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INTRODUCTION

Several chemicals, including some drugs, cause cell injury by mechanisms
that are poorly characterized. Although a few drugs are toxins that act
directly, most require metabolic activation to form the ultimate toxic species.
The concept of metabolic activation was first described by the Millers (1) in a
review of their pioneering work on aminoazo dyes and 2-acetylaminofluorene
as procarcinogens. Brodie et al (2) expanded on this concept to include a role
for metabolic activation in acute cell injury. Since that time several reviews
(3-12) and books (13-15) have discussed the role of metabolic activation in
the pathogenesis of a variety of toxicities.

Although a substantial body of information is available on the metabolic
reactions that produce toxic metabolites and on the chemical nature of these
metabolites, considerably less is known about how ultimate toxic species
interact with cellular constituents and how the interactions cause cell injury.
Reactions of toxic metabolites may result in covalent bond formation between
the metabolite and a target molecule, or they may alter (usually by oxidation
or reduction) the target molecule without formation of a covalent bond. Some
of the more likely targets of these interactions are listed in Table 1.

169
0362-1642/90/0415-0169$02.00



Annu. Rev. Pharmacol. Toxicol. 1990.30:169-195. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

170 NELSON & PEARSON

Table 1 Possible interactions of reactive metabolites

Covalent interactions with critical macromolecules

1. DNA

2. Peptides and/or proteins
3. Lipids

4. Carbohydrates

Noncovalent interactions
1. Alterations of GSH/GSSG, NAD(P)/NAD(P)H
2. Generation of reactive oxygen species
3. Lipid peroxidation
4. Intercalation and complexation

The major target molecule for initiation of chemical carcinogenesis is most
likely DNA; and since the structures of several DNA-reactive metabolite
adducts have been characterized, knowledge of how the alteration in structure
initiates carcinogenesis is progressing. For example, a specific G—=>A transi-
tion induced by methylation of O° of deoxyguanosine in the Ha-ras-1
oncogene has identified the oncogene as a target for N-nitroso-N-methylurea
during initiation of mammary carcinogenesis by this agent in rats (16).

In contrast, the target molecules that interact with reactive metabolites to
produce acute lethal cell injury have not been well characterized. The issue is
further complicated by the fact that some reactive metabolites may indirectly
cause cell injury by acting as haptens and by forming immunogens (17-19).
This review discusses what is known about covalent and noncovalent in-
teractions of reactive metabolites with cellular constituents and highlights
some of the controversy surrounding the relative importance of the role that
these interactions may play in acute lethal cell injury.

COVALENT INTERACTIONS

Although several chemicals are metabolized to reactive intermediates that
form covalent bonds with tissue macromolecules, the relationship between
covalent binding and tissue injury is not clear. In fact, in only a few cases is it
known that covalent bond formation between a chemical and a particular
macromolecule causes acute lethal cell injury. One of the major hepatotoxins
from the mushroom Amanita phalloides, phalloidin, binds to a form of actin
that inhibits its depolymerization, whereas the other major toxin, a-aminitin,
binds to RNA-polymerase B and inhibits messenger RNA formation and
thereby, protein synthesis (20). Another example is the cholinesterase in-
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hibitor, paraoxon, which inhibits acetylcholinesterase activity at the motor
end-plate of muscle fibers, after which, necrosis of skeletal muscle ensues
21).

Thus, in general, covalent binding is an experimental parameter and serves
as an index of the exposure of a tissue to reactive metabolites that are difficult
to measure by other means. With some limiting assumptions, Gillette (22) has
formulated covalent binding as a measure of the area under the curve of a
reactive metabolite in a tissue. This is dependent on (a) the proportion of the
dose of the chemical that is converted to reactive metabolite, (b) the propor-
tion of reactive metabolite that becomes covalently bound, and (¢) the propor-
tion of the bound metabolite that is not lost from the tissue due to either
secretion or repair or both.

The measurement of covalently bound chemicals to macromolecules is not
inherently difficult and relies on the use of either radiochemical or im-
munochemical techniques to detect and quantitate bound adducts. Each
method has advantages and disadvantages. The major disadvantage of the
radiochemical method is lack of differentiation of bound chemical and/or
metabolites vs incorporation of radiolabel into macromolecules via de-
composition of the chemical into precursors of endogenous compounds. This
assay technique has been well reviewed (23). The major disadvantage of
immunoassay techniques is that they may not quantitate all adducts that are
formed from a chemical because of epitope selectivity.

