxidation in
vitro and in vivo at twelve and eighteeh hours-when‘compared
to the réspective saline- and cysteamine-cdntrbi; However,
in vivo and in vitro lipid peroxidation were greatiy diminish-
ed in the cysteamine-protected group, in comparision with
fhe non-protected acetaminophen-poisoned group (Table VIIa).
On the other hand,jcysteamine ‘treatment maintained normal |
“activity of.NADPH-cytécHrome c reducfase‘activitylin the
"protected group (Table IV and VIIb). ‘Although glucdse

6-phosphatase activity was lower in the cysteamiﬁe-protected
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group than in the corresponding saline- and cysteamine-
control, the difference was not significant (P<0.01)
(Table IITI). Although cysteamine did not completely pre-
vent the inhibition of aniline hydroxylase activity ét
all time intervals, with respect to the saline- and cys-
teamine-control groups(Table V), the catalytic function
of aniline hydroxylase was significantly better in the
cysteamine—protected group when compared with the non-
protected group (Table VIIb). However, no change was
obseﬁved in cytochrome P-450 level in all‘four groups at

the given time intervals (Table VI).




56

TABLE 1
EFFECT OF VARIOUS DRUG TREATMENTS ON in vivo MICROSOMAL
PEROXIDATION
Time No. Lipid Percent
after Treatment of animals peroxidation change
treatment in each in vivo from
(Hr.) group control
Saline- 5 0.27+0.03
vcontrol
AAMPZ - 4 0.89+0.03%* 229
6 'AAMP+CYS3 4 0.35%0.04 29
cys4 4 0.28%0.05 3
Saline- 4 0.26+0.04
control
AAMP? 3 4 0.91+0.09% 250
12 AAMP+CYS 4 0.64+0.09% 146
cys4 4 0.25%0.02 -3
Saline- 4 0.28+0.02
control
AAMP2 4 1.71+0.09* 510
18 AAMP+CYS3 4 0.63%0.07*% - 126
cys4 4 0.28%0.04 0
1

Hepatic microsomal lipid peroxidation in vivo is expressed as
absorbance at 232 nm per mg phospholipid dissolved in 1 ml of

2 cyclohexane Values represent. the mean+S. E.
AAMP: Acetaminophen. Acetaminophen was admlnlstered at 600
 mg/kg i.p.
3 AAMP+CYS: Acetaminophen + cysteamine. Acetaminophen was

administered at 600 mg/kg i.p., followed 1 hr.
cysteamlne treatment (200 mg/kg i.p.).

CYS:
i.p.
Significantly different from the saline-control and CYS groups
(p<£0.01) by Scheffe's multiple range test.

later by

cysteamine. Cysteamine was administered at 200 mg/kg
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‘Figure 2: Diene conjugation at various time intervals after drug treatments. *Abs,35
indicates absorbance at 232 nm. per mg of phospholipid dissolved in 1 ml cyclohexane.
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TABLE II

EFFECT OF VARIOUS DRUG TREATMENTS ON in vitro
PEROXIDE FORMATION

yde formed per

AAMP ;

i’.p.

Acetaminophen.
mg/kg i.p.

AAMP+CYS: Acetaminophen+cysteamine.

Time No. Lipid Percent
after Treatment of animals Peroxide change
treatment in each formed from
(Hr.) group in vitro control
Saline- 5 0.21+0.04
control i
AAMP2 4 0.52+0.07% 147
6 AAMP+CYS3 4 0.48%0.06% 130
cys4 4 0.20%0.01 -4
Saline- 4 0.22+0.08
control B
AAMP2 4 1.17+0.07* 431
12 AAMP+CYS3 4 0.60%0,05% 172
Cys4~ 4 0.21%0.07 - 4
Saline- 4 0.20+0,06
control .
AAMP 2 4 1.83+0.03* 815
18 AAMP+CYSS 4 0.59%0.05% 195
cys4 4 0.21%0.09 5
1

Ligid peroxide formed in vitro is expressed as émol of malonal-
de g of 9000Xg supernatant protein.
presents the mean + S.E. in each group of animals.

Value re-

Acetaminophen was administered at 600

/ _ Acetaminophen was
administered at 600 mg/kg i.p., followed 1 hr. later by
cysteamine injection (200 mg/kg i.p.).

CYS: Cysteamine.

Cysteamine was administered at 200 mg/kg

Significantly different from the saline-control and CYS groups
(p4£0.01) by Scheffe's multiple range test.
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Figure 3: Peroxide tevel measured as malonaldehyde formed at various time intervals
after drug treatments.




TABLE III

EFFECT OF VARIOUS DRUG TREATMENTS ON GLUCOSE
6-PHOSPIIATASE ACTIVITY

60

protein,

AAMP:

Time , No. Glucose Percent
after Treatment of animals 6-phosphatase  change
‘treatment in each activityl from
(Hr.) group control
Saline- 5 3.02+0.38
control ‘
AAMPZ 4 1.81+40.22% -40
6 AAMP+CYS3 4 2.47%0.13 -18
cys4 4 3.21%0.07 6
Saline- 4 3.10+0.27
contzol
AAMP 4 1.57+0.17% -46
12 AAMP+CYS3 4 2.34%0.08 -24
cys4 4 3.18%0.16 2
Saline- 4 3.09+0.09
control
AAMPZ 4 0.77+0.11% -54
18 AAMP+CYS3 4 2.22%0.13 -28
cys4 4 3.00%0.10 -3
1

Glucose 6-phosphatase activity is expressed as microgram of

inorganic phosphorus formed in 15 min. per mg. of microsomal

. The value represents the mean+ S.E. in each group
of animals,

‘Acetaminophen.

Acetaminophen was administered at 600

mg/kg i.p.

AAMP+CYS: Acetam1nophen+cysteam1ne Acetaminophen was
administered at 600 mg/kg i.p., followed 1 hr. 1ater by
cysteamine treatment (200 mg/kg i.p.).

CYS:
i.p.

Slgnlflcantly different from the saline-control and CYS groups
(P 0.01) by Scheffe's multiple range test.

"Cysteamine. Cysteamine was administered at 200 mg/kg
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Figure 4: Glucose 6-phosphatase activity at various time intervals after drug treatments.

G 6-Pase actiVity is expressed as pg inorganic phosphorus released in 15 min per mg of
microsomal protein.
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EFFECT OF VARIOUS DRUG TREATMENTS ON NADPH-CYTOCHROME

C REDUCTASE ACTIVITY

Time No. NADPH- Percent
after Treatment of animals cytochrome ¢ change
treatment in each reductase from
(Hr.) group activity control
Saline- 5 0.55+0.05
control
AAMP2 4 0.34+0.04 -39
AAMP+CYS3 4 0.58+0,03 6
Cys4 4 0.54+0.03 -1
Saline- 4 0.58+0.04
contEol T
AAMP 4 0.16+0.01% -72
12 AAMP+CYS3 4 0.44+0.04 -24
cys4 4 0.59%0.07 1
Saline- 4 0.53+0.05
control -
AAMPZ 4 0.15+0.03% -71
18 AAMP+CYS3 4 0.48%0.05 - 8
cys4 4 0.51%0.05 -3

NADPH-cytochrome ¢ reductase activity is exprésséd as change

in absorbance at 550 nm per min per mg of microsomal protein.
in each group of animals.

The value represents the mean + S.E.

AAMP:

i.p.

_Acetaminophen.
mg/kg i.p.

AAMP+CYS: Acetaminophen+cysteamine.

Acetaminophen was administered at 600

Acetaminophen was
administered at 600 mg/kg i.p., followed 1 hr. later by
cysteamine treatment (200 mg/kg i.p.).

(p{ 0.01) by Scheffe's multiple range test.

CYS: cysteamine. Cysteamine was administered at 200 mg/kg

Significantly different from the saline-control and CYS groups
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Figure 5: NADPHf cytochrome c reductase activity at various time intervals after drug
treatments. NHDPH - cytochrome ¢ reductase activity is expressed as Aabsorbance 550

per min. mg! protein.
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TABLE V '

EFFECT OF VARIOUS DRUG TREATMENTS ON ANILINE
HYDROXYLASE ACTIVITY

Time : No. Aniline Percent
after Treatment of animals Hydroxylase change
treatment in each activityl from
(Hr.) group control
Saline- 5 8.26+0.24
contgol . B
; AAMP 4 4,28+0,35% -49
6 AAMP+CYS3 4 6.04%0.35% -26
cys4 4 8.09%0.17 -2
Saline- 4 8,15+0.27
contgol
AAMP 4 4,46+0,21% -45
12 AAMP+CYS3 4 5.71%0.30% -29
| Cys4 4 8.21+0.09 1
Saline- 4 8.36+0.30
control
: AAMP< 4 3.38+0.18%* -59
18 AAMP+CYS3 4 5,71%0.18% -31
Cys4 4 8.30+0.69 -1

1 Aniline hydroxylase activity is expressed as mg p-amino-phenol
formed per g of microsomal protein per 10 min interval. The
value represents the mean + S,E. in each group of animals.