More rigorous approaches to characterization of covalently bound adducts
usually have employed macromolecular digestion and analysis of small pep-
tide, amino acid, fatty acid, and nucleoside (or pyrimidine/purine base)
adducts by mass spectrometric techniques. Such an approach is inherently
difficult because of the low levels of adducts found within large biological
matrices that are available for structural elucidation. However, the increased
sensitivity that has accompanied advances in technology in both isolation and
mass specwometry has made such characterization possible. The use of these
methods to study mechanisms of chemical-induced toxicities (24), to monitor
exposure to genotoxic agents (25), and to assess the transfer of bound residues
through the food chain (26) have been discussed. Selected examples are
discussed later in this chapter.

Of course, the more important objectives are to determine which adducts
are involved in the pathogenesis of toxicity, and what the function of the
adducted proteins are. It is clear that all adducts are not involved in
pathogenetic mechanisms, which is no real surprise because it has been
known for several years that particular adducts of DNA (e.g. Of-alkyl-
guanines) are significantly more damaging than others (27).

Unfortunately, correlations of particular amino acid adduct levels on pro-
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teins with toxicity do not exist, as evidenced by the fact that reactive metabo-
lites of chloramphenicol (28) and thioacetamide (29) both covalently bind to
lysine residues, but only thioacetamide is hepatotoxic. Moreover, covalent
interactions of chemicals with some proteins may not cause lethal cell injury.
For example, several drugs and chemicals are suicide inactivators of
cytochromes P-450, and reactive metabolites of these compounds bind
covalently to the prosthetic heme group and/or to the apoprotein (30).
Although some of these agents can cause porphyria, they do not cause acute
lethal cell injury (31).

It also is likely that different reactive metabolites of bromobenzene bind to
different proteins, some of which are more critical for cell viability than
others, because some metabolites such as p-bromophenol bind covalently to
proteins in liver and kidney but are not toxic to either organ (32). Further-
more, o-bromotoluene binds more extensively to hepatic proteins than bro-
mobenzene, but it is less hepatotoxic (33). As a final example in this regard,
naphthalene binds more extensively to nontarget tissue proteins (liver and
kidney), than to target tissue proteins (lung) in some species (34). Because
naphthalene is oxidized at different rates in the various tissues to different
naphthalene oxide enantiomers (35), it will be of interest to comparc the
toxicities of these enantiomers.

Some reports have appeared on the alkylation and arylation of individual
proteins by reactive metabolites (36-44), and binding is not totally random.
With the breakthroughs in the development of antibodies to covalently bound
metabolites and in molecular biological techniques to characterize proteins,
major advances in the isolation and identification of target proteins have
occurred. Human antiendoplasmic reticulum antibodies have been detected in
the sera of patients exposed to the hepatotoxic drugs—tienilic acid (45) and
halothane (46). These antibodies are directed against a human liver
cytochrome P-450 and a liver carboxylesterase, respectively. A second
halothane-induced neoantigen recently has been identified as a trifluoroacety-
lated protein disulfide isomerase (47). Although it is not known if the covalent
modifications to these proteins have anything to do with the pathogenesis of
hepatic necrosis caused by either tienilic acid or halothane, it is the first time
any target proteins have been thoroughly characterized.

Finally, the possibility should be considered that reversible covalent bonds
of chemicals to macromolecules are involved in some toxic mechanisms, as
glutathione and proteins are known to react reversibly with some reactive
metabolites (48, 49). Glutathione conjugates of allylisothiocyanate and ben-
zylisothiocyanate exist in equilibrium with the parent isothiocyanate, and
their cytotoxicity to isolated hepatocytes is mediated via the release of free
isothiocyanate. Although this process may initially yield a detoxication pro-
duct, it has been proposed that reversible conjugate formation with glu-



Annu. Rev. Pharmacol. Toxicol. 1990.30:169-195. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

MECHANISMS OF CELL INJURY 173

tathione may play a role in the interorgan translocation of allyl- and ben-
zylisothiocyanates (50).