2 ﬁAMP: Acetaminophen, Acetaminophen was administered at 600 mg/
g i.p. .
3AAMP+CYS: Acetaminophen+cysteamine. Acetaminophen was

administered at 600 mg/kg i.p., followed 1 hr., later by
cysteamine treatment (200 mg/kg i.p.).

- CYS: cysteamine. Cysteamine was administered at 200 mg/kg
i.p.

Significantly different from the saline-control and CYS groups
(P<0.01) by Scheffe's multiple range test.
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Figure 6: Aniline hydroxylase activity at various time intervals after drug treatments.
Aniline hydroxylase activity* is expressed as mg p-—amino-phenol formed per g of
microsomal protein in 10 min.
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EFFECT OF VARIOUS DRUG TREATMENTS ON CYTOCHROME

P-450 LEVEL
Time No. Cytochrome Percent
after Treatment of animals P-450 change
treatment in each levell from
(Hr.) group control
Saline- 5 1.62+0.12
control :
AAMP? 4 1.78+0.10 9
6 AAMP+CYS3 4 1.68%0.17 3
cys4 4 1.70%0.18 4
Saline- 4 1.58+0.20
control .
, AAMPZ 4 1.78+0,07 12
12 - AAMP+CYSS 4 1.53%0.15 3
CYS 4 1.68%0.11 6
Saline- 4 1.68+0.20
contgol
AAMPE 4 1.77+0.14 5
18 AAMP+CYS 4 1.45+0.21 13
cyst 4 1.60%0.25 4
1

P-450 per
mean + S.E.

AAMP ;

Acetaminophen.

600 mg/kg i.p.

AAMP+CYS:

cysteamine treatment (200 mg/kg i.p.).

i.p.

Acetaminophen+cysteamine.

CYS: Cysteamine.

Cytochrome P-450 level is expressed as
g of microsomal protein.
in each group of animals.

,Mmoles of cytochrome
The value represents the

Acetaminophen was admlnlstered at

Acetaminophen was
administered at 600 mg/kg i1.p., followed 1 hr, 1ater by

(p< 0.01) by Scheffe's multiple range test.

Cysteamine was administered at 200 mg/kg

Significantly different from the saline-control and CYS groups
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DISCUSSION
For the sake of clarity, acetaminophen hepatotoxicity will
be discussed in two sub-sections: 1) Pathogenesis of acetamino-
phen-induced hepatic necrosis; 2) Protective action of cystea-

mine.

- Pathogenesis of acetaminophen-induced hepatic necrosis

The results of this study clearly demonstrate that enhan-
ced microsomal lipid peroxidation, as reflected by the signifi-
cant (P{ 0;01) increase in diene conjugation in vivo (Table I)
and malonaldehyde in vitro (Table II), as an essential feature
of acetaminophen hepatotoxicity. This may be the biochemical
- lesion whereby covalent binding of the toxic metabolite with
hepatocellular macromolecules causes cellular necroéis and
death. The hypothesis of lipoperoxidative changes of the mem-
brénes of the endbplasmic reticulum has been invokéd by quite a
number of investigators as the primary event in liver injury
induced by carbon tetrachloride (Recknagel, 1967; Glende et al,
1976). In contrast to the pattern of lipid peroxidative changes
in carbon tetrachloride-induced hepatic necrosis (Reynolds et
"gl, 1972), diene conjugation of microsomal 1ipids'increased as
a function of the time elapsed after acétaminophen oVerdose in
hamsters. It is important to note that the maximum elevation
of ?erum transaminase enzyﬁes,(McLean and May, 1972) and histo-
,1ogica1‘evidence of liver necrosis (Mitcheli et gl, 1973)

occurred within 10 to 24 hours of poisoning.
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Alterations in oxidative metabolism of microsomal lipids

can cause drastic changes in the structural integrity of the
membranes of the endoplasmic reticulum, as well as the function-
ality of the microsomal electron transport chain, responsible
for the biotransformation of drugs, steroids, fatty acids and
other foreign compounds. It has been well documented that
lipid peroxidation and drug hydroxylation share the same com-
ponents of the NADPH-cytochrome P-450 electron transport chain:
| NADPH-cytochrome c reductase (hemoprotein cytochrome P-450 re-
: ductase), hemoprotein cytochrome P-450 and a heat-stable factor
identified as phosphatidylcholine (Lu et al, 1970; Strobel et
al, 1970). Although the molecularvmechanism of microsomal
lipid peroxidation remains controversial (Fong et al, 1973;
Pederson and Aust, 1975) it is conceivable that compositional
'changes, as well as cross-linking and double-bond shifts of the
fatty acid moieties of membrane phospholipids, will severely
affect the viability of cellular function and lead to cellular
necrosis. A free radical-related mechanism is likely to be res-
" ponsible for the panorama of pathological consequences sustained
“in acetaminophen-induced hepatic necrosis (Walker et al, 1974)
Alternatively, microsomal lipid peroxidation in vivo may
subserve a facilitatory function in- the microsomal oxida tion
.of acetaminophen to the toxic metabolite, catalysed by eyte-
chrome P-450-dependent mixed function oxidase. Previously, it
has'been‘shown that the degree of hepatic necrosis was directiy

. proportional to the covalent binding of the reactive interme-
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diate with microsomal proteins in vivo (Jollow et al, 1973) and

iﬂ vitro (Potter et al, 1973) upon exhaustion of glutathione
stores in the liver. Furthermore, Potter and Mitchell (1973),

~on the basis of analogous studies of covalent binding with another
arylamine, 2-acetylamin fluoreneé , concluded that acetaminophen
was N-oxidized to the arylating metabolite. Hence the data in
this study suggest that lipid peroxidation occurs concomitantly
with N-hydroxylation of acetaminophen.:

Circumstantial evidence supports the view that lipid peroxide
formed in vitro may be related to microsomal oxidation of cer-
tain Jsubstrates; Kandutsch (1966) found that 7-dehydrocholes-

~ terol, when‘incubated aerobically with hepatic microsomes in the
presence of NADH and NADPH, detergent and ferrous ions, wés
oxidized to more polar products. The course of the reaction
could be correlated directly with peroxidative process. It is
perhaps relevant to note that the oxidation of 7-déhydrocholes-
terol shares some common features with NADPH-dependent microsomal
lipid peroxidation, in that both systems are activated by, or
dependent upon, ferric ion chelated by EDTA, and sensitive to
inhibition by anti-oxidants such as ol-tocopherol and phenelzine
methosulfate. This explains the protection afforded by»d-toco-
pherol against acetaminophen-induced hepatic necrosis in rats
(Walker et al, 1974). A severely poisoned patient was apparently
saved from éventual hepatié failure by prior self-administra-
tioh'ofkphenQIZine methosulfate (Prescott et al, 1974). Recent-

ly, it has been shown unequivocably that linolenic acid hydro-
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peroxide was directly responsible for the hydroxylation of

androstenedione when the latter was incubated with partially
purified cytochrome P-450, NADPH-cytochrome ¢ reductase and
NADPH (Hrycay et al, 1975). Accordingly, lipid peroxide may
fulfil a specific metabolic role in drug biotransformation by
donating one electron directly to the ferric-microsomal enzyme
complex, thereby forming the ferryl ion of cytochrome P-450,

the "activated oxygen'" species of substrate hydroleation (Hrycay
et al, 1975). Hence the hypothesis that faciiitatoryinterdepen-
dence of microsomal lipid peroxidation and N-hydroxylation of
acetaminophen could be a determinant in acetaminophen-induced

hepatic necrosis, is in harmony with the recent developments

concerning the metabolic role of lipid peroxide (Kadlubar et al,
1973; Rahintula and O'Brien, 1975).

‘Arylation of tissue.macromoiecules byvthe toxic metabolite of
acetaminophen will not occur until the endogenéus glutathiohe
pool is sufficiently depleted, since glutathione wbuld normally
conjugate with the reactive intermediate to form merCapturic
acid for urinary excretion (Jollow et al, 1974; Mitchell et al,
1974). In‘view of'the putative role of cytochrome P-450 the
microsomal peroxidase (lirycay and O'Brien, 1971a and b), coupled
wifh the in vitro loss of glutathione during ADP-Fe-dependent
lipid peroxidation (Hogberg et al, 1975), it is highly likely
thgt in Xi!ﬂ lipoperoxidative process causes the depletion of
glutathione in acetaminophen poisoning.

If 1lipid peroxidation is linked to N-hydroxylation of ace-
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taminophen, the peroxidative process has to take place at a speci-

fic locus within NADPH-cytochtome P-450 electron transport chéin.
The progressive decrease in NADPH-cytochrome c reductase activity
appears to parallel with the in vivo and in vitro lipid peroxi-
dation (Table I, II and IV). Bidlack and Tappel (1972) claimed
that NADPH-cytochrome c reductase functions as an activator of
lipid peroxidation, possibly by catalysing the reduction of
ferric ions to ferrous ions, which subsequently decompose the
endogenous lipid hydroperoxides. Shah and Carlson (1975) pre-
sented evidence that the conversion of carbon tetrachloride to
trichloromethyl free radicals occurred at the NADPH-cytochrome

c reductase site. Consequentiy, the pattern of change in the
enzyme activity in acetaminophen poisoning reflects the inter-
action of free radical-like species with lipophiiic sites on the
membrane surface. Furthermore, NADPH-cytochrome c reductase has
been demonstratéd to generate the superoxide aniOn .0; (Aust

et al, (1972), which may transform to hydroxyl free radical

(+» OH) (Fong et al, 1973), singlet oxygen 1O2‘(Péderson and Aust,
1973) and malbnaldehyde (Tappel, 1972). If is tempting to specu-
late that superoxide anion, which has been associated with a |
variety of inflammatory reactions (Curnette and Babior,_1974§
Oyanagiu, 1976), is likewise impliéated in the inflammatory and |
necroti¢ responses elicited by acetaminophen in the liver..HenCe
thermoleculaf events responsible for acetaminophen-induced lipid
péfoxidation'remain to be elucidated.

On the other hand, no significant change was observed in
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the level of cytochrome P-450 throughout the course of acetamino-

phen poisoning (Table VI). This finding is in accord with
Mitchell's theory (1973) that acetaminophen hepatotoxicity is
mediated by N-hydroxylation catalysed by cytochrome P-450-re-
quiring-mixed function oxidase system. However, Gazzard et al
(1974) found that cytdchrome P-450 level was reduced signifi-
cantly ,fter acetaminophen. overdosage in phenobarbital-pre-
treated rats. In view of the potentiating effect of phenobarbi-
tal on acetaminophen-induced hepatic necrosis (Mitchell et al,

- 1973a), the results obtained in Gazzard's study should be inter-
preted with caution. No correlation has been consist ntly
observed between the change in cytochrome P-450 level ahd histo-
Jogical evidence of hepatic necrosis (Gazzard et al, 1974)

" The in vivo results of phenobarbital-induced lipid peroxi-
dation on cytochrome P-450 content conflict with in vitro find-
ing whichvindicted that NADPII-dependent microsomal lipid peroxi-

dation resulted in degtadafion of cytochrome P-450 heme (Schacter
 35 al, 1972) and concomitant loss of the hemoprotein (Levin et

al, 1973). It is perhaps important to recognize that in vivo

peroxidative process may be modified by a multitude of factors,
such as the composition and level of unsaturated fatty acids,
lipid- and water-soluble anti-oxidants and the involvement of
the ascorbate-dependent nonenzymatic pathway (Hahn'gg'gl, 1972).
- After all, the existing method for the determination of cyto-
chrdme‘P;450 (Schoene et al, 1972) does not attempt to distin-

~guish between two different forms of pharmacologically active
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- cytochrome P-450 as isolated and purified by Hoeven and Coon

(1974). It is not known which form is responsible for the bind-
ing of acetaminophen and the concomitant increase in 1lipid
peroxidation.

The microsomal hydroxylation of aniline in vitro was mar-
kedly curtailed at various intervals of time (Table V). Racz
and McDonald (1976) reported similar loss of aryl hydrocarbon
lhydroxylase and N-demethylase activities at twelve hours after
- various hepatotoxic doses of acetaminophen. It appears that .
the impairment of in vitro drug metabolism. can be attributed
kdirectly to the peroxidative decompositioh of the membranes of
‘the endoplasmic reticulum. In carbon tetrachloride-indUced |
hepatic necrosis, lipid peroxidation has been demonstrated to
be an obligatory factor for the rapid loss of glucose 6-phos-
phatase and aminopyrine demethylase activities in vitro (Glende
et al, 1976). Conversely, when the ascorbate-induced lipid
peroxidation was inhibited by EDTA, no change was observed in
the catalytic function of the oxidative enzymes (Glende, 1972).
‘Cdnfofﬁational;changes induced by acetaminophen binding may
drasticaliyvalter the spatial reiationships of the catalytic
sites in the immediate vicinity of the hemoprotein cyfochrome
P-450 to such an extent that aromatic amine hydroxylation is
rendered impossible. Alternatively, the oxidative capacity of
the microsomal drug-metabolizing system may have beeh saturated
by excessive formation of the toxic metabolite of acetaminophen.

The activity of the lipid-requiring glucose 6-phosphatase

was significantly depressed at six, twelve and eighteen hours.
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This may be explained by the progressive increase in in vivo

lipoperoxidative decomposition of the membranes of the endoplas-
mic reticulum. In carbon tetrachloride-induced hepatic necrosis,
Reynolds et al (1971) found a dramatic fall in the activity of
glﬁcose 6-phosphatase as determined histochemically. In vitro
studies further indicated that NADPH- or ascorbate-induced micro-
somal lipid peroxidation resulted in drastic curtailment of the
activity of this lipid-sensitive enzyme (Wills, 1971; Bidlack
‘and Tappel, 1972; Glende et al, 1976). This may be due to the
hydrolysis of phosphatidyl ethanolamine moiety of membrane
phosphoiipids (Dutters et al, 1967), or stoichiometric composi-

tional alterations in the arachidonic acid at thePpositiOn of

microsomal phospholipids (Nichaus et al, 1968].

It should be»appreciated that the mechanism of functional
interdependence of the microsomal drug hydroxyiation system and
lipid peroxidatioh is not completeiy understood. The possibil-
ity exists that an alternative NADH-cytochrome bs-pathway'may
facilitate the electron transfer and substrat oxidation in
conjunction with the NADPIl-cytochrome P-450 systém (Archakov
et al, 1975). This aspect of microsomal function during aceta-
minophen poisoning has not been examined in detail.

In conclusion, evidence is presented in this study that fa-
cilitatory interaction of microsomal lipid peroxidation and
ace;aminopheﬁ oxidation to the toxic metaboiite, is the primary
event iﬁ acetaminophen hepatotoxicity. The biochemical con-
sequences of acetaminophen-induced hepatic necrosis are reflec-

ted in the marked inhibition of in vitro drug metabolizing
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activity towards aniline, as well as depression of NADPH-cyto-

chrome ¢ reductase and glucose 6-phosphatase activities. Cyto-
chrome P-450 level was maintained relatively constant, an obser-
vation quite consistent with the obligatory role it subserved

in the N-hydroxylation of acetaminophen.

Protective action of cysteamine

It has been concluded from the abpve discussion that ace-
taminophen hepatotoxicity arises from the facilitatory'interde-
pendence of microsomal lipid peroxidation and the oxidation of
the drug. The results of the present study indicate that cys-
teamine may protect against acetaminophen hépatotoxic effects
by'virtue of the antioxidant properties of the sulfhydryl group.
This is evident from the attenuation of ig-xixg and in vitro
lipid peroxidation as compared with the non-protected acetamino-
phen-treated group. Normal NADPH-cytochrome ¢ reductase activity

~was retained (Table 4), which indicates that NADPH-cytochrome
c reductase may be the locus within the NADPH-cytochrome P-450
electron transport chain most susceptible to peroxidativé at
back by free radicals. Admittedly in vitro and in vivo lipid
péroxidation was not entirely abolished by cysteamine treatment.
It is possible that a higher dose of the antidote may achieve

better results. The data presented here do not exclude the
poSsibility that some locus in contiguity with the NADPH¥cyto—
chrome P-450 electron trahsport chain, may also be subject to
lipoberoxidative decomposition, but more sophisticated techni-

‘ques are required to identify the site of activation.
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On the other hand, cytochrome P-450 level was similar in

both the non-protected and cysteamine-protected groups. Although
the N-hydroxylation of acetaminophen depends upon the activity
of cytochrome P-450-requiring mixed function oxidase, no obligaf
tory relationship exists between the cytochrome P-450 level and
the severity of liver injury. Gazzard et al (1974) found that
abtocopherol at a dose of 400 mg/kg i.p. was ineffective in re-
?ersing hepatic damage, in the presence of normal cytochrome
P-450 level. Howe#er, the protective action of cysteamine
~appears to be related to its ability to eliminate the facilita-
tory effect of enhanced microsomal lipid peroxidation on the
‘:N-oxidation of acetaminophen to the electrophilic metabolite.
Perhaps more definitive conclusion may be drawn,by correlating
the content of cytochrome P-450 with the peroxidase activity of
the hemoprotein as a function of the dose of cysteamine used to

' reverse acetaminoﬁhen hepatotoxicity. The enhanced peroxidase
activity of cytochrome P-450 has been suggested to result in
significant intracellular oxidation of potential hydrogeh donors,
such as glutathione, ascorbate and &-tocopherol (Hrycay and
O'Brien, 1971).