In a similar manner, following inhalation exposure of rodents to ['*C]
methylisocyanate a rapid uptake and systemic distribution of '*C to ex-
trapulmonary organs occurred (51). The form of '*C distributed in blood and
tissues has not been identified, but speculation centers upon the reversible
reaction of alkylisocyanates with pulmonary glutathione as a transport process
(51, 52). This phenomena may account for the significant levels of covalent
binding to hepatic proteins following administration of methylisocyanate to
rodents (53). By analogy, S-(N-methylcarbamoyl)glutathione, a major
metabolite of the investigational antitumor agent and hepatotoxin N-
methylformamide is believed to be formed from metabolically generated
methylisocyanate (54). This conjugate is related structurally to the reactive
glutathione and cysteine conjugates of allyl- and benzylisothiocyanate (50),
and in principle the conjugate may spontaneously release methylisocyanate; in
antitumor tests S-(N-methylcarbamoyl)-glutathione possesses 100-fold greater
cytotoxic activity against TLXS5 lymphoma cells than does its metabolic
precursor N-methylformamide (55, 56).

Other examples of reversible reactions with GSH and proteins have been
reported for a reactive open chain acrylonitrile derivative of furazolidine (49),
and adducts formed upon the interaction of formaldehyde with glutathione are
in labile equilibrium with each other (57). Depending on the environment
where the metabolite is reformed, these reversible adducts may, or may not,
represent toxication processes. Examples of these and other reactions of
reactive metabolites to form covalent bonds with tissue macromolecules are
presented in the last part of this chapter.

NONCOVALENT INTERACTIONS

Chemicals that lead either directly or indirectly to the generation of reactive
oxygen species may cause oxidative stress in cells with progression to acute
lethal cell injury. Oxidative stress has been defined as a disturbance in the
prooxidant-antioxidant balance in cells in favor of the prooxidant state (58). It
should be made clear that some reactions of chemicals that cause oxidative
stress may involve covalent interactions. However, the ultimate insult results
not from the covalent interaction per se, but from subsequent alterations in the
redox state of the cell. These alterations may involve marked shifts in ratios of
GSH/GSSG, NAD(P)/NAD(P)H, protein thiols/disulfides, and the status of
other antioxidants such as Vitamin E. How processes elicited by these altera-
tions, such as lipid peroxidation and changes in calcium homeostasis, lead to
cell death is a question that is being investigated in several laboratories.and
has been the subject of other reviews (59-65).
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Several targets have been implicated in the pathogenesis of tissuc injury
caused by oxidative stress. The enzyme glutathione reductase has been well
characterized, and inhibition of this enzyme by 1,3-bis(2-chloroethyl)-1-
nitrosourea (BCNU) has been localized by X-ray crystallography to a specific
active site cysteinyl residue which is carbamoylated by BCNU (66). Other
enzymes that contain thiol groups which undergo reversible oxidation-
reduction reactions are important in metabolic regulation and may be targets
for chemical toxins that cause oxidative stress (67). For example, the expo-
sure of some cells to hydrogen peroxide inactivates glyceraldehyde-3-
phosphate dehydrogenase, apparently by oxidation of two active-site cys-
teinyl thiols to a disulfide (68, 69). This results in a marked decrease in
intracellular ATP levels. Hydrogen peroxide also causes DNA damage in
cells, which activates the nuclear enzyme, poly(ADP-ribose)polymerase (70).
Because this enzyme utilizes NAD, cellular NAD is depleted, which also
results in ATP depletion. However, ATP depletion may not be the major
mechanism of cell toxicity because inhibitors of the polymerase do not block
ATP depletion but do inhibit NAD depletion and cell death (71). In-
terestingly, the oxidant activity is not required to activate the polymerase,
inasmuch as the DNA-methylating agent, dimethyl sulphate, also can cause
cytotoxicity via this mechanism (71). Thus, both covalent and noncovalent
interactions may result in similar mechanisms of pathogenesis.

Thiol oxidation has been implicated in oxidant stress caused by organic
peroxides, such as #-butylhydroperoxide, as well as by other oxidizing agents
such as diamide and some quinones (72-75). Membrane CaZ* ATPases have
been suggested to be important targets for these agents, based on studies that
demonstrate rapid inhibition of Ca?>*™ ATPase activity in plasma (76, 77) and
reticular (78, 79) membranes, which is in part reversible by thiols. A few
other enzymes whose activity relies on thiols also may be important targets for
these compounds. They include the mitochondrial NAD(P) transhydrogenase
(80) and F, of ATP synthase (81), and cytosolic thiol transferase (thiol-
disulfide oxidoreductase) (82). Cytoskeletal proteins that contain functional
thiol groups such as actin (83), and other as yet uncharacterized proteins (84),
are additional targets for S-thiolation reactions that may be important in the
pathogenesis of acute cell injury mediated by oxidative reactions. However, it
should be stressed that covalent interactions with these same targets also may
be important for toxicity (85), and that reactions with thiol moieties may not
be as important with some of these proteins, such as the NAD(P) transhydro-
genase, as is oxidative depletion of pyridine nucleotides (86).