It appears that cysteamine treatment brought about éignifi-
cant maintenance 0f in vitro drug metabolizing activities, as
'reflected by the activity of aniline hydroxylase with respect
.to;the non-protected acetaminophen;poisoned animals (Table v,
Figﬁre 4). This may be explained by the reduced lipid peroxide

- formed in vivo and in vitro. Glende et al (1976) showed quite
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convincingly that ascorbate-induced NADPH-requiring in vitro

lipid peroxidation was linked to the depression of ethylmorphine
demethylase activity, a microsomal enzyme requiring the co-
operative interaction of the entire segment of the NADPH-cyto-
chrome P-450 electron chain. It may be argued that improvement'

in in vitro drug metabolism will enhance the in vivo oxidation

of ‘acetaminophen to the toxic metabolite. However, the poséibil—
ity cannot be eliminated that cysteamine may inhibit the in vivo
oxidatidn of acetaminophen to the electrophilic intermediate,

~ thereby making more binding sites available for in vitro inter-
action with aniline. More detailed studies on the spectral bind-
ing of cytochrome P-450 with a variety of substrates including

- acetaminophen, aniline and prdtective agents, will elucidate

the molecular interactions involved. Structural considerations

‘lead one to suspect that acetaminophen will bind at the same
Type II-binding site, namely, the hemoprotein cytochrome P-450

associated site, as aniline.

Circumstantial evidence tends to reinforce the view that
cysteamine functions as an inhibitor of microsomal oxidation in
acetaminophen-induced hepatic injury; Harvey and Levitt (1976)
found that cysteamine markedly reduced the amount of gluta-

| thione-derived conjugates in the bile and prolonged the p1a§ma
half-lives of acetanilide, in isolated perfused rat liver. Pre-
viously, Jollow et al (1974) demonstrated that the extent of
urinary excretion of mercapturic acid-conjugates of acetamino-
phen reflected directly the hepatotoxic pathway for the aryla-

tion of microsomal proteins by the toxic metabolite. It is per-
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haps more than fortuitous that cysteamine inhibits the microsomal

ll-P -hydroxylation of steroids by interacting with the ll-P
hydroxylase system consisting of adrenodoxin, adrenodoxin reduc-
tase and cytochrome P-450 system (Flemming et al, 1973). Since
cysteamine and cystamine (with which cysteamine exists in equili-
brium in vivo) are rapidly petabolizedand cleared by the kidney,
it may be suspected that the pharmacological action of cystea-
mine must be attributed to an active metabolite which may eithef
be freely circulating or bound to plasma proteins. However, it
remains to be seen whether the protective action of cysteamine

is related to somehyet unidentified metabolite or mixed disul-
fide complex. In model organic reactions, the fifth axial
ligand in cytochrome P-450 is a mercaptide -anion which has been
shown to co-cordinate quite readily with any sulfhydrylfunction-
al group (Chang and Dolphin, 1975).

An alternati&e hypothesis has been proposed that the pro-
tective effect of cysteamine against acétaminophen hepatotoxicity
may be attributed to replenishment of endogenous glutathione
stores in the liver. Mitchell et al (1973b) observed that cova-
lent binding of the toxic metabolite with microsomai prdteins
occurred when the endogenous glutathione pool was depleted to 70
per cent in mice. The fundamental role of glutathione appears to
protect important nucleophilic siteé, such as sulfhydryl moieties
. in membrane proteins, ffom electrophilic attack by the reactive
infermediate (Mitchell et al, 1973b; Jollow et al, 1974).
Dietary suppiementation with sulphur-containing amino acid

- methionine afforded significant protection against liver injury,
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presumably by stimulating the §-glutamyl cycle of glutathione

metabolism (McLean and Day, 1975). However, the exact relation-
ship between the glutathione pool in the liver and the extent
of liver iﬁjury is not established. Strubelt et al (1974)

found that cysteamine treatment at a dose of 50 mg/kg i.p.
although effective in reversing liver damage, only caused a
partial repletion of glutathione stores. 1In addition, cysteine,
the precursor of glutathione, was not very effective in prevent-
ing liver damage, despite the fact that glutathiohe content was
maintained normal (Mitchell et al, 1973b).

No conclusive evidence is available to refute or confirm
the hypothesis that the role of free-radical scavenger sub -
served by cysteamine or glutathione is specifically relafed to
the sulfhydryl group. Dimercaprol (Hughes et al, 1976) has been
reported to potentiate the severity of liver damage substained
by severely poisoﬁed patients. Similarly, thioctic acid, the
potentiai sulfhydryl-donor,failed to prevent hepatic necrosis in
acetaminophen-ﬁoisoned rats (Gazzard et al, 1976).' Perhaps the
limiting factor of the protéctive action of cysteamine may not
deﬁend so much on the rate of de novo synthesis of glutathione,
but rather on the kinetics of transmembrane movement of gluta-
thione-liposome complex, as suggested by Malnoe et al (1975).
This explains the apparent failure of glutathione itself to
protect against acetaminophen hepatotoxicity (Gazzard et al,
1974) unless administered in massive doses by intravenous route

in experimental animals (Benedetti et al, 1975).
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In the final analysis, the possibility exists that cystea-

mine may conjugate with the toxic metabolite of acetaminophen.
Although Andrews (1976) in a personal communication to Harvey
ahd Levitt (1976) failed to identify any cysteamine-acetamino-
phen conjugate in the bile upon addition of 36S-cysteamine to
the isolated perfused rat liver, the response may be dose-
and species-dependent. More detailed studies on whole animals
using‘radioactive acetaminophen énd cysteamine will help eluci-
date the protective mechanism of cysteamine.

| In conclusion, the results of this study indicate that
cysteamine at a dose of 200 mg/kg i.p. confers partial protec-
tion against acetamihophen-induced hepatic necrosis by reducihg
lipid peroxidation in vivo and in vitro, as well as restoring
the microsomal function to some extent. Hehce it is suggésted
thét cysteamine acts by inhibiting the formation of the toxic

metabolite.
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PROTECTION BY CYSTEAMINE AGAINST ACETAMINOPHEN-
INDUCED HEAPTIC NECROSIS: AN ELECTRON-
MICROSCOPIC STUDY

INTRODUCTION

Suicidal attempts with acetaminophen overdose in humans
have been observed to cause acute liver injury culminating in
fulminant centrilobular hepatic necrosis and liver failure
(Prescott'gz al, 1971; Clark et al, 1973). The prognosis of
.eventual hepatic failure may often be predicted from the extra-
polaiéd plasma acetaminophen'level at 4 hours after ingestion of
~ the analgesic. A high risk of severe hepatic necrosis is anti-
cipated if the plasma concentration exceeds 250-300 mg per 1
(Prescott et al, 1976). The histopathological sequence of
e?ents leading to‘ceilular necrosis and death has been analyied
inASOme detail by Dixon and his colleagues (1971; 1975). Dixon,
Nunmo and Prescott (1971), in a study of the development of the
' 1eSioh extending to 28 days after a single toxic dose of aceta-
minophen (350 mg/kg oral) in rats,'found hydropic vacuolation,
vcentrilobular necrosis and macrophage infiltration, accompanied
: By appreciable degree of regenerative activity.  In a sﬁbse-
quent hisfological and electron-microscopic investigation,

Dixgn et al (1975) concluded that coagulative necrosis consti-
tutéd,the basic pathological lesion of acetaminophen hepatotox-
icity. This has been confirmed by Portman et al (1975) in

severely poisoned patients. They found that the fraction of
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surviving hepatic parenchyma as expressed by the hepatucyte

volume fraction (HVF) in liver biopsies performed within ten
days of poisoning correlated quite closely with the prolonged
prothrombin time and the elevation of serum enzymes.

Although cysteamine has been reported to be successful in
reversing liver damage in severely poisoned patients (Prescott
et al, 1976), mice (Strubelt et al, 1974), and rats (Harvey and
Levitt, 1976), no fint structural study has been undertaken to
determine the possible alterations of the hepatic lesion caused
by cysteamine treatment. Consequently, the present electron-
microscopic study is an attempt to evaluate the protective action
of cysteamine by examining the morphological changes in the
hepatocytes of both the cysteamine-protected and non-protected
animals at various time intervals after a toxic dose of aceta-

minophen.
MATERIALS AND METHODS

The different groups of hamsters described in the previous
chapter (Chapter III) subject to the various‘drug treatments
were concurrently used for electron-microscopic study, with the
exteption the cysteémine-control animals. 1In addition, only
Ohe group of acetaminophen-treated unprotected animals was ;ac—
rificed at twenty-four hours. The limited supply of animals,
unfprtUnétely, would not allow one to include the corresponding
twehty~four cysteamine-protected animals. In all cases, the
anterior portion of the left lateral lobe of the liver was pro-

cessed for electron-microscopic observations. The tissues were
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cut into tiny sections which were instantaneously immersed in

3tper cent glutaraldehyde solution, buffered with 0.1 M sodium
cacodylate, pH 7.4 (Sabatini et al, 1963; Carlson, 1973). The
specimens were then placed into small vials containing approxi-
mately 1 ml of thé buffered fixative medium and left for two
hours  at 4°C; after which time the tissues were thoroughly
washed with sodium cacodylate buffer for three times, followed
by fixation in two per cent osmium tetroxide buffered with 0.1 M
sodium cacodylate for another 2 hours. After dehydration in a
graded series of’alcohols and propylene oxide, the tissues were
transferred to the propylene oxlde-ethanol mixture (1 1) and em-
bedded in epoxyl resin accordlng to the method of Luft (1961).
After adding resin-propylene oxide mixture (1:1), they were left .
~overnight to allow evaporation. Subsequently, the samples were
embedded in pure resin mixture and left at 65 C for 3 to 6 days.

The speC1mens were mounted on epoxyl resin blocks and left
in the oven for three days at 65°C. Thin sections were cut
with a Reichert OM U2 ultramicrotome, stained with two per cent
~uranyl acetate‘for 20 minutes and for 15 minutes in lead cit-
rate (Carlson, 1973).. They were finally examined under a Zeiss
~ EM-9A electron microscope. Many photographs were taken from
‘each group of animals to ascertain that no bias were introdu;ed
in the selection of the representative electron-microscopic

pictures for close observation.
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RESULTS

In the present investigation, the fine structural appear-
ance of hamster hepatoty;es from the saline-control group agrees
favorably with that described and reviewed by Jones and Fawcett
(1966). Descriptive analysis of the control hepatocyte will
therefore be focussed primarily on those organelles exhibiting
significant alterations consequent of various drug treatments,

" in order to emphasize the difference between the control and the

experimental animals.

Saline-control animals

Sinée the animals were allowed access to fodd nnd water ad
libitum, glycogen deposits accumulate in the cytoplasnic métrix
\(Fig. 7 ) and appeared as compact rosette pattern often sepéra-

ted by aggregates. of variable size. The granular endoplasmic
reticulum (GER) is composed of lamellated membranous cisternae
well carpeted with ribosomes (Fig. g8 ). Smooph-Surfaced endo-
plasmic reticulum (AGER) appears as short anastomiiing tubules,
often continuous with the GER, creating an impression of a loose
‘nétwork The cytoplasmic matrix around these tubules may be
aSSOC1ated with some glycogen granules.,

Double- membrane bound mitochondria, of oval or elongated
profiles, abound in the hepatocytes of control animals. They
posSesS platelike cristae and an uniformly dense matrix. Pino-
cytotic vauoles are occasionally seen in different regions of

- the liver parenchyma. Lipid droplets of the type described by
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Fig. 7: Electron micrograph of a portion of the liver tissue
from the saline-control hamster, showing cytoplasmic
glycogen deposits (G).  The endothelial lining of the
sinusoidal space (S) exhibits the typical microvillal
(MV) arrangement. The occurrence of vacuoles (V) is not

considered abnormal. AGER:agranular endoplasmic re-
ticulum. N:nucleus. x 5,400
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A bile canaliculus (BCL) separating two hepato-
cytes from a saline-control animal. Note that
rough-surfaced granular endoplasmic reticulum
(GER) is well carpeted with ribosomes, and the
agranular endoplasmic reticulum (AGER) exhibits
the typical loose network pattern. M:mitochon-
dria. G:glycogen granules. PR: ribosomal aggre-
gates. x 21,900
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Nehemiah and Novikoff (1974) as consisting of a distinct peri-

pheral membrane in close apposition to an electron dense layer,
are relatively few in the control animals. There are few lipo—“
fuscin granules (lysosomes).

The intact endothelial lining of the sinusoids displays
the normal irregular array of microvilli and is relatively free
of any debris, erythrocytes and neutrophils (Fig. g8 ). The
usual configuration of the bile canaliculus between two conti-

guous cells is shown in Fig. 8§

Unprotected acetaminophen-poisoned animals

The group sacrificed at six hours after acetaminophen treatment

Examination of the prepared liver sections from the unpro-
tected animals sacrificed at six hours reveals considerable
morphological change in the various organelles. Glycogen de-
posits afe nearly‘depleted frdm most areas of the cytoplasmic

" matrix, though occasionally rosettes of glycogen are still evi-
dent. The obvious effect of acetaminophen is manifested in the
configuration of endoplasmic réticulum. The’cisternae of GER

become dilated; although the GER is still covered with ribosomes,
free ribosomal particles begin to appear in the cytoplasm (Fig.
9 ). The smooth-surfaced tubules start to aggregate into en-
larged masses and assume the shape of a labyrinthine-meshed
cdmplex. An. aberrant autophagic vacuole consisting of engulfed
1amé11ated membraneous materials embedded in a homOgenous

v
|

electron-dense matrix may sometimes be seen near the bile cana-
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Fig. 9: Appreciable dilation of the cisternae of the granu-
lar endoplasmic reticulum (GER) of the liver paren-
chyma from the acetaminophen-poisoned animal six
hours after acetaminophen treatment. Mitochondria
(M) appear normal. FR: free ribosomes. AGER: agranu-
lar endoplasmic reticulum. x 62,700

Fig. 10:Six hours after acetaminophen treatment in the unpro-
tected animal. Lamellated membraneous inclusions(IMI)

are seen within an autophagic vacuole (APV). V: en-
larged vacuole. x 21,900
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liculus (Fig. 10 ). Besides, lipid vacuoles containing homo-

genous electron-dense substance delimited from the cytoplasm by
a single membrane, occur in small numbers in most of the hepato-
cytes. On the other hand, no major change is observed in the
configuration of the mitochondria. Lysosomes can sometimes be
seen in the cytoplasm, but their frequency does not}suggest the

presence of active cytoplasmic degradation.

The group sacrificed at twelve hours after acetaminophen treat-

ment

| }By twelve hours, the degenerative changes induced by aceta-
minophen have extended to most organelles. The evolution of the
necrotic process is evident in the hepatocytes from all animals
in this group. Hyperplasia of the agranular endoplasmic reficu-
lum is seen in‘the condensation of the tubular aggregates and
appears as a compact interwoven network énclosed by electromn-
dense deposits; the normal cytoplasmic matrix is no longer
- recognizable, but characterized by random distribution of free mo-
nomeric Tribosomal particles (Fig.1l1 ). The-ciéternae of the
- GER have undergone extensive swelling into larger vesicles
intermingled with some remnants of the tubular elements of AGER,
former membrane-segments can be seen between the swollen sacs
of GER. The GER is almost devoid of any membrane;bound ribo-
sohes. The bile canaliculﬁs has become dilated and disorganized}
_ Fatty infiltration of the liver parenthyma is evident from
thé abuhdance of 1ipid globules of various size and shapes.

.'They display an electron-dense centre surrounded by a halo of
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Hyperplasia of smooth-surfaced agranular endoplasmic
reticulum (AGER) twelve hours after acetaminophen
treatment in the non-protected animal. Vesiculated
free ribosomes (FR) can be found dispersed in the
cytoplasmic matrix. M:mitochondria, x 21,900

Accunulation of 1lipid vacuoles (LD) most likely to
be derived from lysosomes (L) twelve hours after
acetaminophen treatment in non-protected animal.
LA: membrane-bound 1lipid aggregates. V:vacuoles.
x 21,900






‘ 97
clear homogenous material, which is sometimes associated with

one or two crescent cytoplasmic projections (Fig.12 ). Some
iipid droplets become aggregated within membrane-bound sacs,
reminiscent of the unique lipolysosomes in hamsters (Nehemiah
and Novikoff, 1974). Focal accumulation of primary lysosonmes
'is a constant feature in the twelve-hour group. However, it is
noteworthy that a multicentric myeloid body becomes fused with
an autophagic vacuole containing remnants of endoplasmic reticu-
lum. (Fig. 13 ). This focal process of cytoplasmic mémbran-
eous degradation and autophagic vacuole formation may represent
a degenerative response to the hepatotoxin.