Finally, lipid peroxidation may be initiated either by reactive oxygen
species generated by reactive metabolites of chemicals, or by the addition of
reactive metabolite radicals to unsaturated lipids (87). Thus, both noncovalent
and covalent interactions may be involved as an initiating event, depending on
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the initiator and probably on oxygen concentrations as well. Although un-
saturated lipids are primary targets in lipid peroxidation, other targets may be
more important in the development of lethal cell injury (88). Whether it is
changes in membrane permeability caused by the lipid peroxidation event
itself, reactions of the initiating radicals with proteins, or reactions of pro-
ducts of lipid peroxidation with proteins that leads to the ultimate injury is not
known. Therefore, it is not known to what extent covalent and noncovalent
interactions are involved in the process, or to what extent lipid peroxidation
contributes to many chemical-induced toxicities (89).

COVALENT AND NONCOVALENT INTERACTIONS OF
SPECIFIC COMPOUNDS

The remainder of this chapter focuses on specific compounds to illustrate the
following possible situations:

1. Covalent interactions are directly responsible for acute lethal cell injury
(n-hexane).

2. Covalent interactions are indirectly responsible via antigen and im-
munogen formation (halothane).

3. Noncovalent interactions are primarily responsible for acute lethal cell
injury (carbon tetrachloride).

4. Both covalent and noncovalent interactions contribute to acute lethal cell
injury (acetaminophen).

Although the focus is on the few examples mentioned, other compounds
that seem to fall into a particular category are tabulated and in some cases
briefly described.

COVALENT INTERACTIONS ARE DIRECTLY
RESPONSIBLE

N-Hexane Neurotoxicity

The mechanism of neurotoxicity caused by n-hexane is probably the most
completely characterized mechanism of cell injury caused by reactive metabo-
lites. n-hexane is oxidized to the y-diketone, 2,5-hexanedione, which causes
well-defined peripheral neuropathy in rats and humans, as well as testicular
dysfunction (90). Several lines of evidence support the view that 2,5-
hexanedione and other y-diketones form pyroles with protein lysyl e-amino
groups of axonal cytoskeletal proteins (91-94). Additional evidence suggests
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that a subsequent oxidation of the pyrrole ring leads to a cross-linking reaction
of the neurofilaments (95, 96). A similar reaction of 2,5-hexanedione with
tubulin in testicular cells is thought to cause testicular damage (97, 98).
Specific cytoskeletal proteins have recently been identified as targets of
2,5-hexanedione and other neurotoxins such as acrylamide (99, 100). How-
ever, it is not known why these agents show such striking target-organ
selectivity.

Other Compounds

Table 2 contains a list of several other compounds which form reactive
metabolites that covalently bind to target organ tissue, and whose toxicity is
thought to result from ‘the covalent interaction. In a few cases, such as
bromobenzene (101) and allyl alcohol (102, 103), lipid peroxidation also has
been proposed as a mechanism of toxicity. It is probably truc that more than
one mechanism may contribute to the toxicity caused by any compound.
However, the weight of the evidence in the case of bromobenzene and allyl
alcohol supports a mechanism that primarily involves a covalent interaction of
reactive metabolites with hepatocyte proteins. In the case of bromobenzene,
fairly compelling arguments have been published (12, 104) that question the
conclusions of the only study (101) on a role for lipid peroxidation. In the case
of allyl alcohol, recent studies show that lipid peroxidation may not be a
critical event in toxicity caused by this agent because peroxidation can be
prevented without affecting cytotoxicity (105, '106).

It should be stressed that for most of the compounds listed in Table 2
structures of the reactive metabolites are not known, and for none of the
compounds other than n-hexane have adduct structures or target macro-
molecules been identified. However, progress is being made, and some recent
studies with valproic acid suggest that an unsaturated metabolite may act like
the known hepatotoxins, 4-pentenoic acid and methylenecyclopropylacetic
acid, by covalently binding to and inhibiting 3-ketoacyl-CoA thiolase, an
enzyme of thc mitochondrial fatty acid B-oxidation pathway (107).

COVALENT INTERACTIONS LEAD TO IMMUNOGEN
FORMATION

A basic tenet of the hapten hypothesis of drug hypersensitivity is that the drug
binds-covalently to a macromolecule, such as a protein, and that the drug-
protein conjugate is recognized as an immunogen (17-19, 108). Various
kinds of immune complexes may then form bétween the antigen and antibod-
ies directed against it to cause tissue -damage. In general, there is little
information on (@) why some drugs (and/or their metabolites) form im-
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Table 2 Covalent and noncovalent interactions in the expression of acute

lethal cell injury by foreign compounds.

Compound

Reference(s)

Covalent Interactions
Acetaminophen
Acrylamide
Acetylamimofluorene
Adriamycin (doxorubicin)
Allyl alcohol
Amineptine
Benzene
Benzola]pyrene
Bromobenzene
Carbon tetrachloride
Chloroform
Chlorotrifluoroethylene
Cortisol
1,2-dibromoethane
S-(1,2-dichlorovinyl)-L-cysteine
Diethylstilboestrol
Furans
2-Methylfuran,3-methylfuran
4-Ipomeanol
2-(N-ethyl-carbamoylhydroxymethyl)furan
Furosemide
Halothane
Hexachlorobutadiene
n-Hexane (y-diketones)
Hydrazines
Acetylhydrazine
Isoniazid
Iproniazid
Isaxonine
3-Methylindole
N-Methylformamide
Mitomycin C
1-Naphthol
Naphthalene (2-Methylnaphthalene)
Paraoxon
Phalloidin
Pyrrolizidine alkaloids
Senniconine, seneciphylline
Quinones
2-Bromohydroquinone
Hydroquinone
Naphthoquinones
Procainamide
Carbon Disulfide
Thioacetamide

41, 42, 147155, 188
100

1

67, 192

105, 106

193

194-198

36, 37

12, 32, 104, 199, 200
120, 121

201, 202

203, 204

205

206-208

209

210, 211

212

213, 214
215-217

218

219, 220

46, 47, 109, 112
221, 222
90-99

223, 224

225

224, 226, 227
224, 226, 228
231

232-235

230, 236

238

239

34, 35

21

20

240

145

241

242

146

19
244-246
29, 247

177
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Table 2 (continued)

Compeund

Reference(s)

Trichloroethylene (and related compounds) 248, 250
Valproic Acid 107
Zomepirac 118, 119
Reversible Covalent Interactions

Allylisothiocyanate 50
Benzylisothiocyanate 48, 50
Furazolidine 48, 49
Methylisocyanate 51-55

Noncovalent Interactions

Acetaminophen
Adriamycin
Allyl alcohol
Bleomycin
Bromobenzene
Carbon tetrachloride
Diquat
Hydrogen peroxide
Hydroxyalkenals
Nitrofurantoin
Nitroimidazoles
Paraquat
Quinones
Menadione
Dopaminc (6-hydroxydopamine)
Mitomycin C

Covalent Interaction with Prosthetic Heme, but

Alkynes. Alkenes

147, 153-166, 188
124, 252-255

102, 103

252, 255-257

101

88, 125-134, 243
140-142

68 -70

136-139, 229-230
252-254

252-254

123, 140, 141, 253, 258
253, 254

74, 76, 79, 83, 85, 259
251

252

with No Acute Toxicity
30, 31, 260

Covalent Interaction Results in an Immunogenic Response

Halothane
Zomepirac
Procainamide
Tienilic acid

43-47, 113, 114

118, 119
19, 115, 261-263
45

munogens and others do not, (b) what processes lead to neoantigen formation,

and (¢) which tissue macromolecules are involved.

Halothane Hepatitis

The most thoroughly characterized drug hypersensitivity reaction that leads to
acute lethal cell injury is the hepatotoxicity caused by the general anesthetic
drug, halothane. Halothane is both oxidized and reduced by cytochrome(s)
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P-450 to reactive metabolites (109, 110). Oxidation yields trifluoroacetyl
halide, which binds covalently to hepatic proteins (111, 112). Two in-
dependent lines of evidence implicate the oxidative pathway in antigen forma-
tion. First, increasing oxygen tension enhances hepatotoxicity and neoantigen
production in rabbits exposed to halothane (113). Secondly, deuterated
halothane is less hepatotoxic in rats than halothane and produces lesser
amounts of neoantigens that contain the covalently bound trifluoroacetyl
group (44). Sera from patients with severe hepatic necrosis caused by
halothane contain antibodies that recognize at least five distinct neoantigens
that contain the trifluoroacetyl group, whereas sera from patients exposed to
halothane who do not develop hepatitis, or who have viral hepatitis, do not
contain these antibodies (43, 44, 114). The halothane antibodies render
hepatocytes that contain halothane neoantigens susceptible to cytotoxic killing
by lymphocytes (114). Overall the results constitute the first example wherein
a specific covalent interaction of drug metabolite-protein neoantigens is im-
plicated in lethal cell injury associated with a drug hypersensitivity reaction.