 Sinusoid congestion seems to be a characteristic feature of
the necrotic hepatocytes at twelve hours. - In addition to
erythrocytes and polymorphic neutrophils, the sinusoid space
is crowded with small 1ipid vacuoles, cellular debris and mem-
‘Brane fragments‘(Fig. 14 ). The endothelial linings appears
to have lost their structural integrity. Some parasinosoidal
hepatocyteslhave engulfed erythrocytes (erythrophagacytosis), and,
in addition, large irregularly-shaped vacuoles containing elec-
tron-dense granular materials often border the necrotic zones
(Fig. 14 ). Even blood platelets appear in the sinusoidal

- space. | | \
Mitochondria become swollen and the cristae are degenerat-

‘ing into whorled membranes. The peroxisomes, on the other hand,

retain their normal configuration.
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Fig. 13: Fusion of myeloid bodies (MB) with an autophagic
vacuole (APV) seen at twelve hours after acetamino-
phen treatment in the non-protected animal. The
mitochondria (M) appear swollen with the cristae
being distorted. L:lysosomes. LD: lipid droplets.
x 21,900
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Sinusoid (S) congestion and marked vacuolation (V)
twelve hours after acetaminophen treatment in the
non-protected animal. Note the labyrinthine mesh

of smooth-surfaced membranes (AGER) is no longer de-
limited by the plasma membrane. N:polymorphonuclear-
leukocytes. LD:1lipid droplets. x 5,400
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The group sacrificed at eighteen hours after acetaminophen

treatment

At eighteen hours, the necrotic process has advanced to such
an extent as to suggest irreversible cellular injury.. Most of -
the degenerative changes seen in the animals sacrificed at
twelve hours become accentuated. The plasmé membranes of most
hepatocytes have undergone virtual collapse and denaturation.
Although remnants. of GER and AGER can still be recognized, vesi-
culated ehdoplasmic reticulum organize into myeloid figures bound
by a well-delineated unit membrane. Indeed, there exists a
tehdency‘for increased formation of multicentric myeloid bbdiés
in response to the hepatotoxin (Fig. 15 § 17).Lipid accumulation
is exaggerated in many hepatocytes, as reflected by the occurrence
df increased numbers of j1ipolysosomes - (Fig.16 ). The mito-
chondria becbme mostly enlarged and dense and the arrangement
of the cristae is severely distorted. Most nutlei become
pyknotic and karyohexic at this advanced stage of necrosis
(Fig. 17 ). | |

All hepatocytes exhibit various degrees of coagulative
necrosis, sinusoidal congestion is very pronounced at this time,

and erythrophagocytosis becomes accentuated (Fig.l6 ).

The group sacrificed at twenty-four hours after acetamihopheh
treatment |

At twenty-four hours, coagulative necrosis has progressed
to embrace the activity of parasinusoidal Kupffer's cells for

phagocytizihg membraneous fragments and remnant vesicles (Fig.
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Fig. 15: Eighteen hours after acetaminophen treatment in the
non-protected animal showing accumulation of 1lipo-
lysosomes(LPL). Parasinusoidal microvilli (MV) be-
come disorganized. x 5,400

Fig. 16: Heterogenous dense body (HDB) enclosing several mye-
loid bodies (MB) at eighteen hours after acetamino-
phen treatment in the non-protected animal. LD: lipid
vacuoles. x 21,900
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The appearance of pyknotic nuclei (N) and concentric
and reticular myeloid bodies (MB) at eighteen hours
after acetaminophen treatment in the non-protected
animal. AGFR:agranular endoplasmic reticulum.
M:mitochondria. LD: lipid droplets. x 5,400
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18 }. Very often, there is extensive accumulation of large

,aggregates of myeloid figures and lipid globules (Fig.19 ).
Vacuolation cbnsisting of electron-dense granular-like materials,
representing the fine structural counterpart of 'hydropic vacuo-
lation' encountered in light microscopy (Dixon et al, 1975}, is
characteristic of necrotic parasinusoidal areas (Fig; 20 ).

It is perhaps noteworthy that most deaths from acetaminophen
dverdose in hamsters occur within eighteen to twenty-four hours.
This observation is consistent with that reported by McLean and

- ‘Day (1974).

Cysteamine-protected acetaminophen-poisoned animals

‘The _group sacrificed at six hours after acetaminophen treatment

The cytopathological sequence of events at six hours are
not much different from those obServed in the non-protected
animals. While some cisternae of GER are arranged as parallel
strénds studded with ribosomes, dilated cisternae can be seen in
some hepatocytes (Fig.2l ). Glycogen depletion is clearly
evident; the hitochondria become slightly distended. Large
Clear or electron-dense vacuoles and lipid droplets are occa-
sionally’observed, but not ' in abundancé. LikeWise, a few
aggregates of smooth-surfaced membraneous bodies appear in the

cytOplasmic matrix.

The group sacrificed at twelve hours after acetaminophen treat-

ment

Significant morphological difference is observed between
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Accentuated sinusoidal congestion at twenty-four
hours after acetaminophen treatment in the non-
protected animal. Note the phagocytosis of ery-
throcytes (RBC) by Kupffer's cell (K)§ the nucle-
us of hepatocyte (N). The inclusion of polymor-
phonuclear leukocyte (PMN) within an enlarged
vacuole (V) is seen. AGER:agranular endoplasmic
reticulum., x 5,400
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Fig. 19: Accumnulation of myeloid bodies (MB) twenty-four hours
after acetaminophen treatment in the non-protected
animal. Note the occurrence of heterogenous mutli-
vesicular bodies (arrowhead) and vesiculated materials
within the myeloid bodies (MB). x 21,900
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Fig. 20: Virtual obliteration of the sinusoidal space (S)

twenty-four hours after acetaminophen treatment
in the non-protected animal. Erythrocytes (RBC)
and vacuoles containing electron-dense materials
(V) can be seen in the sinusoid. KC: Kupffer's
cell. LD:1lipid droplets. x 21,900
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Fig. 21: The normal configuration of the granular endoplasmic
reticulum (GER) with ribosomes attached in the cystea-
mine-protected animal six hours after acetaminophen
treatment. Note the loose network of the agranular
endoplasmic reticulum (AGER). x 62,700

Fig. 22: Poleomal reaggregation (PR) twelve hours after acet-
aminophen in the cysteamine-protected animal. AGER:
agranular endoplasmic reticulum. x 62,700
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the protected and non-protected animals at twelve hours. The

GER displays the normal tubular arrangement with polysomal
aggregates attached to the strands. On the other hand, free
polysomes organized into geometric conglomeration distribute
themselves in an orderly fashion in the cytoplasmic matrix (Fig.
22 ). No condensation of the AGER occur, although the AGER
still undergo a certain degree of hyperpla;ié. Fatty infil-
tration of the necrotic hepatocyte, unlike the unprotectéd hepa-
tocyte, appears to be limited in nature, although small numbers
of membrané-enclosed lipid aggregates still occur in the cyto-
plasm (Fig.23 ). Very few vacuoles, the ultrastructural counter-
part of 'hydropic vacuolation' encountered in light microscopy
(Dixon et al, 1975), can b:‘seen (Fig. 24 ). 1In sharp con-
‘trastbto the nonprotected animals, the hepatocytes in the cystea-
mine-protected animals are ho longer characterized by extensive
accumﬁiation of 1éme11ated dense bodies, Sinﬁsoid congestion
becomes less critical. Although glycogen depletion still per-
.sists, abnormalities observed in mitochondria, nuclei and bile

~canaliculus become relatively less in numbers.