Other Compounds

Other drugs and chemicals are thought to cause immune related toxicities
(17), but only a few of these cause acute lethal cell injury. Table 2 lists those
drugs whose mechanisms of cell damage have been associated with im-
munogen formation. Several of these are metabolized to arylamines (or
arylhydrazines) that may be oxidized to reactive arylhydroxylamines and/or
arylnitroso compounds that can covalently bind to nucleophilic sites on
macromolecules (19, 115). Several others are nonsteroidal antiinflammatory
drugs, some of which have been removed from the market because they have
caused adverse reactions, including renal cellular damage (116, 117). A
common structural feature of these drugs is their arylalkanoic acid moieties
which are metabolized to glucuronides. The glucuronides of some of these
drugs have been shown to react with proteins (118, 119) and therefore may be
immunogenic, although this has yet to be demonstrated.

NONCOVALENT INTERACTIONS ARE PRIMARILY
RESPONSIBLE

For most compounds listed in Table 2 under the heading of noncovalent
interactions, covalent interactions with tissue macromolecules also have been
described. For example, reactive metabolites of carbon tewachloride bind to
proteins and lipids (40, 120, 121) and cause lipid peroxidation (122) as early
events in the cytotoxic process. However, in most cases free radical in-
termediates are formed that either abstract a hydrogen from cellular com-
ponents or reduce molecular oxygen to oxyradicals that cause lipid peroxida-
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tion. The latter reaction will prevail when the redox potential of the radical
couple is less than that of the O,/O,~couple, especially in cells with relative-
ly high oxygen tension. Radicals derived from the l-electron reduction of
paraquat (123) and adriamycin (124) can cause such redox cycling and lipid
peroxidation. Other compounds, such as the quinone, menadione, can cause
oxidative stress apparently via redox cycling without causing a significant
extent of lipid peroxidation (74). A few of these examples are discussed in
more detail below.

Carbon Tetrachloride Hepatotoxicity

Reductive metabolism to the trichloromethyl radical by cytochrome P-450 is
the first step in the pathogenesis of hepatotoxicity caused by carbon tetra-
chloride (125, 126), and both the trichloromethyl radical (127) and lipid
radicals generated from it or from oxygenated trichloromethyl radicals have
been detected in vitro and in vivo in rats (128). Because either a lack of
oxygen or high oxygen partial pressures decrease lipid peroxidation, cytotox-
icity, and electrophilic chlorine generation, it is believed that the trichlorome-
thylperoxy radical plays a major role in the initiation of lipid peroxidation
(129), and that lipid peroxidation initiates acute lethal cell injury (130). It
would have been useful to know the effect of changing pO. on covalent
binding of radiolabeled carbon tetrachloride in the hepatocyte system.

Lipid peroxidation induced by carbon tetrachloride appears to cause several
biochemical changes in the cell that may ultimately lead to cell death. One
early event is loss of the hepatocyte endoplasmic reticular calcium pump
activity (131, 132). It also has been found that hepatocyte plasma membranes
have a marked increase in permeability (133). Both changes may lead to a
sustained rise in intracellular Ca®* that has been associated with cell death
(134).

The products of lipid peroxidation which are responsible for the ultimate
damage to the cell are unknown. Several lipid hydroperoxides (133, 135) and
their reduced products, such as 4-hydroxynonenal (136), are cytotoxic. Atten-
tion has been focused on the 4-hydroxyunsaturated aldehydes because they
are major products of carbon tetrachloride-induced lipid peroxidation (137)
and inhibit several cellular enzymes such as protein kinase C (138), as well as
react with DNA (139). If these reactions are important in the pathogenesis of
acute lethal cell injury caused by agents that cause lipid peroxidation, they
represent a covalent insult as a result of initial noncovalent interactions.