The group sacrificed at eighteen hours after acetaminophen

treatment

The hepétocytes from the cysteamine-protected animals ex-
hibit signs of partial recovery in that glycogen deposits re-
appéar in the cytoplasm and the cisternae of GER tend to become
flattened (Fig. 25 ). Vesiculation of endoplasmic reticulum

does not occur. Polysomes reassemble themselves in a linear
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Fig. 24:
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Limited accumulation of lipid aggregates (LDA)
twelve hours after acetaminophen treatment in
the cysteamine-protected animal. M:mitochondria.
x 21,900

Absence of parasinusoidal vacuoles twelve hours
after acetaminophen treatment in the cysteamine-
protected animal. The sinusoidal space (S) is
relatively free of any membraneous debris{(MD).
L:1ipid vacuoles. N:nucleus. RBC:erythrocytes.
x 5,400
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Fig. 26:
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Repletion of glycogen deposits (G) eighteen
hours after acetaminophen treatment in the
cysteamine-protected animal. The configuration
of the microvillal 1lining of the sinusoidal
space (S) appears normal. AGER:agranular
endoplasmic reticulum. V: vacuoles.
MV:microvilli. x 5,400

Ribosomal aggregates (PRA) seen at eighteen
hours after acetaminophen treatment in the
cysteamine-protected animal. Some lipid va-
cuoles (LD) still persist. M:mitochondria.

x 62,700
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manner around the strands of granular endoplasmic reticulum and

some well-organized ribosomal aggregates are visible in the cyto-
plasmic matrix (Fig. 26 ). Small numbers of lipid vacuoles
occur in some hepatocytes, but the morphological evidence for
extensivetlipid accumulation at this stage is absent. The char-
écteristic myeloid bodies as seen in nonprotected animals are
 entire1y absent in the cysteamine-protected group eighteen hours .
after acetaminophen overdosage. The microvillal arrangement of
the endothel ial lining of sinusoids returns-totnormal. No de-
generative changes are observed in the mitbchondria, nucleus

and canaliculus. - Pinocytotic va;uoles appear in some hepato-
cytes, but this cannot be considered to be é pathological find-

ing (Fig. 25 ).

DISCUSSION

The'reSults of this electron microscopic investigation.of
acefaminopheﬁ hepototoxicity shows that glycogén depletion,
extensive fatty infiltration, ribosomal disaggregation, hyper-
plasia of the smooth endoplasmic reticulum ahd mitochondrial
abnormélities and large vacuolations constitute the primary de-
terminants of acetaminophen-induced hepatic necrosis.‘ In addi-
tion, accumu1ation of myeloid dense bodies appears to be asso-
‘ciated with advanced stages of necrosis. The sequential events
ieaﬁing to cellular death are consistent among the unprotected
acetaminophen-intoxicated animals. This witnesses a significant

departure from the findings of Dixon et al (1975) who observed
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that lipid accumulation and spherical cytoplasmic inclusion

bodies did not feature the pathbgenic mechanisms in severely
poisoned rats. It is well recognized that rats are relatively
resistant to hepatotoxic agents (McLean and Day, 1975) and con-
sequently exhibit considerable variation in the ultrastructural
changes of cellular organelles. After all, the panofama of
pathologiéal consequences substained may be dose-dependent. In
the present study, a high toxic dosemof acetaminophen (600 mg/
kg i.p.) was used, as contrasted with the oral dose of 300 mg/kg
employed in Dixon's study (1975).
Although several studies have been conducted to investigate

the protective mechanism of cysteamine (Strubelt et al, 1974;
Mitchell et al, 1973b; Mitchell et al, 1974; Strubelt et al,
1974; Harvey and Levitt, 1976), no electron-microscopic data have
been published. The preéent study is the first endeavour td
evaluaté cysteamine protection at the fine structural level.
The results show that cysteamine treatment is responsible for
the attemuation of lipid infiltration, ribosomal disaggrega-
‘tion;ﬁvacuolation, as well as curtailment of hyperplasia of the
smooth eﬁdoplasmic reticulum. The relative absence of these histo-
pathological features of the 1iver‘mayibe explained by the anti-
oxidant properties of cysteamine, since reduced lipid peroxidation
fofmation and enhancement in microsomal enzyme activities haQe
been’found in the previous study (Chapter III).

- The early dilation of the cisternae of the rough endoplas-

mic reticulum is unlikely to be specific for acetaminophen,
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since the same structural abnormality may be produced by various

hepatotoxic agents including carbon tetrachloride (Leduc, 1973)
and galactosamine (Scharnbeck et al, 1972). The course of patho-
logical events after six hours in the nonprotected animals appear
to resemble those observed in carbon tetrachloride poisoning
(Reynolds et al, 1971). ;xtensive collapse of the cisternae of
the rough endoplasmic reticulum occurs along with proliferation
of labyrinthine aggregates derived from smooth-surfaced membranes.
The finding that the smooth endoplasmic reticulum in cysteamine-
protected animals did not condense to a tight network, strongly
indicates that this phase of cellular function is related
directly to the action of cysteamine. The fine structural in-
tegrity of the endoplasmic reticulum, as reflected by the attach-
ment of ribosomes to the cisternae of rough endoplasmic reticu-
lum, implicates that the protein-synthesizing machinery must be
conserved.

Seve{; derangement of the endoplasmic reticulum, charac-
. terized by vesiculation and hyperplasia of smooth-surfaced mem-
branes, is a constant feature of acetaminophen poisoning. This
tends to substantiate the biochémical finding reportéd by
Mitchell et al (1973b), Racz and McDonnald (1976) that loss of
microsomal protein correlated directly with the loss of micro-
somal function. \

Polysomal disaggregation is apparently prevénted by cystea-
mine treatment, as. evidenced from thé preponderance of aggre-
gates of ribosomes, at twelve and eighteen hours after acetamino-

phen treatment in cysteamine-protected animals. Although no
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data are available on the covalent binding of the toxic metabo-

lite of acetaminophen to nucleic acids and the associated poly-
somal profile, it is reasonable to assume that the arylating
reactive intermediate may prevent the binding of ribosomes to
mRNA. Polysomal disaggregatien has been suggested as the pre-
dominant feature in carbon tetrachloride-induced liver injury
(Shah and Carlson, 1975). 1In view of the protection offered by
ihe antioxidant, N,N'-diphenyl-p-phenylenediamine against poly-
somal disaggregation in carbon tetrachloride poisoning (Hartman,
et al, 1968), it is tempting to speculate that cysteamine may
also inhibit the transition of polysomes to monosomes. Auto-
radiography involving the incorporation of radioactive amino
~acids into microsomal proteins might be successfully ﬁtilized
to furnish conclusive evidence for this hypothesis. |

The morphologic findings further confirm the role of 1lipid
peroxidation in fhe pathogenesis of acetaminophen-induced fatty
liver. The exté;sive infiltration of hepatic parenchyma with
lipid vacuoles at twelve, eighteen and twenty-four hours in un-
protected animals as indicated in this study is consistent with
:the e1evatipn of hepatic triglyceride levels reported by Buttar
et gl»(1976) in poisoned rats. However, no conclusive evidence
can be adduced to support the contention that hyperplasia of the
smooth endoplasmic reticulum is associated with the development
of @rug-induced fatty liver.

Disturbance in lipid metabolism may involve more than mere

lipid peroxidative changes. Upon close examination, the lipid
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vacuoles in the unprotected animals bear resemblances to the

lipolysosomes first described by Nehemiah and Novikoff (1974)
in hamsters, in that they are botH enclosed by a peripheral
membrane in close apposition to a homogeneous electron-dense layer.
These lipolysosomes, which have been-shown to contain acid
phosphatase activities (Nehemiah and Novikoff, 1973), have been
implicated in the degradation of intracellular lipids. The
‘occurrence of relatively large numbers of lipolysosome-1like
structures during the evolution of hepatic lesion may represent
a kind of adaptative change of the haptocytes in response to
excessive iipid accumulation. Since it is very likely that
lipase will be inactivated by the hepatotoxin, the formation of
these specialized lipid vacuoles constitutes the alternative
pathway for the mobilization of excess lipids from the liver.
Indeed, this mechanism seems to explain the occurrenge of lipoly-
sosomes in hepatocytes from patients with Wilson's disease
(Hayashi and Saernlieb, 1975). Quantitati?e estimation of the
frequen;ies of lipolysosomes in a spectrum of diseases associa-
téd with fatty liver, either genetically endowed or drug-induced,"
will help elucidate the function of these organelles. Biochemi-
cal analysis of the composition and content of lipids will be
indispensable. |

Recent studies indicate that drug-induced myeloid body
formation constitutes the tissue reaction to chemically-inducéd
%athdgenic stimuli (Hruban et al, 1972; Yates et al, 1968).