Other Compounds

Most of the compounds listed in Table 2 under the heading of noncovalent
interactions cause oxidant stress in cells. The bipyridyl compounds, paraquat
and diquat, cause acute lethal cell injury to lung tissue and liver tissue (123,
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140). The metabolic reduction products are radical cations that can cause
redox cycling. Mechanisms that involve both cellular thiol oxidation and lipid
peroxidation as a result of the redox cycling may be important in the
pathogenesis of acute lethal cell injury (123, 140-142).

Menadione, and some other quinones with appropriate redox potentials,
can also redox cycle and cause oxidant stress as already discussed (74, 76, 79,
83, 85). However, it should be kept in mind that most quinones are not only
oxidants, but also are potent electrophiles that covalently react with
nucleophilic groups (143), particularly with soft nucleophiles on peptides and
proteins. The role that these covalent interactions play in the cytotoxic
mechanism depends on the physicochemical characteristics of the quinone.
Moreover, some structurally complex quinones, such as adriamycin, may be
metabolized in parts of the molecule that are distant from the quinone
structure, and possibly yield products that cause toxicity by mechanisms
distinct from those attributed to the quinone structure (144). Additional
examples of these kinds of interactions are discussed in the next section of this
chapter.

Covalent and Noncovalent Interactions are Important

Quinones are a class of compounds with the ability to both arylate tissue
macromolecules and to cause oxidative stress (143-146). Quinones and their
related quinone imines are soft electrophiles that react rapidly with soft
nucleophiles, such as the thiolate anion to form covalent addition compounds.
Quinones also are oxidants that can be reduced by biological reductants, such
as glutathione and pyridine nucleotides. If one-electron reduced semiquinones
are formed, they may redox cycle by reducing molecular oxygen, a reaction
that depends on the redox potential of the semiquinone/hydroquinone couple
vs the O,/O,-couple. Thus, in principal, quinones can disrupt normal cellular
biochemistry by both covalent and noncovalent interactions. Although the
physicochemical factors that determine the extent of covalent/noncovalent
reactions in cells have not been studied in detail, quinones and quinone imines
have been found to cause cytotoxicity by either one or both reactions,
depending on their structure (85, 143, 147). Some of the difficulties in
determining the relative importance of covalent and noncovalent interactions
in quinone-mediated acute lethal cell injury are discussed in the examples
below.

Acetaminophen

Acetaminophen is a widely used analgesic and antipyretic that can cause
hepatocellular necrosis when administered in high doses. Seminal work in the
early 1970s established a role for cytochrome P-450 metabolism (148) and
GSH depletion (149) in the pathogenesis of acetaminophen’s toxicity. These
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studies also showed a strong correlation between the extent of covalent
binding of a reactive metabolite of acetaminophen to proteins in cells and
extent of lethal cell injury (150, 151). A cytochrome P-450 oxidative metabo-
lite of acetaminophen, N-acetyl-p-benzoquinone imine (NAPQI), appears to
be primarily responsible for the binding and toxicity (41, 42, 152-155).

Several studies have questioned the role of covalent binding in cell injury
caused by acetaminophen. Some compounds decrease cytotoxic effects
caused by acetaminophen, but have little effect on covalent binding (156-
159). The results of these studies can be accommodated by a mechanism that
involves the ability of NAPQI to serve as an oxidant. In fact, NAPQI is a
good chemical oxidant with a standard reduction potential, E° = 0.978 *
0.001V (160), and a one-electron reduction potential, £ 1, =0.707 = 0.010V
(161).

NAPQI also has been found to be a good oxidant in biological systems in
which it oxidizes cellular thiols and pyridine nucleotides (153, 162-165).
These oxidations may be involved in the pathogenesis of cytotoxicity caused
by acetaminophen (159, 165), and indirect support for (166) and against (167)
such a mechanism of oxidant stress in hepatotoxicity caused by acetamino-
phen has been published.

Redox cycling of NAPQI is another mechanism that has been proposed for
acute lethal cell injury caused by acetaminophen (168). Such a mechanism
would require the generation of superoxide anion, a reaction that has not been
observed with NAPQI (154, 169, 170). Reduction of oxygen to superoxide by
radical products of NAPQI would not be predicted to occur because of the
relatively high redox potential of the semiquinone imine radical (161).
However, in some cases lipid peroxidation has been observed and postulated
as a mechanism for cell death caused by acetaminophen (163-174). It has
been postulated that superoxide anion may be generated from the acetami-
nophen radical via a coupled reaction wherein one-electron oxidation of thiols
yields thiyl radicals that can reduce molecular oxygen (161). Another
possibility in vivo is that oxy radicals are generated by invasive blood cells,
such as activated macrophages (175) and/or neutrophils (176), in response to
initial tissue damage. Such a mechanism is consistent with the results of
studies indicating that lipid peroxidation may play a role in acetaminophen
hepatotoxicity, but can be dissociated from the hepatotoxic response (177—
179).