Hypocholesterolemic drugs such as triparanol (Hruban et al,
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1965) and antibiotics such as clindamycin (Gray et al, 1971) have

been shown to induce myeloid body formation in liver cells.
Morphologically, unicentric and multicentric myeloid bodies are
composed of concentric layers of smooth membranes envéioped by
denser single unit membranes; both types of lamellated dense

- bodies may be found in the unprotected animals within twelve to
twenty-four hours after acetaminophen’ overdosage. The absence‘of
myeloid bodies in the cysteamine-protected animals further illus-
trates their relevance to the necrotic process. Although the
origin of these myeloid Bodies remains controversial (Allison
1968; Dietert and Scallen, 1969), it is generally accepted that
they may arise by sequestration of various membranous cytoplas-
mic organelles which resist degradation by lysosomal enzymes
(Hruban et al, 1972). In view of the hyperplasia of the smqoth
endoplasmic reticulpm and the eventual denaturation of smooth-
surfaced membranestin acetaminophen poisoning, it is highly
likely that the membranous materials are derived from the AGER
'although the poésibility of fusion with autophagic vacuoles can-
not be eliminated. Since Mitchell et al (1973a) demonstrated
that most of radioactive acetaminophen was concentrated in the
endoplasmic reticulum, the toxic metabolite of acetaminophen
may become bound to the membranous inclusions of the myeloid
bodies. Triparanol has been found to bind with the sequestered
organelles wifhin the lamellar bodies (Yates et al, 1967).
Furfher studies on the biochemical composition and morphologic
aspects of these bodies are required to confirm this hypothesis.

Nevertheless, the appearance of myeloid bodies in the later
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stages of acetaminophen-induced hepatic necrosis suggests that

they may lead to cellular death.

On the other hand, the appearance of these lamellated con-
centric bodies containing osmiophilic phospholipids in the
human hepatocytes reflects a clinical condition termed 'phospho-
lipid fatty liver' (Oda et al, 1970). The characteristic accumu-
lation of abnormal phospholipids, mainly acidic phospholipids
(Yamamoto et al, 1971), induced by drug treatments (Iglesia
et al, 1974), suggests that phospholipid metabolism has been
perturbed by the drug itself or some toxic metabolite formed by
the microsomal drug-metabolizing enzymes. It should’be recog-
nized thét the functional integrity of the microsomal NADPH-
cytochrome P-450 electron transport chain depends upon the pre-
sence of phospholipids for the oxidative metabolism of steroids,
fatty acids and foreign compounds (Strobel et al, 1970). Hence
the hepaticndrug-induced secondary lipidosis probably arises from
the binding of acetaminophen with the membrane phospholipid
with the result that the intrahepatic distribution of phospho-
lipids is aitered. It is anticipated that compositional altera-
tions in phOSpholipids as manifested in the enhanced conjugate
diene during the course of acetaminophen poisoning in unprotec-
ted animals, will undoubtedly contribute towards the occurrence
of these pleomorphic concentfic bodies seen in this study. It
will be premature to establish a causal role of abnormal accumu-

lation of phospholipids .. However, derangement of phospholipid

metabolism may somehow facilitate the evolution of hepatic
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necrosis and ultimate death.

The advanced stage of acetaminophen introxication is also
marked by extensive vacuolation in the vicinity of the necrotic
areas. . Upon close examination, the vacuoles contain electron-
dense granular-like materials, presumably derived from the vesi-
culation of the endoplasmic reticulum. In carbon tetrachloride
hepatotoxicity, 'hydropic vacuolation' has been found to be
assotiated with the marked dilation of the cisternae of the
endoplasmic reticulum (Stenger, 1970). The pathological fea-
ture reflects continuous intracellular fluid accumulation re-
sulting from alterations in membrane permeability characteris-
tics. llowever, in view of the augmented lipid peroxidation
observed in this study, it is highly likely that changes in
physico-chemical properties of membrane phospholipids will impose
drastic perturbation in the fluidity and lipid-protein inter-
action at the plaéma membrane level, as has been shown in model
membrane studies (Chapman, 1969). This witnesses the derange-
ment of the regulatory mechanism governing the fluxes df ions
and fluid across the membrane barrier, and explains the exten-
sive vacuolation and fluid accumulation seen in unprotected
animals.

It is noteworthy that in cysteamine-protected hepatocytes,
: nb.significant vacuolation occurs at twelve and eighteen houfs
after acetaminophen overdosage. Since cysteamine treatment has
been shown to reduce appreciably the lipid peroxidation in vivo

and in vitro (Chapter III), maintenance of the structural in-
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tegrity of the membrane will prevent any abnormal accumulation

of fluid around the necrotic areas. This further substantiates
the view that lipid peroxidation is the determinant of aceta-
minophen hepatotoxicity.

It should be emphasized that the present study‘does not
exclude the possibility that coagulative necrosis may be the
predominant factor responsible for lethal cellular injury, as -
suggested by Dixon and his colleagues (1975). Sinusoidal con-
gestion and erythrophagocytosis have been qbserved within
twelve to twenty-four hours after acetaminophen intoxication in
unprotected animals. fhe anoxia resulting from reduction in
hepatic blood flow explains the appearance of large clear or
moderately electron-dense vacuolés bordering the sinusoids.
Indeed, Gazzard et al (1974) found that administration of vaso-
dilating agents such as propanolol reduced the wedged-shéped
infarct areas of hepatic parenchyma in acetaminophen-pbisoned
rats. However, Gazzard et al (1975) later found that disturbances
in coagualtion in severely poisoned patients were transient and
that fresh frozen plasma therapy did not seem to reduce the
morbidityvOr mortality in treated patiénts. Thé vascular
effects may, after all, be secondary and non-specific.

The pathogenic mechanisms for acetaminophen-induced hepatic
necrosis probably reflects the fine interplay of polysomél |
vdisaggregation, vacuolation, derangement of phospholipid and
neutral lipid metabolism, as well as the loss of functional
intégrity of the microsomal oxidative enzymes. The morpholo-

gical features of acetaminophen hepatotoxicity revealed upon
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electron microscopy further lend credence to the biochemical

findings reported earlier in Chapter IIT, supporting the hypo-
thesis that the facilitatory interaction of lipoperoxidation and
microsomal oxidation is responsible for centrilobular necrosis.
Moreover, the ultrastructural observation that cysteamine pro-
tection significantly attenuates lipid infiltration and vacuola-
tion and partially maintained the polysomal profile, correlates
with the biochemical finding regarding improvement of microsomal

function and diminution in diene conjugation (Chapter III).
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CHAPTER V

CONCLUDING REMARKS

The biochemical and electron-ﬁicroscopic ‘results suggest
that the,facilitatofy interaction of microsomél - lipid peroxi-
dation and oxidation of acetaminophen to the toxic metabolite,
plays an essential role in hepatotoxicity. Cysteamine treat-
ment prevented the biochemical and morphological correlates of
hepatic necrosis: derangement of microsomal enzymes, lipid
accumulation and polysomal disintegration. |

The results of this investigation have‘incidentally drawn
attention to:certain interesting aspects which merit further
consideration. The postulate that N-hydroxylation and lipid
peroxidation mediate acetaminophen hepatotokicity, demands the
lipopéroxidative process to be correlated with extent of oxida-

tion reaction in vivo and in vitro. lowever, no serious

attempts have hitherto been made to synthesize N-hydroxyl-aceta-
minophen and correlate the evolution of the hepatic lesion with
kinetics of oxidation. Furthermore, it is not known whether
irreversible binding of the toxic metaboiite of acetaminophen
with microsomal lipids precedes, or occurs concurrently ﬁith,
the perokidative process and the associated liver injury. In
this respect, whole animal studies involving the administra--
tion of radioactive acetaminophen can elucidate the nature and
degree of binding in a dose-related manner.

The appearance of myeloid figures at the advanced stage of

necrosis impiicates that abnormal phospholipid metabolism may
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contribute towards cellular death. This warrants further studies
on thg changes in the content and composition of phospholipids.

Although the data in this study indicates that cysteamine
acts by inhibiting microsomal oxidation, the possibility exists
that it'may conjugate with the toxic metabolite.‘AlthOughAndrews
(1976) failed to detect any cysteamine-acetaminophen conjugate
in the bile in isolated perfused liver of the rats, the evidence
is far from conclusive. Definitive conclusions may only be drawn
from whole animal studies involving the sdministration of radio-
active acetaminophen and cysteamine. However, neither the meta-
bolic disposition of cysteamine nor the ''reactive species' of
cysteamine responsible for detoxification is known for certain.
It is therefore all the more surprising that cysteamine exerts
its protective effects as late as eighteen hours after acetamino-
phen-ovefdose. |

In humans, Prescott et al (1976) found that cysteamine was
effective in severely poisoned patients if administered within
ten hours. The results of this study further support Prescott's
clinical experience. No serious complications were encountered
in cysteamine-protected experimental animals. Very recent
studies indicated that octylimidazol€ may be more effective than
cysteamine and methionine in interfering with microsomal oxi-
dation (Hughes and Levitt, 1976). More detailed studies Qre
yequired to elucidate the protective mechanism of octylimida-

zole.
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