Results of studies with analogs of acetaminophen also indicate that both
covalent and noncovalent interactions may be important in the pathogenesis of
acute lethal cell injury. Regioisomers of acetaminophen, 2'- and 3'-hydroxy-
acetanilide, bind covalently to hepatic proteins without causing hepatotoxicity
(180, 181). Moreover, reactive metabolites of 3'-hydroxyacetanilide form
glutathione conjugates like those of acetaminophen (184). A conclusion
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from these studies might be that covalent binding does not play a role in
hepatotoxicity caused by acetaminophen. However, recent investigations
have shown that the subcellular distribution of covalent binding of acetami-
nophen is different than that of 3'-hydroxyacetanilide (185). Reactive
metabolites of acetaminophen were found to bind more extensively to
mitochondrial proteins than did reactive metabolites of 3'-hydroxyacetanil-
ide. Although this could be the reason for the difference in toxicity between
the two isomers, acetaminophen also caused more extensive oxidation of
mitochondrial GSH to GSSG. Therefore, until we know which proteins are
altered by acetaminophen treatment, we will not know whether the binding or
the oxidant stress caused by reactive metabolites of acetaminophen is more
important in mediating lethal cell injury.

Investigations with dimethylated analogs of acetaminophen have provided
conflicting results. The initial studies on chemical reactivity and toxicity of
3,5-dimethylacetaminophen and 2,6-dimethylacetaminophen provided evi-
dence that the former compound was more hepatotoxic in rats and mice (186).
Other studies then showed that the quinone imine oxidative metabolite of
3,5-dimethylacetaminophen oxidized cellular thiols to a greater extent, but
covalently bound to hepatocyte proteins to a lesser extent than did the quinone
imine of 2,6-dimethylacetaminophen (147, 187, 188). These results would
appear to implicate a major role for oxidative stress in toxicity by these
hydroxyacetanilides. However, in contrast to the initial results in vivo, it was
found that the 2,6-dimethylated isomer was more cytotoxic (147). This result
was consistent with the results of studies reported by another group who found
that 3,5-dimethyl-acetaminophen was not hepatotoxic in mice (189). In-
consistent with this result is the finding that 3,5-dimethylacetaminophen is
more cytotoxic to cultured mouse hepatocytes than either acetaminophen or
2,6-dimethylacetaminophen, and the cytotoxicity correlated with protein thiol
oxidation rates (190). Results of the investigations could be further com-
plicated by the fact that N-deacetylation of the quinone imine of 3,5-
dimethylacetaminophen may yield a highly toxic arylating agent (191).

Overall, the results of both chemical and biochemical investigations sup-
port the contention that covalent and noncovalent interactions play major roles
in the pathogenesis of acute lethal cell injury caused by the major reactive
metabolite of acetaminophen, NAPQI. Until target proteins are identified and
characterized, we will not know if one or the other interaction, or both, are
critical events in initiating cell death.

CONCLUSION

Mechanisms of acute lethal cell injury caused by chemicals are a likely
consequence of alterations in several intracellular and extracellular biochem-
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ical processes. Until the sequences of events that lead to cell death are more
clearly understood, the roles of covalent and noncovalent interactions of
chemicals and their reactive metabolites with tissue macromolecules in the
mediation of cell injury will remain speculative. Whether several simulta-
neous covalent and/or noncovalent alterations are required to initiate the
sequence of events that lead to cell death is also not clear. However, in a few
cases target macromolecules for covalent interactions have been identified,
and evidence has been mounting for the role of covalent and/or noncovalent
reactions of other chemicals with cellular ion transport and structural proteins
in the sequence of events that lead to cell death. With the recent advances in
both physicochemical and immunochemical techniques to identify and purify
macromolecules, and advances in structural-functional characterization of
proteins by both classical physicochemical and newer molecular biological
techniques, the roles of covalent and noncovalent interactions in lethal cell
injury are amenable to investigation at the molecular level.
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